P
.
, N
' /
f
. \ .
K ~
o
»
A
L
\ -
.
_
' .
{ L
"
P
1 1
- v
+ N
/ ~
.
| e
[ ~
r
\
i \
. AR
I .
N
<
.
,
N~
g Ay
s
o
s
- -
! /

) ’ //
/
!
i \\’,
h \
\ .
{ / .
/ .
N
N \
'
Y
‘ N
\ -
\ N , .
/ \
V-
N
’
- [ '
o '
- T
f
'
- - -~
- .
\
1 -
_ 7 -
Vi
. T
.
- ' i
/
' i
- Y
P
\
b
, ’
-

- Jet,Propulsion Laboratory

The TelecommunlcatlonS\and Data
Acqursmon Progress Report 42- 66

September and October 1981

19820008228

~

A—’ H

-~ 2. ~ ™~
! e \'1 ‘ ~ - N
s - — ~ » \
1 . = - i -
N. A. Renzetti | - .
. 4 L N 1 7 N -
\ Editor - N o
~ - 4 - - ~ -
\ - N - S
! - ! N o
e N - _ R ' \ > A [
* ~ ) ,
, , G | N -
- )
/ # | ~
_ ~ ) ’ / \\ - \ / oA ’ , b
7 ! [ ~Y . . y = ,
- - . |
J , s o N
N , ! ~ N L, 0 s
N e v - . i ‘f ~ - \_,i
/o . - v ’ (¢
. , - -
= pe = S~ — w
R - K o
/ /» L ’ - . ; - ’ _
/ o - I ’
' v ~ ¢ . - s
- [ - '
v g . v .
! \ A f -~ - ‘/ N ' v
' ; ! } i\ ; ;S ~
- - N - [ . o
N Y, ~// A
- P -
o RSN Loy . L
’ !
/ ‘ /
~ December 15, 1981 '+ - -
' ) N = 7 “‘ ‘ T,
) \' ) , o ol /’1 . ’ C o
o

v i«l

b N -t V ' PR
1
! -
's b
s RS _ N _
- - ~ - - - ’
~ . B - , -
- 4 - \ N ,
[ -
N N
~ - .
A 5 /
' /l L - i ~
| - Ny _—
i - ' ~ f -
- N 1 _
‘ -
- 7
\ 4 s (ot _
4 ! \ ’ - - ' \
i - A
, . ~ ~ - ’ -
' N - { . [ ! NAS
’ -, i \ ,
f
v N N - S
- (-~
- .
. ANy . )
- 1
. - . -
; 1 R [
_ 8 N
- b - ~ i \ L. -
A= ! ~ .- <o N ~ -
N . R N . N
= - - -7 -
. , N N o \ - , \ -
- N .
N ~ < N '
[ \ R
~ . _ ~ * 4 - ,
[ ‘ | - i
‘ : - Vi i N { N N ]
~ - Lo
e i | N e b ‘\\
N ' .
-~ ~ \ - / - \

5 E.EB'%!%’%‘{ £

12 1 082

CR_165\U

N’\S’\ ) Lt | LANGLLY RESTARCH CENTER

LIBRARY, NASA -

. National Aeronautics and . 0 v
SpacezAdministration o c -

’
H
\

e e ! A

-“California Institute* ofTechnoIogy e g ’

- Pasadena, Cahforma PRI P
/ - Lo - 4{/
L, e T - ;

~ HAMPTON, VIRGINIA

— H -
‘ .
) | N -y,
— 4
- N - . ot~ -
f e -
N ; !
- ~ ‘ - ' i Py B -

’

P
i
\
.
,
VR
.
.
T
\
N
\\
At}
N
/
‘
.

\
\‘\
Ny
_d
,
-
A
J
\
N
/
-
-
\
N
\I‘
-,
PO
I
|
1
A\
,
tr
,
N
. N
)
|
“
Y
— YN -
N
- v
T N
- .,
N
!
.
s
N
‘
s
.
I
1
/
< L
4
N
|
1}
i
/
,



. ™

JET PROPULSION LABORATORY Califorrua Institute of Technology » 4800 Oak Grove Drwe, Pasadena, Califormia 91103

February 15, 1982
Recipients of Jet Propulsion Laboratory
Tracking and Data Acquisition Progress Report 42-66

SUBJECT: Errata

Please note the following corrections to the article entitled "An M-ary Coherent

Optical Receiver for the Free-Space Channel," by V.A. Vilnrotter, TDA Progress
Report 42-66, Dec. 15, 1981, pp. 60-66.

An error was made 1n expanding Eq. (11), which led to an error in Eq. (12b).
Since Eq. (12a) is the limiting form of Eq. (9), and since Eq. (11) is contained

in Eq. (9), (12a) was also affected by the same error. The correct limits are:

2
\yll(m)‘—L:;Jw(zxs) -g (4K ) (12a)
m2
Uy WTTL IR - 5 K (12b)

with the interpretation that (12a) is the second characteristic function of a
Gaussian random variable with mean value (2K_) and variance (4Kg), while (12b)
corresponds to a Gaussian random variable with mean value (-2Kg) and variance
(4Kg). Since this error merely introduced a shift in the mean, 1t has no effect
on any of the subsequent equations or results, all of which remain valid.

A clarification is also in order: Although not stated explicitly, it can be
shown that in the limit as Ay, approaches infinity, the {Aj} become statistically
independent Gaussian random variables; hence Eq. (13) follows.

Very truly yours,

/
Johr{ Kempton, Manager
Publications Section

Telephone (213) 354-4321 Twx 910-588-3269 Twx 910-588-3294
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Preface

This publication was formerly entitled The Deep Space Network Progress Report
Although the practice of reporting progress in the development and operations of the
Deep Space Network continues, the report has been expanded to include developments in
Earth-based radio technology as applied to other research programs These programs are-

(1) Geodynamics For several years, the laboratory has been developing radio
interferometry at microwave frequencies for application to geodetic measure-
ments. This branch of telecommunications technology 1s now being apphed to the
study of geodynamucs

(2) Astrophysics The deep space stations, individually and in pawrs as an inter-
ferometer, have been used by radio astronomers for astrophysics research by
direct observations of radio sources

(3) An activity closely related to radio astronomy’s use of the deep space stations 1s
NASA’s continuing program of radio search for extraterrestrial intelligence 1n the
microwave region of the electromagnetic spectrum,

Each succeeding 1ssue of this report will present material in some, but not all, of the
following categories

Radio Astronomy
Search for Extraterrestrial Inteligence
Radio Interferometry at Microwave Frequencies

Geodetic Techniques Development
Spacecraft Navigation
Orbiting Very Long Basehine Interferometry

Deep Space Network

Description

Program Planning

Planetary and Interplanetary Mission Support
Advanced Systems

Network and Facility Engineering and Implementation
Operations

Spacecraft Radio Science

Planetary Radar

Energy

In each 1ssue, there will be a report on the current configuration of one of the seven
DSN systems (Tracking, Telemetry, Command, Momtor and Control, Test Support,
Radio Science, and Very Long Baseline Interferometry)

The work descnibed 1n this report seres 1s either performed or managed by the
Telecommunications and Data Acquisition orgamzation of JPL
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Radio Astronomy

R D. Shaffer

Controf Center Operations Section

G S Levwy
TDA Technology Development Section

H. C Wilck and M. J. Grimm

Communications Systems Research Section

S. Gulkis, T B Kuiper,and E T Olsen

Planetary Atmospheres Section

This article reports on the actities of the Deep Space Network n support of Radio
Astronomy Operations duning September and October 1981 Work in progress in support
of a program sponsored by the Director’s Discretionary Fund 1s reported

l. Introduction

Deep Space Network (DSN) 26-, 34- and 64-meter antenna
stations are utilized in support of three categories NASA
Office of Space Science (0OSS), Radio Astronomy Expenment
Selection (RAES), and Host Country Thus report also features
progress of the Science Utihzation of the Radio Frequency
Interference Surveillance System (SURFISS) While this activ-
ity does not fit the categories on which we normally report, it
1s basically radio astronomy, and thus 1s included here.

Il. Radio Astronomy Operations
A. NASA 0SS Category

Duning thus period, 73 hours and 35 minutes of DSN station
support was given for Pulsar Rotation Constancy, 17 hours
and 30 mmutes of support was given for Planetary Radio
Astronomy, and 8 hours and 15 minutes of support was given
for Southern Hemusphere Radio Source positions

B. RAES Panel Category

While no primary DSN support for any RAES experiment
was rendered during this reporting period, RA 178 (super-
luminal radio sources at 13 cm) was approved by the RAES
panel and scheduled for DSN support 1n late 1981 Another
new proposal, “A Statistical VLBI Test of the Self-Compton
Mechanism for X-Ray Emission from Compact Extragalactic
Radio Sources,” was also received and 1s being reviewed by the
RAES panel members

C. Host Country

At tume of going to press, the figures for this activity were
unavailable

lil. SURFISS Progress Report

Science Utilization of the Radio Frequency Interference
Surveillance System (SURFISS), a program sponsored by the



Director’s Discretionary Fund, 1s designed to utilize JPL’s
65,000-channel Radio Frequency Interference Surveillance
System (RFISS) for radio astronomical studies The RFISS 1s a
unque microwave spectrum analyzer developed to detect
radio frequency nterference (RFI) at the DSN facility at
Goldstone It 1s a trailer-based microwave receiver and data
processing system which mcludes a 65,000-channel spectrum
analyzer. The receiver and spectrum analyzer are controlled by
a Modcomp II computer, allowing the RFISS to process two
10-MHz channels into 32,000 channels, each with a resolution
of 305 Hz.

The RFISS was connected to the 26-m antenna receiver
system at DSS 13 (Venus Station) in September 1981 1n order
to carry out the first step of the SURFISS program. Both S-
and X-band signals were coupled to the RFISS for these tests
The objective of the series of tests which took place on
September 10/11, 17/18, and 24/25 was to obtain experience
with the RFISS as the processor for DSS 13 output and to
nvestigate the system stability and gain charactenstics, Obser-
vational procedures were tested for first-order calibration of
data

The data obtained during the five observing runs are
analyzed both 1n the field and off-line on a PDP 11/44 at JPL
The software available on the Modcomp II 1n the field allows
the observer to mspect spectra in near-real-ttme in both nor-
mahzed and calibrated format Thus the observer may make
informed decisions 1n real-time For off-line analyses, the data
are wntten on magnetic tape.

Astronomical observations were carried out October 8/9
During this run, recombination lines in M17, Orion A, and
W51 at S-band were observed H142a and Hel42q were seen
1n all three sources of thermal microwave emisston H178a was
seen 1n M17 and Orion A At X-band, the transition H1158
was seen 1n Orion A, and an umdentified line was seen 1n M17
Figure 1 1s a calibrated spectrum of M17 at S-band showing
the H142a and Hel42a recombination lines Since these lines
are several hundred kilohertz wide, the frequency resolution of
the data has been degraded through averaging adjacent chan-
nels from the ongmal 305 Hz to 16 16 kHz The vertical scale
1s antenna temperature 1n kelvin, the horizontal scale 1s fre-
quency n MHz Figure 2 1s a similarly calibrated spectrum of
Orion A at X-band showing the H1158 recommendation line

Observations of Voyager 2 at X-band and Pioneer 12 at
S-band were also made Figure 3 1s a calibrated spectrum of
Voyager 2 showing the suppressed carrier and upper- and
lower-sidebands out to the minth sideband, at a resolution of
16.16 kHz Figures 4 and 5 are calibrated spectra of the first
lower- and upper-sidebands, and illustrate the asymmetry
which 1s present 1n the signal

Work 1s currently underway to evaluate the performance of
the system when observing astronomical sources and space-
craft It 1s planned to conduct observations at DSS 14 1n
January 1982 after the completion of a series of RFI surveys
at both DSS 13 and DSS 14
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Proper Frequencies of a Down-Looking Water-Vapor
Radiometer Over Sea Surface

S.C. Wu
Tracking Systems and Applications Section

Altimeter observation on board an Earth-orbiting satellite {eg, TOPEX) over sea
surface 1s corrupted by, among others, the water vapor path delay. Such error can be
calibrated for by a down-looking microwave radiometer. This article studies the effects of
water vapor profile, sea surface temperature, wind speed and brightness temperature
measurement error on the calibration precision. Proper frequency combinations are

searched to mimmize these effects.

l. Introduction

Troposphenic water vapor introduces path delay as large as
50 cm on radio propagation. The most effective calibration
method has been that making use of passive microwave radiom-
eters (Refs, 1-5). The thermal radiation of water vapor at fre-
quencies near the 22 235-GHz water absorption line, which
can be measured by a radiometer, 1s an accurate indication of
water vapor content along the line of sight.

On a clear day when no cloud (liquid water droplets) 1s
present, a ground-based single-frequency measurement of the
sky bnightness temperature 1s sufficient for the estimation of
the water vapor content or the corresponding delay. When the
Ime of sight passes through clouds, the observed brightness
temperature increases rapidly even though the path delay 1s
hardly affected. The cloud effect can be separated from the
water vapor effect by making measurement at two different
frequencies. Such separation 1s possible owing to the difference
mn radiation frequency spectra between water vapor and hiquid
water droplets.

Another factor affecting the accuracy of water vapor mea-
surement 1s the variation of the water vapor vertical profile.
This 1s due to the fact that the thermal radiation from an
amount of tropospheric constituents (including water vapor)
farther away from the radiometer 1s continuously attenuated
(through absorption) by the nearer constituents along the line
of sight, the same amount of water vapor at a different height
will contribute to different bnightness temperature at the radi-
ometer. Such profile dependence can be alleviated by the
selection of a proper frequency (Refs. 2, 6) or a combination
of frequencies (Refs. 3, 7) for the radiometer.

When the measurement 1s made on board an aircraft or an
Earth-orbiting satellite over asea surface, the problem becomes
more complicated than that of a ground-based measurement in
two respects First, the bnghtness temperature 1s now the com-
bination of three components the upward troposphernc radia-
tion, the reflected downward troposphenc radiation and the
sea surface radiation. Secondly, both the reflected and the
radiated components by the sea surface are strongly dependent




on sea surface emissivity which in turn is a function of sea sur-
face temperature and foam coverage. To achieve an accurate
estimation of water vapor path delay, the vanations of sea sur-
face temperature and emissivity cannot be 1gnored.

In this article, we shall investigate whether sub-centimeter
water-vapor delay 1s achievable using a downdooking radiom-
eter with proper selection of two frequencies. The effects of
vertical profile, sea surface temperature and wind speed (related
to foam coverage), and brightness temperature measurement
error will be studied. The absence of precipitation will be
assumed.

Il. Background

The quantity to be deternuned 1s the water vapor path
delay (Ref. 8)

H
p
AR = k f T”dh, k= 1723X1073 K/(gm®) (1)
0

where p, 15 the water vapor density and T 1s the atmosphenc
temperature along the vertical ray path &, H 1s the altitude of
the radiometer The quantity which 1s measured by a radiom-
eter 1s the bnightness temperature

H H
T, =f Ta exp (—f adh) dh
0 h
H h
+te e T +(1- es)(f To exp (—f ozdh) dh
0 0
+ T, e"’)] )

Here, the first term 1s due to the upward tropospheric radia-
tion, the terms in the brackets are due to the sea surface
radiation and the sea surface reflections of the downward
troposphenc radiation and of the cosmic radiation. These
bracketed terms are attenuated by the tropospheric absorp-
tion 7 = f{ adh, with & = @, + o, + &, being the combined
absorption coefficient of water vapor, cloud and oxygen along
the ray path. The sea surface emussivity 1s denoted by €, and
the sea surface temperature by T, The cosmic radiation has a
value of T, =29 K From Eq. (2) the dependence of Ty on
€, T, and the vertical profile of @ may be appreciated.

To measure the water vapor path delay by a radiometer a
calibration equation relating the two quantities, AR 1n (1) and
Tg 1n (2), needs to be established.

lll. Calibration Equation

The bnghtness temperature of Eq. (2) can be expressed as
the followmng approximation (Ref. 9. In Ref, 9 the cosmic
radiation T, has been omitted)

T

p s T, te e(T,-T,)-e"(1-e)T,-T,) (3)

where T, 1s the effective temperature defined as

H H
f Ta exp (-f adh) dh
_ o h
Te - H H (4)
f a exp (- f adh) dh
0 h
The absorption 7, which 1s the algebraic sum of the contn-
butions from water vapor, cloud and oxygen, increases linearly
with the amount of water vapor content along the ray path.

Hence 1t 1s the logical quantity to be related to AR. Solving for
7 from (3) we have

2(1-e)T,-T,)

7=1In

e(T,-T,) +\A:(Ts - Te)2 +4(1- e )T, - T )T, - Tp)

®)

In the calculation of 7 using (5), the effective temperature
T, needs to be accurately estimated. To loosen the dependence
on the estimation of T, a quantity T7 7 1s to be used mnstead
of 7. The exponent 1 15 selected such that T 71s msensitive to
the vanation of T,. In other words, 3(T7 7)/0T, =0. The den-
vative 1s rather lengthy but straightforward. After calculating
the denvative and using the typical values T, = 290K, T, =
275 K, Ty = 150 K and €, = 045 we have v = 2, Therefore,
T2 715 to be used as the parameter in the calibration equation.

It can be numencally shown that

H
T:réf T? adh
0

or

H
Te2 T =f Tz(av ta ta )dh ©)
0



Since «, 1s proportional to f2 (Ref. 10) for microwave fre-
quencies f <40 GHz, 1t can be eliminated for a dual-frequency
radiometer

an, @o,

H pv )
= [ weyF a2, 0
0

i f
where
T3 o‘vl O‘v2
w(h) =] .22 (8)
”v(ff i )
and

2 [ H 2 o‘o 1 ao 2
T = T?|— - —=\dh ©
*Je N i

A comparison of (1) and (7) indicates that a linear relation-
ship between AR and T27 at the two frequencies can be
established provided the werghting function w(#) be a constant,
mdependent of 2. Under such circumstances,

- 2 2
AR = a, +al(Te'z')l +112(Te1')2 (10)
where the constant coefficients are
=k
aO w Tox
a = —-ﬁz- 08}
wfl
. =K
2
wf;

For f < 40 GHz, the oxygen absorption coefficient a, also
ncreases with approximately f2 Hence T 2, as defined by (9)
1s a small residual oxygen effect Furthermore, «, 1s propor-
tional to T-285 (Ref. 11), T2a, 1s insensitive to the tempera-
ture T. Therefore, T2, 1s practically a constant. Note that a
constant w(#) implies the estimation of AR being independent
of the water vapor vertical profile. In the following section,
frequency paurs for which w(h) remams nearly constant wall
be searched

IV. Frequency Pairs for Constant w(h)

The procedure of Ref 7 1s to be followed 1n the search for
frequency pairs resulting 1n nearly constant w(h). In brief, the

single frequency contributions of w(f) in (8) are calculated
and plotted on the same graph, as depicted by Fig 1, any pair
(eg., b and ¢ 1n Fig 1) having a wide and nearly constant
separation will result 1n a large and constant w(h) and can be
selected as a candidate for further consideration. The actual
calculation will be based on the radiosonde measurements of
the meteorology profiles at Point Mugu, Califorma, on Febru-
ary 24, 1976. These profiles are shown in Fig 2 It has been
shown in Ref. 7 that, for a ground-based radiometer with
specified frequencies, the shape of w(h) vs h 1s similar for
different profile shapes. Since the form of w(h) 1n (8) differs
only by a multiplicative factor 7" which normally has a small
fractional variation, the same can be said for a down-looking
radiometer. Hence the profile of Fig. 2 and the resulting w(h)
can be considered as typical Note that we need to examine
w(h) only for & below about 5 km since there 1s little water
vapor content at higher altitudes.

Figure 3 shows the components of w(h) for frequencies
near the 22.235-GHz water absorption line Two of the pairs
having wide and nearly constant separations are found to be
20 2 GHz/26 0 GHz and 24.3 GHz/32.0 GHz. The normalized
vartations in w(#) of these frequency pairs are shown mn Fig 4.
Also shown are the 20 3 GHz/31 4 GHz optimum pair for a
ground-based radiometer (Ref. 7), the 22.235 GHz/31 4 GHz
parr selected by the Nimbus-6 Scanning Microwave Spectrom-
eter (SCAMS) (Ref. 9) and the parr 18.0 GHz/21.0 GHz
believed to be insensitive to sea surface temperature!, Note
that the last two pairs have large w(#) vanations The pair for
the optimum ground-based radiometer (20.3 GHz/31.4 GHz)
1s only shightly infenior to the remaining two at higher altitudes
The pair with least vanation i w(h) 1s found to be 24.5 GHz/
320 GHz.

The values of T2, 1n (9) and of w(k) in (8) at sea surface
(h = 0) are calculated and shown 1n Table 1. The 24.3 GHz/
32 0 GHz parr not only has a reasonably large w(0) for small
sensitivity to T27error when (10) 1s used to estimate the water
vapor path delay, 1t also has the lowest 72, which implies
being least affected by the vanation in the residual oxygen
term

V. Effects of Sea Surface Temperature
and Wind Speed

The vanation 1n sea surface temperature affects the estima-
tion of the water vapor path delay in two respects. First, 1t
varies the values of the weighting function w, which 1n tumn
varies the calibration equation coefficients (cf. Eq. 11) Sec-
ondly, 1t vanes the observable T27 through T, and €, (cf.

T, Chester, private communication



Eq. 5) The vanation 1n sea surface wind speed has an effect
only through e,.

To study the effect of sea surface temperature and wind
speed through €, 1t 15 convenient to work out an empirical
mathematical expresston for ¢, in terms of f, T and V,,, the
sea surface wind speed Figure 5 shows the frequency depen-
dence of e, at T = 293 K (Ref 12) The effect of sea water
salinity 1s found to be neghigibly small for f > 5 GHz The
area which concems us 1s the nadir ray path 1n the frequency
range of 15 to 35 GHz Within this range € 1s nearly linear
1n frequency and can be represented by

e =034(1+001f), T = 293K (12)

The temperature dependence of e, can be denved from
Fig 6 (Ref 12), where the change in Ti€, per change in T as a
function of f1s shown Ths figure applies to the temperature
range of 273 to 303 K, practically all possible sea surface
temperatures Over the frequency range of interest, a close
approximate expression for the nadir observation 1s

A(Tses)

vy ~004f _
AT =146¢ 0 64

(13)

Wind over the sea surface increases the emussivity through
the amount of foam coverage Nordberg et al. (Ref. 13) found
that, at f = 19 35 GHz, there 1s no detectable effect for wind
speeds less than 7 m/sec while Te, increases by 1 K per m/sec
above that, as shown 1n Fig. 7. The effect 1s nearly frequency-
independent, as has been discovered by Webster et al. (Ref. 14),
1n the frequency range we are concerned with. This 1s shown 1n
Fig. 8. The effect of wind speed can be expressed as

o(Te,)

—— =6_(V, -7
v, 1Vw

(14)

where §_; (x)1s the umt step function defined by

0, x<0
6_,(x) =

1, x=0

Combining (12), (13) and (14) we arnve at the following
empirical expression for the sea surface emissivity .

€, =9T—9(1 +001f) +

s

T

N

T, - 293
—— ) (146e™°%-064)

+5_,(V, - DT, (15)

where §_, (x) 1s the unit ramp function defined by

0, x<0

x , x=0

(16)

The sea surface value of the weighting function, w(0), vanes
with the surface values of 73 and a,/p,, (cf. Eq 8) The varia-
tion 1n o, /p,, 1s small as compared to that in 73 Hence 1t 1s a
good approximation to assume w(0) as being dependent only
on T'in the form

w(0) « T3 17)

VI. Numerical Results

In this section, we shall study the statistical uncertainty in
the estimation of water vapor path delay using the calibration
equation (10) with different frequency pairs. Five sets of
theoretical coefficients are calculated from the values of T2,
and w(0) in Table 1 of the typical meteorology profiles n
Fig. 2.

The test data are a set of 75 meteorology soundings denved
from expanding 25 measurements at Point Mugu, Califorma,
from February 24 to March 17, 1976. The expansion 1s fur-
nished by simply adding -10 K and 10 K to the temperature
profiles, to simulate the worldwide coverage of temperature
range. The brightness temperatures that would be measured by
a radiometer are calculated by (2) The measurements cover all
altitudes up to ~10 km, above which the water vapor content
1s rare. These data are extrapolated to an altitude at which the
total pressure drops to 100 mbar (H = 16 km) to include
~99% of the oxygen contnibution to T.

The theoretical coefficients derived from Table 1 and the
brghtness temperatures calculated from the 75 soundings are
used to estimate the water vapor path delay by Eq. (10). The
effective temperature 7, 1s found to be ~0.95 T, for all
frequencies. The estimated AR are to be compared with the
actual AR calculated from (1) The statistics of their dif-
ferences provide an estimate of the calibration equation
uncertainty.

Four different test cases are to be studied

Case 1. Nownd (V,, <7 m/sec)
Coefficients scaled by T;3
7 calculated by correct T
Case2  No wind

Coefficients fixed
7 calculated by fixed T (287 6 K from Fig 2)



Case 3. 10 %5 m/sec wind

Coeffictents scaled by T3

7 calculated by V., = 10 m/sec and correct T
Case4 10+ 5 m/sec wind

Coefficients fixed
7 calculated by V,, = 10 m/sec and T, =287 6 K

Table 2 summanzes the results of the companson. The
following points are observed

(1) When independent measurements of sea surface tem-
perature and wind speed are available and are applied
to the calculations of T and the calibration coefficients
(Case 1), the uncertainties are less than 1 cm for all
five frequency pairs 2 The three having nearly constant
w(h) 1n Fig. 4 are 3-5 times better than the remaining
two Ths venfies the reduction of profile dependence
of Eq. (10) with proper frequency pairs.

(2) When sea surface temperatures (having a standard
deviation og, = 9.2 K) are not independently measured
(Case 2), the uncertainties increase by an appreciable
amount for the first four frequency pairs. The pair
18 GHz/21 GHz 1s nearly unchanged Such insensitivity
to sea surface temperature 1s a result of compensation
between the change mn w and the change in T2 due to
achangemn T}

(3) When the sea surface wind speed 1s mismodeled by
0y,, = 5 m/sec (Case 3), the uncertainties in AR 1ncrease
by 0.8 - 1.4 cm. The pair 20 3 GHz/31.4 GHz has the
largest 1ncrease and the pair 22.235 GHz/31.4 GHz has
the least.

(4) When the nusmodehing includes both g, = 5 m/sec
and oy = 9.2 K (Case 4), the combined effects are
nearly the RSS of the two separate effects. The fre-
quency pair having the most constant w(h) — 24.3 GHz/
320 GHz - 1s still better than the other four, with an
uncertainty of ~1.5 cm.

The uncertainties above have been estimated using theoret-
1cal coefficients in the calibration equation (10). These uncer-
tainties would have been lower had the coefficients been
derived from regression analysis with the 75 soundings. For
comparnson, these estimates are summanzed 1 Table 3. It 1s
believed that such “forced-fitting” may result mn an optimistic

2The large biases for the last two frequency paus are due to an under-
esttmate of w by the surface values. Such biases can be reduced by
using w at an altitude above sea surface for the calculation of coef-
ficients 1 (11)

esttmate. An 1deal error estimation approach would be such
that the calibration coefficients are denved from a regression
analysis with one set of data and are applied to another set of
data for AR error estimation

Another error source not included in the above analysis 1s
in the brightness temperature measurement The sensitivity to
such error can be estimated by omutting the term containing
e~7 1 (3) and then substituting into (10) and taking partial
denvative with respect to T'g.

or
(AR , o1,
=aT 1 =1,2
T, e 9Ty,
(18)
% T? )
= IT,-Tz ), +fori=1
2wf? © - fori1=2

Hence, the sensitivity 1s small for large wf? and small I, (well
below saturation) For the typical meteorology profiles of
Fig 2, the sensitivities are calculated and summanzed mn
Table 4. The frequency pair 22 235 GHz/31.4 GHz has the
lowest sensitivity, as expected for its large w (cf Table 1) The
pair 18 0 GHz/21.0 GHz has a sensitivity a factor of 3 larger

VIl. Conclusions

The analyss indicates that 1t 1s posstble to achieve a sub-
centimeter esttmate of water vapor path delay on nadir obser-
vation with an on-board mucrowave radiometer. To achieve
such precision we need (1) a radiometer with two properly
selected frequencies, (2) brightness temperature measurement
accurate to ~0.5 K, (3) knowledge of sea surface temperature
to ~3 K and (4) knowledge of sea surface wind speed to ~2
m/sec or knowledge of sea surface emussivity to ~0 01 Note
that the analysis does not apply when there 1s precipitation.

The frequency pair 24 3 GHz/32 0 GHz 1s found to be tdeal
for a nadir water vapor radiometer. It 1s insensitive to profile
vanation and has a moderate sensitivity to bnghtness tempera-
ture measurement error.

The frequency pair 18 0 GHz/21 0 GHz, though insensitive
to sea surface temperature uncertainty, has high sensitivities to
profile vaniation and to bnghtness temperature measurement
error. It can be considered only when no knowledge of sea sur-
face temperature 1s avadable and the bnghtness temperature
measurement error 1s hughly correlated (and thus cancelled)
between the two frequencies.
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Table 1. Values of T2 and w(0) for typical meteorology profiles

fi 20 2 GHz 24 3 GHz 20 3 GHz 22 235 GHz 180 GHz
13 26 0 GHz 320GHz 314 GHz 314 GHz 21 0 GHz
Tf,x 0579 0189 0659 0394 0565
103 w(0) 103 111 160 189 099
Table 2, Calibration uncertainty of AR (cm) using theoretical coefficients
derived from Table 1
fi 202 GHz 24 3 GHz 20 3 GHz 22 235 GHz 18 0 GHz
fs 26 0 GHz 320 GHz 314 GHz 314 GHz 21 0 GHz
Case 1 006015 -024+018 -026+018 1.19:064 1.72+ 077
Case 2 -007+144 -026+098 -028+125 119+139 171+080
Case 3 006 £116 016 +113 028+149 136106 139+132
Case 4 -007+194 013+143 025+185 137+167 136+1.43

Table 3 Calibratton uncertainty of AR (cm) using regression coefficients derived
from forced-fitting AR and the simulated r through Eq. (10)

hi 202 GHz 24 3 GHz 20 3 GHz 22235 GHz 18 0 GHz
£ 26 0 GHz 320 GHz 314 GHz 314 GH:z 210 GHz
Case 1 000015 000015 000:015 -002+047 -002:045
Case 2 000+132 000+096 000+119 000113 000+051
Case 3 000+099 001+107 -002+121 -001+071 001+092
Case 4 000+154 000+131 000167 000122 000+098
Table 4. AR sensitivity to Tg measurement error
fi 20 2 GHz 24 3 GHz 20 3 GHz 22235 GHz 18 0 GHz
fy 26 0 GHz 320GHz 314 GHz 314 GHz 21.0 GHz
2(AR) 117 079 075 057 -142
aTB,1
RICD -073 - -047 -034 -029 1.16
aTE’2
Worst 190 126 109 0386 258
case
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Block | Phase 2
Very Long Baseline Interferometry Implementation

J H Wilcher
DSN Data Systems Section

This article 15 a status report on the implementation of the Block I VLBI System

l. Introduction

The Block I VLBI System (Ref 1) 1s presently being
mmplemented 1n the Deep Space Network as a phased
implementation. The Block I Phase 1 VLBI System has been
previously reported (Ref 2) Phase 2 of the Block I VLBI
System 1implementation has been completed and 1s now
operational

Il. DSS Configuration

The DSS configuration for Block I Phase 2 15 shown 1n
Fig.1 and remains unchanged from the Block I Phase 1
configuration. Planned changes 1n the near future to the DSS
configuration include

(1) The replacement of the digital magnetic tape Real-Time
Record by a large capacity disc serving the same
function This change obviates the requirement for the
many tape changes durning the VLBI passes The disk
will be large enough to handle a complete pass

(2) The nclusion of a digital tone extractor function to the
DSS VLBI Subsystem. This addition will permut real-
time verification of the presence of the phase calibra-
tion tones through the DSS VLBI System

lll. Ground Communication Facility and
Network Operations and Control Center
Configuration

The GCF-NOCC configuration for Block I Phase 2 1s shown
in Fig 2. The Ground Communtcations Facility has undergone
changes 1n configuration (Ref 3) The significance of the
changes 1n GCF to the Block I VLBI System les in the direct
connection of the wideband data hines from the wideband data
terminals to the recently installed Block I VLBI Processor
Subsystem. This change allows the VLBI data to be routed
directly from the DSSs to the VLBI Processor Assembly,
where the data are recorded on large-capacity (600 Mbyte)
discs The creation of numerous IDRs and the attendant
handling of such 1s thus made unnecessary.

The Network Operations and Control Center configuration
was changed by the addition of the Block I VLBI Processor
Subsystem The tncorporation of the Block I VLBI Processor
Subsystem (VPS), which consists of the VLBI Processor
Assembly, the VLBI Correlator Assembly and accompanying
software, removes from the Block I VLBI System the Interim
VLBI Processor Subsystem. The Intenm VLBI Processor
consisted of a correlation program on a large general-purpose
computer (IBM 360-75). This configuration required the
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generation of numerous IDRs 1n order to transfer the VLBI
data to the processor along with the necessity of waiting
sometimes many days for the processing to be completed The
addition of the dedicated Block I VLBI Processor Subsystem
allowed the processing to be completed 1n a matter of hours
after the receipt of the VLBI data from the participating DSSs

IV. Correlation and Postcorrelation with the
Addition of the VPS

The correlation of the VLBI data 1s now carried out on the
VLBI processor with hardware and software well-documented
and transferred to Operations The postcorrelation effort 1s
carried out on the same processor However, the software
- 1nvolved 1s considered Research and Development 1n nature at
the present time An effort 1s underway to document and
transfer the postcorrelation software to Operations at a later
date

V. Operation Training

DSS operations have been going quite well, with the VLBI
passes being scheduled and carried out almost weekly for the
past year and a half. The operational proficiency seems to
indicate that the training packages were very adequate The

tramming for the VLBI Processor Subsystem was carried out in a
much more informal manner than the DSS training, since there
were fewer personnel involved The traiing consisted of
theory of operation discussion and ‘“hands on” operations
with the Development and Operations personnel involved The
operation 1s currently completely carried out by the Opera-
tions personnel

Vi. System Testing

System testing was accomplished by operating the Block I
VLBI Processor Subsystem and the interim processor 1n
parallel This was accomphshed by creating IDRs of the same
VLBI data that was bemng obtained by the VPS and then
processing the data through both the VPS and the interim
processor and verifying that the results were 1dentical 1n every
step of the processing This test was repeated during several
VLBI passes In every case the processing was verified as
identical

VIl. Summary

The Block I Phase 2 VLBI System 1s operating to support
the navigation requirements of the Voyager Project The
System will provide the information related to station clock
synchronmization, UT1 and polar motion in a timely manner
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This article descnibes the DSN Programmung System and its current status Accom-
plishments and plans are summanzed A study to revise the system design is in progress

l. Introduction

The DSN Programming System 1s an interrelated body of
procedures, tools, equipment, and information designed to
assist DSN software developers and managers in the efficient
and effective production of software for DSN tasks. The major
goals of this system are (1) to reduce the cost of producing,
documenting, and maintaining DSN software, and (2)to
mmprove the ability of managers to cost, schedule, monitor,
and evaluate DSN software-development tasks under their
purview.

The DSN Programming System 1s of particular timportance
to the Mark IV-A Implementation Project due to its need to
maintain strict budgetary and schedule constraints on all
development being performed under their aegis It 1s expected
that the Programming System will provide just this type of
assistance 1n the development of computer software for the
new sertes of computers replacing those currently at the DSN
deep space stations (MODCOMP II computers are being
replaced by MODCOMP CLASSICs).

Il. System Objectives

To achieve the stated goals, the DSN Programming System
has set for itself the following objectives

(1) To provide implementing orgamizations the standard
practices and software-development methodology

@

€))

“

(Refs 1 and 2) necessary to increase the cost effective-
ness of the software-development process The increase
will be reflected 1n reduced overall life-cycle costs due
mainly to improvements in maintainability and rehiabil-
1ty of software developed using common standards.

To develop and provide the standard languages and
software-development tools needed to code, check out,
and document computer programs for the DSN. These
improvements 1n the developmental environment will
result 1n 1mproved productivity and personnel morale.
These are major ingredients 1n developing software on
schedule and within budget constraints

To develop and provide computer-generated aids and
reports needed to increase management visibility into
the software-development process This increased visi-
bility will permit a more efficient use of available
resources, a timely recogmtion of problems, and the
information required to reduce the nsk in software-
management decisions.

To assure, by means of an approprnate functional
design, accord of the Programming System with the
actual software-development process This will permut
an evaluation of the system based on its functional
flow and more clearly delineate the interfaces and
functions required by the system to support the
software-development process.
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(5) To develop the methodology and procedures needed to
measure system performance against realistic perfor-
mance crteria. This methodology needs to be a
permanent fixture in any new system design 1if that
system 1s expected to remain a viable entity for any
length of time.

lll. System Description

The elements and structure of the current DSN Program-
mung System are shown 1n Fig 1 It 1s, 1 design and approach,
very much the same system described by Hodgson (Ref 3) and
reported by Irvine (Ref 4) The basic structure 1s defined 1n
five basic categories

(1) Software Standard Practices
(2) Standard Processors

(3) Programming System Data Base
(4) Management Aids.

(5) Implementation Aids

This structure, however, does not provide a functional
design for the system and theremn lies its major deficiency
Section V discusses this problem and the study underway to
redefine the system,

The Software Standard Practices segment of the system 1s
represented by a series of documents that specify standard
methodology, guidelines, and practices dealing with the
mplementation of software from inception to operations
These documents are mamntained in the 810-XX series of
DSN documentation. However, a compendium of these stan-
dards (Ref. 5) also exists and may be more switable for those
readers merely desiring to inform themselves regarding the
DSN Standard Practices The major actiity in this area
currently involves reviewing these standards in light of their
effectiveness and usefulness to the implementing organiza-
tions. Modifications are made as required contingent on
appropriate review board approval

The Standard Processor segment of the system 1s responsi-
ble for developing and maintamming the standardized software
environment needed by the software developers and managers
of software-tmplementation efforts This function was respon-
sible for selecting and implementing the two current Standard
Languages MBASIC* and HAL/S The former 1s termed the
“off-line” language to be used for admnustrattve and nonreal
tume applications The latter 1s termed the “on-hine” language
to be used for real-time DSN applications Procurement of

*A trademark of the California Institute of Technology.
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other useful tools and languages are also performed under the
purview of this system element

The Implementation Aids segment of the system 1s an
adjunct to the Standard Processor segment. Its main purpose 1s
to provide the software developers additional tools to assist
them m designing, documenting, and testing computer pro-
grams. The Data Base and Management Aids segments are also
complementary 1n that their purpose 1s to provide the
management aids, reports, and mformation required to
improve 1mplementation process vistbility and ensure informed
management decisions at critical pomnts in the development
effort.

IV. Status and Plans

This section discusses the status and plans of those
segments of the system where actiiity or changes occurred
since the last report (Ref. 3).

A. Software Standard Practices

Standards for the production of System and Subsystem
Functional Requirements are i draft form Finalization of
these documents 1s being placed 1n abeyance pending a formal
review of the Programming System Functional requirements
and design. Such a review 1s expected in the first half of
calendar year 1982 (see Section V)

B. Standard Processors

The majonity of activity 1n the Programming System has
dealt with the implementation of the “on-line” language,
HAL/S This language has been 1dentified by the DSN as the
standard real-time language to be used m any software
development for the real-time computers being installed at 1ts
remote stations under the Mark IV-A Implementation Plan

A version of the HAL/S Compider for listing on a
MODCOMP 7870 computer was developed by Intermetrics,
Inc., under contract to JPL. A completed version of this
compiler was accepted by JPL on May 14, 1981. Delivery was
accepted despite some errors found during testing of the
product Of the ongmal errors found, only four were
constdered major problems, and all of these have been resolved
by Intermetrics under a mamntenance contract with JPL. There
are currently 22 outstanding problems of which 2 are
considered of major importance All of these are due to be
resolved by January 1982

A MODCOMP 7870 with operating system and peripherals
was purchased and installed in October 1980 to serve as the
host development computer for the HAL/S language and 1ts
associated tools.




Traimng on use of the new compiler language has begun. A
tramning class conducted by Intermetrics was held on July 20,
1981, for 25 programmers and supervisors who will be
utiizing the language 1n therr implementation tasks Addi-
tional classes are planned.

Development of a more comprehensive set of tests for the
HAL/S compiler 1s underway. Results from these tests will be
used as a condition for the transfer of the compiler to
operational status Such a transfer 1s not expected until the
first quarter of calendar year 1982 when 1t 1s expected that the
number of problems uncovered through testing wil have
stabiized This date will not impact Mark IV-A software
development since a code can be developed using the current
compiler and then recompiled with the operational version
when that 1s made avalable.

A list of HAL/S-compatible tools and aids available from
other NASA centers has been compiled for use 1n determiming
how to 1mprove the DSN development environment as quickly
and as cost effectively as possible Active participation of TDA
and implementing organization personnel in the NASA HAL/S
User and Configuration Control Board 1s being encouraged so
that repetition of costly mistakes can be avoided through the
sharing of information with HAL/S users at other NASA cen-
ters. This could lead to reduced development costs and reduce
the impact of unnecessary language changes on the users

The DSN Standard “off-line” language, used for nonreal
time purposes, 1s being maintained for current users on the
JPL institutional computers (Unwvac 1100/81) A study to
replace this standard with ANSI-BASIC 1s being proposed The
decision for the computer host of this language should be
subsidiary to the more fundamental decision of the functional
design of the Programmung System 1tself.

C. Management Aids

A prelimmary version of a Work Breakdown Structure
(WBS) report generation system has been made available to
management This management aid has elements on both the
AODC (Automated Office Data Center, a micro-processor

computer system developed by JPL) and the MODCOMP 7870
currently being used for the HAL/S development. A Software
Cost Estimation Model (SOFTCOST) 1s simtlarly hosted on the
AODC with data access through the interconnection with the
MODCOMP 7870

Current planning 1s directed toward providing the manage-
ment functions with a separate MODCOMP 7870 thus freeing
the development computer for more on-hine use by software
developers The management computer would then be the
central node for the network of termunals and processors
currently used by management to maintain data bases,
estimate cost, report productivity, and produce up-to-date
schedules and resource allocations.

V. Future Plans

The use of the Programming System to support the Mark
IVA Implementation effort has indicated a need to review the
design and structure of the current system

The lower-level functional elements of the system are well
defined and can be directly related to requirements or
constraints These lower-level elements, however, are not
orgamzed along functional lines but along genertc lines If the
system 1s to support the Mark IV-A development effort, a
better approach would be to orgamze these elements in
conformance with the actual functional flow of the develop-
ment process This will permut a more conventional division of
the system into subsystems as well as a clearer defimition of
the interfaces between subsystems and the interaction between
elements Such a redesign would permit a clearer evaluation of
priorities and the mmpact of changes on the entire system
would be more clearly discerned.

A study to propose a revised system design along these ltnes
18 underway and will be reviewed and presented in the first
half of calendar year 1982. It 1s also planned to provide a
long-term plan that will guide the system development for the
next five years and provide some 1nsight into future develop-
ment through 1992.
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This article 1s a continuation of the Deep Space Network report on tracking and data
acquisition for Project Voyager This article covers the period July through 11 August

1981

I. Introduction

Voyager 1 was 1n the extended mussion phase of operations
dunng this reporting penod Voyager 2 completed the Observ-
atory phase of the Saturn Encounter on 31 July and the Far
Encounter-1 (FE-1) phase on 11 August It 1s now in the Far
Encounter-2 (FE-2) phase in preparation for the nearest
approach on 26 August

Il. DSN Support
A. Voyager 1

The extended nusston phase continued for Voyager 1, with
the 26-meter-antenna net providing the majonty of the track-
ing support However, 34- and 64-meter support was pro-
vided as required, as on the Navigational Cycle (Nav Cycle)
performed on 20/21 July This Nav Cycle was performed with
only three-station coverage, the previous cycles had employed
four-station coverage (two tracks by the Australian stations)
The tracking loop capacitor (TLC) test continued to be run
weekly as was the transmussion of a dummy computer com-
mand (CC) to prevent the spacecraft from going into the
emergency routine when a command had not been received
for a specified pertod

Radio Science returmn was received dunng the XSCEL
(X-band Saturn Celestial Mechanics) activity in the form of
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Saturn system celestial mechanics study, gravitational red
shift determination, and ultrastable oscillator frequency
check The activity was conducted biweekly Pertodic Engi-
neening and Science Calibration (PESCAL) activities were
supported bimonthly

B. Voyager 2

1. Operational Readiness Test B-2 On 1 July, the Radio
Science Operational Readiness Test B-2 was conducted with
DSS43 A command load was put into the spacecraft to
simulate the closest approach conditions so that the encounter
Radio Science sequence could be exercised to validate proce-
dures and end-to-end support system operation The test was
very successful and the major objectives were met Some
mimor problems were identified that required corrective
actions On 5 August, a mm-ORT was conducted to test the
system again and venfied the corrections and procedures as
applicable for the problems identified 1n the ORT

2. Radio Science Operational Verification Tests During
the reporting period, DSS 43 Radio Science capabilities were
exercised by conducting five Operational Vernfication Tests
(OVTs) The OVTs primary objectives were to nsure that
the equipment remained operational, configurations were
valid, and personnel were tramed and ready to support the
Radio Science activity duning the Saturn closest approach
Although some munor problems were expenienced during the




testing, mndicattons generally were that the equipment and
personnel were ready to support the actual encounter opera-
tion satisfactorily

The primary problem was the implementation of the Pre-
ciston Power Monitor (PPM) capability to monitor the system
nowse temperature (SNT) of all four receiver systems (two
S-band and two X-band) Although the system was installed,
continued proper operation could not be achieved Two eng-
neers from JPL were dispatched to the station to assist in
correcting the problems

DSS 43 also experienced problems with the Radio Science
wideband recorders due to excessive bit error rate (BER)
The problem was 1solated and corrected by the use of high
quality tapes With proper alignment, new analog-to-digital
converters were nstalled and the operation validated during
operational testing

It was felt that some of the recorder problems could be
attnibuted to the recording tape being used To overcome
this possibility, special, validated and certified tapes (Ampex
799) were shupped to the station to be used for specified test
perniods and for the actual Near Encounter Radio Science
activity Use of the tapes has generally improved recorder
operation

3 Trajectory Correction Maneuver B-8 On 19 July, a
trajectory correction maneuver was performed by Voyager 2
to position the spacecraft at Saturn closest approach at ap-
proximately 161,000 km from the center of the planet The
maneuver was executed by roll and yaw turns to place the
spacecraft on the burn axis, which placed the spacecraft off
earth-point The spacecraft was off earth-point for two hours
and 38 minutes, during which no downlink was obtained

DSS 12/42 supported the preburn activity, which included
special commands and maneuver enable commands The roll/
yaw turns were executed over DSS 42 and the downlink was
lost on time The actual burn occurred during DSS 63/61
view period The burn was accomplished and the spacecraft
returned to earth-point as programmed To assist in the
reacquisition of the X-band downlink, DSS 63 had imitialized
its Occultation Data Assembly (ODA) and Spectral Signal
Indicator (SSI) to search the spectrum for the first indication
of the signal The signal was observed on the SSI and by the
X-band recewver, and DSS 63/61 reacquired the downlink
telemetrv on time

Critical commanding followed the reacquisition of the
spacecraft downlink, for included in the onboard computer
was a Maneuver Recovery Block (MRB) to be executed 1n case
of an anomaly and the spacecraft did not return to earth-

point The MRB would cause the spacecraft to perform a
360-degree roll so that the signal strength could be plotted
and the spacecraft ponting could be determined Once the
final pointing position was determined, the spacecraft could
be commanded to return to earth-point To support this
actiity, DSS 63 had counted down the 100-kW transmtter
to be used 1n case the MRB was executed and the extra uplink
power was required to command the spacecraft through the
low-gain antenna The crtical commanding was to disable the
MRB maneuver within a limited command window To accom-
plish the commanding, DSS 63 was required to establish an
uphink ramp that would cross through the bandpass of the
spacecraft recewver The spacecraft has a tracking loop capaci-
tor failure that reduces the receiver bandpass, and the receiver
frequency varies with changes mn compartment temperature
While DSS 63 was ramping the uplink, 30 MRB disable com-
mands were transmitted on 1l-minute centers DSS 61 was
ramping also, with the transmutter off, as a backup to DSS 63
The DSS 63 command system alarmed on the first command,
and DSS 61 immediately turned its transmitter and command
system on, and continued commanding five minutes later
The disable commands were recewved by the spacecraft and the
MRB was disabled This emergency procedure 1s documented
and 1s used 1n support of each spacecraft maneuver

4 Navigation Cycles Dual Nav Cycles were supported by
the 34/64-meter nets preceding and following the TCM B-8
(see above) to provide the basis and venfication of the results
of the burn During a dual Nav Cycle, seven station tracks are
provided, whereas during a standard Nav Cycle only four sta-
tion tracks are provided The Nav Cycles begin in Australia
(southern hemisphere) and continue with Spain/US (northern
hemisphere) The Australian stations support the first, middle
and last tracks, providing two southern and two northern
tracks per cycle

Three standard Nav Cycles were supported dunng the
peniod to provide Project Navigation updated data for orbit
determination During processing of the Nav Cycle range data
it was discovered that DSS 43’s data had a 1-second timing
bias It was necessary for Project Navigation to compensate
for the error durning processing The range data from DSS 14
and 63, as well as the doppler data from all three stations,
taken dunng the cycle were good and met Project require-
ments

5 Observatory Phase The Observatory Phase ended at
1003Z on 31 July and the FE-1 phase started The imaging
data recewved 1n real-ime and durng replay were of excellent
quality and only a few problems were encountered DSS 14
had sole plate problems with the antenna, causing the loss of
11 minutes of ultraviolet spectrometer mosaic data of Saturn
DSS 12 experienced a hal storm that ruptured the mylar
shield on the S-band horn, but resulted in no impact to the
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project Bad weather in Australia caused the loss of four
images severely degraded, and 27 images with moderate
degradation at DSS 43

6 Honzontal and vertical scan maneuvers These maneu-
vers were conducted from 31 July to 1 August The purpose
of the maneuvers was to align the ultraviolet scan field 1n a
vertical position 1n respect to Saturn, allowing maximum reso-
lution 1n the honizontal direction as defined by Titan’s orbit
and then in the hornizontal posttion for the same purpose The
scan platform made a senes of slews in each position to
scan across the Saturnian system to study the atmospheric
emissions

The honzontal maneuver was supported by DSS 63/61
and the spacecraft stayed on earth-pomt throughout the
maneuver so that telemetry data was received by the stations
throughout the penod Dunng the vertical maneuver the
spacecraft was off earth-point for six and a half hours The
period up to the loss of the downlink was supported by DSS
14/12, and the reacqusition of the telemetry downlink was

supported by DSS 43/42 Included in the DSS 43/42 track
was the MRB NO-OP (nonoperational) activity This activity
was the same as that performed after the TCM B-8 (see above),
but was accomplished 1n this case by DSS 43/42 The activity
was successfully performed by DSS 43 and the backup capa-
bility of DSS 42 was not required

lll. DSN Capabilities

Most of the remaining hardware and software implementa-
tion planned for the support of the Saturn Encounter was
completed dunng the first week of July Also completed
were the DSN Operational Venfication Tests, proficiency
OVTs will continue through the first part of August The
major improvements included installation of X-band low-nozse
masers and rework of the antennas at the 34- and 64-meter
stations The notable software improvements were for the
Metric Data Assembly (MDA) and Occultation Data Assembly
(ODA) to support the uphnk operation and radio science Near
Encounter experiment
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This article 1s a continuation of the Deep Space Network report on Tracking and Data
Acquisition for Project Voyager This article covers the period of 12 August through

September 1981

I. Introduction

Voyager I was 1n the extended mussion phase of operations
during this reporting period Voyager 2 completed the Far
Encounter-2 (FE-2), Near Encounter (NE), and Post Encoun-
ter 1 and 2 (PE-1 and -2) phases of the encounter operations
and entered the Uranus Interstellar cruise phase

Il. DSN Support
A. Voyager 1

During the period covered by this report, the support
provided Voyager 1 actiiities was accomplished primanly
durning the viewperiod of Spain and by DSS 62 Durnng the
Saturn closest approach celestial mechanics data were obtained
by DSS 11, 42, and 44 to assist 1n the calibration of the
Voyager 2 radio science data One navigation cycle (Nav
Cycle) was completed by the 64-meter net during the period
of 26-27 September

B. Voyager 2

1. Ring movie On 13 August, a sertes of ring images were
started duning the pass of DSS 61/63 and continued around
the network for several days The images were used to produce
the ring movie under better lighting and approach angle than

that obtained during the Voyager 1 approach The sequence
was scheduled for some 31 hours and 42 munutes, including a
playback period The 34/64 meter stations were arrayed for
this activity and the real-time data were recewved at the
44 8-kbps rate, with the required playbacks at a rate of 29 8
kbps All through the Far Encounter period, hugh-rate imaging
data were very successfully obtained nearly continuously by
the DSN. This imaging included Saturn, 1ts rings and the many
Saturman satellites. Dual DODRs were produced by the
tracking 64-meter station to insure maximum data return The
sequence was completed and the images were considered of
excellent quality.

2 TCM BY9. The final pre-Saturn Encounter trajectory
correction maneuver (TCM B-9) was successfully supported on
18 August 1981. This maneuver was required to make the final
correction so the spacecraft would armve at the Saturn
Encounter target point on-time per the mission requirement. A
1 018-m/sec delta-V change was required to achieve this, and
was accomplished by a 380-sec motor burn The actual burn
was accomplished over DSS 12/14 The spacecraft performed a
roll and yaw turn to place 1t in the correct position for the
burn trajectory Thus placed the spacecraft antenna off earth
pomnt and the downlink was lost for 1 hour and 17 mnutes
DSS 14 reacquired the downlink at the predicted time and the
data evaluation indicated that the burn was successful This

27



was also confirmed by comparison of the orbit determination
data taken during the navigation cycles conducted prior to and
following the TCM

3 ORT-B3 On 19/20 August, the final Radio Science
Operational Readiness Test (ORT-B3) was conducted with
DSS 43 All the encounter required equipment had been
installed and was operational and the finahized operational
plan was used for the ORT The test was successfully
supported by the station with only a few very minor problems
The DSN was declared ready for the Saturn Encounter

4 Saturn Near Encounter. The Near Encounter mussion
phase started on 25 August 1981 The recording of Celestial
Mechanics data started on 15 August and extended through
the Near Encounter to 10 days afterwards Gravity fields of
the planet, rings and satellites were mapped as well as data on
gravitational redshuft and ultrastable oscillator frequent stabal-
ity. The 64/34-meter nets supported thus activity in the
arrayed configuration with the data being successfully re-
corded at the 64-meter station utihzing closed-loop doppler
and range tracking

The Radio Science Near Encounter Saturn occultation data
and ring scattering data were recorded by DSS 43 utilizing
both the open-loop (medium-band) and closed-loop systems
The data consisted of Saturn atmosphere and 1onosphere
information and microwave scattering properties of the rings
at oblique angles

High-rate mmaging data of the closest approach images of
Saturn and several of 1ts satellites were very successfully
obtained by the DSN Most of these 1mages were obtained
with the narrow angle camera at 44 8 kb/s

Concurrently with these high activity science operations,
the spacecraft was maneuvered so that the directional proper-
ties of plasma fields and particles in near-Saturn environment
could be characterized The maneuvers were also structured so
that the spacecraft accomplished such other goals as establish-
ing Muaplacidus as a roll reference star, aligning the scan
platform to obtain dark limb/bright Iimb observation, F-ring
mmagery, and lmb tracking, acquurmng Vega as the roll
reference star, and aligning the spacecraft yaw axis with the
Saturnian rotational axis for information on plasma flow and
particle fluxes in directions other than those normally viewed
These activities were sequenced throughout the closest
approach phase and were successfully executed (except for the
last maneuver) and supported by the 64/34-meter nets The
last maneuver was cancelled due to a spacecraft problem

After the near-encounter activities were executed and the
spacecraft exited from Saturn occultation, 1t was discovered
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that the scan platform was stationary 1n a position away from
the desired pointing at Saturn and the rings Only black sky
image frames were being received The Project went into a
troubleshooting and investigative mode and the DSN geared
for schedule and SOE changes in support of the Project
activittes Primanly the last sequenced maneuver was cancelled
and the first post encounter images were not received

Initially, the scan platform position was determined and
Iimited changes 1n elevation and azimuth were attempted It
was determined that the changes in elevation were normal, but
the changes in azimuth were erratic and slow 1n one direction
and less so in the other direction Playback of data indicated
that the scan platform had functioned properly while the
spacecraft was occulted, and that 1t faulted just prior to egress
The platform was repositioned through a short series of
stepped moves so that the camera was pointed back at Saturn’s
rings as the spacecraft continued away from the planet Ring
mmages were recewved in this mode, although 1t was not the
planned sequence the data were deemed satisfactory The DSN
supported this entire nonstandard period with no significant
problems

5 Phoebe movie One of the primary Post Encounter
nmussion objectives was to obtain pictures of the satellite
Phoebe. Rather than make extensive movements by the scan
platform alone, 1t was decided to maneuver the spacecraft to
star reference Canopus and make minor step movements of the
scan platform to center Phoebe in the field of view The
Phoebe mowvie sequence was completed successfully in this
mode, with the supporting DSN stations providing excellent
data At the completion of the image sequence, the spacecraft
was maneuvered again to star reference Miaplacidus and the
scan platform stepped to a safe position During the spacecraft
maneuver, the supporting stations were required to configure
for a ramp, commanding operation for the Maneuver Recovery

Block No-Op sequence This activity was successfully executed
by the DSN

6 Saturn medium-band occultation data DSS 43 was
required to make duplicates of the Medwum-Band Digital
Ongmnal Data Records (MB DODR) These duplicates were
used to produce Intermediate Data Records (IDR) for Radio
Science processing The original DODRs were held at the
station for further use as required 1n accordance with the
Radio Science Operations Plan

Data reduction from the IDRs was performed at CTA-21
The ODR validation consisted of two steps, the first was a
dump of the header information for each record This gave
information as to station, spacecraft, time, record count and
configuration. It also gave an indication of data loss due to
weak spots in the ODRs or malfunctions in the record-reduc-



tion process The second step 1s to perform fast Fourter
transforms (FFT) and do a power spectrum analysis for all
data on each tape. This gave the approximate signal frequency,
signal-to-noise ratio and the character of the recorded pass-
band Compartson of these values with expected levels gave an
indication of the value of the data for scientific analysis

Preltminary evaluation of the first processed duplicate IDRs
indicated that the onginal ODRs should be sent from the
station to CTA-21 for reduction In general, the quality of the
data was reasonable, however, there was concern about the
consistent pattern of data dropouts, with one tape in
particular showing an unacceptable number of dropouts
Passband frequencies and SNRs were as expected and the
passband was clean Under strong signal conditions, DRA
recorder B appeared to be of slightly better quality than
recorder A The onginal DRA recordings are expected to be of
better quality than the duplicates, as indicated by past
expertence, and therefore will be used for all final data
reduction

7. Near Encounter Operation The DSN support of the
Near Encounter Operation was accomplished without any
significant fault In addition to the normal science DODRs
provided by the 64-meter net, a backup DODR was provided
by both the 64- and 34-meter stations Durnng the closest
approach, DSS 43 generated 10 medium-band and 40 wide-
band radio science DODRs, which will be used to produce
484 radio science IDRs Image reception m the arrayed
configuration was of excellent quality and no images were lost,
due to DSN operation Playback of the image data taken while
the spacecraft was occulted was accomplished as scheduled
and the 1mage data before the scan platform malfunction were
hkewise of high quality. Even with the postoccultation
platform problem, the mission objectives were essentially met
and DSN support considered excellent

8. TCM B-10. Trajectory correction maneuver B-10 was
accomplished by the spacecraft on 29 September 1981 The
maneuver occurred during the viewperniod of Goldstone and
was supported by DSS 14, with DSS 12 as backup DSS 12
was diverted from support of Voyager 1 as backup support to
DSS 14 dunng this peniod due to a low film height problem
experienced at DSS 14, which caused the antenna to go to

“brake” due to an alarm on Pad 3 (left front) DSS 14 began
support again 1n a few minutes The maneuver was designed to
place the spacecraft on the proper trajectory for the 1986
Uranus Encounter The spacecraft was turned to the proper
orientation for the correction vector and a “burn” of 5754
seconds accomplished This sequence placed the spacecraft in
an off earth-pomnt for approximately 2 hours, 40 minutes
during which no downlink was available The return to earth
point occurred on time as a result of the programmed unwind
and the downlink reacquired Vega was acquired after the
maneuver for star reference DSS 14 ramp-commanded a low
gamn antenna (LGA) select No-Op, which prevented the
spacecraft from going into the contingency mode that would
have occurred 1f the maneuver had not been successful The
maneuver was successful and the primary evaluation indicates
the “burn” was nominal The next TCM will not take place
until January 1985

9 Voyager Uranus Interstellar Mission (VUIM). On 28
September 1981 the Post Encounter phase of the Saturn
Encounter was completed and the VUIM phase started
Spacecraft activities affecting the scan platform will be
severely curtailed for several months as analysis continues on
the problem that affects platform motion 1n azimuth (side to
stde) The platform will be operated only at low rates of speed
and over a ltmited range from 180 to 270 deg azimuth This
range gives a satisfactory set of positions for Post Saturn,
Uranus and Neptune observations Special configurations or
operational procedures may be required to support future scan
platform activities

C. DSN Capabilities

On 9 September 1981, the DSS 14 hydrostatic bearing
runner joints failed, and DSS 14 was unable to move the
antenna to pomnt for support of the Voyager 2 pass This
required rescheduling of DSN support while DSS 14 was down
for hydrostatic bearing runner repaurs DSS 12 and 13 were
pnmarly used to support the Voyager requirements, causing a
minimum of 1impact to the Voyager and other projects

The hydrostatic bearing runner joints were repatred and

DSS 14 was able to resume normal tracking operations on 25
September 1981
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A VLBI Survey of the Northern Polar Cap Region

D D Morabito, R A Preston, and J Faulkner
Tracking Systems and Applications Section

A VLBI survey at 2 29 GHz of the northern polar cap region (declination > 69 deg)
has been conducted using a baseline consisting of the NASA Deep Space Network (DSN)
sites at Goldstone, Califorma and Madnd, Spain The purpose of this survey was to
identify sources in the northern polar cap region which possess milliarcsecond compo-
nents High declination VLBI sources provide valuable geometric coverage for determin-
ing the spin axis components of baselines Qut of 48 candidate sources selected from the
Bonn 5-GHz survey, 42 were detected to have compact structure on the Califormia/Spain
baseline at the 2 29-GHz observing frequency This polar survey is part of a more general

VLBI sky survey.

l. Introduction

Up to the present time, there has been an insufficient
number of known high declination celestial radio sources that
have strong mulliarcsecond components switable for VLBI
observations This paper presents the results of a recent search
of the northern polar cap region for such VLBI sources These
results are part of a general sky survey for VLBI sources
sponsored by the Deep Space Network Advanced Systems
Program (Ref 1)

High declination VLBI sources provide valuable geometric
coverage for determining more accurate estimates of the spin
axis components of baselines mn VLBI programs aimed at
clock synchromzation, earth rotational onentation, and geo-
detic baseline measurements The defictency of high declina-
tion VLBI sources was due to the lack of high-frequency
single antenna surveys in the northem polar cap region (declin-
ation > 69 deg) Such surveys permit sources to be identified
that mught possess compact structure at the milliarcsecond
level

A high-frequency single-antenna survey involving several
sources from the 69- to 90-deg declination zone was recently
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performed at the 100-m antenna at Bonn, Germany, at 4 9
GHz (Ref 2) Candidate high declination VLBI sources were
chosen from this survey based on the following criteria

(1) Total flux density at 4 9 GHz was greater than 05
Jansky

(2) Spectral index from 2 7 to 4 9 GHz was greater than
-06

There were a total of 48 candidate sources selected from
the Bonn survey Of these sources, 17 had total flux densities
at 49 GHz greater than 1 Jansky, and 31 had total flux
densities between 0 5 and 1 0 Jansky These 48 sources were
then observed durng three different observing sessions in
March 1980

ll. Experiment Configuration

The VLBI observations were performed on March 3, 12/13,
and 28, 1980, using a baseline consisting of a 26-m telescope
(DSS 13) at Goldstone, California, and a 64-m telescope
(DSS 63) at Madnd, Spain The observations were performed
at 2 29 GHz with nght circular polanzation The receiver chain



consisted of an S-band traveling wave maser followed by a
phase-stable S-band receiwver (VLBI receiver at DSS 13 and
BLOCK IV recewver at DSS 63) which converted the signal
to an IF of 50 MHz The Mark II (or BLOCK 0) VLBI record-
mg system then recorded a 1 8-MHz sideband by digtally
sampling at a 4-Mb/s rate Phase stability of the recewer
chain and digital sampling were controlled by hydrogen maser
atomic clocks at both stations Each observation of a source
was 3 minutes 1n duration, with most sources being observed
twice The Goldstone-Madrid interferometer has a length of
8396 km corresponding to 64 mullion wavelengths at 2 29
GHz Ths corresponds to a fringe spacing of 3 milhiarcseconds

lIl. Data Reduction

Matching tapes from both stations were then cross-corre-
lated using the Caltech/JPL Mark I VLBI processor Com-
puter manipulation of the correlator output yielded the
correlation coefficient for each observation or the fraction of
bits on the two tapes that were correlated The correlation
coefficients were then converted into correlated flux density
or the VLBI strength for each celestial radio source observa-
tion, using the procedure discussed in a previous paper (Ref 1),
with a scaling constant of 25201

The 5-sigma detection limut for each observation was about
01 Jansky Correspondingly, the uncertainty in detected
source strength due to random noise was about 0 02 Jansky
However, 1n practice, systematic errors at about the 8% level
domunate the random contribution for most sources

The tapes must be correlated over a range of relative tape
delay and delay rate offsets to compensate for a prior1 source
position uncertainties Appropnate searches in these param-
eters were performed so that the sky was completely searched
within 30 arcseconds of all nominal source positions The 6
sources not detected are assumed to have been within the
range of position searching

The measured delay and delay rate offsets for detected
sources allowed the source positions to be deterrmuned to
about the 0 5-arcsecond level Instrumental biases were re-
moved by observing sources with accvrately known positions
throughout each expennment Atmospheric contrbutions to
delay and delay rate were modeled by monthly mean values
(Ref 3) and earth rotational position was determined accord-
ing to standard Bureau International de 1’ Heure (BIH) values
of UT1-UTC and polar motion Ionospheric effects were not
modeled and are assumed to be the limiting error source An
uncertainty of 0 4 arcseconds was quadratically added to all
error estimates to account for unmodeled effects The tech-

nique of reducing the delay and delay rate observables into
source posttions 1s discussed 1n another paper (Ref 4).

In addition to measurements of correlated flux density
and source position, measurements of total flux density were
performed at DSS 13 for most sources using a noise adding
radiometer (Ref 5) The uncertainty in the total flux density
measurements 1s mostly due to the 003 kelvin errors in the
measurement of system temperature, but in the case of the
strong sources 1s dominated by the 3% errors 1n the value of
antenna sensitivity (K/Jansky) The 003 K temperature
uncertainty translates to a 03 Jansky uncertainty in total
flux density Multiple averaging of total flux density estimates
results 1n decreased uncertainties when multiple observations
are available

Antenna sensitivity at each site was determined by using
observations of flux cahibration sources (Ref 6) Pointing
errors were kept to a negligible level by boresighting a few
strong sources 1n the northern polar cap region

IV. Results and Discussion

Of the 48 northern polar cap sources on which VLBI
observations were performed, 42 were found to have detect-
able mularcsecond structure The detaied results appear in
tabular form 1n Table 1 Notes regarding table entries appear
in Table 2

A correlated flux density histogram appears m Fig 1 A
total of three sources had correlated flux densities of greater
than one Jansky, while a total of 20 sources had correlated
flux densities of greater than 04 Jansky A sky distnbution
plot of the detected 42 sources appears 1n Fig 2 Here the
average value of the correlated flux density was used to
determine the source strength symbol used 1n the plot

Since the declinations of these sources are all above 69
degrees, they are visible 24 hours a day from the antennas used
in these observations This allows a wide range of spatial
frequencies to be sampled Detectable vanation i the mea-
sured correlated flux density as a function of observation time
mght be observable due to source structure effects Therefore,
all but six candidate sources were observed at least twice,
with the observations occurring at widely different hour
angles whenever possible The following sources exiubited
significant three-sigma vanation in correlated flux density
between observations, indicating complex structure 0604+72,
074082, 4C 71 07, 0950+74, 1039+81, 1044+71, 1058+72,
3C 3091, 1637+82, 1749+70, 1803+78, 1928+73, 1946+70,
and 2007+77 Source structure may be an important consider-
ation for high accuracy VLBI measurements, and the effects
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of sources such as these on interferometric phase should be
_ understood when selecting candidate VLBI sources

Ten of these 48 northern polar cap sources were recently
observed by Waltman et al (Ref 7) on a baseline having
comparable resolution, but at a higher observing frequency
(5 GH2)

V. Conclusion

Forty-two sources with declinations greater than 69 degrees
were found to have compact structure at 229 GHz on the
Goldstone/Madnd VLBI baseline These northern polar sources
will be useful for VLBI experiments in which determination of
the spin axis components of baselines 1s important
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Table 1 Northern polar survey results

1)

SOURCE NAME

0014481
0016+73
0018+72

0027+70
0149471

0153+74
0205+72
0212+73
0403476
0454+84
0604+72
0615+82

0633+73
0716+71

0718+79
0740+82
4C 71 07
0930+74

1003+83
1011+81

1039+81
1044+71
1049+72
1053+70

1053+81

1058+72
1150+81

1221480

HR  MIN
0 14
0 &
0 18
0 27
1 49
1 s3
2 s
2 12
4 3
4 54
& 4
& 15
& 33
7 16
7 18
7 a0
8 36
9 s0

10 03

10 11
10 a9

10 44

10 49

10 53

10 s3

10 58

11 50

12 21

(2)

SEC

54
a4

17
20

26
49
59
57

39

33

21

=3+]

27
49
[o]-]
27

36

20
23

47

472

200

483

o026
814

339

q07

933

196

213

237

80

438
061

892

222

598

730

302

116

48

L62

RIGHT ASCENSION

ERROR

o]

O 0 0o © o o 00 ©O ©

O ¢ 0O O O OO0

026
022
034

033
022

019
019
o192
019
019

020

027
022

019
027
009
032

041

0 o24

0 019

020

019

o022

036

+81
+73
+72

+70
+71

+74
+72
+73
+76
+84
+72
+82

+73
+71

+79
+82
+71
+74

+83
+81

+81
+71
+72
+70

+81

+72

+81

(3)
DECLINATION
DEG MIN SEC

18 28 72
10 51 41
56 3 93
21 & 24
0 20 76
28 5 &9
15 16 40
35 40 15
4B s2 75
27 53 o2
49 27 21
03 56 5
27 35 75
26 14 92
17 22 60
49 24 17
4 22 46
50 7 &7
04 356 52
20 16

10 23 54
59 26 73
15 42
27 47 78
30 35 41
41 44 72
15 10 2
56 41 03

+80

ERROR

c O © 0O © O 00 O © O

© O O 0O O OO

28
06
30

41
30

28
28
28
31
28

29

41
41

28
29
03
29

40

0 28

28

28

23

28

28

CODE MENT

(5) (&)
REF EXPERI- TOTAL FLUX
DENSITY
(JY)
+/~
B 10 03
C
B 15 01
[
B o 8 02
[
c 08 01
B 19 02
Cc
B 21 02
[
B 08 o2
C
B 23 02
c
B 4 4 01
C
B 13 01
[
B 10 02
(o
B 13 03
C
C o9 03
B o7 03
c
B 10 o2
Cc
A 1 6 o3
[of
A 4 4 o3
A
A 12 03
A
A 11 o3
2] 06 03
Cc
A
[+
A 10 02
Cc
A 0oQ o2
c
A 06 o3
c
A 06 03
B
[
N 10 o2
c
A 12 D3
o
A
C

(73
CORRELATED
FLUX DENSITY
(JY)
+/-
0 34 0 03
0 35 0 03
0 50 0 04
0 54 0 04
0 11 0 ot
Qg 11 0 01
021 0 o2
0 18 0 o2
0 16 0 o1
0 66 0 03
0o 71 0 06
0 41 0 03
0 38 0 03
1 04 O 08
1 01 0 08
0 11 0 o1
0 14 0 01
0 90 0 07
0 80 0 06
0 19 0 o2
0 28 0 o2
0 61 0 05
0 64 0 05
0 36 0 03
0 i1 0 01
0 11 0 o1
0 51 0 04
0 50 0 04
0 42 0 04
o 27 0 02
0 &3 Q 03
0 37 0 03
0 19 0 o2
0 12 oo
0 43 0 04
<0 03
<0 05

0 38 0 o3
0 &3 0 03
0 73 0 06
Q 95 0 o8
<0 04
<0 05

0 59 0 05
0 66 0 05
0 42 0 04
0 51 0 04
0 50 0 04
0 56 0 05
0 21 0 02
0 76 0 o7
0 88 0 07
0 18 0 02
021 0 o2

(8)
VISIBILITY
+/ -

03 01
0 4 01
0 33 O 03
0 36 0 04
0 14 0 04
0 14 0 04
0 26 0 04
0 12 0 02
0 11 0 02
0 31 O 04
0 34 0 04
05 01
05 01
0 45 0 05
0 44 0 05
0 025 O 002
0 032 0 002
0 67 0 08
0 62 o 07
019 0 04
0 a8 0 06
05 o1
05 01
0 4 01
0 16 o 07
0 16 0 07
03 01
05 o1
0 26 0 06
0 17 0 03
0 14 0 0t
0 084 0O 009
0 16 o 04
0 10 0 03
04 01
<0 08
<0 08

o7 o2
10 02
<0 09
<0 06

10 05
11 06
07 04
o8 03
o8 04
06 0ot
021 0 05
06 o2
07 02

(9)
SPATIAL
FREGUENC IES
v v
-40 & 49 5
-57 9 27 5
-42 9 44 &
-49 2 40 3
-43 7 45 8
-50 0 39 3
-49 8 39 1
-27 7 55 8
-34 1 52 4
-28 3 56 3
~34 5 529
-28 6 55 7
-3 2 521
-28 6 56 0O
~348 52 6
-4 9 53'0
-9 7 &2 4
85 635
42 639
202 591
14 2 60 7
21 9 &0 1
200 &0 7
202 59 2
318 538
293 551
23 6 59 1
28 2 57 2
60 4 21 5
32 5 55 2
&2 6 138
133 60 3
38 -38
542 338
631 11 5
631 11 4
45 8 44 8
838 58
a8 8 41 5
638 -4 3
56 0 30 &
62 & -11 7
S8 1 26 7
62 0 -14 0
59 4 23 7
639 39
02 222
51 0 38 8
636 ~61
5 7 29 4
632 -9 4
58 0 27 4
61 9 ~-15 8
505 21 4
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. Table 1 (contd)

(1
SOURCE NAME

1305+80

1345+73
1357+76
1436+76
1448+76

3C 309 1

1557+70
1612+79
1616+83
1637482
1749470
1803+78

1807+69
1825+74

1928+73
1946+70
2007+77
2010472
2136482

2229+69

HR

13

13
13
14
14

14

16

16

16

17

i8

18
18

19

19

20

20

21

22

(

2)

RIGHT ASCENSION
ERROR

MIN

a5
57
36
48

58

o7

16

37

49

03

25

a8

46

07

i0

36

29

22

14
42

4
56

56

37

21

22

96

03

37

i8
56

49

12

20

16

11

SEC

144

2

177
574
496

&46

349

849

399

333

034

478

193

188

643

© O © © 0 Q 0OCOo

c O O © ¢© o©

034

035
077
022

Q15

254

043

021

038

040

oz28

060

020

029

012

+80

+73
+76
+76
+76

+71

+70

+7%

+893

+82

+70

+78

+69
+74

+73

+70

+77

+72

+82

+49

[$c2)

DECLINATION
DEG MIN SEC

24

35
§7
18
13

92

49

47

38

06

27

48
19

91

48

43

20

25

31

21

A6
53
23
33

11

45

30

26

18

39

54

57
05

44

21

58

20

38

27

035

81

15

o4

48

43

o8

Q7

67

&6

12

81

61

79

ERROR

o]

o 00O

© © O O O

O O ©0 © O o

24

40
45
28

06

49

30

23

28

20

32

18

28

30

29

(4) (9)

REF EXPERI- TOTAL FLUX

CODE  MENT

B>PETIIPRIIUIPDOIDRDUDPDETOHRDIUIUDIIDBD>EETDDEDIDUDOITD

[ * I N

o w

(6)
DENSITY
()
+/~
7 03
o o3
3 03
0 o3
4 03
3 o3
1 o3
1 o3
1 03
) o2
1 o023
[o] 03
o 03
7 o3
2 03
3 03
1 o3

(7)
CORRELATED
FLUX DENSITY
(JY)
+/ -

0 15 0 o2
0 13 0 Ot
Q 14 0 01

<0 04

<0 05

Q0 26 0 02
0 07 0 01
Q 44 0 04
0 37 0 03
0 14 0 01
0 08 0 01
0 53 0 05
0 14 0 01

<0 05

<0 05

<0 04

<0 05

<0 035

0 07 0 01
0 12 0 o1
0 24 O 02
0 22 0 Q2
0 34 0 03
0 73 0 06
1 53 0 12
1 0t o 08

<0 05

<0 05

0 45 0 04
0o 77 0 06
0 17 0 o2
0 06 0o 01
1 09 0 0%
0 &8 0 05
Q 59 0 05
0 53 0 04
0 17 0 o2
0 12 0 01t
0 43 0 04
0 54 0 04

(8)
VISIBILITY
+/-

0 21 0 10
0 19 0 08
0 20 0 09
<0 04
<0 05

0 05 0o 01
04 o1
0 4 o1
<0 04
<0 04
<0 03
<0 04
<0 04

0 06 0 o2
0 057 0 009
0 11 0 o2
0 20 0 06
0 31 0 09
0 29 0 03
0 59 0 06
0 33 0 04
<0 05

<0 05

0 13 0 o2
0 26 0 03
o2 o1
0 09 0 04
o9 o2
06 01
Qo 39 0 09
0 35 0 08
0 15 0 03
0o 11 0 03

()
SPATIAL
FREQUENCIES
Y] v
%8 5 -25 0
-23 3 =57 4
62 9 122
60 0 =20 &
-24 1 -55 9
%52 2 -35 3
51 4 -36 2
50 4 =37 S
~40 2 —-47 &6
50 9 =33 8
63 9 51
~-3% 0 -47 2
-4 3 -59 6
41 3 —-45 1
-49 4 -37 4
392 ? ~-48 &
-50 4 -38 2
48 3 -41 &
-48 1 -41 9
42 2 ~47 3
~-52 7 -35 7
28 4 ~52 8
=59 4 =21 4
-59 2 -23 2

695 —-617
72 -58 95
27 6 =54 7
~60 7 ~-18 &
13 0 -59 3
=639 -37
10 2 =58 &
~64 0 -3
83 -61 3
-64 0 S
51 -57 8
~-64 0 39
-10 7 =62 2
-61 4 18 6
-23 3 ~54 7
-% 1 30 1




Table 2. Notes for Table 1

Column

Description

2,3

Source name

Source position right ascenston and declination The
posttions are referenced to the equinox of 1950 0, and
elliptical aberration terms are mcluded so as to agree
with past astronomical convention

Source position reference code If no reference code
1s given, the position was estimated from the delay and
delay rate observables Otherwise the position was
obtained from one of the following references

Code Reference
1 Waltman et al (Ref 7)
2 JPL Reference Frame Catalog (Ref 8)
3 Bonn Catalog (Ref 2)

The detected sources whose positions came from these
references had well-known positions and allowed
mstrumental biases to be calibrated

Experiment codes A = 3 March 1980
B =12/13 March 1980
C = 28 March 1980

Total flux density and uncertainty in Jy
Correlated flux density and uncertainty in Jy

Fringe visibility and uncertainty Defined as the ratio
of correlated flux density to total flux density or the
fraction of flux density detected by the interferometer
as coming from the milliarcsecond core

Spatial frequencies U 1s the east-west component of
the baseline projection against the sky, and V 1s the
north-south component of the baseline projection
against the sky These are given 1n mithons of wave-
lengths
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Fig 1. Correlated flux density histogram
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Fig. 2. Sky distribution plot of detected sources
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Arcsecond Positions for Milliarcsecond VLBI Nuclei of
Extragalactic Radio Sources. Part |: 546 Sources

D D Morabito, R A Preston,and M A Slade
Tracking Systems and Applications Section

D. L Jauncey
CS I RO, Diviston of Radiophysics,
Sydney, NSW, Australia

VLBI measurements at 2290 MHz on baselines of ~104 km between Deep Space Net-
work stations have been used to identify sources that are suitable for precision astro-
metric applications In addition, the observations are used to determine the positions of
the mulhiarcsecond nucler in 546 extragalactic radio sources Estimated accuracies, gener-
ally range from ~0"5 to 1"0 in both rght ascension and declination, with ~6% of the
sources having estimated uncertainties >3"5 wm at least one position component Arcsec-
ond positions serve as a useful starting point in the construction of high-precision VLBI
reference frames, and are also important for unambiguous determination of optical

counterparts to compact radio sources

l. Introduction

Two of the quantities that may be measured by very long
baseline interferometry (VLBI) are time delay and fringe fre-
quency Time delay 1s defined as the difference in time of
arrval of signals from a celestial radio source at two antennas
plus an mnstrumental delay Fninge frequency 1s defined as the
difference 1n the doppler shuft of the received signals as
mduced by Earth rotation plus the local oscillator frequency
offset between the two antennas A measurement of time
delay places the position of an observed source along a particu-
lar arc 1n the sky if the contribution due to instrumental delay
can be removed Correspondingly, a measurement of fringe
frequency places the position of the source along a generally
different sky arc 1f the contnbution due to imstrumental local
oscillator frequency offset can be removed These arguments
assume that baseline coordinates and atmospheric effects are
known. Observations of sources with accurately known posi-
tions allow instrumental delays and frequency offsets to be
determmned Hence, a measurement of time delay and fringe

frequency can be used to uniquely determine the night ascen-
sion and decliation of a source

Thus techmque was first described by Cohen and Shaffer
(1971) (Ref 1), who determuined the positions of 35 compact
sources with typical accuractes of 1" to 3" More accurate
posttions for ~102 compact sources have been determined
with the VLBI technique of “bandwidth synthesis,” which
provides extremely accurate measurements of time delay
(Refs 2, 3). In this article we use relatively crude time delay
measurements along with fringe frequency measurements to
determine the positions of the milliarcsecond nucler 1n 546
extragalactic sources with accuractes of generally ~1”

The observations were not performed pnmanly for position
measurements, but were part of the development of an allsky
VLBI catalog of milliarcsecond radio sources at 2290 MHz
sponsored by the Deep Space Network Advanced Systems
Program (Ref 4) The catalog 1s being formed by searching for
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VLBI components 1n known extragalactic radio sources The
catalog will eventually contamn about 103 sources and will be
useful 1in the creation of high-precision celestial reference
frames and 1n mvestigations nto the nature of compact extra-
galactic radio sources We expect to determine arcsecond posi-
tions for a large majonity of those sources, which will consti-
tute at least an order-of-magnitude improvement in positional
accuracy for most of the sources

Arcsecond positions serve as a useful starting point 1n the
construction of high-precision VLBI reference frames VLBI
reference frames are used for AVLBI navigation (Ref 5), clock
synchronizatton (Ref 6) and baseline determination between
widely separated Deep Space Stations (Refs 7,8) and mea-
surement of Earth rotation onentation (Ref 9) The results of
this article are presently bemng utilized as a first step in the
formation of a VLBI reference frame of about 100-200
sources m which relative source posittons will probably be
determmed to ~1073" by means of high-accuracy bandwidth
synthesis time delay measurements (Refs 2, 10) The arcsec-
ond measurements are also being used for unambiguous deter-
mination of optical counterparts to the compact radio sources
and for identifying the location of the compact source in more
extended optical or radio objects

Ill. The Observations

The observations were performed with pairs of antennas
within NASA’s Deep Space Network on either California-
Australia or California-Spamn baselines (see Table 1) in 30
separate observing sessions between 1974 and 1978 A list of
experiments appears in Table 2 The observations were per-
formed at 2290 MHz with nght arcular polanzation The
recetver chain generally consisted of an S-band traveling wave
maser, followed by a special phase stable S-band VLBI recerver
which converted the RF signal to an IF of 50 MHz The
NRAOQO Mark II VLBI recording system then recorded a 1 8-
MHz data bandwidth by digitally sampling at a 4-Mbs rate
(Ref 11) Digital sampling and phase stability of the receiver
chain were controlled by rubidium or hydrogen maser atomic
clocks Each source was observed for a few munute interval
with most sources being observed only once

Illl. Method of Position Determination

A. The Measurement of Time Delay and
Fringe Frequency

Values of time delay and fringe frequency were obtained
with the NRAO Mark II VLBI cross-correlation processor and
postprocessor programs Each observation was broken into a
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number of 30-second segments For each segment residual
values were calculated between measured values of time delay
and fringe frequency and premeasurement estimates of these
quantities All usable segments of each observation were then
averaged to produce mean values of time delay and fringe
frequency residuals and corresponding rms scatters Typical
values for the rms time delay residual scatter were 30 nsec and
for the rms fringe frequency residual scatter, ~2 mHz These
scatters were assumed to be estimates of random measurement
error unless the values appeared unrealistically low, in which
case default values of 20 nsec and 2 mHz were used

B. Theoretical Models of Time Delay and
Fringe Frequency

To estimate source positions, we must have theoretical
models for the quantities of time delay (7) and fringe fre-
quency (#) Such models may be expressed by

=7 +7,+
TTthT’

<
1

v +p tv
g t H

where 7, and v, are the geometnc contnbutions, 7, and v, are
the troposphenc contnbutions, and 7, and », are the nstru-
mental contributions No 1onosphenc contnbutions were con-
sidered since (1) the contribution of the unmodeled 1ono-
sphere 1s generally no larger than the assumed random mea-
surement errors in time delay and fringe frequency, and

(2) 10nospheric contnibutions are difficult to estimate

The geometric contribution to time delay 1s merely the dot
product of a umit vector in the source direction and the
baseline vector in light seconds, corrected to account for the
Earth not being in the same rotational position when a particu-
lar wavefront arnves at each of the two antennas (Ref 1) The
geometric contributton to fringe frequency 1s merely the time
denvative of 7, (in Hz) The uncertamnty n the baseline vector
coordinates between Deep Space Network antennas 1s ~1 m
(3 nsec), which 1s negligible compared to the assumed random
measurement errors i time delay and fringe frequency

The troposphenic contnbution to time delay was deter-
muned by calculating the effective tropospheric signal delay at
each antenna according to a cosecant elevation angle depen-
dence and then differencing the resultant values The zemth
values of the dry and wet components of the tropospheric
delay were assumed to be 6 7 and 0 5 nsec, respectively Errors
1n the troposphere model should amount to <1 nsec 1n zenith
path length delay and when mapped to the observed elevation
angles are msignificant compared to the assumed random mea-
surement errors in time delay and fringe frequency



C. Calibration of instrumental Delays and
Frequency Offsets

Observations of sources with well-known positions allowed
mstrumental delays and frequency offsets to be determned
For each experiment, such calibration sources were scattered
in time among the sources whose positions we wished to
determune A list of the 82 calibration sources utilized appears
in Table 3 References from which the calibration source posi-
tions were obtained appear in Table 4 Most of the calibration
source positions are VLBI determined and can be referenced
to the FK4 reference frame (Ref 12) with an accuracy of
~0"1 (Ref 10) However, a few calibration source positions
are optically determined and may have uncertainties as high as
1”0 1n the FK4 reference frame

At least four position calibration sources were employed
per expenment Table 2 displays the number of calibration
sources used mn each experiment as well as the number of
source positions determuned Within an individual expenment,
the time delay and fringe frequency residuals of calibration
sources often exhibited nearly linear dnfts with time over the
expeniment For each expenment, a straight line was fit in a
weighted least-mean-square sense through the time delay resid-
uals of the calibration sources This resulted in estimates of
mstrumental time delay and instrumental time delay rate Ina
sumilar manner, a straight line was fit to the fringe frequency
residuals of the calibration sources, resulting in estimates of
mstrumental frequency offset and instrumental frequency off-
set rate In each experiment, the scatters of the delay and
fringe frequency data points about the straight line fits are
consistent with the estimated data uncertainties

D. Position Determination

For each observation of a noncalibration source, residuals
were formed between the measured values of time delay and
fringe frequency and the corresponding values predicted by
the best premeasurement models for these quantities After
these residuals were corrected for instrumental effects (see
III-C), a least-mean-square differential correction scheme was
used to estimate corrections to source position in nght ascen-
sion and declination as well as the uncertainties assoctated
with these corrections In this calculation of the position
uncertainty estimates, only the random errors in the measure-
ment of time delay and fringe frequency were considered To
account for unmodeled effects, 0”5 was added 1n a rss manner
to the formal estimates of right ascension and declination
uncertainty for each experiment but one (75-06-17), to which
we added 1”0 Since the position correction vector was calcu-
lated 1n coordinates precessed to the date of the expeniment,
the resultant new source position was subsequently precessed
back to 1950 0 coordinates

IV. Results

The calculated positions of 546 sources and the correspond-
ing uncertainties are shown m Table 5 The positions are
referenced to the equinox of 1950 O and elliptical aberration
terms are included so as to agree with past astronomical
convention The source positions and position uncertainties
for sources which were multiply observed were estimated from
a weighted average

Seventy sources were observed two or more times, and the
scatters in their position estimates are consistent with the
estimated uncertainties Figure 1 displays a histogram of the
ratio of the weighted rms scatter of the individual position
coordinate estimates from the mean position of each multiply
observed source to the weighted rms estimate of position
coordmate uncertainty For the 70 multiply observed sources,
the rms value of this ratio 1s ~0 6 for both right ascension and
declination In addition, the individual ratio values never
exceed 1 6

For 35 sources, we could compare our position estimates
with higher accuracy position estimates (Refs 10, 13, 14)
Figure 2 displays the ratio of the absolute value of the differ-
ence between our source position estimate and the more
accurate value to our estimate of position uncertainty For
these 35 sources, the rms value of this ratio 1s ~1 3 for both
nght ascension and declination, but dechines to ~09 1f we
elimmnate one source (P2145+06) whose ratios are anoma-
lously high For both night ascension and declination, the value
of the ratio exceeds 2 0 for only 3 sources, reaching a maxi-
mum value of 5 6 Hence, these position estimate comparisons
along with the multiple observation comparisons indicate our
position uncertainty estimates are realistic

Figures 3(a) and 3(b) show histograms of the number of
sources versus estimated position uncertainty for declination
and night ascension, respectively Estimated accuracies gener-
ally range from ~0"5 to 1”0 in both nght ascension and
declination, but ~6% of the sources have uncertainties =>3"5
mn at least one position component Most of the sources with
high uncertainties were near the equator where the position-
measuring technique can have lower sensitivity (see Ref 1)

V. Summary

Positions for the milliarcsecond VLBI nucle1 of 546 extra-
galactic sources have been determined to an accuracy of ~1”
The rehability of the determined positions has been demon-
strated by testing the repeatability of multiple observations on
the same source and by positton compansons with more accu-
rate radio catalogs
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Table 1. Participating Deep Space Station (DSS) observatories

Baseline Length
Location Designation Dumeter,
m Kdometers Wavelengths
Tidbinbilla, Australia DSS 42 26
DSS 43 64
— 106 x 103 81x 107
Goldstone, California DSS 13 26
DSS 14 64
84 x 103 64 x107
Madnd, Spain DSS 61 26
DSS 63 64
|
Table 2. Equipment list
Number of Number of
Expeniment DSS position sougce
Yr Mo Day stations calibrator positions
sources determined
74 07 31 14/42 6 6
74 08 13 14/42 4 11
75 06 17 14/42 4 19
75 08 24 14/42 4 15
75 09 15 14/42 6 17
75 09 21 13/63 8 27
76 10 26A 13/43 9 21
76 10 26B 13/43 6 20
76 11 09 13/63 4 8
76 11 11 13/63 9 22
76 11 14 13/43 5 28
77 02 12 13/43 5 8
77 02 25 13/43 6 26
77 04 21 13/43 4 14
77 04 22 13/43 5 18
77 06 15 13/43 4 18
77 09 11 14/61 4 8
77 09 28 13/63 7 48
77 10 11 13/63 8 20
77 10 27 13/43 5 16
77 11 01 13/43 4 27
77 11 21 13/43 6 20
77 12 11 13/43 4 21
77 12 13 13/43 5 28
78 01 09 13/43 5 57
78 02 20 13/43 5 21
78 03 14 13/63 4 24
78 03 21 13/63 4 37
78 04 04 13/63 4 32
78 04 16 13/43 5 11
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Table 3. List of calibration sources

Position Position Position
Source Source Source
reference reference reference

P 0104-408 1 4C 5516 1 NRAO 512 1
P 0106+01 1 0J 287 1 3C 345 1
P0113-118 1 B2 0912+29 13 P 1645+17 2
DA 5SS 1 4C 3925 1 DW 1656+05 1
3C48 13 AQ 0952+17 1 NRAO 530 1
DW 0224+67 1 OK 290 13 P 1741-038 1
GC 0235+16 1 3C232 13 3C 371 1
3C84 1 GC 1004+14 6 3C395 13
P 0332403 1 P 1104445 1 0V-236 1
NRAO 140 1 P1116+12 5 P 1933400 1
CTA 26 1 P1127-14 1 QV-198 1
NRAO 150 1 B2 1215+30 13 P 2012-017 11
P 0402-362 1 ON 231 1 P 2021-330 12
P 0420-01 1 3C273 1 3C418 13
P 0428+20 13 3C274 2 GC 2047+09 10
3C119 13 3C2751 7

3C 120 1 3C279 1 P 2134+004 1
P 0438-43 1 3C 286 13 P 2137+20 10
NRAO 190 1 P 1354+19 8 P 2145+06 1
3C 138 13 0Q 208 13 VR0 422201 1
3C 147 13 0Q 172 13 CTA 102 1
DA 193 1 OR 103 1 0Y-172 6 1
P 0605-08 1 P 1510-08 1 P2245-328 1
P 0607-15 1 GC 1514+19 13 3C454.3 1
P 0736+01 3 P 1514-24 9 GC 2254+07 13
0l 363 1 P 1546+027 3 P 2319+07 4
DW (0742+10 1 DW 1555+00 1 P 2345-16 1
0J 425 1 DA 406 1

Table 4 References for calibration sources
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Table 5 Source positions

SOURCE NAME
GC 0003+38
NRAO 5

P 0005-239
P 0005-262
III ZUW 2
GC 0007+17
P 0008-264
GC 0010+40
P 0011-0456
GC 0012+31
GC 0019+05
P 0019+058
0B 337 7
0B 338

0B 343

P 0027+056
P 0035+23
GC 0035+12
P 00474023
P 0048-09
P 0048-071
P 0048-427
DW 0055+30
P 0055-059
P 0056-00
0104+321

P 0106401
P 0108-079
GC 0108+38
GC 0109+22
GC 0110+31

OO0

2-00

VVVOTVUITITOOVIHTUD

142-278
GC 0144+20
0C 079

GC 0148+27
P 0150-334
P 0156-14
3C 57

P 0201+113
P 0202+14
D4 0202+31
P 0202-17

RIGHT ASCENSI
R MIN SEC

01

OO0 OO0O0O
et bt et Pt et ek Bt

1O PO N =t 2 1 e 4t b et i ©

22.368
40.241
27 468
53 498
57 865
59 377
28 858
54 332
20.643
29 879
58.289
58.291
46 685
02 809
34 849
11 367
19.774
41 931
08 930
09.003
36 190
48.972

34 481

ON
ROR

.046

DEG
+38

-17

DECLINATION SOURCE NAME
MIN SEC ERROR

03 33 37 0 52 0D 120

40 16 63 115 P 0216+011
55 59 91 0 46 P 0217~189%
15 53 14 65 3C 66A

41 30 48 34 51 P 0219~164
07 37 75 .54 3C 668

29 14.58 50 GC 0221+06
34 56 75 69 P 0229+13
40 32 65 39 P 0234-301
59 32 94 55 ¢cTD 20

51 22 30 73 GC 0235+16
51 22 17 31 GT 02356+61
02 58 58 71 P 0237-027
52 06 29 53 GC 0237+04%
39 57 97 02 P 0237-23
38 05 40 80 P 0238-084%
50 42 43 62 0D 166

68 P 0240-217
33 GC 0250+17
36 0D 094 7

&
w
(=]
o
.

(V-
-~
—

0

4

0

0

0

1

0

3

2

0

0

2

1

0

0

1

4
06 20 65 0 91 0E 400
4T 52 15 0 83 GC 0301+33
04 56 66 0 51 OE 110
56 03 66 0 71 MY 0309+41
10 08 84 21 2 P 0312+10
08 44 33 0 87 CTA 21
19 00 04 0.61 3C 84
57 37 67 0.70 P 0317+188
50 32 78 0 65 > +
28 44.24 0 60 P ggé;—égl
52 24.02 2 35 P 0329-255
06 23.99 1 05 P 0346-163
42 55.2% 0 77 P 0348-120
42 18 76 0 66 CTD 26
14 05 26 5 67 P 0400-319
17 07 38 0 58 P 0403-13
34 08 51 0 68 2 0405-385
06 42 62 0 52 P 0405-12
45 51 68 0 73 P 0405-331
21 33 58 0 55 GC 0406412
43 27 49 0 65 P 0406-127
22 52 34 0 50 3C 199
10 11 21 0 71 P 0413-21
46 08 92 0 64 P 0414-189
37 56 03 0 58 3C 111
43 32 68 23 65 P 04204022
48 35 53 0.62 OF 036
55 26 58 0.58 P 06422+00
40 59 27 0 53 P 0423+051
29 49 99 0 83 P 04254048
25 10 81 0 55 P 0426-380

7 36 50 3 33 P 0434-188

46 59 06 1 44 DW 0436+50
20 21 98 0 82 P 0439-337
59 E0 12 0.5¢ GC 0444463
58 10 25 0 55 P 06466+11
15 39 24 0 59 P 0451-28

RIGHT ASCENSION
R SEC

MIN

50

AN~ OOOOW,
FRONONPITETNOR-OO

48

754
566
337
995
310
732
047
532
633
593
647
910
721
427
787
382
109
234
337
979
114
678
942
793
352
132
567
064
153
892
470
706
961
589
602
983
020
445
518
472
218
890
539
323
602
107
765
516
289
626
701
942
749
941
345
222
084

ERROR

COO0OO0O00O0COODOOOODODOO0OCOOCOODOO0OOOO0O0O000OOOOODO00O000ODODOOO0O0ODDDoOOO

DEG

+17
+01
-18
+42
=16
+42
+06
+13
-30
+28

+61
=02
+04
-23
-038
+10
=21
+17
+07
+47
+33
+10
+41
+10
+16
+41
+18
+12
-24
=25
-16
-12
+25
-31
-13
-38
-12
-33
+12
=12
+11
-21
-18
+37
+02
+01
+00
+05
+04
-38
-18
+50
-33
+63
+11
-28

DECLINATION
MIN

CONOHHWHUNIUNIOH GO HUTH -
HWPOOUNOPLOC'THNONRYJOOWVN

S

51
11
24
29
55
54
49
40
56
11
03
39
32
29
06
09
16
09
29
45
33
04
51
48
40
40
51
42
32
23
53
23
18
46
42
18
26
32
42
49
37
40
49
29
19
28
31
16
36
29
52
47
20
44
55
17
28

EC

ERROR

0 91
115
0.57
0 63
0.55
0 87
0 85
0 67
0.64
0 50
0.38
2 21

.
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.. e e e
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UWNN=HHUTTC IR S NI NN UMIVIANI O W
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Table 5 (contd)

SQOURCE NAME RIGHT ASCENSION DECLINATION SOURCE NAME RIGHT ASCENSION DECLINATION

MIN SEC ERROR DEG MIN SEC ERROR HR MIN SEC ERROR DEG MIN SEC ERROR
P 0454+06 04 54 26 459 0 043 +06 40 29 35 0 74 0J 320 08 12 10 708 0 041 +36 44 27 46 0 66
O0F=-292 64 54 57 299 0 036 -23 29 28 28 0 53 P 0812402 08 12 47 287 0 040 +02 04 12 76 0 76
P 04564060 04 56 08 200 0.054 +06 03 33 15 0 98 3C 197 1 08 17 59 852 0.116 +47 12 19 95 1.41
P 04574024 04 57 15 549 0 049 +02 25 05 45 1 06 P 0820+22 68 20 28 601 0 081 +22 32 43 60 1.32
P 0458-02 04 58 41.353 0 043 -02 083 34 19 0 76 GC 0820429 08 20 36 578 0 052 +29 38 10 61 0 95
GC 045%+06 04 59 34 814 0 039 +06 04 51 42 0 70 6C 0820456 08 2 53 196 0.0%% +56 02 27 44 0 58
0G 003 05 00 45 184 0 039 +01 53 53.80 0 65 GC 0821+39 08 21 37 367 0.037 +39 26 28 24 0 54
P 0511-220 05 11 41 822 0 037 -22 02 41.38 0 5% P 0823+033 08 2 13 566 0.025 03 1% 15 07 6.59
0528-250 05 28 05.156 0.049 -25 05 44 19 0 55 4C 35 20 08 24 26 606 0 044 +35 35 00 75 0 76
0G-247 05 2 05 215 0 037 -25 05 44 65 0.54 G 256 610 6 08 26 12.011 O 079 -37 21 06.28 0 86
P 0528+134 05 28 06.755 0 036 +13 2 42 29 0 56 B2 0827+24 08 27 54 397 0 040 +26 2 07 52 0 69
GC 0537+53 05 37 13 514 0 046 +53 10 54.20 0 58 0J 448 08 28 48 014 0.034 +49 23 32 65 0 51
GC 0554+58 05 54 52 468 0 039 +58 03 50.87 0 59 MA 0829+04 08 29 10 927 0.044% +04% 39 50 40 2 83
P 0535-132 05 55 44 054 0 361 -13 17 46.55 5.37 0J 451 08 30 31.977 0.037 +42 34 19.49 0 57
3C 151 06 00 56 855 0 039 +4% 14 10 76 8 61 4C 55 16 68 31 064 400 0 046 +55 44 41,33 0 56
GC 0601457 06 01 22 080 O 049 +57 53 31 97 0 69 GC 0833+58 083 33 23 779 O 049 +58 35 30.19 0 61
0OH 404.1 06 02 20 043 0.035 +40 30 25 69 0 54 GC 0834+25 08 34 42 304 0 038 +25 04 54 18 0 71
GC 0602467 06 02 41 842 0.357 +57 20 50 18 2.95 4C 71 07 08 36 21 630 0 046 +71 04 21 92 0 53
P 0606-223 06 06 53.379 0 048 =22 1% 46 31 0 62 3¢ 207 08 38 01.729 0 051 +13 23 05 71 0 84
GC 0611+48 06 11 15.403 0 041 +48 20 02.25 0.63 GC 0839+18 08 39 14 177 0 068 +18 46 25 6% 1 03
OH 119 5 06 11 31 724 0 310 +13 55 06 70 4 56 GC 0850458 08 50 50 150 0 047 +58 08 55 73 0 57
GC 0636+68 06 36 47 653 0 047 +68 01 £7.14 8 56 0J 287 08 51 57 311 0 070 +20 17 57 34 1 04
P 0637-337 06 37 31 171 0 045 -33 43 12.82 0 60 CC 0854+2 08 54 04 725 0 066 +21 23 17 83 1 22
OH 368.8 06 41 26.319 0 043 +39 17 55 12 0 68 3¢ 212 68 55 55 533 0 052 +14 21 24 75 1.09
OH 471 06 42 53 070 0 037 +44 54 30.23 0.56 0J 499 08 59 40.02 0 039 +47 02 56.72 0.56
OH 577 1 06 46 04.123 0 049 +60 05 14.13 0 61 P 0859-14 08 59 55 059 0 085 -14 03 39.93 1 15
GC 0550+37 06 50 35 278 0 042 +37 0% 27.21 0 63 GC 0900442 09 00 58 735 0 044 +42 50 01 42 0 57
0H-09%0 06 53 61 212 0 041 -03 19 11.68 0 78 GC 0902+49 09 02. 00.394 0 040 +49 02 49 646 0 60
GC 0707+47 07 07 02 539 0 044 +47 37 07 92 0 5% 3C 216 09 06 17 253 0.031 +43 05 59 12 0 43
0I 417 07 10 03 990 0 050 +43 54 28.65 0 70 P 0506+01 09 06 35 308 0 080 +01 33 46.53 1.55
0I 318 07 11 05 643 0 034 +35 39 51.90 0 52 GC 0913+39 09 13 39 507 0 045 +39 07 02 2 0 59
3C 179 07 23 04 272 0 042 +67 54 52 87 0 53 DK 630 09 17 40 299 O 052 +62 28 38 45 0 54
L4 0723-00 07 23 17.854 0 039 ~-00 48 55 45 0 74 P 0920-39 09 20 48.221 0 046 -39 46 42 35 0 58
0I 446 07 27 24 120 0 045 +40 56 11 0 0 70 P 0922+005 09 22 35 978 0.996 +00 33 25 50 15 88
P 0727-11 07 27 57 994 0 056 -11 34 51 20 0 83 4C 39 25 09 2 55 319 0,036 +39 15 22 43 8 56
GC 0729+25 07 29 52 690 0 041 +25 55 07 84 0 85 MC 0933+119 09 38 31.740 0 044 +11 59 12 51 0 75
GC 0730+50 07 30 04 377 0 052 +50 2 39 88 0 79 VRO 40 09 02 09 45 50 106 0 036 +40 53 43 09 0 54
GC 0731+47 07 31 20.702 O 043 +47 56 44 47 0 64 GC 0954+65 09 54 57 840 0 049 +65 48 15 43 0 59
GC 0733+30 07 33 04 637 0 044 +30 01 04 16 0 87 0K 492 09 55 08.534 0 04% +47 39 28 50 0 60
P 0733-17 07 33 31 244 0 100 -17 29 04 04 1 32 GC 1007+41 10 07 26 129 0 040 41 47 25 76 0.61
P 0735+17 07 35 14 109 0 027 +17 49 03 88 0 53 oL 318 10 10 54.780 0 044 +35 00 44.05 0.74
P 0736-06 07 36 30 325 0 492 -06 20 05 21 8 08 GC 1013+20 10 13 59 370 0.03% +20 52 47 38 0.51
B2 0738+27 07 383 20 932 0 041 +27 13 48 32 0 56 oL 331 10 18 24 120 0 044 +3¢ 52 28 906 0 75
B2 0742+31 07 42 30 731 0.039 +31 50 16.25 0 64 GC 1019442 10 19 13.452 0 047 +42 54 34 61 0 72
P 0743-006 07 643 21 055 0 044 -00 36 56 26 0 85 oL 333 10 19 39 881 0 04l +30 56 15 08 0 72
B2 0745+24 07 45 35 789 0 070 +24¢ 07 54.48 1 04 P 1020+191 10 20 11 792 0 041 +19 08 45 48 0.58
01 478 07 46 39 932 0 050 +48 2 30 51 0 69 GC 1020440 10 20 14 553 0 041 +40 03 26 83 0.55
P 0748+126 07 48 05 016 0 035 +12 38 45.56 0 9% P 1021-00 10 21 56 201 0 092 -00 37 41.67 1 90
GC 0748+33 07 48 41 037 0 040 +33 2 03 39 0 60 GC 1030+41 10 30 07 796 O 042 +41 31 34 52 0 58
01 582 07 49 06 446 0 040 +5¢ 00 46.23 0 59 GC 1030+39 10 30 27.529 0 040 +39 51 19 80 0 63
01-187 07 52 05 43% 0.42 -11 39 30 14 7 03 oL 553 10 31 55.974 0 042 +56 44 18 38 0.61
P 0754+100 07 54 22 601 0 043 +10 04 39 40 0 64 P 1034-293 10 34 55.79% 0.039 -29 18 26 78 0 54
GC 0802+21 08 02 42 673 0 076 +21 15 27 26 1 14 OL 064 5 10 38 40 908 0 048 +06 25 58 65 0.78
GC 0804t49 08 04 58 385 0 043 +49 59 23.05 0 52 oL 564 10 38 43 161 0.043 +52 49 09.64 0 59
GC 0805+41 08 05 33 657 0 038 +41 01 33 14 0.65 3C 245 10 40 05.956 0 066 +12 19 15.26 0 §6
P 0805-07 08 05 49 634 0 050 -07 42 24 02 0.91 oL 569 10 41 07.014 O 046 +53 38 05 63 0 61
P 0808+019 08 08 51 155 0.026 +01 55 50 80 073 P 1054+004 10 54 41.940 0 058 +00 28 06 60 1 15
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Table 5 (contd)

SOURCE NAME

P 1055+20
P 1055+01
GC 1058+39
B2 1101+33
GC 1104+16
GC 1106+38
oM 316 3
GC 1111+14
P 1123+26
GC 1128+38
P 1128-047
P 1130+009
P 1136-13
P 1143-245
GC 1144+54
GC 1144+40
P 1144-379
OM-076

P 1146-037
1146-037

P 1148-00
P 1148-171
oM 484

GC 1155+48
P 1156-094
GC 1156+29
P 1157-215
ON-001

GC 1204+28
B2 1211+33
P 1213-17
GC 1213+35
1216-010
ON 428

P 1217+02
3C 270 1

P 1218-02
P 1219+04
P 1222+21
3c 272 1
ON 343

ic 273

3C 274

P 1229-02
P 1236+077
P 1237-10

M 104

GC 1240+38
ON-073

P 1244-255
P 1252+11
ON-392

ON 363

F 1256-220
P 1257+145
GC 1300+58
P 1302-035

RIGHT ASCENSION
R

et 1t ok bt et Bt o et §d et et bt el it d et it et et d (b b o Bt e e bt d e b et et B b et b S et ettt
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MIN SEC ERROR
55 37.509 0 039
55 55.320 0 040
58 42 210 0.044
01 40.532 0 034
04 35 631 0 045
06 43 450 0 045
09 49 557 0 048
11 21.293 0.038
23 14 839 0 035
28 12 509 0.041
28 57 464 0 095
30 46 169 0 104
36 38 509 0 078
43 36 362 0 040
44 04 564 0 048
44 21 024 0 030
46 30 956 0 070
45 18.141 0 304
66 22 431 0 040
46 23 515 6 465
48 10 217 0 199
48 30 248 0 127
50 47 975 0 041
55 52 098 0 042
56 38 936 0 188
56 57 764 0 034
57 18 317 0.039
00 00.434 0 744
04 55 0%2 0 055
11 32 812 0 047
13 11 6%2 0 043
13 24 812 0.040
16 00 977 0 563
16 38.577 0 039
17 38 302 0 393
18 03 909 0 017
18 49.941 0 041
19 49 404 0 142
22 23 405 0 035
22 31 597 0 023
25 30 760 0 036
26 33 150 0 106
28 17 575 0 017
29 26 299 3 249
36 52 292 0 042
37 05 638 0 301
37 24 051 0 074
40 27 031 0 042
43 28 787 0 100
44 06 720 0 041
52 07 699 0 063
55 15 163 0 081
55 35 463 0 049
56 13 849 0 044
57 51 551 0 041
00 47 122 0 048
02 08 755 0 050

DEG
+20

=03

DECLINATION
MIN SEC
07 54 73
50 00 44
20 39 97
28 42 25
4% 16.62
00 47 12
19 53.42
58 47 97
26 49 46
31 51 97
43 45 43
57 27 12
34 035 40
30 52.73
13 22 96
15 14 16
55 30.77
07 58 16
47 30.39
47 46 60
07 41 83
07 17 58
47 50 08
41 57 62
24 08 03
31 25 74
32 11 51
11 19 78
11 40 67
26 26 11
15 05 40
04 55 25
03 14.22
46 35 23
20 21 52
59 50 53
25 11.50
29 51 11
39 22 64
09 49 86
51 47 11
19 44 51
40 01 80
07 37 63
46 45 30
06 34 94
2l 05 05
07 25 0
14 23 37
31 26 91
57 21 47
3% 04.64
45 23 0
03 21 22
33 28 59
04 43 23
2% 59 06

ERROR

0

HOMMOOHOOHOONOHOFOOOMNOONOWOOOOUOONOOHWVVOPRHOOOHFHFOOOOQO
.

SOURCE NAME

P 1302-102
GC 1307+56
B2 1308+32
OP 114
opP-322

0P 3256

CC 1325+43
P 1327-311
3C 287 1
OP 151

GC 1333+45
GC 1333+58
P 1333-33
DWW 1335-12
CL 1335+55
1336-237

P 1336-260
P 1337-033
GC 1337+63
GC 1342+662
GC 1342+663
P 1345+12
GC 1347+53
P 1348-289
DW 1349-14
3C 292

P 1349-439
P 1351-018
P 1352-104
P 1354-174
gP-192

GC 1355+44
P 1402-012
P 1402+046
Dl 1403-08
P 14064-342
P 1406-076
GC 1406+56
P 1413+135
0Q 323

4C 46 29
3C 298

GC 1418+54
P 1424-41
P 1427+109
0Q 546
0Q-151

P 1430-155
P 1435-218
GC 1435+63
P 1437-153
0Q 363

0Q 366

3C 303 EAST
P 1441+25
P 1446-16
P 1449-012

RIGHT ASCENSION
R

et et bt e et bt ed 3t e et (et ek d et (b et
DPDPLPDDDUHLHUHUHUHULUWUWHRUHULW
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MIN SEC
02 55 453
07 05.054
08 07 637
08 39 160
13 20.055
15 17.798
25 10 559
27 29.954
30 20 519
31 10 012
33 15 705
33 36 446
33 47 177
34 59 772
35 55.220
36 15 717
36 32 449
37 37.868
37 46 107
2 17 899
42 41 034
45 06 366
47 42 576
48 55 863
49 10 786
49 18.777
49 52.541
51 32 120
52 06 895
54 21 999
54 28.564
55 38 215
g2 11 401
02 2%.968
03 21.605
04 57.172
06 17.847
06 32 107
13 33 861
13 56 281
15 13 437
16 38 780
18 06 180
24 46 725
27 43 692
27 44 043
30 10 654
30 36 138
35 18 688
35 37 228
37 11 426
38 22 519
39 54 033
41 24 831
41 43 568
45 28 334
49 12 561

ERROR

4
0

COO0O0O0OO00O0O0OO0OODODOOOCOOOOOOOLOOOOO0OOOO0CO0DO00ODOOOLOOOOODODORO

163
042
068
054
069
031
040
045
060
043
045
161
069
056
034
045
049
051
051
057
058
162
030
048
050
328
039
100
138
041
050
051
063
047
145
051
0%7
041
065
070
057
067
032
071
036
039
037
058
078
034
338
058
065
062
652
038
049

DECLINATION
MIN SEC
17 10 11
13 36.15
36 38 29
33 42 76
23 09 34
41 02 63
41 59 45
07 31 28
16 07 61
04 25 40
57 56 21
59 17 45
42 39 75
42 09 15
16 15 61
46 01 08
05 18 18
20 10.9%4
44 08 74
17 27 75
21 12.9%94
32 17 09
56 08 34
57 29 58
34 27 14
46 19 06
57 54.26
51 21 28
26 21.87
29 24 20
12 51 40
08 34.12
16 03 48
2 55 40
33 48 57
17 14 81
38 15 16
27 43 40
34 17 87
58 29 47
20 55 49
42 20 8%
36 58 05
2 54 44
56 46 75
19 29 67
48 24 12
35 35 10
51 57 91
49 35 78
19 00 08
33 03 16
47 05 41
14 18 61
14 24.33
87 56 43
15 18 20

ERROR

2 38
0 59
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Table 5 (contd)

SOURCE NAME RIGHT ASCENSION DECLINATION SOQUPCE NAME RIGHT ASCENSION DECLINATION

HR MIN SEC ERROR DEG MIN SEC  ERROR HR MIN SEC ERROR DEG MIN SEC  ERROR
P 1451-375 14 51 18 325 0 070 -37 35 2259 102 B2 1721+34 17 21 32 026 0 037 +34 20 41 29 0 59
GC 1452+30 14 52 25 043 0 039 +30 08 06 0 062 GC 1722+40 17 22 27 154 0 057 +40 07 16.53 0 96
MA 16456404 14 56 29 176 0 030 +0% 28 09 21 G0 55 GC 1725+12 17 25 47 639 0.042 +12 18 03.40 0 62
3C 309 1 14 58 56 591 0 173 +71 52 11 12 0 70 P 1725+044% 17 25 56 345 0 126 +04 29 27 97 2 19
GC 1459+48 14 59 07 246 0 038 +48 03 03 80 0 54 GC 1726445 17 26 01 190 0 043 +45 33 04 57 0.58
P 1502+036 15 02 35 485 0 223 +03 38 10 2 320 GC 1732409 17 32 35 668 0 040 +09 28 51 63 0 96
OR 306 15 04 12 951 0 038 +37 42 23 59 0 55 GC 1734+50 17 36 36 730 0 047 +50 50 59 72 0 6%
P 1504-167 15 04 16 384 0 068 ~16 40 53 $6 0 81 GC 1739+52 17 39 29 005 0 038 +52 13 10.40 0 53
P 1508-05 15 08 14 986 0 040 -05 31 4% 45 0 66 GC 1743+17 17 43 22 261 0 036 +17 21 07.87 0 58
P 1511-100 15 11 02 241 0 043 -10 00 51 03 0 65 17494701 17 49 03.426 0 070 +70 06 39 47 0 59
P 1511-210 15 11 63 939 0 040 -21 03 48 47 0 57 GC 1751+28 17 51 45 376 0 038 +28 48 36 95 0 5%
P 1514+00 15 14 06 816 0 037 +00 26 00 32 0 78 0T 436 ¢ 17 51 53 691 0 039 +44 10 17 71 0 57
P 1518+047 15 18 44 877 0 122 +06 41 03 69 2433 P 1756+237 17 56 55 940 0 031 +23 43 55 96 0 40
P 1519-273 15 19 37 286 0 071 -27 19 30 55 1 04 0T 398 17 58 44 702 0 039 +38 48 3219 0 58
OR 342 15 25 16 85% 0 079 +31 25 47 74 121 oU 401 18 00 03 217 0 038 +44 04 18 51 0 54
P 1532401 15 32 20 250 0 035 +01 41 00 49 0 58 P 1806-458 18 06 15 187 0 056 -45 53 16 65 6 63
P 1535+004 15 35 42 576 0 040 +00 28 50 46 0 85 GC 1806445 18 06 56 515 0 039 +45 61 67.28 0 56
GC 1538+14 15 38 30 062 0 075 +14 57 24 66 1 03 GC 1807+27 18 07 13 637 0 048 +27 57 35 39 0 66
Dl 15643+00 15 43 36 212 0 052 +00 35 42 37 1 03 P 1821+10 18 21 41 640 0 048 +10 42 64 10 0 73
P 15464027 15 46 58 339 0 054 +02 46 05 33 0 99 GC 1823456 18 23 16 950 0 055 +56 49 18 10 0 67
OR 580 15 47 52 270 0 046 +50 47 09 31 0 62 GC 1830+28 18 30 52 381 0 042 +28 31 16 97 0 64
DU 1543+05 15 48 06 945 0 058 +05 36 10.96 1 07 GC 1842468 18 42 43 374 0 059 +68 06 19.96 0 54
OR 131 15 48 21 179 0 027 +11 29 47 26 0 45 3C 390 3 18 45 37 651 0 151 +79 43 06 14 0 52
P 1550-269 15 50 59 814 0 041 -26 55 51 10 0 58 GC 1848+28 18 48 29 082 0 046 +28 21 38.64 0 57
OR 186 15 51 12 821 0 045 +13 05 41 04 0 82 3C 395 19 01 02 320 0 037 +31 55 13 84 0 60
P 1555-140 15 55 33 722 0 052 -14 01 26 38 0 63 o0v-213 19 08 12 599 0 060 -20 11 57 12 O 74
P 1556-245 15 56 41 217 0 063 =24 34 10 73 0 83 ov-21¢4 19 08 55 657 0 175 -21 07 47 7% 1 92
B2 1600+33 16 60 11 °05 0 041 +33 35 09.72 0 73 o0v-236 19 21 42 437 0 211 -29 20 29 04 270
GC 1604+31 16 04 10 594 0 041 +31 32 47 30 0 71 P 1922-341 19 22 00.987 0 043 -3% 06 59.05 0 55
P 1604-333 16 04 22 159 0 042 -33 23 10 45 0 59 ov 239 7 19 23 49 766 0 035 +21 080 23.62 0 38
P 1606+10 16 06 23 384 0 037 +10 36 59 89 0 61 GC 1526461 19 26 49 649 0O 050 +61 11 21 11 0 53
P 1614+051 16 14 09 038 0 042 +05 06 53 84 0 69 P 1936-15 19 36 36 118 0 052 -15 32 40 91 0 74
4C 35 27 16 15 06 135 0 043 +36 28 53 95 0 58 P 1937-101 19 37 12 665 0 064 -10 09 39 73 1 07
P 1615+029 16 15 19 141 0 045 +02 53 58 23 1 69 gv 080 19 47 40 528 0 312 +07 5% 30 02 5 52
D') 1516+06 16 16 36 581 0 034% +06 20 12 80 0 99 P 1953-325 19 53 48 363 0 235 -32 33 48 89 2 63
P 1622-253 16 22 44 123 0 095 -25 20 51 69 1 25 gv 591 19 54 22 488 0 040 +51 23 46 32 0 52
P 1622-29 16 22 57 241 0 045 -29 44 41 25 0 67 P 1954-388 19 54 39 009 0 043 -38 53 13.31 0 55
DA 411 16 24 18 271 0 0642 +41 41 23 51 0 59 P 2000-330 20 00 13 015 0 038 -33 00 13 04 0.54%
P 1625-141 16 25 56 548 0 425 -14 08 56 0 6 54 P 2008-159 20 08 25 %09 0 092 -15 55 38 27 1 21
GC 15633+38 16 33 30 625 0 041 +38 14 09 98 0 62 O0W-015 20 08 33727 0 033 -06 53 0205 0 53
GC 1635447 16 36 19.159 0 044 +47 23 2876 0 65 P 2012-017 20 12 39 820 0 135 -01 46 45 21  3.94%
GC 1637457 16 37 17.409 0 046 +57 26 1570 0 57 oW 637 20 21 13 380 0.058 +61 27 18 22 0 58
3C 345 16 41 17 630 0 040 +39 54 10 31 0 60 P 2029%+121 20 29 32.626 0 071 +12 09 29.45 0 95
3C 346 16 41 34 434 0 030 +17 21 20 89 0 42 Ol 551 20 30 29 133 0 033 454 644 49 21 0 39
P 1647-296 16 47 29.449 0 047 -29 38 41 30 0 62 OW 154 9 20 32 58.529 0 059 +10 45 42 67 0 71
P 1648+015 16 48 31 563 0.045 +01 34 25 98 0.85 P 2037-253 20 37 10 747 0 040 -25 18 26 36 0§ 56
DA 426 16 52 11 739 0 026 +39 50 2% 81 0 38 0W~-174 20 44 30 850 0.037 ~-16 50 10 04 0 56
DU 1656+05 16 56 05 593 0 042 +05 19 48 47 2 57 GC 2047409 20 47 20 777 0 066 +09 52 02 11 0 8¢
CC 1656+34 16 56 12 266 0 054 +36 47 60 0 12 P 2047+039 20 47 36 001 0 096 +03 56 34 78 1 32
1656+48 16 56 24 9°1 0 039 +48 13 04 71 0 57 P 2053-044 20 53 12 821 0 029 -04 28 19 40 0 52
1656+47 16 56 43 969 0 048 +47 42 15 79 0 67 P 2053-323 20 53 20 802 0 056 ~-32 20 20 30 0 72
P 1657-261 16 57 47 698 0 044 -26 06 29 39 0 55 P 2088-297 20 58 00 910 0 04l ~-29 45 14 98 0 57
P 1705+018 17 05 02 784 0 043 +01 52 250 178 P 2059%+034 20 59 08 126 0 051 +03 29 39.29 1 01
0T-111 17 06 40 114 0 041 -17 25 08 62 0 55 P 2106-413 21 06 19 396 0 042 -41 22 33 58 0 57
GC 1714+21 17 14 03 727 0 058 +21 55 28 25 0 69 0x 131 21 18 41.548 0 041 +18 48 40 36 0.60
GC 1716468 17 16 27 782 0 070 +68 39 48 29 0 55 P 2123-463 21 23 13 267 0 038 -46 18 49.59 0.53
GC 1717+17 17 17 00.339 0 034 +17 48 08 07 0 60 R 2126-15 21 26 26 759 0 043 -15 51 50 29 0 60
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Table 5 (contd)

SOURCE NAME

2126-185
2127-096
2127+04
2128-12
2131-021
2135-248
2137+20
2140-048
0X-173

0X 074

P 2145+06
P 2147+1%
P 21649-306
0X 081

0X 082

P 2149+17
0x-192

P 2200-238
VRO 42 22 01
GC 2201+17
P 2201+04
oYy 313

P 2208-137
P 2209+08
P 2209+236
P 2210+01
GC 2214+35
P 2215+02
P 2216-03
P 2221-116
3C G446

P 2223+21
P 2227-08
P 2227-399
P 2229%-17
P 2233-148
GC 2234+28
GC 2235+12
P 2239+096
0Y-268

P 2245-128
P 2245+029
GC 2246+20
P 2247+13
GC 2251+24
GC 2251+13
P 2252-089
GC 2253+41
P 225%+024
0y 492

P 2255-282
22564017

P 2300-307
P 2300-18
P 2303-052
P 2307+10
P 2311-452

VUV VDVOVVTOVY

RIGHT ASCENSION
R MIN SEC

33 890
38 415
02 673
52 6938
35 227
45 384
27 860
59 970
38 849
42.487
36 566
59 332
00.619
02 057
07 663
02 236
22 322
07 743
39 387
03 350
46 297
34 085
42 892
32 269
45.661
05 067
07 035
15 707
16 406
28 616
11 045
14 7638
02 263
44 970
41 003
53 999
01.726
06.142
19.853
41 708
14.125
26 015
34 629
16 051
4% 393
51 879
27 533
19 857
44.626
04 662
22 460
24 708
22 087
23 374
40 121
57 555
21 897

ERROR

OO0 OO0COOOOOOOOOOOOCOVLOOODOODOROO0ODOOCOOOOO0OOOOOLODODOODODOOO

043
053
047
046
126
040
057
078
052
066
086
895
039
057
047
036
294
037
038
028
267
036
037
039
053
238
028
427
042
052
043
054
053
105
081
g2

036
085
031
040
035
048
069
035
034
055
02

042
037
040
037
229
039
155
077
030
030

DEG

-18
-09
+04
-12
=02
-24%
+20
-04
-15
+09
+06
+14
-30
+06
+05
+17
=15
=23
+42
+17
+04
+35
-13
+08
+23
+01
+35
+02
-03
-11
-05
+2

-08
-39
-17
-14
+28
+12
+09
-26
-12

+20
+13
+2

+13
=09
+41
+02
+41
-28
+01
=30
-18
-C5
+10
-45

DECLINATION
MIN SEC
34 32 51
40 50 29
49 03 35
20 20 76
06 41 57
53 28 49
57 57 89
51 27 59
39 37 11
15 50 91
43 33 18
35 44 85
2 00 80
55 21 11
38 07 38
20 29 58
15 15 63
49 41 67
02 08 57
11 15 38
25 30 31
41 14.93
42 59 46
04 25 44
40 50 35
38 00 92
03 15 01
05 07.13
50 41 07
41 35 70
12 17 43
02 50 €3
48 16 47
58 16 23
14 29 78
483 57 18
13 23 20
27 12 73
38 09 87
00 14.17
53 11 37
54 51 08
51 11 66
15 15 84
2 24 16
25 48 73
00 05 40
46 51 64
27 13 85
38 13 2
14 25 72
47 35 38
46 21.59
57 34 42
16 02 02
39 12 86
12 10 78

ERROR
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SOURCE NAME

P 2312-319
GC 2318+04
P 2318-195
GC 2319+31
B2 2319+27
0Z 533
P 2320~-021
2320-035
P 2325-150
GC 2327+33
P 2328+18
0Z 347
P 2329-16
P 2329-384
P 23304083
0Z-252
P 2335-18
P 2335-027
3C 465
P 2337-334
GC 2337+26
GC 2338+33
P 2344+09
HIA 23444092
P 23469-01
0Z 486
0Z-187
P 2352-04
DA 611
P 2354-11
P 2355-106
P 2356+196
GC 2356+38

RIGHT ASCENSION
R SEC

MIN ERROR
12 06 365 0.028
18 12 148 0.030
18 14 337 0.177
19 28 291 0 055
19 32 005 0 039
20 06.010 0.04

20 30 352 0 192
20 57 380 0 052
25 11 594 0 045
27 45 965 0.037
28 08 805 0 055
28 17 891 0 051
29 02 119 0 082
29 18 905 0 038
30 25 058 0 033
31 17 903 0 044
35 20.659 0 028
35 23 076 0 047
35 59 006 0 041
37 16 646 0 040
37 58 271 0 042
38 27 403 0 040
44 03 773°* 0 032
4¢ 32 986 0 076
49 22 357 0 085
51 49 977 0 042
51 55 724 0 099
52 17.807 0 043
52 37 795 0 050
54 55.762 1.555
55 36 969 0.042
56 12 584 0 038
56 59 832 0 072

DEG

-31
+04
-19
+31
+27
+50
-02
-03
-15
+33
+10
+31
-16
-38
+08
-24
-18
-2
+26
-33
+26
+33
+09
+09
-01
+45
-15
-0%
+49
-11
-10
+19
+38

DECLINATION
MIN SEC
55 01 31
57 22 86
35 58 10
47 39 98
16 18 66
41 24 03
07 15 02
33 31 93
04 27 26
32 03 46
43 645.16
39 00 25
13 26 82
28 21 47
21 35 74
00 15 40
08 57.66
47 32 53
45 16 21
26 54 66
2 18.71
02 24.44%
14 05 51
14 05.48
25 53 43
36 22.79
29 50 87
21 45.32
33 26 60
41 58.52
36 50 89
38 38.36
34 00.23

ERROR
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Fig 1 Comparison of position estimates for 70 multiply observed
sources For each source, S is the ratio of the weighted rms scatter
of individual position coordinate estimates about the mean value to
the weighted rms estimate of the uncertainty in that position
coordinate
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Fig 2 Comparison of position estimates with more accurate radio
positional catalogs For each source, A is the ratio of the absolute
value of the difference between our source coordinate estimate and
a more accurate value to our estimate of uncertainty in that
coordinate
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Fig. 3. Histogram of the number of sources versus estimated
position uncertainty



TDA Progress Report 42-66

September and October 1981

An FM/CW Method for the Measurements of Time Delays
of Large Cassegrain Antennas

T Y Otoshi
Radio Frequency and Microwave Subsystems Section

An FMJ/CW measurement techmque, which utilizes the time domamn principle, was
developed to measure the time delays of large Cassegrain antennas Measured primary
path delays of 60 ns (or greater) typically agreed with calculated delays to within 3 ns
Multipath sources generated within the antenna optics region have been identified

l. Introduction

Large Cassegramn microwave antennas are currently being
used as the ground station terminal 1n most deep space com-
munication systems At some stations the same antenna 1s
also used as part of a ranging system to obtain spacecraft-to-
Earth range data needed for spacecraft navigation To deter-
mine the true range of the spacecraft from the ground station
location, time delay calibrations must be performed on the
microwave antenna as well as on the ground station equip-
ment (Ref 1) Accurate determunation of the signal delay
time through the antenna 1s also critical to the success of clock
synchronization experiments using Very Long Baseline Inter-
ferometry (VLBI) techniques (Ref 2)

Extensive expertmental work has been done in the JPL/
NASA Deep Space Network (DSN) to develop a simple but
accurate method for the measurement of antenna time delay
of a large Cassegrain antenna Most of the methods investt-
gated were found to be susceptible to large errors caused by
multipath signals generated within the region between the
main reflector and subreflector surfaces This paper describes

a time domain measurement technique which enables accurate
measurement of the primary signal delay time without inter-
ference from major multipath signals The following sections
of this paper present discussions of the multipath problems
associated with antenna tume delay calibrations, FM/CW
theory and instrumentation, and experimental data obtained
on 64- and 26-m antennas.

Il. Antenna Delay Calibration Problems

Figure 1 shows a typical 64-m-diameter Cassegrain antenna
used 1n the DSN Ths particular antenna 1s equipped with a
reflex-dichroic system to enable simultaneous reception of S-
and X-band frequencies. The feedcones are aluminum housings
that contain feed assemblies as well as transmitter and receiver
equipment. A signal onginating from the far-field 1s collected
by the parabolic reflector, reflected to the subreflector,
re-reflected, and arrives at the recetve horn via the ray paths
of the dual-band system
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The calibration problem 1s to determune the antenna delay,
which for purposes of this paper shall be defined as the time
1t takes for the illuminating signal to propagate from a desig-
nated reference plane (such as the antenna focal plane) to a
designated output port of the receive horn assembly It should
be pointed out that another definition of antenna delay, which
does not include the waveguide delays of the feed horn assem-
bly, was given previously 1in Ref 3.

A method that has been used for the calibration of antenna
delay (as defined 1n this paper) 1s depicted 1n Fig 2 The horn
on the dish surface can be viewed as one “cell or element” of
the total signal collected by the many cells of the parabolic
reflector The calibration procedure 1s to inject a signal into
the dish-mounted horn that 1s pointed toward the subreflector
A time delay measurement 1s made between the input port
of the transmit horn (on dish surface) and a designated output
port 1n the recetve system horn assembly. A theoretical con-
stant 1s then added to the measured value to artificially move
the signal input reference plane from the dish locatton to the
paraboloid focal plane In the ideal case, the corrected mea-
sured delay value would be the same as the antenna delay for
the entire Cassegrain antenna The basic assumption 1s made
that all signals follow geometric optics (GO) ray paths so that
they all have the same delay (path length) from the para-
boloid focal plane to the system feed horn focal point

In practice numerous factors such as blockage, mechanical
supports, mmperfect reflector surfaces, mechanical distortions,
and defocusing cause departure from the ideal Cassegramn
antenna Furthermore, two known types of multipath signals
are generated within the antenna optics media of practical
Cassegrain antennas The first type 1s caused by a portion of
the illuminating plane wave signal becormung blocked by the
large subreflector and subreflector support struts Diffraction
around the edges of the subreflector and struts will occur and
a portion of these diffracted fields propagates directly into the
recetve horn Another type of multipath phenomenon that
occurs 1s that generated by unwanted multiple reflections
between the subreflector and feedcone surfaces (Fig 3).

In order to determimne the magmtude of dewviations from
1deal antenna time delay caused by the multipath phenomenon,
far-field time delay experiments were performed on DSN 64-m
antennas The far-field signals were ranging signals provided
by Viking spacecraft at S-band and Voyager spacecraft at
X-band From the test data (Ref 4) it was found that
multiple-reflection type multipath signals produced maximum
errors of ¥3ns when a ranging modulation frequency of
500 kHz was used These errors were produced by multipath
signals at least 40 to 46 dB down from the primary signal for
the 64-m antenna These expertmental observations were also
supported by results of a far-field theoretical study performed
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by Rusch (Ref 5) In a separate study, a cursory theoretical
analysis showed that diffractions from the subreflector edge
and struts would produce time delay errors smaller than those
produced by multiple reflections Although these far-field
expeniments and analyses provided valuable information on
the effects of multipath errors on the total Cassegrain antenna
received signal, there was still a need for an accurate method
to calibrate absolute antenna delay.

Dunng the period of 1975-1976, several methods were
mvestigated as possible ways to calibrate absolute antenna
and ground station delays Far-field methods for calibrating
absolute antenna delays were shown by Sato in Ref. 6 to be
expensive, and 1t was concluded that the necessary technology
and equipment would take considerable effort and time to
develop As a parallel effort to find different methods to cali-
brate antenna delays, a separate theoretical study was made
by A Cha (Ref 7) to investigate near-field methods as well
The results from this theoretical study showed that if multi-
path effects were neghgible, then far-field absolute antenna
delays for 26-m and 64-m DSN-type antennas could be deter-
mmed to a 1 or 2ns accuracy level with the horn-on-dish
calibration method He found that for propagation paths
between the main reflector surface and the system feed horn,
the delays computed by the geometric theory of diffraction
(GTD) agreed with the delays computed by the geometric
optics theory to better than 1ns It was concluded from
this study that further efforts should be directed towards
developing the horn-on-dish method for absolute antenna
delay calibrations

A major problem discovered after extensive testing with the
hom-on-dish method was the generation of new multipath
signals by the calibration geometry itself Very often the
antenna pattern of the transmut horn (on dish surface) will
have msufficient directivity and high side-lobes Therefore,
the calibration signal will not only follow the primary ray
path, but will also follow other ray paths due to ununtentional
lurminations of the struts and side of the feedcone housings
When conventional time delay measurement methods (modula-
tion and phase-slope methods) were employed to measure time
delays, 1t was found that the accuracy of results was seriously
degraded by multipath signals and cnitically dependent upon
(1) the directivity of the calibration horn used, (2) the selected
location of this horn on the dish surface, and (3) the band-
width of the measurement.

After expenencing considerable problems with conventional
techniques, a solutton was made possible by a diagnostic
mstrument that utiized the FM/CW techmique based on the
time domain pninciple Not only did 1t become possible to
1solate and make accurate measurement of primary path time
delays, but 1t also became possible to positively identify the



existence and origins of multipath signals associated with any
calibration configuration

lll. FM/CW Theory and Instrumentation

The instrument used for making antenna time delay mea-
surements 1s a Scientific-Atlanta Sertes 1691 Fault Locator
(Ref 8), which 1s an FM/CW radar system (Ref 9) that can
be operated at any center frequency in the microwave range
from 17 to 124 GHz with sweep bandwidths varymg from
40 to 100 MHz The mstrument 1s intended primanly to be
used as a diagnostic tool to locate various discontinuities in a
microwave transmission line and measure the magnitude of
return losses as functions of the distances (range) to the
discontinuities For the test results of this paper, however,
the instrument was modified to operate in a “‘transmussion”
or one-way mode rather than in the normal return loss or
bistatic radar mode Figure 4 shows the instrument with the
modifications In this transmission mode, the measured
delays can be compared to path lengths obtained from antenna
mechanical drawings, and the measured magnmtudes of the
recewved signals can be compared to those calculable from the
Frus transmission formula (Ref 10)

Figure S 15 a functional block diagram of the instrumenta-
tion A sample of the oscillator output signal 1s fed to the local
oscillator input of the mixer The remainder of the signal 1s
fed to the transmit antenna Figure 6 shows that the oscillator
output frequency 1s changed 1n a sawtooth manner, over the
sweep bandwidth 2AF, around the center frequency F,, Thus,
data 1s gathered over the Fj + AF frequency range The solid
line represents the oscilator output (transmit signal) as a
function of time while the dashed line represents the recetved
signal Only one of the receive signals 1s shown i Fig 6 1n
order to 1llustrate the basic principle of operation The basic
relationship for this instrumentation as derived by the propor-
tional triangle relationships in Fig 615

Ie = Ta (271;7—) Q)

where 1, 15 the propagation time or time delay of interest,
f; 1s the difference frequency, T 1s the sawtooth modulation
penod, and AF 1s one-half the sweep bandwidth If d 1s de-
fined as the path length from transmut antenna to the receive
antenna, and the group velocity v, of the signal in the propa-
gation media 1s known, then the path length can be computed
from

T
d= vgfd (ﬁ) @

If 7, 1s fixed, then the path length 1s inversely related to the
oscilator modulation rate, 2AF/T

The muxer (see Fig 5) produces an output signal that
contamns a difference frequency f,; for each received signal of
different path length The control umit of this instrument
vartes the sweep bandwidth and causes the distance readout
to indicate a focus distance d when the difference frequency
produced by the received signal 1s equal to 5 kHz and has an
integer number of cycles in the sawtooth period T shown 1n
Fig 6 The narrowband IF amplifier rejects all the other
recetved ‘‘target” signals and feeds this signal into the log
converter which drives the signal magmtude meter Since the
distance indicated by this instrument 1s calibrated for an
equivalent bistatic radar configuration, the ‘“‘target” distance
readings are multiplied by 2 when the instrument 1s modified
for use for the one-way or transmission mode

It 1s beyond the scope of this article to present further
details of the mnstrument The mathematical relationships of
the FM/CW theory can be found in Refs 8 and 9 and addi-
tional details on the Fault Locator design can be found in
Scientific-Atlanta Fault Locator mnstrument manuals It 1s
suffictent for purposes of this article to state that when the
Fault Locator 1s focused at a distance in the viciuty of a
single “target” response, the signal magnitude meter and plot
recorder output displays a response of the form

A s (mu)
mu (1 -u?)

R, = 20log ?3)

where A 1s the target signal amplitude normalized to a refer-
ence signal level that was mitially established with a zero dB
set control In Eq (3), © 1s a vanable that 1s directly related
to sweep bandwidth and to the difference between the focus
distance and the “‘target” distance A peak response 1s observed
when u becomes zero as a result of adjusting the focus distance
to be equal to the “target” distance The measured propaga-
tion path length at this peak response 1s the distance between
the transmit and receive antennas, provided that the instru-
mentation has been adjusted to indicate zero when there 15
no separation between the antennas

Increasing the sweep bandwidth narrows the width of the
response and improves the resolution of the delay measure-
ment However, the sweep bandwidth cannot be controlled
i the commercial units due to automatic setting of the sweep
bandwidth to a value (between 40 to 100 MHz) depending
upon the target range

Further work has since been done by the Howland Com-
pany of Atlanta, Ga, to enable manual setting of sweep band-
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widths, increasing sweep bandwidths up to 300 MHz, and
increase the range of transmission mode measurements from
1500 to 30,000 ns (Ref 11)

IV. Measurement of Primary Path Delays

Figure 7 shows a block diagram of the test setup that was
used to measure time delays of primary and secondary signals
within the antenna optics media of a Cassegrain antenna The
modified Fault Locator instrument and recorder were placed
mside the S-band Cassegrain feedcone close to the base of the
recewve system feed horn A short 1 8-m (6-ft) cable was con-
nected between the recetve system output port and the Fault
Locator “receive” port Then a 30 48-m (100-ft) low-loss flex:-
ble cable with amplifiers 1n series was connected between the
Fault Locator signal output port and the transmit horn (stan-
dard gain type) located on the dish surface as shown in Fig 7
The amplifiers were of the compact solid-state type and pro-
vided a combined gain of about 40 dB to compensate for the
airpath loss between the transmit horn and the system receive
horn All components including test cables and amplifiers were
pretested and selected for constant group delay over a wide
bandwidth and also for group and phase delay stability with
mechanical flexing and temperature changes

The basic measurement technique 1s described as follows A
measurement 1s first made of the total system delay. The total
system for this test configuration consists of the transmut
horn, the airpath, recewve horn feed assembly, cables, ampli-
fiers, and the Fault Locator instrument Then a reference
measurement 1s made by disconnecting (1) the cable at the
transmit horn and (2) the cable at the receive system output
port, and then connecting the two cables (with amplifiers)
together with a 40-dB coaxial pad imnserted in between The
40-dB pad value was used to attenuate the increase 1n signal
level due to removal of the arpath loss which was 1n the total
system measurement Subtraction of the reference measure-
ment from the total system measurement, with small correc-
tions applied for the delay of the transmit horn and 40-dB
pad, resulted 1n the pnmary path delay value of interest

To make the actual measurement of primary path delay
with the Fault Locator instrument, the dial on the Fault
Locator 1s manually adjusted to a setting that provides maxi-
mum received signal The path length 1s directly read off the
dial 1n umts of feet and multiplied by 2 for transmission mode
measurements For these antenna delay measurements, the
resolution of the measurements was improved to about 3 1 cm
(01 ft) by incorporating more sensitive indicators nto the
mstrument All measured values were later converted from
path length 1n feet into time delay 1n ns
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Measurements through the use of the described test proce-
dure were made on the 64-m antenna at S- and X-band fre-
quencies with the transmit horn at the different test locations
shown 1n Fig 8(a) With the exception of Location 5, all other
locations were on the dish surface. Location 5 was adjacent to
and on the same level as the tricone support platform (see
Fig 2) and therefore physically closer to the subreflector than
the other locations Table 1 presents a summary of the mea-
sured primary path delays and deviations from calculated
values The primary path delays are absolute time delays for a
signal propagating from the horn-on-dish location to the out-
put flange of the receive system horn assembly via the Casse-
grain system pnmary ray paths The calculated pnmary path
delay values 1n Table 1 were based on physical dimensions for
the airpath and group velocities of vanous waveguides 1n the
recetve horn feed assembly It can be seen 1 Table 1 that all of
the measured primary path delays were greater than 100 ns
and typically agreed with calculated values to within 3 ns
About 1 ns of the disagreement 1s attnbuted to uncertainties
m the calculated values The results of the calculated feedhorn
assembly delays are tabulated in Ref 12

Table 2 shows the results of similar measurements of pri-
mary path delays performed on a 26-m DSN antenna The
experimental setup was sumilar to that for the 64-m antenna
except that a shorter cable was used to connect the Fault
Locator to the transmut horn on the dish surface at the differ-
ent locations shown 1n Fig 8(b) As may be seen in Table 2,
the measured primary path delays for the 26-m antenna were
between 60 and 75 ns The agreement between measured and
calculated delays was typically within 3 ns The calculated
delays were again based on physical dumensions from antenna
drawings and group velocities of the waveguide components of
the feed assembly

The purpose of comparing calculated and measured values
15 to provide a basis for evaluating the accuracy of antenna
delay measurements when performed with the FM/CW tech-
mque Previous attempts to measure the same delay paths with
other measurement techniques led to disagreement with calcu-
lated values as large as 20 to 30 ns in some cases (Ref 13) The
order-of-magnitude mmprovement of accuracy obtained with
the FM/CW method 1s basically due to the time domamn prn-
ciple and large sweep bandwidths of 40 to 100 MHz which
enable 1solation of the primary signal from the secondary sig-
nals dunng the measurement

For both the 64- and 26-m antennas, 1t was fortunate that
the feed assembly consisted of relatively simple components
whose delay could be calculated In the DSN, there are more
complex Cassegrain feed systems such as ones with a mono-
pulse feed whose delay 1s difficult to calculate accurately For
such complex feed systems, a relatively sumple and direct mea-



surement of antenna delay with the FM/CW instrument can
now be performed

V. ldentifications of Multipath Sources

Identification of multipath signals 1s easily accomplished by
means of a time domain recording such as the plot shown in
Fig 9 With the horn-on-dish calibration setup discussed in the
previous section, this recording was made automatically with a
push of a button on the Fault Locator mstrument The plot
not only displays the primary signal response but the responses
of all other secondary signals The horizontal scale of Fig 9
was corrected so that 1t shows absolute path length in the
transmusston mode The multiple bounce surfaces for multi-
path sources labeled a, b, and ¢ i Fig 9 are identified
Fig 3 Since multiple reflection signals travel longer distances
to arrve at the receive horn, they appear on the plot at path
lengths longer than the primary signal It 1s of signtficance to
note that the relative magmtudes of the largest multipath sig-
nals are approximately 20 dB down from the primary signal
Also note that the relative position of the Cassegrain subre-
flector has a large effect on the magnitudes of the multipath
signals, but very little effect on the magnitude of the primary
signal Movement of the subreflector and observations of the
changes of the sidelobe structures provided a means for vernfy-
g that the sidelobe responses were due to multipath signals
and were not part of the normal (sin wu)/(nu) type response of
the primary signal (See Eq 3)

Similar types of recordings were obtained at all of the horn
locations and microwave frequencies shown tabulated n
Table 1 In order to verify that the multipath sources were cor-
rectly 1dentified, a 2-ft-square absorbing sheet was systemati-
cally placed at multiple reflection points such as at thea, b, ¢
locations shown i Fig 3 If the multiple reflection point of
the multipath source was correctly located, a new recording
would show a decrease of 1 to 2 dB 1n the response of the
multipath signal being investigated Thus simple procedure was
used to confirm the location of the multiple reflection surfaces
on the antenna structure

Figure 10 shows similar types of recordings taken on a
26-m DSN antenna Figure 10(a) 1s a plot taken with the trans-
mit horn near the side of the feedcone housing At this horn

location, the strength of the largest multipath signal was about
28 dB down from the peak response of the primary signal
Figure 10(b) 1s a plot taken with the transmit horn placed near
the outer edge of the reflector surface It s interesting to note
that at this location the domunant multipath signal has in-
creased relative to the pnmary signal

Recordings taken for various horn locations on the reflector
surface proved to be very useful for providing msight into the
mechamsm of the generation of multipath signals and under-
standing of multipath phenomena for the far-field signal case
as well The diagnostics work with the Fault Locator con-
firmed that the horn-on-dish method would be very suscepti-
ble to large errors 1if used with the DSN ranging system, which
operates with a small modulation bandwidth of 500 kHz This
work led to the development of a “translator method,”” which
1s described 1n Ref. 1 and 1s a2 new method now being used
throughout the DSN to calibrate ground station delays for
ranging systems

VI. Conclusions

The FM/CW technique in conjunction with the horn-on-
dish configuration proved to be the most rapid, convenient,
and accurate method for calibrating absolute time delays for a
large antenna The work discussed in this article was per-
formed 1n 1977 and the results at that time represented a
major 1mprovement in achievable accuracies in the measure-
ments of signal path delays within the antenna optics media of
large Cassegrain antennas Through the use of a commercially
availlable FM/CW 1nstrument, accuracies of about 3 ns were
obtained on measurement of pnimary path delays of 60 ns or
greater

The FM/CW instrumentation was invaluable as a diagnostics
tool and facilitated increased understanding of the mechanisms
of multipath signal generation within the antenna optics
media Time domain plots enabled positive 1dentifications of
major multipath signals that could be deleternous to accuracy
of antenna time delay calibrations A beneficial outcome of
this work 1s that attention 1s now being focused on minimizing
multipath signals on future DSN antennas to be used for rang-
ing and VLBI applications
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Table 1 Results of 64-m antenna primary path delay measurements

Horn-on- System Test Measured ~ Measured
dish horn frequency, delay, minus

location polarization GHz ns calculated

delay, ns
1 LP 2113 1723 05
2 LP 2113 1647 19
2 RCP 2113 1641 13
3 LP 2113 1590 35
3 RCP 2113 1571 16
4 RCP 2113 166 4 3.7
5 LP 2113 1293 -08
3 RCP 2113 132.2 2.0
1 LP 2295 1690 02
1 RCP 2295 1701 0.9
3 LP 2295 154.9 21
3 RCP 2295 154 9 21
4 RCP 2295 1600 -01
5 LP 2295 1293 17
5 RCP 2295 126 7 -09
1 RCP 8415 143 4 08
2 RCP 8415 136 8 3.1
3 RCP 8 415 1301 36
4 RCP 8 415 1354 17
5 RCP 8415 1009 -0.3

Table 2. Results of 26-m antenna primary path delay measurements

Horn-on- System Test Measured Measured

dish horn frequency, delay, minus
calculated

location polarization GHz ns

delay, ns

1 LP 2113 624 04

1 RCP 2113 654 35

2 LP 2113 722 04

2 RCP 2113 725 07

1 LP 2295 630 1.3

1 RCP 2295 626 09

2 LP 2295 742 217

2 RCP 2295 749 34

3 LP 2295 681 -12
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Fig. 1. DSN 64-m Cassegrain antenna at Goldstone, Calif.
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Fig. 2. Principal calibration system propagation path on
DSN 64-m antenna
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Fig. 3. A secondary propagation path on
DSN 64-m antenna



MODIFICATIONS

Fig. 4. Modified Fault Locator and recorder
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57



58

A A
/ \\ / \\
UNDESIRED /N / \
SIGNAL ~ /
PATH~\/ \
\
PRIMARY / \
SIGNAL /

PATH

a—

ANTENNA

H >
GNALPATR —
TRANSMIT UNDESIRERSIE= == FEFD HORN
HORN e TRANSMISSION
LINE
M LENGTH =30m) __~1 INPUT XY
DISH %% Y v N out —"_RECORDER
SURFACE LOW-NOISE LOW-NOISE " MODIFIED
AMPLIFIER AMPLIFIER  FAULT
LOCATOR

Fig 7. Block diagram of test setup for measurement of primary and multipath signal
delays from Points Ato B

(a) 64-m ANTENNA

(b} 26-m ANTENNA

S-BAND
FEED CONE

QUADRIPOD
LEG

Fig.8 Transmit horn locations for tests on (a) 64-m antenna and (b) 26-m antenna



RELATIVE AMPLITUDE, dB

IPRIMARY SIGNAL

-30 T T T T T T T T
i LOCATION 1 T
2 295-GHz
LINEAR
POLARIZATION
=40+ -
MULTIPATH
SOURCES
i o= RELATIVE
©0, SUBREFLECTOR
\ POSITION
-50 |- 3 8lcm]
508cm
6.35cm
0 | Fig 9 Sample recording of path lengths and relative
signal magnitudes of primary and secondary signals fora
64-m antenna test setup The instrument records path
4 i 1 1 1 length in units of feet and therefore it is not meaningful to
0 100 200 300 200 500 convert the horizontal scale to metric units.
ABSOLUTE PATH LENGTH, ft
T T T i T | 1
@) {b)
-20 ~ - -
LOCATION 1 LOCATION 2
2,295-GHz 2.295-GHz
LINEAR LINEAR
=] POLARIZATION POLARIZATION
g 0t - :
=
-
a.
% RELATIVE
= SUBREFLECTOR
= POSITION
L
= RELATIVE 3 81cm
or SUBREFLECTOR | 2 54em 1
POSITION
2.54cm
127cm
_50 | 1 L 1 1 i
0 100 200 300 4000 100 200 300 400 500
RELATIVE PATH LENGTH, ft
Fig. 10. Sample recordings of path lengths and signal magnitudes of primary and secondary

signals for a 26-m antenna test setup with the transmit horn located (a) close to side of cone
housing and (b) near the edge of paraboloid To convert horizontal scale to absolute path length
for either plot, subtact the reference path length measurement of 95 ft

59



TDA Progress Report 42-66

September and October 1981

An M-ary Coherent Optical Receiver for the Free-Space
Channel

V A Vilnrotter

Telecommunications Systems Section

The free-space channel 1s an 1deal medium for communicating by means of spatwally
and temporally coherent optical fields Here we derwe the structure of a coherent optical
recewver for M-ary signals assuming Poisson detection statistics. Recewver performance 18
evaluated for an M-ary signal set consisting of orthogonal Walsh-functions under the
assumption of high-intensity symbol counts. The asymptotic performance bound 1s
examined in the hmit as both the dimension of the signal-set and the recewer bandwidth
become arbitranly large and 1t 1s shown that on the average a maxunum of nearly three
bits of information can be encoded onto each recewved photon using the above modula-

tion scheme.

I. Introduction

In recent years, considerable effort has been devoted to the
problem of deep-space communication by means of modulated
optical fields (Refs. 1,2) Due to the imherently high gan of
diffraction-limited optical antennas, optical communication
systems offer the potential for high data-rate communication
over interplanetary distances. However, since optical fields are
susceptible to attenuation and distortion by the terrestral
atmosphere, current efforts have concentrated on communica-
tion systems operating over the free-space channel, which
provides a distortionless medium for the propagation of opti-
cal fields. This type of free-space system could be imple-
mented by placing the optical recetver outside of the terrestrial
atmosphere (1€, 1n Earth orbit) and relaying the received data
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to ground by means of weather-independent RF data-links In
space, the relay receiver observes undistorted optical fields,
and can therefore be designed to take advantage of the spatial
and temporal coherence of the received field In the following
sections, we derive the structure and evaluate the performance
of an optical receiver that coherently combines the receved
field with a locally generated optical field prior to photodetec-
tion, and attempts to retrieve the transmitted data by process-
ing the detector’s response to the combined field. We develop
a mathematical model for the detection process, derive the
structure of a maximum a postertor1 (MAP) decoder and eval-
uate receiwver performance for the case of orthogonal M-ary
signals based on the well-known Walsh functions, a signaling
scheme that allows for considerable simplifications 1n the
subsequent analysis




Il. Coherent Optical Receiver Model

The coherent optical receiver considered here adds a strong,
locally generated field coherently to the recewved optical field
prior to photodetection, as shown 1n Fig 1 The received field
can be modelled as a plane-wave

Up(t) = Upm(t) exp [7 2mvt + ¢, ()] M

where 2nv 15 the radian frequency of the recetved field, Up, 1s
the (real) field amplitude, m(¢) 1s the modulation (Im(?)| < 1),
and ¢,(#) 15 a random phase process associated with the
recerved field. Similarly, we model the local field as

U,(t) = U, exp [ Qmvt + ¢, (1)] @

where now U, 1s an equwvalent (real) local field amplitude
referred to the receiver aperture, and ¢, (¢) 1s again a random
phase process The detector responds to the instantaneous
power of the sum field s(¢) by releasing free electrons from 1ts
active surface If the detector bandwidth 1s sufficiently great,
then for a given modulation function the detector output
process x(f) can be modelled as an inhomogeneous Poisson
process, represented by a sequence of randomly occurring
impulses If the phase of the local field can be made to match
that of the received field (¢ (¢) = ¢, (£)), then the modulation
function m(?) gives nise to an intensity function A(f), where

) = 5 Ap 1s@)

~ 1
= Ap (U +2U, Uym@) AN, +0 (1) (3)

where we have assumed that U; >> Uy. (In Eq (3) n1s the
detector quantum efficiency, & 1s Planck’s constant, v 1s the
frequency of the optical field and A, 1s the area of the collect-
ing aperture ) The count intensity therefore contains a con-
stant term due to the local field and a modulation-dependent
term due to the crossproduct of the local and received fields

Let the duration of each symbol be T seconds, and consider
the time interval [0,T). Assumung an infinite bandwidth detec-
tor, the output process can be represented as a sequence of
randomly occurring impulses. With & such mmpulses occurring
mn [0, T), a particular sample function of the output process
can be represented as

0 , k=0
x(®) = 4)

k
E 8(r-1) , k=1
n=1

Following Snyder (Ref 3) we define the “sample function
density” for this nhomogeneous Poisson process as

T
exp [—f )\(t)dt] , k=0
0

k T
H)\(tn)expl:—f k(t)dt] , k=1
n=1 0

(52)

p(x(1),0<t<T) =

or equivalently

T
p(x(),0<t<T) = exp {—f [A@) - x(t) In M(D)] dt}
0

(5b)

where Eq (5b) follows from the sifting property of delta
functions. Note that for k= 0,x(¢) =01 [0,T), and therefore

(5b) reduces to
T
exp § - f A#)dr
0

as 1n (5a).

lll. Decoding of M-ary Coherent Signals

Consider the case where the transmitter generates one of M
symbols 1n the time interval [0,7) If the ith symbol 1s trans-
metted, the modulation function m,(f) generates the ith
Poisson ntensity A;(¢). Under the maximum a posterion
(MAP) decoding cnterion the decoder selects that symbol
whose probability, conditioned on the received sample func-
tion x(), 1s the greatest Denoting the 1th hypothesis by H,,
thus requires computing Prob (H, {x(z), 0<¢<T) for all1, and
selecting the hypothesis corresponding to the greatest poste-
nior probability. Letting P(#,) denote the a prion probability
of H,, and p(x(¢),0< ¢t <T|H,) denote the conditional sample
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function density, the decoder can equivalently compute
PH) p(x(),0<1< TIH)[p(x(r),0<t<T)

Keeping only hypothesis-dependent terms and taking the
natural log, the decoder evaluates

T A, ()
A = Y,+f x@)1In {1+=2—)ar
A
0 L

(6)
* where

T
Y =lhP(H) - f A, @) at
1]

Based on Eq (6), the MAP decoder for M-ary signals can be
implemented as shown m Fig. 2. Upon observing a particular
sample function of the detector output process x(¢), the
decoder multiplies this output by a set of hypothesis-
dependent loganthmic weighting functions, ntegrates for
T-seconds, adds the appropriate hypothesis-dependent bias
terms and selects the hypothesis corresponding to the largest
resulting value

IV. Receiver Performance

The recewver structure derived 1n the previous section
applies to a general class of M-ary symbols, since no restric-
tions were imposed on the modulating functions (other than
the normalization condition {m(¢)| < 1) However, 1t 1s diffi-
cult to evaluate receiver performance for arbitrary modulation
formats and a prion probabilities The analysis may be greatly
simplified for the case of equilikely orthogonal symbols gen-
erated by modulating functions that assume only a few dis-
crete values. For purposes of analysis, a particularly simple
signal set consists of the set of orthogonal Walsh functions
{wal (1,t)} which are defined and discussed 1n Appendix A
Each function assumes the values *1 m a given T-second
interval (We exclude the zeroth Walsh function wal (0, £) from
the signal set because 1t 1s dissimilar from all other Walsh
elements 1n that 1ts average value 1s not zero, and would
therefore require special treatment in the analysis ) For equi-
likely Walsh symbols we let P(H) = 1/M and m,(t) = wal (1,),
in which case the ith Poisson imtensity function becomes
N@) =2, + A, wal 1,8),1=1,2, ., M Now the decoder
computes only

T A
A= f x(t)In <l+ }\—swal (z,t))dt @)
0

L
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because the additive bias no longer depends on which hypothe-
sts occurred

Since x(f) 1s a sample function of a random process, 1ts
weighted integrals A, are random variables The second char-
acteristic function of these random variables may take on
either of two forms, depending on the relation between the
transmitted symbol and the weighting applied to the detector
output 1f H, 1s true, then let Y, (w) denote the second
charactenistic function of A,, and let ,o(w) denote the second
charactenstic function of A,, £ # 1 In order to determine
¥, (w), we note from the properties of Walsh functions that
x(t) 1s a Poisson process with rate (A, +A,) for a total of 7/2
seconds, during which time a weighting factor of

In(1+ )\S/AL)

1s applied, while for the remaining T'{2 seconds the rate param-
eter and weighting factor become (A; - A;) and

In(1- A /A,)

respectively Since ntervals with different weighting factors
are disjont, integration over these regions yields independent
weighted Poisson random variables Hence, under H, we can
equivalently express A; as

T2 A,
f x*@n {1+ ~Jdt
0 L
T A,
+f xIn{1-—)dat
X
T/2 L

where x*(¢) 1s a Poisson process with intensity (A . T, and
x7(¢) 1s a Poisson process with tensity (\; - A;) The char-
actenistic function for A, under hypothes:s 1 therefore becomes
the product of the characteristic functions corresponding to
each mtegral in (8), hence the second charactenstic function
can be expressed as

®

¥,() = InE fexp GwA )}

o Neplroomn (1422w explyoom [1-<2))- 2
7 A |expliw . pp@in {13
A X
T
+—-2- A [exp(jwln (l +-)\—;)) - exp (]wln (l - T::))]
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A stmular argument can be used to derive ¥,o(w) For this case
the Poisson intensity 1s still defined by the :th Walsh function,
but now the weighting depends on the £th Walsh function,
2+#1 Now A, 1s obtained by integrating x(¢) over four disjomnt
intervals of equal duration dunng which all four possible
combinations of count intensities and weights are assumed

T/4 A
H A, = f x*(¢)In (1 +—s)dt
2 A
0 L
T2 A
+ f () In (1—7\1)dt
T/4 L
3T/4 A
+ f x~(t)In (1 +—’—)dt
A
TR L

T A
+ f x()n|1- —i) dt (10)
A
3T/4 L
In this case ¥, reduces to
A
i —s
Vplw) = 2 |:exp (]w In (1 + , ))
7\5‘
texp|jwln |1 -=—]) -2 (11)
AL

In typical applications, the total power of the local field 1s
great enough to generate a high ntensity process at the
detector output Expanding the exponentials i (9) and (11)
and letting the intensity due to the local field become
arbitranly large (A; = °°) we obtamn the limiting forms

2
Jw(ZK ) = 5 (4K))
S (12a)

(w)

2
TSI - 5 GR) ()

where we define K| as the average symbol count that would be
generated by the received field if 1t were direct-detected by the
same receiver-

K A TU}

s~

Equation (12a) 1s recogmzed as the second charactenstic
function of a Gaussian random variable with mean value (4K,)
and varniance (4K,), while (12b) corresponds to a Gaussian
random variable with zero mean and vanance (4K). It follows
that as the average intensity \; becomes suitably great, the
random vanables A, may be approximated by Gaussian ran-
dom vanables with mean and variance as defined above

The probability of correct decoding can be found by
computing the probability that given H,, A, exceeds all other
Ag, £ # 1 Making use of the Gaussian approximation, the
probability of correct decoding, P(C), can be expressed as

o 2
—(x - 4K )/2(4K
p(o=f deg O 2OR)

V2r@K)
e

-y Y2k |1
21 @K ) {13)

while the symbol error probability becomes P(E) = 1 - P(C)
Equation (13) 1s well known in the context of M-ary
orthogonal signal detection in additive Gaussian noise, a
simulanty that stems from the Gaussian approximation made
mn Eq (12) Assuming a photodetector quantum efficiency of
one (= 1), 1t 1s convenient to define the “photon information
rate” as p & (log, Il/f)/Ks, which can be interpreted as the aver-
age information 1n bits encoded onto each detected photon
(Ref.4) Since each symbol gives mse to (M/2)/(M-1) bt
errors, the average bit error probability Pz(E) can be expressed
as

Pp(E) =(;4Mf—21){1-fmdzi}‘; X

2 Tog, M )] o - 1)}
P (14)

[1 -%Erfc (z +

where we recogmzed the relation between the bracketed term
mn (13) and the complementary error function. Equation (14)
has been tabulated extenswvely in the literature (Refs 5, 6)
Figure 3 shows graphs of the average bit-error probability
Pg(E) as a function of p for increasing M, obtamed from the
tabulated values in (Ref 6). Note that photon information

63



rates of roughly 1 bit per photon can be achieved 1n the range
of bit error probabilities of interest (Pg(E) <10-3) with sig-
nal sets of moderate dimension (25 <M < 210) The limiting
behavior of Pgz(E) as the number of transmutted symbols
becomes arbitranly large can be obtamed from the correspond-
mng results denived for additive Gaussian noise by a simple
transformation of vanables (Refs 5, 6)

1 2
= =<In2
> p<n

lim P, (E) =

(=

2
=>In2 15
oo n (15)

It follows that arbitranily low bit error probabilities can be
achieved as M approaches infinmity, as long as the inequality
p < 2/ln 2 = 2 89 bits/photon 1s satisfied This implies that
when operating with wideband, high quantum-efficiency
photodetectors, the M-ary coherent optical system descnibed
above can theoretically transfer several bits of information
per recewved photon on the average (depending on the required
bit error probability), but the limiting value of 2 89 bats/
photon cannot be exceeded, regardless of system complexity

V. Conclusions

A coherent optical receiver model for M-ary orthogonal
signals has been examined. The structure of the MAP decoder
designed for arbitrary signals was developed, and receiver
performance evaluated for the special case of M-ary orthogonal
signals dertved from Walsh functions This specialization en-
abled the development of a mathematically nigorous solution
for recewver performance in the hmmting case of high intensity
detection, where a Gaussian-approximation could be invoked
It should be emphasized, however, that these results also apply
to a more general class of orthogonal signals, as long as the
Gausstan approximation for the test random vanables {A,} can
be justified Recewer performance was evaluated in terms of
the “photon information rate” p, which 1s a measure of the
average mnformation that can be encoded onto each detected
photon. The equivalent bit error probability depends both on
p and on the signal-set dimenstion M It was found that reliable
communication could not be achieved at photon information
rates exceeding 2 89 bits/photon However, reliable communi-
cation at photon information rates exceeding one bit per
photon appears feasible with M-ary coherent optical systems
employing high quantum-efficiency, wideband photodetectors,
if neghgibly small optical phase error can be mamtained. The
effects of phase error and of other external disturbances (such
as background radiation) on the performance of M-ary coher-
ent optical recewvers remains to be examined 1n future studies
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Appendix A
Properties of Walsh Functions

An extenstve discussion of the properties of Walsh func-
tions can be found in Ref 7. For our interest here, 1t 1s
convenient to define the Walsh functions wal (i,t) over the
mterval [0, T), indexed by : The Walsh functions can be
generated by the equation

wal 2m+p, t) = (-1)lm/21+p {wal (m,20

+(-1)"*P wal (m ,2 (t - %))} (A-1)

p=0o0r1,m=0,1.2,

where

1,0<s<T
wal (0,1) = { (A-2)
0, elsewhere
In Eq (A-1) [m/2] means “greatest integer less than or equal
to m/2” As an example, let us generate wal (1,7) Ths re-
quures settingm =0, p =1 Hence

wal (1 ,1) = (—1){wal 0,20~ wal (0 ,2 (t -—g—))} (A3)
All subsequent elements are obtained from previous elements
by applying scaling, shifting and sign reversal operations

The product of two Walsh functions 1s another Walsh
functton.

wal (1, Hwal (2, H=wal (16 4,1 (A4)

where © stands for modulo 2 addition of the indices
expressed n binary form. Note that the product of a Walsh
function with 1tself always yields wal (0, 1).

Walsh functions are orthogonal and therefore obey the
relation
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T
%J' wal (1, t)wal (2, ) dt =8 , (A-5)
0

where 6,5 1s the Kroenecker delta. Since each Walsh function
wal (1,£),1 21 15 orthogonal to wal (0,£), 1t follows that

T
f wal 1 ,8)dt =0,1>1 (A-6)
0

Therefore each of these functions assume the values +1 and -1
for exactly half the total duration, or T/2 seconds

Consider any two Walsh functions wal (1,¢) and wal (£,1)
satisfying 2, £ > 1, 1 < 2 We mantam that a pownt-by-point
comparison yields all four possible combinations of +1 and -1
for exactly one quarter of the total duration, or T/4 seconds
This assertion can be proven as follows: the product of any
two Walsh functions 1s another Walsh function, which must
assume the values +1 and -1 for equal lengths of time 1n order
to satisfy (A-6) The two Walsh components of the product
must therefore agree 1n sign for T/2 seconds (to generate +1 1n
the product) and disagree 1n sign for 7/2 seconds (to generate
-1 1n the product). Let d,, denote the total duration over
which both component Walsh functions agree in sign and are
positive, d__ denote the duration over which they agree in sign
and are negative, and likewise d_, and d,_ denote durations
over which the component functions disagree in sign (Let the
first sign 1n the subscnipt refer to the Walsh function with the
lower index, 1.) Clearly, d,, +d__=d,_+d_, =T/2 n order
for the product to satisfy (A-6). It remains to be shown that

d,,=d_=d,_=d_, =T/4

++ - +

(A7)

Let d,, = d__+ A for some A. Then 1t must be true that
d_,=d,_+ A order for wal (1,7 to satisfy (A-6), but we
must also have d,_ =d_, + A since wal (£, £) must also satisfy
(A-6). Hence A=0,and d,, =d__. A parallel argument shows

thatd_, =d,_,and Eq (A-7) follows
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Thermal gradients on large DSN antennas may cause small structural deflections which
affect the RF gain, These deflections may become very important at the high frequencies
encountered in the Ka band, This report discusses an experimental test method employ-
ing an wmaging wnfrared radiometer, which pronuses to yield accurate thermal data for
these large antennas in a timely and convenient manner. The ultimate goal 18 to use the
data n structural analysis codes to determine the effects on dish deflection and RF per-
formance Basic radiometric theory 1s presented, along with a description of the test
apparatus and current experimental test procedures A sample set of antenna rib temper-
atures using the developed methodology 1s also presented.

I. Introduction

Changes m length of nb elements on DSN antennas may
cause the surface shapes to change enough to affect the RF
gamn This 1s especally true if the antenna 1s to be used in the
Ka band A change in surface shape by as little as 1/50 of the
wavelength (02 mm) will affect the gain Complex shadow
and illumination patterns resulting whenever the antenna does
not track the sun may cause local nb temperature vanations,
which may m tum mduce member strains These complex
thermal patterns are further affected by the transient tracking
path, daily and seasonal weather conditions, and antenna
geometry +This report describes an infrared radiometric tech-
nique for measunng antenna nb structure temperatures with-

out attaching thermometers or thermocouples to the nbs The
data will subsequently be used as input to structural analysis
codes to determine antenna surface deflections

Several years ago an attempt was made to measure thermal
gradients within the nb structure by attaching many thermo-
couples at the joint points and midway along the b members.
Data obtained from these measurements were inconsistent and
data reduction was abandoned.

The present method employs a real-time infrared radiom-
eter operated 1n the near infrared region to view the thermal
emussions from the nbs. The IR signal 1s recorded on a
standard wvideo tape recorder, allowing a large quantity of data
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to be obtamned in a short period of time, and subsequent
off-line data reduction. The advantages of this method are that
thermal changes dunng the data taking period are held to a
mimimum, hardware which could mterfere with normal use
need not be attached to the antenna, and data analysis may be
accomplished at a later, more convenient time.

ll. Description of Infrared Radiometry

This section presents some of the background required for
an understanding of the basic infrared radio metric method
This background includes a brief discussion of the funda-
mentals of radiation heat transfer, general principles of
radiometer operation, and some of the factors which affect
mstrument accuracy

A. Fundamentals of Radiation Heat Transfer

All objects whose temperatures are above absolute zero
emit energy by the mechanism of radiation This energy may
be considered as being emutted 1n discrete packets sometimes
called photons Each photon also has an associated wave-
length A “black body” 1s defined as an object which emuts the
maximum possible theoretical energy over all wavelengths The
spectral radiant emuttance 1s defined as the theoretical maxi-
mum energy flux which may be emutted at any wavelength A
by a black body at temperature T. The expression for the
spectral radiant emittance 1s

3.75 X 10712 W

AS (el 938AT _ 1) cm?.um

Spectral Radiant _
Emuttance e

)

where

A = wavelength in cm

T = temperature in K

Figure 1 graphically displays the spectral radiant enuttance
as a function of wavelength for black bodies of various
temperatures. For many practical purposes, the sun may be
considered a black body radiating at approximately 6000 K
As may be seen, the wavelength of maximum energy emission
1s approximately 0.5 um, conveniently well within the narrow
wavelength band to which our eyes are sensitive (the visible
portion of the electromagnetic spectrum ranges from about
04 um, to 0.7 um) Cooler black objects emt less energy tn
the visible portion of the spectrum In fact, as black body
temperature decreases, the wavelength of peak energy ermussion
increases As seen 1n Fig 1, black objects at room temperature
emit nearly all their energy between about 4 and 30 um,
peaking at approximately 10 um Our eyes are therefore not
sensitive to the energy emutted by room temperature objects,
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rather, they may be seen only by virtue of shorter wavelength
energy (as for example, from the sun or artificial ight sources)
reflected from the surface. Infrared radiometers are generally
sensitive to energy of wavelengths longer than 07 um (infra-
red, or beyond the red, wavelengths).

As will be discussed shortly, the infrared radiometer used 1n
the present study belongs to an important class of instruments
which are sensitive not to the total energy emutted, but rather
to the total number of photons striking the detector element.
If we redefine the spectral radiant emittance as the maximum
theoretical photon flux at any value of wavelength, then the
following expression may be developed

Spectral radiant emittance p = 189 X 107 photons
A (e 43BAT 1) sec-cm?-um
(2)
where
A = wavelength 1n cm
T = temperature in K

Figure 2 1s a plot of this parameter as a function of wavelength
for several black bodies of various temperatures

In practice, black bodies do not exist If emussivity ts
defined as the ratto of actual energy flux (or photon flux)
emussion per umit wavelength to the maximum theoretical
(black body) rate, the emissivity of various surfaces would be
found to depend on the wavelength, surface temperature, and
direction of emission For many real surfaces, the diffuse grey
body approximation 1s made. A grey body 1s assumed to enut
a constant fraction of the maxumum theoretical energy at each
wavelength. Further, the energy emutted by a diffuse grey
body per unit projected surface area 1s assumed independent
of direction. Emissivity defined 1n this way 1s often called the
total hemuspherical emussivity. Frequently, thermal analysis
requires the dual grey body approximation, where two values
of hemusphenical (average) emussivity are used, one value for
shorter wavelengths where the solar energy and photon
emussion peaks (<~4 um) and one value for longer wave-
lengths, where nearly all the energy and photon emussion from
room temperature objects occur (> ~4 um) The former
quantity 1s usually referred to as the solar absorptivity (c),
and the latter simply as the emussivity (€)

Energy and photons mcident upon a surface may be
absorbed, reflected, or transmitted through the surface. In
general, each of these quantities 15 a function of wavelength,
2rface temperature, and directton It may be shown that
the steady state, the directional, spectral emussivity of a




surface at temperature T equals the directional, spectral
absorptivity of that surface. This 1s known as Kirchoff’s Law
If the following definitions are made

a = absorptivity = total fraction of mcident energy
absorbed

p = reflecivity = total fraction of incident energy
reflected

1 = transmussivity = total fraction of incident energy

transmitted through,

then 1t may be seen that
otpt+tr =1 3)
If the surface 1s opaque to all radiation, then
atp=1 “)

If Eq (1), the spectral radiant emuttance for a black body, 1s
integrated over all wavelengths, then the total energy flux
(called the black body emussive power, e, , ) 15

e,, = oT* (%)

bb
where ¢ 1s the Stefan-Boltzmann constant For a real room

temperature body assumed to be diffuse having a total hemu-
spherical emussivity €, the emussive power 1s

e = eoaT? ©)

Thus the total energy leaving a surface per umt time and
surface area 1s defined as the radiosity R, as

(incident energy) X )

R = eoT* +
unit-time-area

Kirchoff’s law 1 conjunction with Eq (4) for an opaque
surface tndicates that Eq (7) may be rewritten as

- a , [ incident energy _
R = el umt time-area X (- ®)

A relation simular to Eq. (8) may be derived for the photon
flux radiostty. Equation (8) states that the energy (and
number of photons) leaving a surface 1s composed of two
parts that emutted and that reflected The closer the surface
emussivity to 1.0, the smaller the relative importance of the
reflected ‘component Surfaces of many organic matenals,

including paints, have emussivities tn the 0 8-0.95 range. A
more complete discusston of radiation heat transfer may be
found, for example, 1n Ref. 1

B. Principles of Radiometer Operation

Radiometers may be divided into two general classes those
which sense the energy emtted (plus reflected), called thermal
detectors, and those which detect the total number of photons
emitted (and reflected), or photon detectors. Thermal
detectors may employ the bolometric effect, as do thermistors
and platinum RTD’s, the thermovoltaic effect, (such as
thermocouples and thermopiles), thermopneumatic or pyro-
electric effects. Photon detectors may use the photovoltaic
effect, as do solar cells, the photoconductive effect, or
photoemussive effect.

The infrared radiometer used mn the present analysis 1s a
photon-sensitive device which utilizes the photoconductive
effect The electrical conductivity of this type of detectoris a
strong function of the photon flux Since the detector does
not respond to a change in its temperature, 1ts speed of
response 1s very fast, on the order of usec This type of
detector 1s thus well suited to the rapid scene scanning
necessitated by video compatible scan rates

Single point sensing (nonscanming) and single horizontal
line scanning infrared radiometers exist and are useful mn
certain applications. The most general and useful system 1s of
the two-dimensional imaging type. Typically, photons from
the scene are focused onto the small fixed detector element by
means of rotating mirrors. The solid angle subtended by the
detector 1s called the Instantaneous Field of View (IFOV), and
1s the smallest physical umit mnto which the scene may be
resolved It 1s also referred to as a resolution element. Photons
from the overall scene being viewed, or Field of View (FOV),
are focused sequentially onto the detector, resolution element
by resolution element, until the entire scene has been scanned
After reference to some specified level, pomntwise scene
radiosities are displayed in a suitable manner, usually on a
video monitor. In this format of data presentation, radiosity
levels are usually indicated by local display brghtness, with
higher levels often displayed as brighter regions Other modes
of data presentation avalable with the specific instrument
being used are discussed mn Section I

C. Factors Affecting Accuracy

Modern 1nfrared radiometers infer object temperatures
from radiosity levels observed. As previously discussed, radios-
ity, which 1s the total energy (or photon) flux leaving an
object’s surface, 1s composed of emutted plus reflected
components Only the emutted energy (or photon flux) com-
ponent 1s meaningful in determining object temperature It 1s
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therefore necessary to separate the total radiosity into its
constituents. In addition, infrared radiometer operation n an
environment with absorbing and scattering media between the
target and the instrument can further attenuate the radiosities
measured. Fmally, a large number of instrument-dependent
properties, such as optical distortions, nonlinearity of detector
signal amplification, electronic and radiometric noise, and
detector and electronics transient response affect instrument
accuracy. A bnef discussion of the importance of some of
these factors 1s included here More complete treatments of
this topic may be found in, for example, Refs. 2 and 3

As previously discussed, all nonblack objects reflect some
fraction of the energy incident upon them by other objects
The amount of energy incident upon the target (object whose
temperature 1s to be measured) depends on (1) the tempera-
ture of the surrounding objects, (2) the view that the target
surface has to each of the surrounding objects (or view
factors), (3) diffusivity and speculanty of all surfaces, (4) the
emissivities of all the surrounding surfaces, and (5) the nature
and quantity of all external energy (or photon) flux incident
on all surfaces, 1.e., the incident solar flux. In theory, all of the
above factors must be known before target temperatures may
be established with accuracy. Fortunately, physical test
conditions of the present application, 1 e, radiometrc deter-
munation of thermal gradients on DSN antennas, permmt use
of many simplifymng assumptions which eliminate the need
for much of this detalled mformation. Following 1s a bnef
discusston of the stmplifying assumptions being considered at
this time 1n the final data reduction process.

The nb network compnsing the antenna structure 1s
highly complex and uregular. Any point on any nb member
may have a physical view to several other nb elements, to the
back of the dish surface, to the sky, and to the ground. All of
these affect the incident energy and photon flux onto the
target rib element. For the purpose of this analysis, the target
rb will be assumed to view only the sky and the ground, not
other portions of the antenna This step 1s taken for several
reasons. First, Eq. (8) indicates that the importance of energy
or photons incident from other objects decreases as the target
emusstvity 1n the long nfrared region (> ~4 um) approaches
10. The two types of white paint used on DSN antennas,
Tnangle #6 and Amencoat #99, have emussivities in the
0.85-0.90 range, hence energy (or photons) from all other
sources of approximately the same temperature contribute
only 10-15% to the overall radiosity. Second, 1t 1s assumed
that the view factor from the outward facing target nb
elements to all other surrounding ribs 1s small 1n companson
with the total hemispherical view. It 1s therefore reasonable to
assume that each target nb section views only the sky and the
ground, each approximately equally. For simphcity, the
ground and the sky may each be assumed “black,” (e =~ 1 0)
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and the ground temperature set equal to the ambient air
temperature. Correlations exist (Ref 4) for clear sky effective
temperature. The black body approximations for the sky and
ground mmply totally diffuse surfaces. Simularly, paints of the
type used on the antennas typically are lghly diffuse, and
exhibit very small specular components This assumption will
be tested in the laboratory for the particular paints used. The
use of these simplifications permuts rib temperature determina-
tion without the necessity of complex thermal modeling.

The importance of reflected solar energy in the total
radiosity measured will be 1gnored Outside the earth’s
atmosphere, at a distance of 1 astronomical umt, the actual
measured radiant emuttance of solar radiation matches closely
that of a black body at approximately 6000 K However, the
total energy flux through air mass 1 (the solar intensity
measured with the sun directly overhead) 1s approximately
1000 W/m? Beyond 7 um, only about 0 2% of this energy, or
20 W/m? 1s detected By contrast, a black object at 30°C
emuts approximately 157 W/m? between 7 and 12 um The
diffusely reflected solar component from a target with an
emussivity of 0.9 1s thus less than 1 0% of the emitted energy
in this wavelength band. For this reason, a spectral filter which
prolubits energy and photons below 7 um from passing will be
used 1n conjunction with the infrared radiometer in future
tests

Transmussion of energy through the earth’s atmosphere 1s
another factor affecting accuracy of radiometric measure-
ments. In general, the mechanisms of absorption and scattering
attenuate energy within the earth’s atmosphere. The phenom-
enon of scattering causes collimated energy to be scattered
diffusely. Effects of molecular scattering are negligible in the
atmosphere for energy above about 2 um, whereas scattering
from clouds, aerosols, and hazes 1s not and must be considered
when they intervene between the radiometer and the target

Absorption 15 highly significant in attenuating energy or
photon fluxes in the earth’s atmosphere In the phenomenon
of molecular and gaseous absorption, energy 1s absorbed and
reemutted at the molecule or gas temperature. In the lower
atmosphere, water vapor, carbon dioxide, ozone, and methane
are the primary constituents causing significant energy attenu-
ation. The extent of spectral attenuation 1s hughly dependent
on such factors as the local concentrations of these compo-
nents, hurmidity, pressure, target to radiometer distance, and
altitude While spectral transmussion through the earth’s
atmosphere 1s highly nonuniform and vanable, it 1s generally
restricted to the 3 5-5 0 um and the 8 0-14 um bands within
the 2-20 pm thermal energy wavelength region. Typical atmo-
spheric spectral transmussion curves as a function of many of
the parameters mentioned are presented in Ref. 2.



Additional factors affecting the accuracy of radiometnc
temperature determination wmnvolve mstrument specific operat-
g charactenstics. These factors include the specific detec-
tvity of the detector, which 1s basically the detector output
signal-to-noise ratio at 1 watt of monochromatic mput power,
the responsivity, which 1s the detector gamn per watt of input
energy, amplfier lineanty, electronic noise, optical aberra-
tions, internal reference level stability with time, and the
relationship between target size, scene scan rate, and overall
system response Thorough explanation of these and other
factors 15 beyond the scope of the present report, and so will
not be treated here References 2 and 3, for example, provide
adequate coverage of these topics Only the first and last of
the above factors will be very briefly discussed here, due to
their particular importance 1n the present application.

The specific detectivity D* depends principally on the
spectral sensitivity of the detector material, and 1s thus
basically a matenal property. The specific detectivity of a
system may be enhanced by detector operation at cryogenic
temperatures Many modern radiometers thus employ liquid
nitrogen cooled detectors. The specific detectivity 1s an
important consideration when choosing the optimal detector
element for a particular application Generally, the highest
values of D* are desirable at the wavelengths where most of
the target energy (or photons) 1s emutted Figures 1 and 2
indicate that objects around room temperature (such as in the
present application) emut the most energy at the longer
wavelengths, so that the detector D¥ should be optimized 1n
this region for the present application.

Target size 15 also a very important consideration i infrared
radiometry. As discussed, the imnstantaneous field of view
(IFOV), or resolution element, 1s the smallest size target which
may be resolved. However, due to overall instrument response
time, a step change 1n target temperature takes a finite amount
of time to be accurately indicated on the display. Since the
IFOV 1s constantly moving 1n a scanning system, this translates
mto a finite distance from the start of a umiform temperature
region. At video scan rates, a general rule of thumb 1s that
uniform temperature targets should occupy at least 4-5 IFOV’s
for accurate temperature indication.

D. Minimum Resolvable Temperature Difference—
An Accuracy Criterion

The mumimum resolvable temperature difference (MRTD) 1s
a commonly used accuracy parameter for infrared radiometers
This criterion uses four bar targets of fixed aspect ratio, but
vanable widths. In the MRTD test, the black target foreground
and background are maintained at fixed and well-known
temperature differences. The MRTD at any given target size
(expressed 1n terms of bar cycles/milliradian of scene) 1s the
mummum AT between target foreground and background at

which observers can distinguish the pattern through the
electronic and radiometric noise. The MRTD 1s thus a curve
which asymptotically approaches a single AT value. It 15 a
useful tool 1n comparison of radiometric systems

lll. Description of the Infrared Camera Used

The nfrared camera used 1s an Inframetrics Model 525
two-dimensional scanning radiometer. It uses a liquid-nitrogen-
cooled HgCdTe detector element which 1s designed to be
sensitive primarily to radiation in the 8-12 um wavelength
band The system can measure temperatures over the range of
-20 to +1300°C, with a mummum resolvable temperature
difference (MRTD) of 0 1°C for a black 30°C target which 1s
at least 5 IFOV’s in size. Thermal images are presented in
real-ttme on a television monitor, with regions of higher
radiosity nomunally appearing brighter. System output 1s
compatible with RS-330 video, enabling real-time recording of
thermal imagery on a conventional video tape recorder
Subsequent quantification of the thermal data may be
performed off line by replaying the video tape through a
colonzing system which artificially assigns false colors to a
maximum of six radiosity intensity bands. The same colonzing
system may alternately be used in a black and white mode to
artificially highlight all regions of the scene displaying the
same selectable value of radiosity. It 1s this mode which
permits most convenient scene temperature compansons with
a known reference. Further discussions of data analysis
procedures are contained in Section IV.

The basic infrared radiometer without magmification optics
has an imstantaneous field of view (IFOV) of 2 0 mr, and an
overall field of view (FOV) of 14 X 18°. Guidehnes discussed
m Section II indicate that the smallest target for which
temperatures may be accurately determined occupy 5 IFOV’s.
Without optical magnification, this corresponds to a minimum
target of 180 mches at a nomunal radiometer-to-antenna
distance of 150 feet. A 10X magmfying telescope attachment
1s therefore used m the present application This accessory
narrows the overall FOV to 14 X 18°, while reducing the
IFOV to 02 mr. This causes a subsequent reduction 1n
minimum  target size to 18 inches at 150 feet, enabling
accurate thermal resolution of the 2- to 3-inch-wide structural
members. The 10X telescope has an 8-nch aperture, and uses
both refractive and reflective optics. Descriptions of additional
related equipment used 1n the thermal tests are provided mn
Section IV.

IV. Thermal Test Methodology
A. Initial Test Method

Throughout 1980 and 1981, a low level effort was
conducted at the Goldstone DSCC to determine the feasibility
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of infrared radiometry to yield meaningful antenna tempera-
tures for subsequent use 1n structural analysis codes Ground-
based observations were made imtially with the standard
optics, and later, with a 3-power magmfier lens These
attempts proved fruitless, because the sizes of typical struc-
tural members on the Venus antenna (DSS 13) are too small
for accurate thermal resolution from a distance of 150 feet,
necessary for adequate ground-based spatial coverage As
discussed 1n Section II, a mimmum of 5 IFOV’s, or resolution
elements, are required for accurate instrument response to a
uniform temperature target Further, the complex rb struc-
ture on the antenna made positive member 1dentificatton with
only the infrared image very difficult. Figure 3 1s a wide angle
picture, taken with a standard video camera, of the 32-m DSS
13 It ilustrates the complexity of the nb structure The
subreflector and quadrupod legs may be seen through the
perforated dish surface. These problems are magnified with the
64-m Mars antenna (DSS 14)

The next approach involved infrared inspection of struc-
tural members while based in a movable aenal work platform
(a large cherry picker). Using this techmique, the infrared
instrument, operator, and platform operator conducted all
operations from the cherry picker bucket, which was con-
stantly maneuvered to within approximately 6 feet of the
antenna structural members. This method yielded positive
element 1dentification and reasonable size views of much of
the antenna. Figure 4 1s an infrared image of a structural
member taken from the cherry picker This figure ilustrates
the 1so-radiosity enhancement mode discussed m Section III.

The aenal survey techmque included several serious draw-
backs, however. Great care was required in platform maneuver-
ing around the complex antenna structure, particularly during
periods of antenna tracking The requsite care i platform
placement limited the speed of the overall data collection
procedure to approximately one relatively complete thermal
map every 3-4 hours Contributing to the length was the
requirement of moving the truck-based cherry picker to several
positions around the antenna to obtain adequate coverage
Possible errors were introduced into the data gathered by this
method by several factors. First, ambient conditions (i e., air
temperature, wind velocity, direction) could change appre-
clably over the several-hour test duration. Thus, initial data
points could be taken under different condittons than those
recorded near the test conclusion. Secondly, radiometer
mstrument internal reference level temperature may not have
remained constant throughout the test Typically, an external
base level was established approximately once per hour by
viewing a controlled black body reference source placed on the
antenna. This may be madequate and of questionable vahdity
given the level of accuracy requrred.
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B. Present Data Collection Method

The current test procedure agamn utilizes the infrared
radiometer 1n a ground-based mode, but with a 10X magmfier
lens. An adequate view of most of the antenna structure may
be obtamned from one, and at most two, fixed positions
approximately 150 feet belund the antenna The 10X tele-
scope attachment, which 1s an off-the-shelf radiometer acces-
sory, reduces the resolution element size to approximately
02 mr, so that a 24nch-wide structural member occupies
approximately 55 resolution elements, which will yield
acceptable accuracy. Figure 5 1s an infrared image of nb
elements taken with the 10X telescope attachment from the
ground It 1s approximately the area indicated 1n the rectangle
on Fig.3 Additional magnification 1s possible by using the
radiometer 2 1 electronic zoom. One drawback to the present
system 1s that the extremely narrow total field of view of
approximately 1.4 X 1 8° makes structural rib element 1dent-
fication extremely difficult with the mnfrared radiometer alone
For this reason, the present test procedure uttlizes a standard
video camera with a high magmfication zoom lens hard-
mounted to the same remotely controlled pan/tilt head as the
mnfrared radiometer so that both systems may view approxi-
mately the same scene Positive nb element 1dentification 1s
then established with the wvideo image. Figure 6 1s a photo-
graph of this test assembly. The larger, black telescope
attachment (seen on the left in Fig 6) 1s the 10X nfrared lens
Using this procedure, a relatively complete data set may be
accumulated within approximately 15 munutes It 1s felt that
changes 1n ambient conditions and radiometer reference levels
are acceptably small during this period.

Radiometer calibration 1s an important consideration 1n the
present application It 15 necessary to establish a known
reference level against which nb radiosities may be measured.
It 1s also necessary to accurately determine radiosity attenua-
tion due to such factors as telescope optical transmussivity and
spectral atmospheric absorption under the local, instantaneous
conditions. Imtial tests of the present method, described in
section V, utilized a long, thick-wall aluminum tube, closed at
one end, with a 2-1/2-inch-diameter aperture at the other end
The interior was painted with a flat black paint, and the
exterior was heavily msulated. It was estimated that cavity
emussivity was approximately 0.98, based on Ref.3. Two
thermocouples embedded 1n the closed end cap indicated the
temperature. This “homemade,” uncontrolled reference source
was placed at the base of the antenna structure and viewed
through the same optics from the same distance as the antenna
structural members The test procedure called for establish-
ment of a reference level before the actual data collection The
radiometer sensitivity was adjusted so that temperature differ-
ences of approximately 16°C on “black” objects at around
room temperature without the telescope attachment would



cause the display of radiosity on the video monitor to vary
from saturated black to saturated white, with 64 discrete grey
levels 1n between After the reference device reached a stable
temperature (near ambient), a single reference level was
established and recorded on videotape The mnstrument was
then used to measure and record on videotape radiosities of
the antenna structural members. The base reference level was
again checked after the data collection.

Calibration procedures 1n future tests will probably utilize a
controlled black temperature reference source Accuracy will
be improved 1f a complete calibration curve, defimng observed
radiosity versus source temperature, 1s obtamned under 1denti-
cal operating conditions. Simplifying assumptions discussed n
section II will then be used to estimate the true emutted
energy, and hence, actual nb temperatures

V. Preliminary Results

An imtial feasibility test was performed at the DSS 13 site
on 7/30/81 utiizing the ground-based infrared inspection
procedure outhned in section IV The antenna was forced to
track the anticipated sun position with a four-hour lead The
purpose was to attempt to keep approximately the same solar
msolation and shadow pattern on the antenna and nb
structure, while at the same time mducing a severe thermal
gradient condition. As a result of the tracking offset, approxi-
mately 1/3 of the dish surface was directly illuminated, and
the rest shadowed. A significant portion of the nb structure
was also 1n the sun.

Figures 7 and 8 represent an 1sothermal map of DSS 13 nb
structure under the test conditions indicated Figure 7 indi-
cates the temperatures on the rib elements directly beneath
the dish surface, Fig 8 indicates lower nb elements. Only
about 1/2 to 2/3 of the antenna nb structure could be
measured from the single IR camera ground position Thermal
data displayed are preliminary, and have not yet been fully
reduced according to the assumptions and procedures outlined
in Sectton II. Future tests will utiize more exact data
reduction techniques, and may be taken from multiple ground
positions to provide more complete spatial coverage (f
required)

. The entire surface of the antenna at DSS 13 1s painted with
a thermally diffuse white paint made by dissolving titanitum

oxide, zinc oxide, and diatomaceous silica in a modified
polyester. The paint 15 white 1n the visible, so that 1t reflects
most solar energy, but has a high emissivity m the longer
mfrared wavelengths The mb structure below the antenna
surface 1s also covered with this paint However, there 1s a red
painted band around the extreme outer nm of the antenna,
and a much higher temperature at this edge was observed due
to the increased solar absorptance of the red color. An
unpainted steel platform was added below the nb structure,
and a 5-10°C difference between the painted and unpainted
surface was observed

Figures 7 and 8 indicate maximum nb thermal gradients on
the order of 6°C under the instantaneous ambient conditions
The data will be used 1n a structural computer code n an
attempt to calculate thermally induced antenna surface deflec-
tions and resulting RF gain losses Additional directions of the
thermal test program are discussed 1n section VI

VI. Conclusions and Future Work

Experience gathered to date with the mfrared camera
indicates that the radiometric technique may be used to
provide accurate thermal gradient data about the large and
complex antenna structures Additional refinements to the
overall test procedure are expected to further reduce the effort
and cost of future analyses.

Current plans call for additional thermal analyses of the
32-m-diameter Venus antenna (DSS 13) while employing
several different antenna solar tracking modes mn the attempt
to deterrune worst possible case thermal gradients The
relative speed of the method should enable thermal transient
investigation over the course of a day. It 1s also planned to
study the effects on thermal gradients under several environ-
mental conditions throughout the year. Where possible, other
antennas of varying sizes within the DSCC will be studied
experimentally, and attempts will be made to correlate
antenna size/complexity with observed thermal gradients The
study may also be extended to cover other portions of the
antennas, such as the subreflector, quadrupod legs, etc
Structural/thermal analysis 1interface requirements will be
defined to permut convenient use of thermal gradient data in a
timely manner.
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Fig 7. Isothermal rib temperature map of DSS 13, for rib joints immediately beneath dish surface
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Fig. 8. Isothermal rib temperature map of DSS 13, for lower rib joints
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A narrow-beam X-band (8 448 GHz) radiometer has been designed, constructed, and
tested at JPL This radiometer will be operated at the Goldstone Deep Space Station
(DSS 13) Continuous cahbration 1s obtained by switching the recewer sequentially
among the hot termunation, ambient ternunation and antenna positions The measured
antenna noise temperatures (10-second total integration time) have a standard deviation
of about 04 K, which 1s in good agreement with theory It is felt that radiometer per-
formance 1s satisfactory for the purpose of making atmospheric noise temperature

measurements

I. Introduction

A narrow-beam X-band (8 448 GHz) radiometer has been
designed, constructed, and tested at JPL. This radiometer will
be mstalled and operated at the Goldstone Venus Deep Space
Station (DSS 13) for the purpose of making atmospheric
microwave noise temperature measurements The radiometer
mput 1s automatically switched among a hot termination, am-
bient termination, and the antenna This system will augment
the wide-beam X-band measurements of atmosphernic noise
temperature also made at DSS 13 (Refs 1 and 2) These mea-
surements are used to generate statistics of noise temperature
increase above baseline values for use mn Deep Space Network
communication-link design tables This report describes the
radiometer and gives an example of performance based on
preliminary JPL test data

Il. Radiometer Description

The antenna used for the narrow-beam system 1s a 6-foot-
diameter (1 8-meter) dish with a focal-point feed (Fig 1)
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This antenna will have a beamwidth of 1 4 degrees, the exist-
mg wide-beam system has a beamwidth of 15 degrees A metal
shroud, hned with absorbing maternal, surrounds the aperture
of the dish. This addition 1s purported to give both low side-
lobes and to munimize any changes in system noise tempera-
ture due to scattering and spillover effects Antennas of the
type described here are used commercially 1n horizontal line-
of-sight applications, and the shroud may or may not be an
advantage 1n the DSS 13 application where the antenna nearly
always points upward at an elevation angle of 30 degrees or
more Antenna pattern and noise temperature tests will be
made both with and without the shroud installed on the
antenna

The radiometer electronics package 1s mounted on the back
of the antenna structure (Fig 2), which 1tself 1s mounted on
an elevatton over azimuth positioner Figure 3 shows the block
diagram of the radiometer This radiometer 1s continuously
calibrated by switching the recewver sequentially among the
hot termination, ambient termunation, and antenna positrons
The recewer consists of an 8 448 GHz mixer and a 10-100




MHz IF amplifier with appropriate gain to mnterface with the
square-law detector (Refs 3-5)

lll. Radiometer Calibration

The programmer (Fig 3) controls the switching sequence
and continuously calculates the antenna noise temperature
This calculation utilizes the output of the square-law detector
and the appropriate termination physical temperatures An-
tenna noise temperature 1s computed from

T -T
_ HOT ™ * AMB
Ty = Tyyp - (V -V )(VAMB “Vanr) )
HOT ~ " AMB
where
T, yp = rediometric nowe temperature of ambient ter-
mination, K
Ty or = radiometric nowse temperature of hot termina-
tion, K
Viyor = detector output when switched to the hot ter-
mination, V
V,up = detector output when switched to the ambient
termination, V
V nr = detector output when switched to the antenna, V

The radiometer gan, (Tyo = Tyas ) Vuor = Vaus)XIV,
1s continuously monitored to assess radtometer performance
The physical temperature of the hot termination s not gener-
ally its radiometric noise temperature The radiometric noise
temperature of the ambient termination 1s equal to 1ts physical
temperature 1f all lossy elements of the termination and associ-
ated waveguide are at the same physical temperature The cor-
rection for the hot termination 1s found by means of tipping
curve measurements Ty, 1 Eq (1) 1s adjusted to correct
the antenna temperatures as determined at various elevation
angles

IV. Radiometer Analysis

The resolution (16) of a radiometer measurement 1s ob-
tained from Eq (1)

where

Q
4

total power radiometer resolution when

ATP switched to the antenna, K

_ Topa
v Br
g = total power radiometer resolution when

T
HOTTP  gyitched to the hot termimation, K
T

opHOT
VBT

o = total power radiometer resolution when
T smB,TP
’ switched to the ambient termination, K

Top,AMB

v Br

T UNT = antenna noise temperature, K,

and

Top = total system noise temperature on any signal
source, K

B = IF bandwidth, Hz

-~
n

measurement integration time, sec

Substituting the above (and using T, pr = 10K, Typn =
310K, Tyor = 425 K, 7 = 10 sec, and B = 10 MHz) mto Eq.
(2) results 1n a theoretical antenna noise temperature measure-
ment resolution (o7, ) of approximately 0 4 K.

V. Radiometer Performance

Atmospheric noise temperature tipping curves have been
performed during radiometer tests at JPL. The data taken on
September 21, 1981 are reported here The sky was clear, the
ground relative humidity was 55% and the ground tempera-
ture was 32°C The tipping curves were performed by moving
the antenna between zemth and 30° elevation

The radiometer was switched to each terrmnation position
for approximmately 10 secs The calibration sequence takes
240 secs These data are shown 1n Fig 4

2 2
. = \/(a )2 N Tams = Tanr (a )2 N ( Thor = Tant 5 2
TA TA,TP THOT - TAMB THOT, TP THOT - TAMB TAMB,TP

@
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The standard deviation of the antenna noise temperature
measurernents at zemth 1s approximately 0 4 K, which agrees
closely with theory The separately averaged temperatures
(=20 min) at zen1th agree with each other within 0 2 K, which
15 reasonable for this data since the atmosphere 1tself may have
changed dunng the two-hour test period It 1s felt that radiom-
eter performance 1s satisfactory

An analysis of Fig 4 indicates several calibration problems
which need to be solved. First, the zenith antenna temperature
values average around 1 6 kelvins Thus 1s clearly 1n error, since
the cosmic background contribution 1s 2 7 kelvins and a gener-
ally accepted clear sky atmospheric contribution 1s about 2 5
to 28 kelvins, for a total of approximately 55 kelvins

Ground and waveguide contrnibutions may add another 5 kel-
vins for a mmmmmum total expected antenna temperature of
about 10 kelvins Thus error 1s clearly due to the use of the hot
termmation physical temperature imstead of a calibrated
radiometric noise temperature, and an unmodelled ground and
waveguide contribution A clue to ground contribution 1s seen
from the approximately 3 3-kelvin differences between zenith
and 30-degree noise temperatures Since the atmospheric path
length ncreases by one atmosphere (from 1 to 2 atmospheres)
i the tipping curve method, a 2 5- to 2 8-kelvin noise tem-
perature would be expected The excess noise temperature 1s
probably due to increasing ground contribution and will be
modelled to obtain a total radiometer calibration. The correc-
tions will be incorporated into Eq (1)
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Design of a 1.5-m, 32-GHz, Clear Aperture Antenna

A Cha
Radio Frequency and Microwave Subsystems Section

Present DSN ground station antennas are of the symmetric dual-reflector type In the
last few years, an investigation has been made of alternatwve ground station antenna
designs which have a clear aperture (no subreflector or strut blockage) and shaped re-
flector surfaces In FY82, a 1 5-m, 32-GHz clear aperture antenna model will be built for
expenimental studies This article descnibes the underlying considerations leading to the
determination of the parameters defining the model antenna geometry Detailed analysis
of the model electrical characteristics will be reported at a later time

l. Introduction -

Present DSN ground station antennas are of the symmetnc
Cassegraiman dual reflector type In the last few years, an
mvestigation has been made of alternative ground station
antenna designs which have a clear aperture (no subreflector
nor strut blockage) and shaped reflector surfaces The new
configurations are shown to have a potential 2 to 3dB G/T
(gamn/no1se temperature ratio) performance enhancement com-
pared to the present symmetnc reflector stations (Ref 1)
Figure 1 affords a schematic illustration of the new antenna
under study along with a conventional Cassegrain

Significant advances in the synthesis, analysis and perfor-
mance optimzation of this new type of antenna have been
accomplished since the investigation was mmtiated in 1978
Parallel studies on the structural design of asymmetrical
reflectors were undertaken 1n the same period With this much
theoretical development, a new task to design, fabricate and
test a 15-m clear aperture antenna model was started 1n
FY81 The goal 1s to provide expenmental vernfication of the
predicted supenior performance of the new antenna design

This article descnibes the underlying considerations leading
to the determination of the parameters defining the antenna
geometry We will start by describing briefly the reflector
synthesis and analysis techniques used 1n the design process

Il. Optical Synthesis of the Offset Dual
Shaped Reflector—the First Design
Iteration

An approximate synthesis of the offset dual-shaped reflector
problem based on ray optics laws was developed in 1979
(Refs 2, 3) The geometry of the problem 1s shown in Fig 2
In an exact synthesis, main and subreflector surfaces which
convert a sphenical wave emanating from the feed to a planar
wave with prescribed amplitude and phase distribution mn the
mam reflector aperture are generated In our approximate
approach, the output reflector aperture amplitude distribution
has a small deviation from the prescribed distnibution although
the aperture phase distnbution always follows the prescribed
one exactly (generally a uniform phase distribution 1s desired)

87



There are a number of input parameters n the synthesis
theory, Z,, Ry, ppr, A, Q and 8y, as shown in Fig 2 These
parameters provide the flexibility to determine a preliminary
configuration with desirable main-to-subreflector-diameter
ratio and relative dislocations between the feed, the subre-
flector and the main reflector In this 1teration, additional
input parameters p, O, n (see following) are held to con-
stant values

The parameter # 1s used 1n the synthesis to specify a tapered
mnput feed llurmnation of the form

I1(6) = cos™ 19 )}

In practice, the value n = 85 at which /(8) approximates the
pattern of a corrugated horn best 1s used 1n the first iteration

A particularly interesting form of output aperture energy
distrtbution 1s

2 P
V(p) = (1- P ) @)
p]%{M

where gy > pp and 0 <p <1 The parameter gy, > 0y
15 introduced to avord a mathematical singulanty which
would anse 1n the synthesis theory 1f gy, 1 Eq (2) 15 re-
placed by p,, It has been found from experience that o,
should be set to a fixed, nomunally larger value than p;, The
value of the exponent p 1s arbitranly fixed for the first design
iteration, e g, p =0 Its value will be determined 1n a second
1teration which enables one to select the optimal design based
on the more accurate diffraction analysis (as opposed to
optics) It 1s significant to note that changing the p value
within 1ts range O to 1 does not usually change the reflector
geometry and surface profiles appreciably to necessitate new
backup structure design At the conclusion of the first design
iteration, the basic geometry and dimensions of the antenna
can be considered fixed The design of the backup structure
can be imtiated concurrently with the second design iteration
(diffraction design) Figure 3 shows a profile of the 1 5-m
model obtamned from this design cycle which was the basis for
the mitial mechanical and structural design

lll. Diffraction Analysis and Efficiency
Computations—the Second Design
Iteration

In this second iteration, we will analyze the diffraction
charactenstics and compute the efficiency of reflector designs
corresponding to different p values m Eq (2), holding the
other reflector input parameters Z,, R, etc constant Fig-
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ure 4 shows an overview of this iteration cycle Each effi-
ciency term represents a loss mechanism within the antenna
system The overall antenna efficiency ng 1s

Ny = Mg Mps Mp Mx U Mpys Mo (3)

The terms ng.c and ne are losses due to surface RMS error
and dissipation in the antenna and feed These are not included
in the diffraction and efficiency analysis In addition, one can
obtain a first-order estimate of the antenna noise temperature
at zeruth from the rear spillover efficiency as

T, = (1 -ngg) X 240 kelvins @)

At the end of this iteration, we will have determined the
final reflector profiles of an optimal gain or G/T design, the
antenna efficiency (gain) and antenna noise temperature

Note that Eq (2) describes a nearly uniform aperture
energy distributton with a taper near the aperture edge It 1s
not altogether apparent how an optimal gain or G/T design can
result from specifying the particular aperture illumination
function In Refs 4, 5, and 6 1t 1s shown that this design
strategy allows one to exammne the tradeoff between a worsen-
ing dlumination efficiency and an improving rear diffraction
spillover efficiency as the ilumination taper 1s mncreased
(p increased) and arrive at an optimal design 1 gain or G/T

IV. A Summary of Design Guidelines
For convenient reference, we provide the list below
(1) TheTeed 1s a corrugated horn with 22 dB gain

(2) The mamn and subreflector diameters are 15 and
0 45 m respectively

(3) The mnput parameters to the reflector synthesis pro-
gram are n=85,p=05,R;,=30,Z,=0,4 =435,
Par =30, papar =3 000001, 6,, =16°,Q2=0°

(4) Model test frequency 1s 32 GHz
(5) Reflector RMS surface tolerance 1s 0 2 mm

(6) Algnment accuracy between feed, subreflector and
main reflector 1s 0 4 mm.

V. Feed for the Model

The feed design selected 1s that of a corrugated horn with
an on-axis gain of 22 dB The n-value at which cos™@ best
approximates the corrugated horn power pattern in the least
RMS error sense 1s found to be 85 A companson of these two
patterns 1s shown mm Fig 5a The subreflector dllumimation



angle 0, subtended at the feed is chosen to be 16°. At this
angle, 96% of the feed radiated energy is intercepted by the
subreflector; ie., npg = 0.96. Although ng¢ can be further
improved by using a larger 0, this is attenuated by an ex-
pected lower phase efficiency n, due to worsening variation
in the feed phase pattern at larger angles (Fig. 5b). An itera-
tion cycle to determine the optimal feed illumination angle
6, and modification of the synthesis theory to incorporate
arbitrary feed illumination pattern (instead of cos”#) were
expected to yield at best token improvement and were not
undertaken.

VI. The Reflector Design

The size of the subreflector diameter is the starting point
of the reflector design. At the planned test frequency of
32 GHz, a 0.45-m subreflector is close to 50 wavelengths.
This is considered to be of sufficient size for the optical laws,
which form the foundation of the reflector synthesis theory,
to be good approximations to diffraction theories. The main
reflector diameter is 1.5 m, which corresponds to a main-to-
subreflector-diameter ratio of 3.3 to 1. This ratio is lower
than what one would normally use in a two-reflector system
but is selected to hold down the fabrication cost. Note the
input parameters R, Z,, 4, py; and pyp, to the computer
program, as given in Section IV, are dimensionless. These and
the reflector surface coordinates generated by the program
are scaled according to the reflector size. For example, in the
case of the model design, the scale factor is 0.5 m, which
brings ppr = 3.0t0 py, = 1.5 m.

The parameters Z,, R,, A4, {2, 8, largely determine the
relative dispositions of the feed, subreflector and main re-
flector. Care should be taken to ensure that a structurally
acceptable and totally blockage-free package results from
the choice of these. The feed tilt angle §2 is considered a less
critical parameter in determining the model performance
characteristics relevant to DSN operations and is set to 0°.
Some evidences in the literature (Refs. 7, 8) suggest that
this tilt angle may have a profound bearing on the polariza-
tion characteristics of offset dual reflectors. If the intended

usage of the antenna requires high polariz/ation purity as in
some earth orbit satellite ground stations, then an additional
design iteration cycle determining the optimal feed tilt angle
would be in order. In the DSN mode of operations, however,
the primary figure of merit G/T is largely unaffected by the
selection of this parameter, as the main effect of depolariza-
tion is a slight degradation in gain, on the order of 1% or less.
This observation is supported by the diffraction and efficiency
analysis which will be reported separately. With values of
8y, and  thus fixed, the first iteration involves varying input
parameters Z,, R, and 4 only.

The parameter p, the exponent in Eq. (2), is determined
from diffraction and efficiency analysis in the second design
iteration to be 0.5, based on the optimal gain criterion. The
computed aperture (or area) efficiency of the model is 86%
exclusive of np e and ne.

The specified RMS surface tolerance of 0.2 mm is roughly
one fiftieth of a wavelength at 32 GHz. It is believed that this
tolerance and the specified alignment accuracy would limit
the gain loss due to mechanical and structural imperfections to
2% or less. No firm guides can be found in the literature on
how tight these tolerances should be. We are providing preci-
sion micrometer-type mounts for both the feed and the sub-
reflector. These adjustments will allow us to peak up the
antenna gain during tests and to study how antenna charac-
teristics are - affected by misalignment. Figure 6 shows the
1.5-m clear aperture antenna with its backup structure and a
base plate. The whole assembly can be mounted on a standard
antenna range pedestal for testing.

VIi. Summary

The design of the 1.5-m clear aperture antenna has been
presented. The procedure consists of two iterative cycles. In
the first iteration, the geometry of the reflector is largely
determined based on optics laws. In the second iteration, the
optimal design is determined from the more accurate diffrac-
tion analysis. Detailed performance analysis will be reported
in a future article.
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Power Efficiency of Semiconductor Injection Lasers

J Katz
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One of the advantages of semuconductor injection lasers 1s theiwr potentially high power
conversion effictency A device model and analysis of the power efficiency is presented
and 1ts dependence on the various device parameters such as length, mirror reflectivity,
absorption coefficient and material conductvity 1s explained Although the actual values
of parameters used pertain to lasers fabricated from the AlGaAs system, the theoretical
analysis 1s also relevant to semiconductor mjection lasers of other atomic systems

l. Introduction

Optimization of the overall efficiency of mjection laser
diodes 1s very important, especially for reliable long life optical
space communication systems (Refs 1, 2) This problem has
been addressed by several authors, but their analyses contained
various approximations and assumptions which are not always
valid In the treatment of Sommers (Ref 3), the use of non-
local rate equations 1s implied This renders his results inaccu-
rate 1n the region of low murror reflectivities, which 1s the
region where the efficiency 1s maximized in many cases
Whiteaway and Thompson (Ref 4) take into account the spa-
tial distribution of the light intensity along the laser cavity
(Ref 5) However, they assume that the laser operates very
high above threshold, thus neglecting the spontaneous recom-
bination of carners It can be shown that under some relevant
phystcal conditions, the point of maximum efficiency 1s ob-
tamned when the laser 1s operated at current levels which are
only a few times the threshold value

This article treats the problem of efficiency optimization
without the above assumptions except for neglecting the
coupling of spontaneous emussion into the lasing mode This
term can clearly be neglected in lasers not intended to oper-
ate at near threshold power levels Other assumptions — also
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used 1n other works — are that the current injection 1s umform
along the laser and that thermal effects can be neglected
because of low duty cycle operation

In addition, several important constraints are included
From the results of previous work done on catastrophic mirror
degradation 1n laser diodes (Refs 6, 7), 1t 1s likely that the
limiting parameter 1s the total photon density in the vicinity of
the mirrors and not just the output light intensity The effects
of this constraint are described herein There mught also be
other constraints on the laser operation besides that of the
optical power For example, the maximum current density can
be a constraint, due to either thermal or rehability (Ref 8)
considerations Another possibility 1s a constraint on the maxi-
mum avatable current from the pnimary power source, which
can be imposed by overall system specificattons The effects
of these constraints will also be considered

Sections II and III of this report outline the derivation of
the expressions for the output power and the power effi-
clency, respectively, of the laser diode Section IV presents
results of some numencal examples and a discussion The
results show that the different physical and geometrnical param-
eters of the laser must be taken mnto account and be properly
chosen 1n order to maximize efficiency



Il. Output Power from Laser Diodes

We start with the steady-state local rate equations describ-
g the spatial evolution of the carrier and photon densities
along the laser cavity (Ref 5)

B - ) -e,ls* (1a)
B = -ITsV) -, )5 (16)
0= q—Jd—vg(N) 57 +57] - @)

s

where S* and S~ are the forward and backward propagating
photon densities, respectively, NV 1s the carrier density, g 1s the
gain coefficient, which 1s a function of ¥, I" 1s the mode con-
finement factor, a, 1s the absorption coefficient, J 1s the cur-
rent density injected into an active region with a thickness
d, q 1s the electron charge, 7, 1s the spontaneous carrer life-
time, v 1s the group velocity of the laser mode, and Z 1s the
distance along the laser, with Z=0 at the mirror with the unt
reflectivity

The geometry of the laser 1s shown mn Fig 1 Ifs active
region has a length L, width W and thickness d It 1s assumed
that one facet of the laser 1s coated so that its reflectivity 1s
unity. The reflectivity of the other murror 1s denoted by R
From symmetry constderations it 1s clear that the power effi-
ciency of this laser 1s twice that of a laser of length 2L and
with two murrors of reflectivity R

The expression for the gain g 1s taken as (Ref 9)

g =i:?(N-N,,,,,) 3)

where A4 1s the ntrinsic gain constant of the laser materal and
N, 1s the mmimum carnier density needed for zero gamn

We postulate a solution to Eq (1) in the form

St(Z) - ﬁetlu(Z)—aZ] (4)
N

where «, the total effective loss coefficient, 1s given by

TAN,
a=q)t ” )

B 15 a constant, to be determined as described below, and u(Z)
1s a function which contamns the “slow’ Z-dependence of

S$*(Z) From Eqs (12), (3) and (4) 1t 1s easily found that

du

4
=N ©)

Substitution of Eqs (3) and (4) mto Eq (2) yields the
following expression for the carrier density

J
7 -1
N(@2Z) _ om
N, 1T 2B coth w@)- oZ] (72)
where
qd Nom
Jom - T (7b)

1s the current density required to establish the carrter density
needed for intrinsic transparency N,

Substitution of Eq (7) in Eq (6), and the application of
the boundary conditions S*(0) = S-(0) and S~(L) = RS*(L) n
Eq (4) yields the following equation for u(Z)

J
7—-1

du _ om
iz "' TvBeh @)ooy | @
u@©) =0 (8b)

1
u(l) = aL +In— (8¢)
VR
with
AN,

G= " (8d)

Equation (8) 1s solved numerically Then, given the value of
u(Z) the total photon density in the laser cavity can be found
from

52) = S'@)+5@2) = A—ngcosh u(Z) - aZ]
®)

The maximum photon density 1s at the murror with the
reflectivity R From Eqs (4), (8b) and (8c) we find that 1t 1s
given by

5. =sa)ese) =218

m Atg JR

(10)
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Simularly, the net photon density that 1s emtted from the laser
1s gtven by

S =SSO =52y

o ATS \/_

The optical power emitted from the laser 1s then given by

d
P = v-(qu)-Sout°W-F (12)

out

where 1t has been assumed that the energy of an emitted
photon approximately corresponds to the bandgap Eg of the
maternal.

The quahtative behavior of the photon densities, S*(Z)and
S7(Z), as well as the electron denstty N(Z) are depicted n
Fig. 2

lll. Power Efficiency of the Laser Diode

The first step 1s to find the constant B which scales the
amplitudes of the photon waves (Eq 4) Itis determuned from
etther Eq (10) (for a maximum photon density constraint) or
from Eq (12) (for a maximum output intensity constraint)
The next step involves the numerical solution of Eq (8a) with
the boundary conditions of Eqs (8b) and (8c) The solution of
Eq (8a) yields the needed value of J

The electrical power invested 1n the laser 1s given by
Pt =J"W-L(Egtp)) (13)

The first term 1n Eq (13) s the electrical power spent at the
junction 1tself (1t 1s assumed that under the njection condi-
tions occurring 1n laser diodes, the voltage across the junction
roughly equals the bandgap), and the second term corresponds
to power losses 1n resistive layers with resistivity of p($2 -
cm?) which are 1n senes with the junction current path

The power efficiency 7 1s simply found by

(14

where P, , and P, . are given by Egs (12) and (13),
respectively. It should also be noted that the effictency
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obtamed in Eq (14) 1s actually normalized to-the internal
efficiency 7, of the laser (Ref 10) At room temperatures 7,
approximately equals 0 8

IV. Numerical Examples and Discussion

Numerical calculations for several cases were carned out
The values of the parameters chosen were £g=14V,v=87+
107 msec™! (corresponding to an index of refraction of 3 6),
A=1.6-10"°cm3sec!, N, =75+10'7 ¢cm™3,7,=3"-
1079 sec, '=02,d=01 um and W= 5 um. The effictency
was calculated as a function of the laser length for several
values of murror reflectiity (R=08,05,032,01, 1072,
1073, 1074), absorption coefficient (ay = 0, 10, 20 cm™1),
laser matenal resistivity (p = 0, 10~%, 8 » 10~% Q-cm?) and
maximum output power ntensity (,,,,, =10%,107 W-cm™2)

A typical result 1s shown 1n Fig 3 In this example o = 10
em™ !, p=10"% Q-cm? and [,,,,, = 10% W-cm™2 With these
parameters, the maximum available efficiency 1s about 46%
and 1t 1s achieved for a 125-um-long laser with a murror
reflectivity of 0.32. The laser operates at about four times the
threshold current The total power emutted by the laser
depends on the cross-sectional dimensions of 1ts active region.

In Fig 4(a) and 4(b) we see the impact of constraints on
the current density and current, respectively We see that
unless operation at J > 5 kA/cm? (Fig 4(a)) or I > 25 mA 1s
allowed, the maximum available efficiency cannot be
obtained.

The maximum available efficiency depends heavily on the
various laser parameters, as 1s shown in Fig 5 It 1s clear that
the efficiency improves as a, and p decrease It 1s also im-
portant to note that as we are operating the laser at higher
output power levels 1ts efficiency decreases since the optical
power 1s proportional to the current density J, but the
electrical power wasted at the resistive layers in the laser
matenal 1s proportional to J2

For lasers operating at high output power levels the
optimum effictency 1s obtained at low values of murror
reflectivity (101 < R 107%) As the operating power level
1s decreased, however, the optimum efficiency 1s obtained at
higher values of murror reflectiity. This trend becomes more
pronounced as a, and p decrease. Also as the power levels are
decreased, the laser operates at current densities which are
closer and closer to the threshold value It can also be shown
that as the murror reflectivity becomes smaller, 1t takes longer
lasers to obtain the optimum efficiency (Fig 6).



It 1s interesting to note what happens in the 1dealized case
of p= 0 Q-cm2. When p = 0 Q-cm? the efficiency 1s always
maximuzed as the laser length approaches zero. This shows the
importance of including ohmic losses 1n the analysis 1n spite of
the fact that they are not related to the intrinsic operation of
the laser.

As a final remark we will touch on the subject of the
difference between the constramnts on maximum output
intenstty or maximum photon (energy) density. For low values
of murror reflectivity there 1s no significant difference between
the two cases because most of the energy 1s contaned in the
outward gomng wave However, as the murror reflectivity 1s
increased, more energy 1s contained in the reflected wave If
the constraint 1s on the overall photon density 1t imphes that
we can extract less power from the laser, a fact that reduces
the efficiency of the laser.

V. Conclusions

Analysis of a model of semuconductor injection lasers has
been carried out 1n terms of the basic parameters relevant to
efficient device operations (1 e., device length, murror reflectiv-
ity, absorption coefficient and material conductivity) Not
surpnisingly 1t has been found that the efficiency 1s improved
as the optical absorption coefficient and the resistivity of the
laser matenal are reduced. The next step 1s to specify erther
the maximum output intensity or the maximum photon
density of the laser, these parameters are constrained by
reliabihity considerations When all these are determined, there
will exist a umque value of laser length and laser reflectiity
which will optimize the laser efficiency for each application. It
1s tmportant to note that all the device parameters must be
adequately designed 1n order to optimize 1its overall power
efficiency.
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Phase locking of several semiconductor njection lasers via mutual coupling 1s a
possible method for coherent power combination. In this report the equations describing
an array of semiconductor mjection lasers are formulated, their solution 1s outlined and
the conditions needed for locking (synchromzation) are derved in terms of both phenom-
enological and actual device parameters. It 1s found that for real devices these conditions
are at present quite stringent but not impossible to fulfill

l. Introduction

Semiconductor injection lasers are an attractive candidate
for emitters 1n optical communication systems for deep space
mussions (Ref 1) However, their advantages of small size, high
reliability, good power efficiency and the possibility to
directly modulate them at high rates are offset by the fact that
the power levels emitted by a single device mnto a stable
radiation pattern are too low for this application One possible
method for overcoming this problem 1s by the coherent combi-
nation of several semiconductor lasers, mn a manner stmular to a
phased-array of antennas (Ref. 2).

There are several advantages of phase locking lasers. First,
when the power of the lasers 1s combined incoherently, each
laser emuts light 1n 1ts own mdividual spectrum Thus 1t 18
necessary to have an optical filter with a wider bandwidth at
the recewver, with a resulting increase in detected background
noise radiation Secondly, the locking of the laser components
causes a reduction 1n the far-field beam divergence angle. This
makes the task of subsequent beam narrowing sumpler (e g., by
requiring an optical telescope with a smaller magmification).

The purpose of this report 1s to review the subject of
mutual phase-locking (or synchromzation) of semiconductor

mjection lasers In Section I the equations of motion of a
single-mode 1ndividual laser are developed, using the density
matrix formulation. Section III formulates the general equa-
tions for describing an array of lasers. Then some stmplifying
assumptions are made and the resulting working equations are
developed. Section IV outlines the solution and discusses the
conditions necessary for locking 1n terms of phenomenological
coupling coefficients Finally, Section V analyzes the couphing
coefficients 1n different array configurations in terms of the
device parameters and geometry. These results can serve as
basic guidehnes for implementing various array designs.

ll. Equations of Motion of a Semiconductor
Laser

The equations denived 1n this section describe the temporal
evolution of the vanables pertaining to the operation of an
mdividual, single-longitudinal-mode semiconductor injection
laser. All the spatial dependence 1s assumed to be either
uniform or averaged out. The spatial mode profile will be
considered later during the calculations of the various coupling
coefficients, as described 1in Section V. The main vanables
descrnibing the laser are 1ts electnc field amphitude E, the polan-
zation of 1ts active medium P, and 1ts inverston density N.
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The first equation to describe the laser 1s the wave equation
of the lasing mode, which, 1n cgs umts can be expressed as
(Ref. 5)

where w 1s the natural frequency of the laser resonator and @,
15 the figure of ment of the laser, given by

Q= w,T,, (2

Here w 1s the frequency of the atomuc transition, and Tph 18
the average photon lifetime 1n the laser cavity.

To obtamn the second equation of motion, we use the
density matrix formalism of a two-level system The semicon-
ductor 1njection laser can be well approximated by a two-level
system because the thermalizatton time within 1ts bands 1s
much shorter than the average mterband transition times

We start with the following equation (Ref. 3)

dpy, p
- - H - -
~ar T 9Py T (g mpy)E T, ©)

where p, 1s the yth element 1in the density matnx, u 1s the
dipole moment of the transition, T, 1s the melastic relaxation
time and A 1s Planck’s constant divided by 27. A basic intro-
duction to the subject of density matnx formalism can be
found in Ref. 3,ch 3

Next we wnte the complex conjugate equation for Eq. (3),
noting that p,, - p,,, E, and, without loss of generalty, also u,
are real vanables. Adding and subtracting the equations for
P,y and p3,, anew set of first-order differential equations for
(p; * p3y) and (p,; - p3y) 1s obtamed. We can further
elmnate the equation for (p,; - p3,), thus obtamng a
second-order differential equation for (p,, + p5,;) Since p,; =
p12 , and, by definition

P=AMu(py tp,,) “)

where .4 1s the total population density, the resulting equa-
tion for (p,, + p3;) can be rewntten as an equation for P.
Thus equation 1s of the form
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e 2 (g, L)y
a2 T, dt °" 2

2w

e/V(p22 P E )

Since we are interested mn the case where wy, >> I/T2
(approximately 1015 vs 10%), and the inversion density 1s
defined by

N =H(p,y-p,) ©

then the second equation can be written 1n 1ts final form

PR A e M

The third and last equation of motion 1s denved starting
with the following equation (Ref. 3)

dlp,, - pzz) _ 21uE _
dt T (pyy = P31)

*

_ oy, - pzz)—T(pu " Pa3do ®)
1

where Ty 1s the elastic time constant of the transition and the
subscript O denotes the steady-state solution Using the equa-
tion for (p,; + p5,) which was obtained during the denvation
of Eq (7), namely

d(py tpy) Py to,
21 21 21 21 _ _ .
dt + T2 - lwo (p2l p2l) (9)

in Eq. (8), multiplying the resulting equation by.#, and using
the defimtions in Eqs (4) and (6), we obtain

N-N
%v o_2E<dP+P) (10)

+ - —_ —_—
Tl 'hwo dt T,

where the steady-state influx of incoming carrers, N, 1s
defined as

Ny =My, =04y (11)



Since the polanzation P oscillates at a frequency near w,),
we can assume that dP/dt ~ wyP >> P/T,, and thus we can
finally wnite

N-N,
a 0
d

T

_2E dP
. Tw, dr

(12)

Equations (1), (7) and (12) are the equations of motion
describing the time evolution of the laser field, polarization
and nversion density, respectively.

Before we continue, 1t 1s useful to convert all the variables
into dimensionless parameters. The transformations are histed
in Table 1, and the resulting set of dimenstonless equations,
equivalent to Egs (1), (7) and (12),1s

2
—de+bgt +Qx = -y 2L (13)
dt'? dr'?
d?v dv 8,
E+62F+v=7xw (13b)
d—”ﬁ’+iw=-a -~ x 2 (13¢)
dr 2 17 %2 % g

Note that the time denvatives are now taken with respect to
the dimensionless time ¢ = wqt, and that §,, 8,, b, y and
are much smaller than unity.

lil. Equations Describing an Array of Lasers

In this section we consider the case of M semiconductor
mjection lasers which we coupled among themselves. Since the
magnitude of the coupling 1s small under virtually all practical
situations, we need to consider only interactions between each
laser 1n the array and 1ts closest neighbors. Furthermore, 1if we
assume that we have an array which 1s arranged 1n a one-
dimensional configuration, then each laser has two closest
neighbors, except those at the extreme locations which have
only one. Extension of the following analysis to the more
general case 18 straightforward, although the calculations
become more cumbersome.

In hght of the above, Eqs. (13) are modified as follows tn
order to include the coupling terms (Ref. 4)

X @)+ b xi(t)+£t PNE N G T;,l—l)

tE, z+1xi+l(t

- 7,7, ()
(14a)

)+Qx,(t) =

t+l

V() +6,0 () +v () = w(t)

[x (t)+nlt -17"1— l(t —Tz 1—1)

0, e X - 7, el (14b)
c o 8y ) .
w,(t)+7 w(t)=-8 - 282v,(t)
[x@)+n, ,_x_ -7, )
+n,,;+1x1+1(t'_ 'r;’m)] (14¢c)

where the subscripts 7, 2 - 1, 2+ 1 index the lasers n the array
and the dots denote differentiation with respect to the dimen-
stonless time ¢, £, and n; are parameters associated with the
coupling between the zth and the yth laser via their electric
fields, and 7}, 1s the effective dimensionless delay time 1n the
field coupling between the 1th and the jth lasers

It 1s important to note that lasers that are located at the
edge of the array (e g , 2 = 1) interact only with one other laser
(since, for example x,, does not exist) We can also see how
Egs (14) can be extended to the more general configurations,
simply by adding the effects of other lasers as needed to each
equation, with the use of the proper coupling coefficients
Several conditions can be assumed in order to simplhfy the
problem.

First, 1f the delay time 1s short enough, 1t can be neglected.
This condition 1s formulated as follows (Ref. 4)

1

w,T, = T:] << (15)

2 (wi - OJ, )2

& —— —

Yo
or, equivalently
1

T << (16)

2 _ s )2
Vot )? - (@~ @)
The worst case 1n satisfying the condition 1n Eq (16) 1s when
w, = w,. Assuming this and also that

d
y
oin a7n

o
III
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where d,, 15 the distance between the ith and sth lasers and 7 1s
the index of refraction of the medwum, and noting that w, =
2mc/X (A 1s the vacuum wavelength), the condition for negli-
gible delay time 1s

A
EU < 21rd'j n

(18)

which 1s satisfied under almost all practical situations.

The second simplification mvolves neglecting the coupling
between the laser fields via the active medium. This condition
1s formulated as

5,0, <<%, (19)

In the following 1t wil be assumed that the conditions
expressed n Eqs (18) and (19) are fulfilled The consequences
of violating them will be mentioned n the next section It will
also be assumed that the elements of the array are identical
and equispaced, so that §, ;. =§,b,=b,andy,=1.

Under all the above assumptions, the working formulas for
describing an array of coupled lasers are

X, () +bx () +E [X_ (1) +x,, ()] +Qx,() = - 9(t)
(20a)

5
B, +8,5,() v, () = = w () x()  (20b)
oo 8 1 8 1 .

w (7") t= w, (1)) = -5 -2, v, () x (&) (20c)

IV. Solution of the Equations

For solving the set of Eqgs. (20), the “fast” temporal behav-
10r 18 first factored out, 1 e., we assume that

x, = X cos(t'+¢) (21a)
v, = V.cos(t+y,) (21b)
w, = W, = const. (2lc)

where the last condition implies that the spectrum of the laser
dnving signal lies well below 1ts resonant frequency, which 1s
typically a few gigahertz. Substituting Eqs (21) into Eqs (20),
results 1n, after a considerable amount of algebraic manupula-
tion and keeping only first-order terms under consideration,
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the following set of first-order nonlinear differential equations
for the “slow™ amphtudes of the variables

. b

pis
X,y cos(@_ - 9)l +——sn(Y, - ¢) (22)

b= 2 @ D2 [X,,, 06, - 8)

14
+X,_, sm(@_ - 9)] - % 7 cos (¥, - ¢,)(22b)

1

. 8,V, 8,

Ilz = - 5 - T XIWI Sin (wl_ ¢1) (220)
. 82 thz
V=g oo ,m9) (22d)

1

. 8
Wy=-— W-8,+8,XV,sm(,~9) (22)

The first subject to be investigated 1s the steady-state solu-
tion of the above equations. For this we let X, = V,= W, =0
(1e, constant amphitudes) and ¢; = ¥, = 8w (1 ¢, phase lock-
mng) in Eqs (22). The resulting set of nonlinear algebraic
equations describing the steady-state array vanables :5 given
by

ysm® (¥, - 9,)
5
1452 X2 sn? (9, 9,)
1

“E[X, cos @y - B) X, cos(8,_ - 4]

(23a)

sin (Y, - ¢,) cos (¥, - ¢,)

Bwt+(1-Q) +y =
1+=2X2 sn® (¥, - ¢)
61 1 1 1
- £ x,, 0@ - 9)
Xx 1+1 1+1 1

+X,_ sm(4_, - ¢)] (23b)



8,
Sw = - cos W,-¢,) (23¢)

Since one of the ¢’s (or ¥,’s) can be set arbitranly to zero,
and 1 all the lasers (Y, - ¢,) 1s the same, Eqs (23) 1s a set of
2M equations with 2M unknowns, where M 1s the number of
lasers n the array. Once Eqs. (23) are solved (which can be
done only numerically), the other vanables can be expressed in
terms of the X;’s, ¢,’s and ¥,’s, as follows

W, = -—s 2 (24)
1455 X2 sn? (9, - ¢,)
1
and
X sn(y,~¢)
v, = — (25)

1+ 55 [X, s (9, - 9,)]2
1

The uncoupled (1e, £ = 0) solution of Eqs (23) — (25) 1s
obtamned straightforwardly In this case the phase shifts
between the ¢ ’s are undefined, the phase shift in each laser
between 1ts field and 1ts polanization 1s

tan (Y0 - ¢°) = [b+62jl
R O

approaching 7/2 as the natural frequency of the resonator 1s
closer to the transition frequency, and the field amplitude 1s

given by
8 Q-1\2
= f__l Y _ (=2 -
IX?! 82\/b (b+82) !

where the pumping term 1s contained 1n 7y (see Table 1). In
Appendix A the relation between the formalism used 1n this
report and the solutions obtained from the laser rate equations
15 discussed

(26)

27

Since the phenomenon of locking 1s a nonlinear one, we
cannot solve for the coupled case by using perturbation
methods 'on the uncoupled case, especially since the phase
relationships between the lasers have a sudden transition as
locking occurs. However, several other numerical methods,
such as successive 1terations, can be used to yield the desired
results

If we sum up Eq (23b) for:1=1,2,.. M, we find thatf
W, 1s the “center of mass” of all the uncoupled lasers’ fre-
quencies, 1 ¢,

in(l—Ql) =0

1=1

(28)

then we have

V-9, = (29)

INTE

and the synchromzed array oscillates at the center transition
frequency w,.

As shown 1n Refs. 4-6, all but one of the conditions for
stability are identical to the conditions of existence of a
solutton The stability investigation 1s done on the equations
of the “slow” vanables in Eqs (22), with the denvative of the
“fast” varables set to zero (since they are “fast” they can
always follow adiabatically the “slow” vanables). For semicon-
ductor 1njection lasers with common parameters, the following
conditions hold

Ty, Tpy >>T, (30)
and thus W, and X, are the “slow” vanables and V, are the
“fast” vaniables An exact stability analysis of this nonlinear
problem 1s prohibitively complicated, so a inearized sensitivity

test about the steady-state solution 1s carried out, as outlined
1n Refs 4 and 5.

To conclude, we can say that if a solution exists, and if the
figure of ment of the laser resonator increases when becoming
part of the array, the solution 1s stable. In the following, these
stability conditions will be stated more explicitly.

Successive application of Eq (23b), using Eqs (28) and
(29), yields the following expression for the sine of the phase
shift between two neighboring lasers

k
1
Xk Z X12 (l - Qx)
1=1

sSin (¢k+l - ¢k) - EXk-f.l

1,2,...(M- 1) (1)

~
"

Since the sine value of a real angle 1s always bounded by
unity, the right-hand side of Eq (31) must be bounded by
unity as expressed 1n the following equation
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k
Y xra-q) <lg}(,c+1 Xk'
1=1

i=12 . M1 (32)

When the coupling 1s not too strong, then to a first approxi-
mation X, == X, == .. X,,, and the condition in Eq (32)
simphfies to

k
Sa-a)|<|e]i= 12 o-n @3
1=1

The second stability condition requires that the intensity of
the field (1e., X2) 1s to be a positive number From Eq (23a)
(using again Egs. (28) and (29)) this condition can be
expressed as

-b
X, ls— >X,,, 08B,y - 8+ X, cos (@, - 6,_,)
k=1,2.. M (34)

or, using Eq. (31)

k 2
X2 (y-b) >\/(s Xppy X ) - LZX? (1- 9,)]
=1

k-1 2
+\/(E Xy Xk—l)2 - E sz (- Qi)}

Li=1
k=1,2,...M (3%)
Agam, this condition simplifies considerably mn the region

where the coupling 1s not strong, and thus X; = X, = ... X,,.
In that case the condition 1n Eq. (35) simplifies to

Kk 2 k-1 2
y-b> [£2- [2(1—9,)] +\/s2—[2(1-n,)]
i=1 =1

k=1,2,. m (36)

The last stability condition comes from energetic considera-
tion. The laser needs to “gain” something by “joining™ the
array, 1.e., its Q needs to increase. Thus implies that

£<0 (37)
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Equations (33), (36) and (37) summanze the approximate
conditions for existence and stability of a solution for an array
of semiconductor lasers It should be noted, however, that as
the coupling constant £ becomes larger and approaches the
value of b(= 1/Q), these approximations cease to be accurate
and Eqs (32) and (35) have to be used mstead of Eq (33) and
(36).

The reason 1s that when £ 1s comparable to b, the change 1n
1/Q due to the external interaction 1s comparable to the
intrinsic 1/Q of the resonator In this limit of very strong
coupling, each individual laser loses 1ts identity almost com-
pletely, and the intensities of each laser vary considerably,
being strongly influenced by the phase-shifts among the lasers
In this region 1t 1s more relevant to analyze the whole array as
one “super waveguide” (Ref 7). In most practical cases, how-
ever, the limit of very strong coupling 1s not reached.

V. Coupling Coefficients in Different
Configurations

In the preceding section the conditions for obtaining phase
locking of an array of lasers were denved 1n terms of phenom-
enological coupling parameters (£). In this section we will
relate these coupling parameters to the actual device param-
eters. Most of the section will discuss mutual coupling between
lasers via field interaction due to their close proximuty. The
subject of diffraction coupling will also be briefly discussed.

Coupling between two semiconductor lasers which are 1n
close proximity to each other 1s equivalent to coupling
between two waveguides (see Fig 1) The coupling strength
commonly used 1n the hiterature 1s defined as coupling per unit
length and 1s denoted by K (cm~1) We first want to establish
the relation between K and the coupling parameter £ used n
the wave equation. By mspectton of Eq. (14a) we see that £y
the change 1n the effective 1/Q of the 1th laser in the array due
to 1ts mteraction with the jth laser. The fraction of the field
lost dunng one optical cycle 1s @/Q, so the fractional field
coupled durnng the time of one optical cycle 1s w&. The
fraction of the field coupled when the wave propagates a
distance of 1 cm1s |K|. The wave travels this distance 1n a time
that 1s equivalent to n/\ optical cycles, where A 1s the vacuum
wavelength of the radiation and n 1s the index of refraction of
the matenal

Thus, we can conclude that

A

nE = nK (38)



or
(39)

where k = 2an/\.

In order to calculate the couphng coefficient K between
two semiconductor lasers m close proximity, we must solve
first for the eigenmodes and the eigenvalues of a waveguide
which 1s made of a region with an index of refraction n, which
1s surrounded by two semi-infinite regions with an mdex of
refraction n; (n; <n,). Such a waveguide 1s depicted in
Fig. 2. By using the effective index formalism (Ref. 9) we can
reduce the two-dimentional problem of a laser waveguide
cross-section (see Fig. 1) to the one-dimensional waveguide
depicted 1n Fig 2

The transverse profile of the eigenmodes field 1s given by

cos (hx) Ix| <%‘ (40a)
E(x) =
Pl
cos (%) e 27X x| >% (40b)
where
h? = nlkl- g2 (41a)
q® =8 -n}kl (41b)

and @ 1s the propagation constant eigenvalue of the mode (see
below). The general solution for the eigenvalue mvolves a
transcendental equation (Ref. 3, ch.19). However, an
approximate analytical solution 1s possible in the following
two cases

(1) Weakly gmded modes,1e.,

2_ .2 A\?
n;-n?<< (ﬁ 42)
In this case
h =k« ng - nf (43a)
(n2 - nf) k%s
q = > (43b)

B ~nk (43c)
q<<h<< T (43d)
(2) Well-confined modes, 1e.,
e N : 44
ns - ni > (44)
In this case
h=T (452)
s
g =k ng - nf (45b)
B =n,k (45¢)
T
¢>>h =3 (45d)

Next we assume that the field propagating 1n the lasers in
one direction 1s of the form

E(x,z,t) = Ex, z) e'@t-82) 46)

This leads, after using the usual adiabatic approximation, to
the following wave equation

d’E dE
— = U (k- HE = 0

dx? 7

We assume that the field growth along the Z direction 1s
due to net gamn g m 1ts own active medium as well as the
couphing X from the field of the other laser, and that the two
interacting waves propagate codirectionally. The maximum
coupling occurs when the propagation constants in the two
lasers are 1dentical (1 e., phase-matching), in which case we can
write (Ref. 3, ch 16)

dE,
Z - gE -IKE, (48)
We define the complex index of refraction as
~ i
€=¢€et2y —g 49)
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Using Eqs (48) and (49) or (47) results in the following
equation for the transverse profile of the field

2
4B,

dx2

+(€k*-p*)E, +26KE, = 0 (50)

Multiplying Eq. (50) by E and integrating (also integration
by parts) yields the following expression for K

dE,\ (dE,\* s )
I AT™ dx - (ek -B )ElEzdx
2ﬁf|52|2dx

Since the coupling 1s small, we can take for £/, and E, the
unperturbed field profiles, as given by Eq (40) for £, and 1ts
displaced version for E,.

K =

€Y

For the case of weakly guided modes (Eq. (42)) we obtain

2 2,2

2 s(ny —n)) k°d

[s(n%-nf)] k3 S
K:———_e 2

52
G (2

where d 15 the separation between the two lasers (see Fig 1)
and /e = n, =n, Note that K, and hence &, are negative, as
required (Eq. (37))

Thus coupling has a maximum when

4
2_ .2\ =
s{ns-n%) = — (53)
( 2 1) k2d
and the resulting opttmum coupling 1s
A
Kl = (54)

" neld\[e

Using the relationship between K and £ (Eq 30), we can
write

(55a)

I£] =(2 y
max Vened

If we take GaAs as a typical example, then we have
A =09 um and \/e = 3 6, n which case we obtan
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5 =810 L
max d2
(GaAs)

(55b)

where d 1s expressed 1n micrometers

For well-confined modes (Eq 36), the coupling 1s given by

~kd \/ng - n%

K| = (56)

)\2
e
2\/6_\/n§ - n? 53

and 1s usually much smaller than the coupling in the other case
(Eqgs 52, 54).

As an example of the application of Eq. (55) to the design
of laser arrays, let us assume that the differences in the natural
oscillation frequencies of the individual lasers are due to
different lengths

(1-92) 4w, AL
= = - (57

2 w, Ll

where L, 15 the length of the cawity of the ith laser. From
Egs (33), (55) and (57) we find that

2
gs-wﬂ(%) 1=1,2,. .M (58)

k
2 AL,

=1

when L =L, =[ =L. For L =300 um and \/d=01, we
obtain

<154

k
DAL,
1=1

which 1s a rather stringent requirement. For (A/d) ~ 0.2, the
above constraint 1s increased to 60 A.

We can now check the validity of the approximation of
Eq (19) by neglecting the coupling of the fields via the active
medium. Assuming weakly guided modes (which provide for
stronger coupling) and that a uniform carrner profile exists at
the laser stripe of a width s as well as an additional region of
width 54/2 on both of its sides, we obtain

1= qs+s,)e™ (59)



Using Eqs (33), (43b) and (52), we see that the condttion
expressed 1n Eq (19) 1s fulfilled if the following condition
holds

An
T >> 62 (60)

where An=n, - n,. The condition imphed in Eq (60) states
that the fractional change of the index of refraction across the
laser structure 1s much larger than the normalized spontaneous
carrier lifettme, and this condition holds in most cases. If
necessary, the effect of n can be included by replacing || by
[€]1+ 8,ln| m all the stability conditions. We see that the
increased coupling via the active region allows phase-matching
for greater frequency deviations.

Finally, we will briefly summanze the case where we have
diffraction coupling The lasers are put 1n an external cavity,
and part of the field of each laser 1s reflected into the other
lasers producing a coupling between them. The magnitude of
the coupling coefficient m this case has been determined in
Refs. 5, 6, and 8. The general calculations 1n this case do not
yield simple analytical expressions (Refs 5, 8). However, if we
assume that the sides of the lasers facing the external mirror
are coated with an anti-reflection coating and that neighboring
lasers can interact with one another, 1e,

dts
Lext

Op. >

(61)

F*F

where 0. - 1s the far-field angle of the laser radiation pattern
mn the plane of the array configuration, and L, , 1s the
distance from the end face of the laser to the external mirror
(Fig. 3), then the coupling constant 1s given by (Ref. 6)

£o=- l(l) pE— ©2)
aff 2 27 _ .2
Ls(s+d)n2 - n?)

where L 1s the total length of the resonator The coupling
constant 1s inversely proportional to the distance between the

lasers, to the length of the resonator and to the stripe width of
each laser The last functional relationship 1s due to the fact
that the far-field angle of the laser radiation 1s 1nversely
proportional to 1ts stripe width

Dividing Egs. (55) and (62) we find that the ratio between
the two 1s approximately

Eﬁeldsoverlap = (L)L(I+S—)An
sdtffraetxon )‘/ njd d

(63)

Depending on the array parameters, one of the two
coupling mechanisms 1s domnant. For example, from Eq (63)
we see that as the separation d between the individual lasers
mncreases, there 1s more coupling due to diffraction than due to
field overlap (note, however, that both couplings are at least
inversely proportional to d).

VI. Conclusions

The problem of phase-locking of several semiconductor
mjection lasers via mutual coupling has been investigated
Fust, the equations of motion of the parameters of both
mdividual lasers and an array of lasers were derived,
considering both coupling via field overlapping and inter-
actions wvia the laser active media The solution of the
equations was outlined and, more important, the conditions
for obtaiming phase-matching were derived These conditions
put restrictions on both the sign and the magmtude of the
coupling constraint 1t must be negative so that phase-matched
(synchromzed) operation 1s energetically favorable, and 1ts
magmitude must be greater than the standard deviation of the
lasers’ frequency deviations from the laser transition
frequency

Finally, the actual magnitudes of the coupling coefficients
in several configurations were calculated, and the results
indicate that 1t 1s possible, although not tnivial, to achieve the
coupling condrtions
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Table 1 List of transformations into dimensionless parameters

New
Oold
dimensionless Transformation
variable
parameter
Time t t r = wyt
#Tz
Electric field E X x = TE
Polarization P v y=—P
0
2
Inversion density N w w=-—N
N 0
4nu2
Pump densit N = ——T,N,
p y 0 v Y 7 2{¥g
-1 2
Elastic rate of the T, 5, 8§, = '—T—
atomic transition “o'1
(transition linewidth)
1 2
Inelastic rate of the T, 8,y 6y =
wqT.
atomic transition 072
(corresponds to the
carrier’s lifetime)
1/w
Figure of ment of Q b b= ——
laser resonator Q\wo
Frequency of laser w [y] Q=

oscillation
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Fig 1. Schematic configuration of two semiconductor lasers in
close proximity

- —

Fig 2. Schematic drawing of a one-dimensional
symmetric slab waveguide

EXTERNAL MIRROR

7 ANTIREFLECTION COATING

CLEAVED MIRROR

Fig 3. Schematic configuration of several semiconductor lasers in
an external resonator



Appendix A

Relation Between Parameters in this Article and
Parameters Appearing in the Laser Rate Equations

The linearized steady-state rate equations can be written as (Ref. 10)

0=-""- ANS - — (A-1)
0 = ANS - = (A-2)

where NV and § are the carner and photon densities, respectively, 7, and Tpp aT€ the carner
and photon hfetimes, respectively, A 1s the gain coefficient, J 1s the current density, q 15
the electron charge and d 1s the thickness of the active region,

Solution of Eqs (A-1), (A-2) yield

77
. qd i
N =14 7.8 a3)
JAT T
AT S =— - (A-4)
From Eqs (24), (29) and Table 1 we obtain
Ny
N = — (A-5)
1
1+X2
T,
Thus, we can identify NV, with
J T,
Ny = qd (A-6)
and
T,
Tz-X2 =ATSS (A'7)
Since by defimition X2 =E2/hw, and T, = 1, we also obtain the following relations
u2w0T2
A = 4n 7 (A-8)
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and

(A-9)

Thus we see that the rate equations formalism and the formalism used in this report
are equivalent when applied to individual lasers Of course, the rate equations are just
particle bookkeeping equations They do not describe the electromagnetic wave and thus
cannot be used 1n formulating the synchronization problem.
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An optical communications demonstration program designed to demonstrate 2 5 bits
of information transfer per single detected photon 1s described The program was divided
nto four demonstration phases representing ncreasing degrees of complexity The
theoretical analysis of each of the phases is presented where 1t 1s shown that the
2.5-bit{detected photon goal can be achieved. The experimental results of phase I, which
are in excellent agreement with the theory, are also presented,

l. Introduction

As deep space mussions reach to greater distances and the
scientific objectives of such missions become more ambitious
the requirements for greater communication capability will
continue to challenge the communications engineer Past chal-
lenges have resulted in the transition from the S-band to the
X-band frequency range, the increase in spacecraft antenna
size and the arraying of multiple ground receive stations
Indeed the physical appearance of the Voyager-class spacecraft
1s completely dominated by the high-gain communications
antenna One cannot help wondering how much further such
dimensions can be extended before reaching the limits of
practicality.

One solution to this dilemma 1s to utilize optical fre-
quencies for communications (Ref. 1). At optical frequencies
the aperture determining components are usually measured 1n
centimeters rather than meters Furthermore, with the emer-
gence of semiconductor mnjection lasers, one can reasonably
anticipate that rugged, efficient solid-state optical sources will
be available 1n the near future (Ref 2). But even more signifi-
cant 1s the fact that for receivers employing direct photon
detection the communications channel capacity 1s extremely

large, with only a moderate amount of optical signal energy.
This point was discussed by Pierce in 1978 (Ref. 3) where he
described a channel capable of conveying tens of bits of
information for each signal photon. This mught seem quite
surprising since the classical (nonquantum) theory predicted a
Iimit of only one nat of information per photon (1 nat =1 44
bits). However, Pierce was really illummating and expanding
upon predictions that had been made some time earlier
(Refs 4-7) and which have now stood the test of time.

Although channel capacity 1s recognized as the ultimate
throughput mit of the channel, 1t leaves unanswered the
question of how one can approach that limit m practice. For
this reason a number of studies were initiated to find good
modulation and coding schemes for the optical channel It 1s
now known that by properly matching these two areas, trans-
mission of up to 5 bits/photon 1s achievable with today’s
technology (Refs 8, 9). All of these schemes employ M-ary
pulse position modulation and either Reed-Solomon codes or
interleaved, short-constramt-length (multiple) convolutional
codes Furthermore, achieving energy efficiencies greater than
5 bits/photon 1s impeded only by the present-day hmts of
signal processing complexity, lirts which are rapidly receding
with the onslaught of VLSI technology
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Thus far only theoretical performance calculations have
been carried out The results of such calculations depend very
heavily on the validity of the mathematical models used to
describe the system. For this reason a demonstration program
was mtiated to prove out the vahidity of the models and with
the prime objective of demonstrating rehable communications
at a data rate of at least 100 kbps and an energy efficiency of
25 bits/detected photon. (Relhable communications was
defined as the Voyager threshold bit error rate of 5 X 1073 )
The 2.5-bit/photon number was selected because it 1s comfort-
ably above the classical imit but sufficiently small so that the
system complexity would not get out of hand After flushing
out the problems at this design pomt a more ambitious pro-
gram to demonstrate 5 or more bits/detected photon will be
mitiated

In the next section we will describe the 2 5-bit/detected
photon demonstration program and show how 1t has been
divided into four program phases In Section III we will
present a theoretical analysis of the system and show that the
primary demonstration goal can theoretically be achieved This
analysis 18 substantially more detailed than previous studies
which tended to ignore such things as photomultiplier tube
gain dispersion and thermal noise in the predetection pulse
amplifier. In Section IV we will then describe the experimental
results of the first phase of the program which show that the
detector noise models used in the analysis are comfortably
close to reality Finally, the results are summarnized and dis-
cussed 1n Section V.

Il. General Description of the 2.5
Bit/Detected Photon Program

A block diagram of the demonstration system 1s shown 1n
Fig 1 The heart of the optical portion of the system consists
of a gallium arsenide semiconductor injectron laser and a direct
detection photomultiplier tube. The GaAs laser diode 15 a
high-quality, single-spatial-mode device operating at 0.85 um
and has the reliability and durability charactenstic of solid-
state devices The light emtted from the laser 1s passed
through some elementary optics followed by 70-100 dB of
neutral density filters (attenuators) which simulate space loss.
The attenuated optical signal 1s then applied to a photomulti-
plier tube (PMT) detector which has a high internal gamn
(>108), a quantum efficiency around 20% and, with moder-
ate cooling, an extremely low dark current. Of course, to
elimmate stray laboratory light, all of the optical components
must be placed 1n an extremely dark enclosure.

Surrounding the optical components are the modulation

and coding hardware The laser diode 1s driven by a 256-slot/
word PPM modulator which decides, based on an 8-bit input
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word, which slot the pulse should be placed in and then
provides a current pulse during that slot to turn on the laser
Obwviously, the mverse of this process 1s applied to the PMT
output to recreate the 8-bit word To improve the perfor-
mance of the system, an 8-bit Reed-Solomon code 1s then used
to surround the PPM portion of the system An 8-bit Reed-
Solomon encoder considers 8-bit segments of the imcoming
(bmnary) data stream as individual (generalized) symbols and
then performs error correction coding over the strings of these
generalized symbols Since the code symbol size and PPM
word s1ize are matched, PPM word erasures or errors corre-
spond to a single Reed-Solomon code symbol erasures or
errors respectively Such codes are well known for their burst
erasure fill-n capabilities and, furthermore, can compensate
for combinations of errors and erasures The data streams
supplied to the encoder and delivered from the decoder are
then compared for an overall bit error rate measurement

The demonstration program has been divided wnto four
phases The first phase involves only the PMT and 1ts asso-
ciated preamplifier and 1s intended to charactenze the dark
current noise distribution of the detection system This phase
has essentially been completed and the results will be
descnibed 1n Section IV In the second phase (currently n
progress) the laser will be added and the optical pulse erasure
and error statistics will be evaluated The PPM modulator and
demodulator, which have already been designed and fabn-
cated, will be added in phase III so that the PPM word error
and word erasure probabilities can be measured. The final
phase will encompass the coding hardware and will demon-
strate the 2 5-bit performance goal

lll. Theoretical Analysis of the
Demonstration

In this section we will analyze the performance of the
2.5-bit/detected photon demonstration system A theoretical
model of a photomultiplier tube and associated preamplifier
was developed n Ref 10 This model includes the effects of
the photomultiplier tube random gain as well as post PMT
preamplifier noise and 1s useful for computing communication
system error performance as well as estimating, from expen-
mental data, system parameters such as the PMT dark current
We will first describe the results in Ref. 10 pertaining to the
model of the PMT gain random variable and the calculation of
1ts probability density function. Then, using this model we wall
determine the detection and false alarm probabilities of a
photocathode electron emission event These results will be
useful 1n charactenizing both the dark current photoelectron
emussion event statistics (phase I) as well as optical pulse
detection statistics (phase II) Next the pulse detection statis-
tics are used to evaluate the error performance of the PPM



(uncoded) signal set Finally, the coded PPM performance will
be analyzed.

A. Random Photomultiplier Tube Gain

In a photomultiplier tube, electrons emitted by the photo-
cathode (either from dark current or photon absorption) are
directed through a series of dynodes by an electric field.
Secondary electrons are emutted at each dynode for each
impinging prmary electron. The number of secondary elec-
trons at each dynode i1s a random quantity and results 1n a
random overall gain for the PMT The mean and variance of
this gain can be readily derived. An explicit expression for the
exact probability distnbution of the gain, however, 1s not
available and the problem of determining 1t appears to be
intractable Since an analytical expression for this distnibution
1s required to determine communication system error perfor-
mance, a good approximation of the exact distnbution 1s
useful In Ref 10, such an approximation was dertved by using
a diffusion model The approximate density pg(x) of the
random gain G 1s given by

Po(x) = ¢C/B {S(x) + ( %-\/%T ) e*/B I ( E}-V’G_—x)} ,
1

where 8(x) 1s the umt impulse function, 7, (+) 1s the modified
Bessel function of the first kind,

G

average gamn of the photomultiplier tube

number of dynode stages

14

and where the parameter B 1s specified by G and v according
to

1 _G-1
B—2 -1 (2)

<<|
QliQ

This approximate density yields the correct mean and variance
for G. In fact, the vanance of G 1s simply given by 2GB For
the RCA C31034 PMT used 1n this demonstration G 1s about
106 and v = 11, so the standard deviation of G 1s about 0 6G
and B 15 equal to about one-third of the standard deviation
Figures 2(a) and 2(b) plot the density of the normalized gain
G/G as given by (1) for the PMT used 1n the demonstration at
G =106 and 107 respectively As can be seen from these
figures, the density 1s not symmetric about the mean and has
substantial probability mass in the region below 1ts mean value
G This means that there 1s substantial likehhood that the
photomultiplier output signal level will be lower than the

corresponding average gain value, and error performance calcu-
lations based on a constant gain model will not be accurate
Also shown 1n Fig 2 1s a density function that 1s the positive
truncation of the Gaussian density having the same mean and
variance as p;(x) It 1s clear that using the simpler Gaussian
approximation can produce results that are substantially
optimuistic.

B. Photocathode Emission Event Detection: Receiver
Operating Curves

In phase I of the demonstration the number of dark current
emisston events at the PMT cathode 1s experimentally recorded
by monitoring the PMT output with a pulse counter In Ref.
10, the effects of random PMT gain, thermal noise 1n the post
PMT preamplifier, and counter response time on successful
photocathode dark current emission event detection were eval-
uated. The PMT anode output 1s assumed to be terminated by
a resistor of R ohms The voltage signal S(¢) across thus resistor
1s amphfied and fed into a pulse counter. The amphfier-
counter combination 1s modeled as an additive thermal noise
V() followed by a short term time averager over T, seconds
(the counter response time). The output of this time averager
1s then compared with a threshold . An emission event 1s
recorded by the counter only when the threshold v 1s
exceeded The entire system 1s shown in Fig 3. The additive
thermal noise V(¢) 1s assmed to have spectral density

N, = k6R (volts)?/Hz ?3)

where k = Boltzmann’s constant, 6 = noise equivalent tempera-
ture of the amplfier and R = amplifier equivalent resistance
(assumed to be matched to the anode termimating resistance).
If P, = detection probability of an emission event and P,=
false alarm probability due to thermal noise, then 1t 1s shown
mn Ref. 10 that

*® eR
- ()
P,= | @ —— | Pg(x)dx @
0
and
- Y
P, =0 ('E) ’ ©)
where p; (x) 1s given by (1) and where
= - 1 —t2/2

X
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and

=

2

o =T
(o]

Recewver operating curves of P, versus P, are shown n Fig 4
for a counter response time T, = 10 ns, thermal noise standard
deviation ¢ = 34 uV and for several values of PMT average gain
G. Also shown on the figure are the corresponding threshold
values

These curves are useful 1n interpreting pulse counter data
for the purpose of determining whether the number of dark
current photoelectrons 1s Poisson distributed. Suppose pulse
counter data 1s recorded over a period of 1 sec and the counter
response ttme T, = 10 nsec. Assume that the average gamn of
the photomultiplier G = 108 and the PMT 1s cooled to ~30°C
With these parameters the RCA C31034 PMT 1s rated to have
an average dark current emussion rate at the photocathode of
about 25 counts per second Then under an assumption of
Poisson statistics, the probability of one dark current photo-
electron emission event 1n an nterval of T, = 10 nsec 1s about

A, = 25T, =25X1077

n

and the probability of no dark current events 1s approximately
1- A,. The probability that the pulse counter records one
count in a T, sec slot time 1s then given by

p= NP t(1-2,)P,

and the probability of no counts 1s equal to 1 - p. In a 1-sec
observation 1nterval there are n= 1/T, = 108 T _sec slots.
Thus, under a Poisson assumption on the dark current photo-
electron emission statistics, the number of pulse counter
counts 1n a l-sec observation pertod 1s a binomual (r, p) ran-
dom vanable.

Suppose now that the threshold v 1s set at 200 uV, o=
34 4V and G= 106. Then the recewver operating curve gives
P,= 091 and Pf= 2 X 1079, Under these conditions np ==
n\,Py= 23 when n= 108 >>1. In this case the binomial
(n, p) distribution 1s approximately Poisson with intensity np,
so the number of recorded pulse counter counts will still be
Poisson even with the random photomultiplier gain and the
amplifier thermal noise taken into account Next, suppose the
threshold +y 1s set lower at 100 uV, Here the receiver operating
curve gives Py = 0962 and Pp= 2 X 1073. In this case np =
nPp=2 X 105>>1 when n= 108 and the binomial (n, p)
distribution 1s approximately Gaussian with mean np and
vanance np (1 - p). The pulse counter data will no longer be
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Poisson Therefore, care must be taken in using pulse counter
data for determining counting statistics Specifically, if the
counter threshold 1s set too low, the photocathode emussion
false alarm rate will be too high and the counter statistics wall
be dominated by the thermal (Gaussian) noise of the PMT
preamp.

C. Noise and Signal Pulse Detection: Receiver
Operating Curves

Whereas phase I of this demonstration was concerned with
the dark current statistics of the PMT, 1n phase II the laser 1s
added to evaluate the error performance of the PMT-
preamplifier combination in detecting the presence of laser
light excitation In this demonstration phase, the laser 1s either
on or off n a time slot of duration T, seconds The PMT
amphfier output 1s mtegrated over this time period, normal-
1zed by T and compared to a threshold . Detection of the
laser Iight 1s declared 1f and only if the threshold 1s exceeded
In Ref. 10, the error performance of this detector was evalu-
ated assuming that photocathode emission events are Poisson
distributed and taking into account the random gam density
(1) as well as the preamphfier thermal noise Specifically,
consider the detector shown in Fig 5, where the amphfier 1s
assumed to mtroduce an additive white Gaussian noise V(7)
with spectral density N, given by (3) to the signal S(¢) across
the anode resistor R Let

P, = probability of correctly detecting the presence
of incident laser light 6)
and
P, = probability of correctly detecting the absence

of incident laser light (7

These detection probabilities Py, and P, depend on the
thermal noise level V), the threshold v, the integration time
T,, and the average gain G and dark current of the PMT, as
well as the incident light intensity at the photocathode. Spect-
fically let

IVn = average number of dark current photocathode
erssions per T sec time period at the photo-
cathode 8)

and

]VS = average number of light-excited photocathode
emission events per T, sec time period

NP
= )]



where 7 15 the photocathode quantum efficiency, Pg 1s the
mncident signal hight intensity at the photocathode surface, # 15
Planck’s constant and f the incident light center frequency,
Also define

of = N,IT,
and let
-G
P(a) = ea(e /8 _ l) Q(_')’_)
g,
VG & ValeeTB)"
+ —Be“" Z —(n,——)--]n (10)
n=0

where

and B 1s given by (2) It was shown in Ref 10 that

P, = Pa s 11
ds () °‘=Ns+1v,, ()

and

1-P, = P(@) (12)

o =
n

Typical on-off pulse detection receiver operating curves of
P, versus 1- P, are shown in Fig 6 for integration time
T, = 100 ns, thermal noise standard deviation 0, =34 uVand
for several values of N, Figure 6(a) shows the results for G =
106 and 25 dark current counts/second. Figure 6(b) shows the
corresponding results for G = 3.2 X 108 and 53 dark current
counts/sec!

!The PMT average gain can be increased by increasing the relative
anode voltage Gains from 105 to 107 can be produced 1n this way
However, increasing the anode voltage results in an increase in the
number of dark current electrons drawn from the photocathode The
values of dark current used 1in Fig 6 correspond to the RCA 31034
PMT operating at =30°C at the various values of gain (see Fig 12 of
Section IVS

D. Uncoded PPM Performance

Phase III of the demonstratton mnvolves the addition of
pulse position modulation and demodulation equipment to the
optical and elementary electronic signal detection equipment.
In M-ary PPM signaling M adjacent time slots, each of duration
T, sec, are used to form a single PPM symbol A given T
second slot 1s either a “noise slot,” in which case no light 1s
emitted from the laser diode transmitter, or a ‘“‘signal slot”
when light of a constant intensity 1s emitted from the laser In
a PPM symbol time one, and only one, of the slots 1s a signal
slot and the remaining (M - 1) slots are noise slots Since the
information to be transmitted 1s contained 1n the position (in
time) of the signal slot, each PPM symbol can convey log, M
bits of information (f perfectly detected) In the 2 5-bit/
detected photon demonstration M = 256, but we shall perform
the analysis for arbitrary M

The PPM demodulator receives signal slot/noise slot deci-
stons over the slot time T from the PMT and hght detector
circmt of Fig 5. Since separate decisions are provided to the
demodulator for each of the M slots n a PPM symbol, a
number of different types of error events are possible We will
analyze each of these event statistics below.

1 PPM symbol erasure probability, When no signal slot
decisions are recewved during an entire PPM symbol a symbol
erasure 15 declared. The probability of this event, Pg, 1s the
probability that the signal slot 1s not detected and that the
remaining (M - 1) nose slots are correctly classified In the
notation ot Fig. 6,

P, = (1-P,)PY (13)

which can be easily evaluated gtven an operating point on that
figure

2. Undetected PPM symbol error probability. An
undetected symbol error occurs when the signal slot 1s incor-
rectly declared a noise slot and one (and only one) of the noise
slots 1s taken as a signal slot. Since the incorrectly detected
notse slot can occur at any one of (M - 1) places, the probabil-

ity, P, of an undetected symbol error 1s

= (M - - - -2
P o=M-1)(A-P,)(1-P, )P, (14)
3. Correct PPM symbol detection probability. When a PPM
symbol 1s transmitted 1t will be received correctly 1f the signal
slot and all of the noise lots are correctly detected The
probability of this event 1s

- M-1
P =P, P (15)
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4 Two or more pulse probability. When two or more pulses
are recerved during a PPM symbol time the demodulator has
conflicting instructions The probability of this event, P,p 15
easily denved as follows

P, p = Pr(no pulses detected) - Pr (1 pulse detected)
=1-P,-P -P

= 1-PM1_@-1)(1-P,)(1-P, ) P2 (16)

S Uncoded PPM symbol error probability. The above
events are all measurable during the phase III tests and are
important i determining the overall performance of the sys-
tem when coding 1s later applied. However, 1t 1s also possible
to consider the system as purely an uncoded PPM system
during phase III If this 1s to be accomplished then some
resolution of erasures and multiple pulses per symbol time
must be accomplished A maximum likehhood demodulator
would use the following decision rules

(1) If all M slots are declared noise slots, choose the trans-
mutted signal slot at random from the M slots

(2) If exactly k > 1 slots are declared signal slots, choose
the transmitted signal slot at random from among those
k slots

The actual PPM demodulator does not use these rules.
Whenever an erasure occurs it always selects a preassigned
symbol as 1ts output. Also, if two or more pulses are received
1 a symbol time, the output symbol corresponds to the first
detected signal slot However, since the transrmtted PPM sym-
bols are selected at random and the channel 1s assumed to be
memoryless, the performance of the actual decoder will be the
same as the maximum likehhood version. We will therefore
analyze the latter,

Since the demodulator always produces an output symbol
then the probability of a symbol error, Pg, 1s 1 muinus the
probability of correct symbol detection (Note that the correct
symbol probability 1s not P, as developed above This 1s
because P, assumes that neither erasures nor multiple pulses
are resolved P, 1s therefore only one component in the
uncoded PPM probability of correct symbol detection ) We
have, therefore, that

Py

1- P_(correct symbol detection)

1
- M-1_ - (1~
1-P,(P,) 7P

M-1
ds) Pdn
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M-1

1 (M-1\ _pm-1-x
T (e p e, an
k=1

where the second term corresponds to P,, the third term 1s the
probability of correct decision when an erasure occurs and the
last term corresponds to the probability of a correct symbol
selection when the actual signal slot and one or more noise
slots are declared signal slots In the appendix 1t 1s shown that
(17) simplifies to

P, (1-ng,)

T S M-1 _
Pg = 1-5-(1-P, )P WGP, (18)

6. Uncoded PPM bit error probability. The final quantity
of interest 15 the probability of a bit error for the uncoded
PPM configuration Since PPM 1s a form of orthogonal modula-
tion, the bit error probability P, and the PPM symbol error
probability can be related by

M
1 2
P, = M-1 Fg

Dunng the phase III evaluation P, will be one of the key
performance parameters Figure 7 shows P, as a function of
the information power efficiency measure p = log,M/Ng (bits/
photon) for several values of the analog detector threshold 7,
M= 256, 0= 34 uV and T,= 100 ns. Figure 7a shows the
result for G = 106 and 25 dark current counts/second whereas
Fig 7b 1s for G= 32X 108 and 53 counts/second Iz both
figures the performance improves as the threshold 7 1s reduced
from 250 to 150 uV This 1s because the pulse erasure proba-
bility 1s also decreasing. However, 1if the threshold 1s reduced
too far, the noise generated false alarm rate increases, which 1n
turn increases P, This effect 1s evident in the y= 100 uV
curves Nevertheless, even with an optimization of the thresh-
old 1t 1s clear that without the benefits of the overall coding
system, operation at a reasonéble error rate 1s not possible at
2.5 bits/photon.

(19)

E. Coded PPM Performance

In the final demonstration phase, a Reed-Solomon (R-S)
encoder and decoder are used over the PPM modulated chan-
nel Since the code symbol alphabet size 1s 8 bits (matched to
the PPM symbol size), the (R-S) code blocklength, NV, 1s 28 -
1 =255 (symbols) (Ref 11) Two specific codes were consid-
ered for the demonstration. The first 1s the (255,223), t= 16
error correcting, rate 7/8 (approx.) code. The second 1s the
(255,191), t = 32 error correcting code which has a rate of
approximately 3/4.



A t error correcting (R-S) code can correct any combina-
tion of ¢ or less symbol errors. It can also compensate for
combinations of errors and erasures In particular, if s 15 the
number of decoder mnput symbol errors and e 1s the number of
decoder mput symbol erasures, then the decoder will produce
the correct output codeword provided
£2r+1

kste<d (20)

The code 1s therefore more powerful at correcting erasures
than errors

One can easily show that if the confidence that a particular
decoder mput symbol 1s correct 1s strictly less than 0 5, 1t 1s
better to erase the symbol and allow the decoder to attempt to
fill 1t m. This condition 1s always satisfied whenever a PPM
erasure occurs or whenever two or more pulses are recerved 1n
a PPM symbol time (The case of two pulses can also result
when the signal slot 1s not detected and two noise slots are
declared signal slots ) Thus, when (R-S) coding 1s used, 1t 1s
necessary to modify the demodulator deciston rules. Toward
this end let us define a decoder mput symbol error event to be
the occurrence of an undetected PPM symbol error, and a
decoder mput symbol erasure as either a PPM symbol erasure
or the occurrence of two or more pulses in a PPM symbol
time Then, from Eqs (13 — 16), the probabilities of decoder
nput symbol error Py, and symbol erasure P, are given by

P, = =M-1DA-PYA-P,)PY? (21)
and
— = M-
Py = PgtP, l_PdsPdnl
M-2 _ -
-M-DA-PY(A-P, )P =1-P -P
(22)

Once we have P, and P, we can compute the decoder
output performance A (R-S) decoder will always produce the
correct codeword at the output whenever the error/erasure
capability of the code (Eq. 20) 1s satisfied When this condi-
tion 1s not satisfied the decoder finds that 1t cannot solve the
equations which determine the location of the codeword sym-
bol errors nor can 1t solve for the values of the erased symbols
Consequently, a decoding (computational) faiture results. The
codes considered are systematic, which means that each code-
word 1s made up of 255-2¢ encoder 1input information symbols
followed by 2t generalized panty symbols (which are com-
puted in the encoder). When a decoding failure occurs, the
decoder will output the systematic portion of the codeword.

This means that for that particular codeword the power of the
code 1s not (actually cannot be) used, but the uncoded portion
of the codeword 1s still more likely to be correct than a
randomly selected codeword

The probability that the incorrect codeword 1s selected by
the decoder, Py, can be wnitten by mspection as

N s
ZE( )( )P;’P; (I_Py—Pa)N_s-e
$=0 e=

(23)
where

A = max(d,, - 2s,0).

The argument of the summation in (23) 1s recogmized as the
probability that a recewved codeword contains s symbol errors,
e erasures and the remaiming N-s-e symbols are error- and
erasure-free The summation 1s then taken over all values of s
and e which violate Eq (20) The symbol = 1s used since (23)
1 actually a slight overbound. This 1s because there 1s some
chance (albeit extremely small) that, even though (20) 1s
violated, the systematic portion of the codeword i1s received
without error

The probabihity of a decoder output symbol error Pg, can
now be computed by assuming that when s and e errors and
erasures respectively occur 1n a codeword, they are statistically
spread uniformly over the NV codeword symbols. Then assum-
g that all symbol erasures are (pessimustically) resolved 1n
error at the decoder output gives

P

§=0 e=A
_ N-. ste
P, Py (1-P,-F) S_e( N)
(24)

Given Py we can also compute Py, the decoder output bit
error rate from the expression

.M
Ppp = T01°D P, . 25)
Equation (25) 1s the final performance measure for the
2.5-bit/detected photon demonstration Figure 8 shows Py, as
a function of the energy efficiency parameter p for a PMT gain
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of 3.2 X 106, 53 dark counts/second, T, = 100 ns and several
values of pulse detector threshold voltage y. Figure 8(a) illus-
trates the performance of the rate 7/8 code whereas Fig 8(b)
applies to the rate 3/4 code It 1s clear from these figures that
the rate 7/8 code will not produce an adequate bit error rate at
p = 25 bits/photon The rate 3/4 code, on the other hand,
provides Voyager threshold performance up to 2.9 bits/photon
fory =150 uVv.

The corresponding performance curves for a PMT gain of
10¢ were not computed since 1t was recogmzed that they
would not provide adequate performance This can be seen
from the following analysis. From Fig 7(a) we see that the
uncoded PPM bit error rate at p = 2 5 bits/photon and a PMT
gamn of 106 1s greater than 0 15 for all values of . From (19)
this corresponds to a PPM symbol error rate of 0 3, which
results from undetected symbol errors and incorrectly resolved
ambiguities This implies that on the average a (R-S) codeword
of length 255 will have 76 anomalies, either symbol errors or
erasures Since this number exceeds the code correction capa-
bilities (Eq 20) of both codes even if all anomalies are era-
sures, the coded performance will obviously be inadequate.
Contrast this with the 3.2 X 106 gain results of Fig 7(b) At
p=25 and y= 150 uV the average number of anomales per
codeword 15 20 This satisfies Eq (20) for the rate 7/8 code
only if most are erasures. For the rate 3/4 code, however, (20)
1s satisfied on the average regardless of whether the anomalies
are erasures or errors,

One additional comment 1s in order The demonstration
goal 1s to achieve 2 5-bit/detected photon performance at 100
kbps. The performance calculations in this section were made
for T = 100 ns, which corresponds to the maximum clock rate
of the logic used in the hardware. For 256-ary PPM and rate
3/4 coding, these results correspond to 234 kbps

IV. Experimental Results of Phase |
A. Experimental Setup and Conditions

As described earlier, the purpose of this phase of the work
was to measure the intrinsic noise characteristics of the system
and to verify the theory used to model 1t

The block diagram of the experimental setup 1s shown 1n
Fig. 9. The photomultiplier tube (PMT) used in the expern-
ment was the RCA model C31034, Thus PMT has a GaAs
photocathode with the highest quantum efficiency available at
the wavelength region where A1GaAs lasers operate (O 8-
0.9 um) This particular PMT type has a quantum efficiency
(n) of about 15% at 0 85 um A selected type of this PMT —
Model C31034A-02 — with n = 20% was also purchased but
was not used i the experiment. The above efficiency values
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are at room temperature, and a moderate improvement 1s
obtained with some coohing The typical gaimn of this PMT 1s
106 The gain varies with varying experimental conditions, as
will be described below.

Since the dark current of the PMT i1s too high at room
temperature, the PMT was placed in a cooled housing. The
cooling reduces the thermionic emission from the PMT’s
photocathode, which 1s a dommant noise mechamism The
thermoelectric (T.E.) cooler used was a Model TE-206TS-RF
(Products for Research, Inc), which can cool the photo-
cathode to a temperature 60 K lower than room temperature.
Due to other noise mechanisms (Ref 12), some temperature-
independent residuval dark current was observed below about
-30°C The high voltage (1200-1800V) 1s supplied to the PMT
by a Model 204-10 power supply (Pacific Photometrc
Instruments).

The output of the PMT was directly connected to a fast
preamplifier Model 9301 (ORTEC). Thus amphfier has a gain
of 10, bandwidth of 150 MHz and equivalent input noise
voltage of about 34 4V rms

The PMT and preamplifier (which must be 1n close proxim-
ity because of noise comsiderations) were placed in a dark
enclosure to elimmate ambient dlumination and permt the
observation of the actual PMT and preamp noise mechanisms
The effectiveness of the enclosure was verified by noting that
no change 1 the dark count reading resulted when the labora-
tory was darkened or fully illuminated. Following the pre-
amphfier was a second amplifier (HP Model 461) which pro-
vided final pulse gamn (gain X100, bandwidth 150 MHz).

The amplified signal was first fed to a fast storage oscillo-
scope (Tektronix 7834) to venfy that the PMT noise output
was generated by single photocathode emission events, not
bursts of events (Ref. 13). In all subsequent tests the amphified
signal was connected to a HP5370A universal counter, which
m turn was connected to a HP9845C computing controller
through an HP-IB interface.

In the course of the measurements there were basically
three parameters that could be changed The temperature of
the photocathode, the PMT voltage and the threshold (or
trigger) level of the counter. Changing the temperature alters
the intensity of the noise process, 1 e., the number of photo-
electrons released from the photocathode via thermonic emus-
sion (Ref 14) Changing the PMT voltage V changes the
average gamn G of the PMT according to

G = aVl?



where V 1s 1 kilovolts, G 1s 1 units of 106 and where a ~
0043 and b =~ 922 are constants calculated from the manu-
facturer’s data sheet Finally, changing the threshold level
changes both the intensity of the dark current counts and their
origin At low threshold voltages most of the counts are due to
white (Gaussian) thermal noise of the preamplifier, at higher
values of threshold voltages the dominant noise mechanism 1s
due to the dark counts onginating at the PMT

Several Iimitations on the measurements are imposed due to
hardware constraints First, the bandwidth of the preampli-
fier-amplifier combination 1s shghtly less than 110 MHz, this
matches the 100-MHz capability of the counter, but 1s some-
what less than the 140-MHz intrinsic bandwidth of the PMT.
Secondly, when the counter operates in the time interval mode
(as needed for the time-of-arnval distnbution measurement), 1t
counts only every other interval and, in addition, has a 330-us
deadtime after each measurement. This limitation 1s not sigmf-
icant 1f we assume that the process 1s stationary and when
operating 1n the Poisson regime, but for low values of thresh-
old voltage, only the frequency mode of the counter can be
used 1n order to obtain reliable results

B. Experimental Results

The first expertment set was designed to test the validity of
the assumption that the dark count events are generated by a
Poisson process To elimmate counts due to preamphfier ther-
mal noise the counter threshold voltage was set at the 90 level
of the thermal process A sample set of 1000 count events was
then observed and compared 1n two ways against theoretical
predictions The first comparson involved the computation of
the number of events in a preset tume interval to venify that 1t
was Poisson distributed. The second involved computation of
the event interarnival times to determme 1f they were exponen-
tially distributed Typical experimental results are shown in
Fig 10 along with the associated theoretical distmbutions.
Figure 10(a) shows the frequency distribution (vanation 1n the
number of counts per time interval), whereas Fig 10(b) con-
tams the imnterarrival time distributions. The results show
extremely good agreement between theory and experiment.
Additionally, two x-square tests appropnate for the compari-
sons of these distnbutions were computed. These tests con-
firmed the visual conclusions that the theoretical and expen-
mental distributions were close Similar results were obtained
for several different values of PMT gains

Measurements were also made at lower values of the
counter threshold voltage Here, as expected, the measured
distributions deviated considerably from the Poisson model
due to the increased number of counts resulting from pre-
amplifier thermal noise.

The second experiment set mvolved taking extensive data
to determine the average intensity of the dark current Poisson
process, as well as 1ts variation with system parameters First,
the dependence of the dark current intensity on PMT tempera-
ture was measured and compared with the manufacturer’s
specifications Favorable agreement was obtamed which pro-
vided confidence that the experimental setup was performing
correctly Then, the effects of PMT gan and counter threshold
voltage on the dark current mntensity were measured To
obtan rehable results, 10% seconds of data were collected for
each gam and threshold setting. The results are shown in Fig.
11. As expected, the average intensity of noise events
decreases with an increase in the counter threshold voltage.

Another mmportant feature of Fig 11 1s the rather large
dependence of the dark current intensity on the PMT gain
setting. This phenomenon 1s due to the fact that as the voltage
of each dynode 1s increased, the PMT enters an unstable region
produced by regenerative 1omzation effects (Ref 12) It 1s
umportant that this vaniation be adequately modeled so that
optimized systems designs can be obtamned However, the data
of Fig 11 includes not only the effects of the PMT but the
preamplifier and counter threshold as well By modeling the
overall process and working backward from the expenmental
results one can deduce the intrinsic vaniation i PMT dark
current imntensity as a function of PMT gamn, This result 1s
shown in Fig 12. The figure clearly indicates an exponential
dark current dependence on average gain.

V. Conclusions

We have descnibed the 2 5-bit/detected photon demonstra-
tion program and identified how 1t has been broken into four
demonstration phases Then an analysis of each phase was
presented. The analysis illustrated how, with 256-ary PPM
modulation, Reed-Solomon coding and carefully chosen sys-
tem parameters, 1t 15 possible to achieve the 2.5-bit/detected
photon goal at rates above 100 kbps Finally, the results of the
phase I expertments were presented where the agreement
between theory and experiment was shown to be surprisingly
close. Additionally, the parametric dependencies of the PMT
detection noise intensities were also expenimentally
determined.

The agreement in the phase I tests provides a substantial
amount of credibility to the analysis and associated conclu-
sions presented herein. However, the final proof will come
with the actual phase IV demonstration Nevertheless, the
results of phase I will permit the phase II-IV activities to be
conducted with increased optumism.
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Fig. 3. Equivalent block diagram of the PMT noise model
measurement system
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Appendix

In Section III we found that the uncoded PPM symbol error
probability was given by (Eq. 17)

- 1- M-1_ 1 o M-1
Pg = 1- Py F,,) M(l Py) P
M-1
1 (M-1\ M1« k
- Z k+1( k )Pdn (1- P, )" Py (A1)
k=1

Combiming the second and fourth terms and changing the
mndex of summation yields

I M-1
Pg=1- - (1-P,)PY

M
- (M- 1\ pmek ¢ _ k-1
E k (k— 1) Pdn (1 Pdn) Pd:

k=1

Then multiplying and dividing the last term by M (1 -
produces

Pan)

_ 1 -
PS— l_ﬁ(l_Pds)Pgi,l
M
M-k k
M(l- )Z ( )Pdn (1-P,)
P, (1-PM)
- 1 M- ds dn
‘I'H(I‘Pa:)Panl‘M(l_—m (a2
n
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which 1s the desired result

That this expression 1s correct can be seen from the follow-
ing analysis 2 The second term 1s clearly the probability of
making a correct symbol decision when a PPM symbol erasure
occurs (cf Eq 13) The last term of equation (A-2) must
therefore be the probability of correct decision when one or
more pulses occur in the PPM symbol Let us hypothesize a
different demodulator decision rule. We will assume that era-
sures are still resolved by the roll of an M-sided die, but that in
the event of one or more pulses 1n a symbol time, the first
pulse 1s always taken as correct This demodulation rule 1s
really equivalent to the maximum-likelihood decision rule
when the nputs to the demodulator are equally hikely and one
1s interested 1n average probabihity of error (Note the actual
demodulator uses a modified form of this rule.) For this new
demodulator the probability of correct symbol decision given
that the actual signal slot was the first slot 1s P;; The proba-
bility of correct decision given the second slot was actually
sent 1s likewise P, P, Contmnuing on m this manner and
using the fact that each of the conditions has equal chance of
occurring results in

P_(correct decision and one or more pulse recewved)

+P P +P2pP +-

21 M-1
_H(P dn ds ' “an' ds Py Pd.r)

Thus clearly equals the last term of Eq (A-2)

2The authors are indebted to R Stokey for this interpretation
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DSS 13 Unattended Operations Station Controller
Status Report
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In this report, a bnef Mistory of the unattended operations program 1s presented,
followed by the status of the Phase II Station Controller implementation. The DSS 13
Station Controller 1s being developed as a part of the S-X Systems Development work
unit under RTOP-68, Station Monitor and Control Technology This work unit provides

the system engineering for RTOP-68

I. Brief History of the Unattended Operations
Program

The first major attempt to automate a Deep Space Station
was mn 1975 at DSS 14 Three PDP-11/20 Minicomputers and
one 8080 based microprocessor computer were used to control
the Transmitter, Receiver, Microwave, and SDA subsystems
Communication between the station controller computer, the
subsystem computers and the equipment itself was via the
JPL standard interface In some cases, the equipment already
had the JPL interface installed, in others the interfaces had
to be designed and 1nstalled

The programs for the PDP-11 minicomputers were wntten
mn Basic, and the one for the microprocessor computer in
PL/M These programs were debugged as much as possible at
JPL The computers and nterface equipment were then
shipped to DSS 14 for testing

Testing was carried out on a noninterference basis at DSS 14
over a period of about a month. Although each subsystem

performed nearly as planned, the poor rehability of the hard-
ware and software prevented the entire system from operating
successfully for any length of time

Although this first exercise was not completely successful,
1t did yield valuable information applicable to the next phase
of automation which was to be at DSS 13. In general, the
main problem areas were found to be

(1) Hardware rehiability

(2) Software reliability and speed

(3) Communication and protocol

(4) Operator interface

(5) Project personnel control

After the DSS 14 testing was completed, 1t was decided to
move further automation development to DSS 13 Since
DSS 13 was an R&D station, the scheduling of station time for
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testing, and equipment development was much easier than at
DSS 14 where the station was largely committed to space-
craft tracking It was further decided to change from using
the PDP-11 municomputers with their magtape operating
systems to ROM-based microprocessor computers These
muicrocomputers were sunilar to the one used at DSS 14 which
showed greater reliability than the PDP-11s

The decision to use a microprocessor computer prompted
the development of JPL’s first “‘standard microcomputer”
This microcomputer used commercially available 1st-generation
modules and components At this early stage in microprocessor
development, the software, wntten in PL/M, had to be cross-
compiled on the GPCF 1108 computer and loaded into the
microprocessor computers via paper tape, or prom modules
Software development and debugging on these early systems
was laborious and slow

The 1mtial DSS 13 system was simuilar to the one at DSS 14
The Recewver and Transmitter subsystems at DSS 13 had to
have remote control and momtonng interfaces fabricated
Finally the Receiver, Transmitter, Microwave, and SDA
systems were automated as per plan However, as testing
progressed, 1t became apparent that the ongmnal plan had
operational deficiencies which were gradually corrected

Prior to the moving of the unattended operation effort to
DSS 13, the antenna system at DSS 13 had already been placed
under computer (Modcomp municomputer) control In order
to provide a complete tracking facility, after the RF subsys-
tem had been completed, antenna control was added to the
automation effort Since this was an afterthought, the inter-
face, although workable, was not a clean one

Another major addition to the system was the capability
to download predix and configuration data, as well as re-
motely operating the station from JPL This was accomplished
by connecting a remote ternunal, with cassette tapes, to the
station controller using a high speed data line and modems

After these improvements were added and debugged, the
station was operated in an unattended mode Delivery of data
to projects for a period of six months n 1979 was accom-
plished while the DSS 12 antenna was bemg enlarged from
26 to 34 meters

Shortly afterwards, 1t started becoming apparent that an
upgrade of both hardware and software was desired Since
moving to DSS 13, large advances had taken place in improved
microprocessor hardware and software development tools
Station operation generated new requirements in the areas of
operator interface, system status reporting, and generation
and transfernng of predix and configuration data For these
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reasons, 1t was decided to implement what 1s now known as
the Phase II system

Il. Phase il Plan

Phase II provides the opportunity to upgrade both the
hardware and software of the subsystem controllers as well as
the station controller In general, all of the subsystem con-
trollers will be converted to a MULTIBUS chassts thereby
providing the capability to select from the large number of
commercially availlable MULTIBUS compatible modules
Although there are a large number of modules to select from,
the unattended operations effort 1s attempting to standardize
on a mmmum set of modules 1n order to reduce spares, and
to develop a thorough understanding of the operation of the
common modules used The mitial module selection consists
of the following

(1) BLC-80/204 Single board computer

(2) BLC-064 64K RAM module

(3) BLC-8432 32K EPROM module

(4) BLC-8201 Floppy Disk Controller

(5) SBC-534 4 CH RS-232 module

(6) SBC-519 Parallel I/O module

(7) JPL-QSIA JPL designed interface module

One of the major advantages of standardizing on the
MULTIBUS chassis and modules, 1s that with the addition of
a set of floppy disk drives, the software can be entered, com-
pled, debugged, and executed on the target computer in
RAM memory This eliminates the need for separate develop-
ment systems and means of downloading the compiled pro-
grams Once 1t has been determined that the program 1s operat-
g properly in RAM memory, 1t can then be “burned” into
PROM:s for greater reliability

Software improvements will result mn improved system
momntor, control, and status reporting The communication
protocol between controllers will be changed to readable
ASCII and be more generalized

Ill. Phase Il Station Controller Hardware

The functions of the Phase II station controller (see Fig 1)
are as follows

(1) Facilitate remote control of the station

(2) Provide an imterface to the Information Processing
Center (IPC) Through this interface, predix and



configuration data can be transferred from the IPC to
the station without operator type-ins, and pass log
data can be transferred to the IPC for dissemination
and distribution to users

(3) Coordinate the operation of the various subsystems
through their respective controllers

In contrast to the Phase I station controller which contained
one microcomputer with a terminal at DSS 13 and a remote
terminal at NOCC, the Phase II station controller actually 1s
composed of two microcomputers hinked by a 7200 baud data
line The dnving factor for having a microcomputer at NOCC
1s to provide for improved operator interface, and an inter-
face to the IPC

One significant addition to the Phase II station controller
1s the floppy disk drives These are now required for four
reasons

(1) Pass log data must be stored temporanly prior to being
transferred to the IPC

(2) Configuration and predix data from the IPC must be
temporanly stored prior to transfer to the DSS-13
controller

(3) Menus and help prompt frames, which are anticipated
to be many, are too large to be stored permanently in
the computer memory

(4) A vanety of support programs may need to be loaded
and executed (1e, the program which transfers files
to and from the IPC 1s a separate program from the one
which controls DSS 13)

Each controller will have three CRT displays One of these
will be reserved for real time system status, another CRT wall
be reserved for the display of routine log messages from the
subsystem controllers, and the third CRT will be reserved for
operator interaction along with the keyboard The printer 1s
an optional utility which may be used for listing log messages
or any other desired file

Each of the controllers has enough penpherals to function
as a software development system All software entry, compil-
ation, debugging and execution can be performed on either of
the station controller computers

IV. Phase Il Microcomputer

Both of the microcomputers used 1n the station controller
are 1dentical with the exception of the JPL-QSIA (Quad
Standard Interface Adapter) module located in the DSS 13
controller (see Fig 2) There 1s no need for this module 1n

the NOCC controller as the NOCC controller does not inter-
face with any hardware having the JPL standard interface

The mucrocomputer chassis 1s a standard MULTIBUS
chassis containing commerctally available modules with the
exception of the specially designed JPL-QSIA module This
computer 1s configured as a multiprocessor computer 1n that
there are stx modules which have microprocessor devices on
them The function of the modules are described below

1 BLC-80/204 These modules are the basic single board
computers which run the application programs One of these
modules 15 dedicated to performing the protocol requirements
of the high speed data line between the two controllers and
its program 1s permanently “burned” into proms The other
single board computer performs the primary functton of the
microcomputer

2 BLC-8201 This module 1s a floppy disk controller It
controls two disks 1n single density mode, each disk having a
capacity of approximately 250K bytes

3 BLC-8229 These modules are CRT/KEYBOARD con-
trollers One 1s required for each of the CRTs The keyboard 1s
connected to only one of the modules Although these mod-
ules have the capability of executing general subroutines, 1t
15 anticipated that they will not be used for that purpose as
1t would complicate the program unnecessarily

4 SBC-534 This module 1s a four channel RS-232 module
It supports a vaniety of baud rates and 1s used to interface
the printer, the IPC modem, and to receive seral station time

5 BLC-064 This s a 64K RAM memory module

6 JPL-QSIA This module 1s a four channel interface
designed to operate with any equipment equipped with a JPL
standard 1interface, such as the star switch to which 1t 1s
connected Other subsystem microcontrollers use this module
to interface to the SDAs, the Recetvers, and etc

Since this microcomputer has six “master” modules (BLC-
80/204s, BLC-8229s, and the BLC-8201), the normal senal
prionty bus arbitration scheme must be replaced by a parallel
bus arbiter This function consisting of two 1c’s 15 wired on a
prototype wirewrap module

The NOCC Phase II hardware 1s configured in a five bay
wraparound console with a desk top The displays and key-
board are positioned for best operator viewing and use The
DSS 13 Phase Il hardware 1s presently installed 1n a standard
DSN rack but will be mstalled in a similar five bay console
shortly The DSS 13 console will be shared with the antenna
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controller and display All of the Phase II station controller
hardware has been installed and tested

V. Phase Il Station Controller Software

The present software residing in the Phase II controller 1s a
slight modification of the previous Phase I software, primanly
because the subsystem controllers have not all been converted
to the Phase II hardware configuration, and do not have the
Phase II communication and message protocol installed

The program residing 1in the NOCC controller for automati-
cally dialing and accessing data files in the IPC has been
written and tested, similarly, the transfer of pass logs to the
IPC can also be accomplished Programs which will reside 1n
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the IPC that generate the predix and configuration files, and
dissemunate the pass log data that has not been written

VI. Future Plans

Future plans for the station controller include the follow-
g 1n order of importance

(1) Complete the Phase II software sufficient to perform
an uplink demonstration 1n late March 1982

(2) Complete the Phase II software

(3) Integrate touch screen, voice recognition, and voice
response systems for improved operator control

(4) Complete the software residing in the IPC for predix
generation and pass log dissemination
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A Digital Filter Implementation of the Deep Space
Transponder Phase Lock Loop Integrator

J W Heller

Communtcations Systems Research Section

The phase lock loop integrating filter in the NASA standard deep space transponder
has suffered in rehabiity due to the malfunctioning of feedback capacitors In this paper
an alternatve design, using a digital filter, 1s presented which eliminates these critical
components This filter can also be used n other flight and ground equipment utihzing

phase lock loops
I. Introduction Il. Analysis of the Linear Integrating Filter
In the present version of the NASA deep space transponder The large feedback capacitance 1s a consequence of the

the phase lock loop integrating filter has an extremely long  specified filter transfer function

time constant of 3000 seconds The electronic circuit which

realizes this consists of an operational amplfier with a large 1+7. s

(11 6 uf) feedback capacitance These capacitors are critical FG) = 757 (1)
as any leakage current can drastically affect the pole location !
of the desired transfer function Unfortunately, the capacitors
have not been extremely reliable, causing a degradation of the
loop performance This article discusses a digital implementa-
tion of the imntegrating filter and, although capacitors are not
eliminated, the capacitances are much smaller and used 1n an 4d? + 1
antialiasing filter where the filter requirements are less critzcal

where

138



and

where d 1s the loop damping, W 1s the loop noise bandwidth,
K 15 the open loop gain and 4 1s the rms signal amplhitude For
the deep space transponder 7, ~ 0 083 seconds and 7, = 3000
seconds

A differential input integrating filter circuit similar to the
one 1n the transponder 1s shown 1n Fig 1 The transfer func-
tron for this circust 1s

R (e*®)
e, = - i (LC+R1R) ‘e, (2)
(56 *+R: *Re)

Since A 1s large (3 * 10%) and the ratio R;/AR, 1s small, then
Eq (2) simplifies to

Ry (e ti)
-1 ¢

e, X - R—F f (3a)
2 |—<=+R +
(sC R R )
This equation can be rearranged to resemble Eq (1)
e R 1+R Cs
o . F 1 (3b)
e, R, 1+(R1+Rf)Cs
and by companson with Eq (1)
7, =R, C 4
and
=R, +tR,)C )

For 7, = 3000 seconds Eq (5) implies a large value for C
For example, in the present transponder filter design Ry 1s
realized using a T-network (not shown 1n Fig 1) to achieve a

value of 260 M2 However, even this resistance summed with
the 7 5 kQ resistance chosen for R, requires a steep capact-
tance of 11 6 uf which, 1n practice, requires two 5 8-uf capaci-
tors 1n parallel Unfortunately, even small leakage currents in
these capacitors can produce large changes in the circuit
transfer function Therefore alternative designs which reduce
or elumnate the capacitors are worth considering One such
design using a digtal filter performs the integration using
binary additions and multiplications No large capacitances
are required, and where capacitors are used their leakage effect
on the transfer charactenstic 1s much less than for the present
circuit

lll. Digital Filter Design

In order to preserve the transient response of the linear in-
tegrator an impulse-invanant, infinite impulse response, digital
filter structure was denved as follows The impulse response
of the linear filter

T,8

1+
We) =27 [HE) = 27 [1 +]

= :—:B(t)+ (;1— - T_:) e /71 u(r) (6)

1 ‘I'1

was set equal to the desired digital filter output at each sam-
pling interval,1 e

h(n) = h(r)| tonT )

Then the z transform of the sampled impulse response was
determined

7.+1 1 T
2 2 2 _
N P T/le 1
7 2 7

1

H(z) = Z[h()} =

1-z71e7Timy

and from this system function the digital filter structure can
be drawn (Fig 2) The choice of the sampling interval T
depends on the preciston with which the coefficients can be
represented 1n the filter hardware (1 ¢ , register width) and the
antialiasing filter requirements The latter 1s needed to attenu-
ate signal frequencies above the Nyquist rate, /2 (=1/2T)
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IV. Implementation

Figure 3 shows the schematic diagram for the digital filter
and 1ts assoctated circuits The left-most operational amplifier
1s used for scaling and retains the differential input configura-
tion of the ongnal linear filter The second op-amp serves as
an antiahasing filter using a 3-pole Butterworth low-pass filter
design The cutoff frequency of 1 Hz was chosen so that alias-
ing from frequencies greater than 10 Hz are attenuated by at
least 54 dB and therefore are less than the least significant bit
of the digital filter’s 9 bit digital-to-analog converter

The analog-to-digital conversions, digital filtering and
digital-to-analog conversion are all performed by an Intel 2920
digital signal processing integrated circuit A functional dia-
gram 1s shown 1n Fig 4 The 2920 1s the most compact of the
digital signal processors available as 1t incorporates a digital-to-
analog converter (but not the voltage reference) on the chip
along with the usual digital components such as an ALU,
registers, etc The filter structure 1s realized 1n software stored
m an erasable memory capable of holding 192 instructions
Approximately 35 instructions are needed to convert the
analog signal into a 9 bit binary representation The reverse
process requires another 15 memory locations In addition, a
“correction curve” was programmed to mimimuze the errors
resulting from the nonlinear output of the 2920’s sample-
and-hold buffer (for a discussion of this problem see Ref 1)
Also, a software timer was included 1n order to execute the
filter code at the appropnate submultiple frequency of the
2920 hardware clock The submultiple frequency was set

equal to the sampling frequency of 20 Hz Figure 5 shows an
excerpt of the 2920 code listing the digital filter structure
Although the mternal register width of the 2920 1s 25 bats,
this was not of sufficient accuracy for representing the pole
coeffictent, so much of the filter computation was done using
two registers for each vanable (extended precision)

The op-amp to the nght of the 2920 1s used as an adjust-
able-gain voltage follower A fourth op-amp provides a precise
reference voltage for the 2920’s digital-to-analog converter

V. Performance

The circuit was tested for 1ts step response and frequency
response The output for a 0 75-volt step input was recorded
over a 3-hour period at 5-munute intervals and compared with
the 1deal response to the linear integrator The maximum error
(excluding near-zero values seen during the first minute and
attnbutable to offsets, etc) was 1 S percent Frequency re-
sponses of the digital and 1deal filters are shown n Fig 6 It
was not possible to test the filter in a loop due to budget
restrictions

VI. Conclusion

It appears possible to replace the present linear integrator
in the NASA deep space transponder with a digital filter that
1s not as susceptible to capacitor rehiability problems as are the
filters presently used

Reference

1 Heller, J, “An Evaluation of the Intel 2920 Digital Signal Processing Integrated Cir-
cuat,” TDA Progress Report 42-63, Jet Propulsion Laboratory, Pasadena, Calif , pp

108-113, June 15,1981
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Improved Carrier Tracking Performance with Coupled
Phase-Locked Loops

D Divsalar

Telecommunications Systems Section

J H Yuen

Telecommunications Systems Section

and

Electrical Engineering Department,
California Institute of Technology

A cammer arraying system to combine the recewed carrier signals at geographically
separated recewvers with different carrier phases to improve carrier tracking performance
1s considered This system basically couples several phase-locked loops (PLLs) to enhance
recewved carrier Signal-to-noise ratio. There 1s no extra alignment of carrier phases This
system automatically aligns the carrier phases, which results in coherent combiming of the
carrier signals This article analyzes the tracking performance of this carrier arraying
system by assessing 1ts rms phase jitter and radio loss

Carrier arraying alone will not provide any improvement 1n bit energy to noise spectral
density ratio (for high carnier loop SNR) However, carrier arraying provides reduction in
radio loss with respect to the no carnier arraying case Results have been extended to the
case of combined carrier and baseband arraying Bit error rates and radio loss curves are
gwen. Numenical results are given for three useful cases, namely, the array of 64/34-, the
array of 64/34/34- and the array of 64/34/34/34-meter-antenna stations of the NASA
Deep Space Network (DSN)

I. Introduction

A carrier arraying system to combine the received carrier
signals at geographically separated receivers with different car-
rier phases to improve carrier tracking performance 1s consid-
ered (Ref 1) This system basically couples several phase-
locked loops (PLLs) to enhance received carrier signal-to-noise
ratio. There 1s no extra alignment of carrier phases The system
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automatically aligns the carrier phases, which results in coher-
ent combining of the carner signals

This article analyzes the tracking performance of the carrier
arraying system by assessing 1ts rms phase ptter and radio loss
We have shown that the PLL n the first receiver, where the
carrier arraying 1s performed, tracks the received carrier phase
using the recewved carrier power from all recervers The PLL at



station1(1 = 2, 3, ,IN) estimates and tracks the carrier phase
difference between the received carrier phase 1n station ¢ and
the recewved carrier phase 1n the first station In this system,
after the carrier 1s acquired by the first PLL, the PLLs 1n the
other stations track the carner phase differences Indeed the
PLLs at the second, third, , stations track the phase differ-
ences, trying to make the IF signals at the input to the carner
combiner more coherent in phase Therefore, the loop noise
bandwidth of stations 2,3, ., N can be much narrower than
the loop noise bandwidth of the first station However, the
first PLL should have wider loop noise bandwidth for
acquisition

Carrter arraying alone will not provide any improvement in
bit energy to noise spectral density ratio (for high carrter loop
SNR) However, carrier arraying provides reduction 1n radio
loss with respect to the no carrier arraying case Results have
been extended to the case of combined carrier and baseband
arraymg Bit error rates and radio loss curves are given
Numerical results are given for three useful cases, namely, the
array of 64-34(T/R), the array of 64-34(T/R)-34(L/0) and the
array of 64-34(T/R)-34(L/0)-34(L/0) meter-antenna stations
of the NASA Deep Space Network (DSN)

ll. System Model

A system for carrier and baseband arraying 1s shown in
Fig 1 With switches SW2, SW3, , SWN 1n their closed
position, we have the combined carrier and baseband arraying
system. With the switches in their open position, we have the
carrier arraying only. The purpose of carrer arraying 1s to
combine the recewved IF carrer signals 1n order to improve the
carrier loop SNR Consider the received signal from station
1t=1, ,N), this 1s an RF carrier which 1s phase-modulated
by a squarewave subcarrier (51n w,,1) at a peak modulation
index @,,. The subcarrer 1s br-phase-modulated with a binary
data stream D(t) The received RF telemetry signal from
station ¢ can be expressed as

S,,@) = \/2_Pl sin fw t+0, +D(¢+71)6, O (wsct+0m)]
+n“(t) (1

where

w 1s the carrier radian frequency
w 1s the subcarner radian frequency

P 15 the total received power at station 1, 1=
1, N

01 1s the carrier phase at stationz,z=1, .,N

Gsc' 1s the subcarrier phase at stationz,1=1, SN

7, 1s the group delay at stationz,1=1, . ,N

n“(t) 1s the received Gaussian notse process

After coherent demodulation of S,,(¢) by the VCO reference
signal of station 1

r, (&) = v/2cos (wL0t+§l) @)
where

w 1 the VCO radian frequency of station 1

LO

51 1s the phase estimate of 6|

we get the first IF signal at station 7 as

S,, () = VP sm(wp t+¢ +6, -0 )cosb
+\/}Tz°°s (W t+ ¢, +6,-0))
~sinf, D(t+7) Sin (w, tt0,.)tn, () (3)

where

€
0
€
|
(3

IF1 [4 Lo

[t}
)
)
S+

2

Next the ambiguity due to the phase differences between
stations should be resolved This 1s done by phase-locked loops
at stations 2, 3, , N Demodulating S,,(z) by the reference
signal

Rl(t) = 2 ¢cos (let) @
and demodulating S,,(f) by the VCO reference signal
r() = 2cos(wp,t+8) 1=2,3, ,N (5
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we get
8,0 = \/Esm (Wypp 1+ 0, +0,)cos 0
* \/ITcos (Wi 140, +0,)

+smnb, D(t+71) Sin (w, t+6, )

+n,(2) 1=12,.. ,N ©)
where
Wim T YT @ry
¢, =0-0-8 1=2, .,N
¢el = 0

To combine the second IF carrer signals, weight each signal
by 8, 1=1,...,N (assume §; = 1) and add the signals. At the
output of the IF carrier combiner at station 1, without loss of
generality 1gnonng the component of the signal Sy, (f) which
contains data, we get

N
S@) =) VP B cosh, sin(wymtte +0,)
=1

N
IDWING ™
=1

Clearly the input signals to the carrier combiner are not in
phase. But 1t will be shown later that when

Pu 8)
BL 1

where

B;, 15 loop noise bandwidth of PLL at station : 1= 2,
3. ,N

By 1s loop noise bandwidth of PLL at station I without
carrier arraying

Then with a good approximation, ¢,, with respect to ¢, can
be 1gnored, 1.e.,
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[

¢€l 0 (9)

Therefore, the input signals to the carrier combiner are
approximately coherent in phase.

IlIl. Carrier Phase Jitter Variance

The signal S(¢) 15 demodulated to a baseband signal by
reference signal

R (8) = cos (w;p,1) (10)
The resulting signal 1s
- N
S¢) =), VPBcoso, sm(g +¢)
1=1
N
+ Y BNt e +4,] (11)

=1
which enters the loop filter of station 1 with transfer function

1+r2ls
1+Tus

F.(s) = (12)

Using linear phase-locked-loop theory, 1t can be shown (see
Appendix A) that the equivalent reduced model of Fig. 1 for
analyzing the phase jitter can be modeled as 1n Fig 2 In this
figure the closed loop transfer function H (s) 1s given by

© VP K F (s) cos 9, (
H(s) = 13
! s++/PK F(s)cos 6 )
11 m
where
I+7,s
F(s) = 14
) lL+7,s (14
Ty T2, are tume constants of the loop (station 7)
The loop damping parameter 7, for station 7 1s given by
r, = WPK,% Ir, ) cos 6, (14a)



With these notations the loop noise bandwidth B;, can be
approximated as

rl+1
~—— 1=1,2
L b b
! 47,

LN (15)

In Fig 2, N, 1s Gaussian noise process with one-sided noise
spectral density Ny, 1= 1, 2, ,N.

From Fig. 2, vanance of the phase noise ¢, , 1s given by (for
details see Appendix A)

H,(©) ’ N,

021 = —1— ds 012
2m N 2P cos’ 0,
1+ 3 6, H, () [1=H,(6)]
=2
i 1
2,21
* Z Bl 71 27]']
=2
2
H (s} [1 -~ H(s)] s Ny,
N 2P, cos? Om
1+ B, H, () [1-H,()]
=2
(16)
where
A “Pt
v, = (17)
VP,

Evaluation of integrals in (16) for N> 2 1s very difficult,
however, 1n practice, 1t 1s anticipated that the loop gans and
loop filters for stations 2, 3, .,N will be the same, or
approximately the same,

In this case

H(s) = H,(s)for1=3,4,. .,N (18)

Evaluating (16), using relatton (18) and 1gnorng the
(B /By forn =2 we get (see Appendix A)

r.B
1”11
o?

o1
(r,tDP, cos? 6,

. [1 tr,G+EQ@r, tr,G+(G- %)
o1

2
rG trtr,G+tG- 1)

+ 8N,
=2

2
rlG +r22(rl G+G-1);

I+r GrE@ry+1) I :| (19)

where
A ¢, t 1)B,,

= 20
(ry * I)BLl (20)

By (21)

i

Q
np
ipM=

If furthermore we consider the case when B, /B;, <<1,

then the expression for 0351 can be reduced to

0, =— 22)
o Ple cos? @
m
where
1+Gr
A 1 _1+r
BL - L+r B, = 41, (23)

and the new loop damping parameter for carrier arraying
naturally 1s defined as

r=Gr (24)

1

Now let’s consider the effect of bandpass imiter preceding

the loop. Let B represent the one-sided bandwidth of the IF

filter (assuming the By 1s the same for all stations) preceding

the hard limiter. Then the mput signal to noise ratio to the
limater of station 1 1s

P, G? cos?
m

p s —_—

n N
2
Z Bi NoBre

=1

(25)
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From Eq. (22) we can get the effective loop SNR p as
Pl G? cos? 0m
p=— (26)
N
2 ~
Z Bl NOtBLF
1=1

where I 1s limiter performance factor given by (Ref 2)

1+pm

T 2
F=0s62+s, @7

The loop damping parameter when a bandpass limiter
precedes the loop 1s

VB,
P (28)

7r\/Pl cos Hm

where & 1s suppression factor and 1s given by (Ref 2)

/0 7854p, +0 476802

29
\/1+1024p +0 476802
Then
~ 147
B = (30)
L 4T21

Using Eqs (27) and (30) in (26) we notice that effective
loop SNR 1s a monoton 1ncreasing function of p,, Now we
optimize the effective loop SNR with respect to weighting
factors B,, 1=2, .,N But since p 1s 2 monoton ncreasing
function of p,,, equivalently we can optimize p,,, with respect

to B, 1=2, ,IN Note that p,, 1s a convex (M) function,
thus we should have
apm
=0 k=2, ,N (31)
B,

The solution of Eq (31) gives the optimum B, as

VP N,

1
———1—1 2,. ,N 32
B' VPI NOt ( )

Note that if Eq. (26) 1s optimized with respect to B, still we
get the result given by (32)
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Also note that for these values of [3,, we have

92p

2‘" <0 (33)
op2

which implies that p,, achieves the maximum value for B,’s
given by (32) Substituting the optimum §,’s 1n (26) we get

N P cos? 6
=2 F T G9
1=1
If
Nol =N0, for all
then we get
N
G=Y PJP (35)
=1
and
GP, coszf)m )
p=—=— €
NyB, T

Now let’s see how much improvement in loop SNR we get
by carrier arraying To do so, we should compare the loop
SNR p gwven by (36) with the loop SNR p,; for the single
station number 1 (say 64-m DSN station) given by

P, cos? ()m
p, == 37)
! NoBp T
where

- 147, 1+@r,/q,

By =0—=—3 (3%)
(3 T2t
ro = 2 1sadamping parameter at threshold

@, 1s a suppression factor at threshold

@ 15 a suppression factor for single station 1

I, 1s alimzter performance factor for single station 1

The input SNR 1n the IF bandwidth at threshold 1s given by



2B
L01
p = 39)
in,0 BIF
where B, o, 1s loop bandwidth at threshold, 1 e , when
Py

—=1 (40)
No(2Bpo,)

-~

Then we can compute @, using Eq (29), replacing p,, by

pm,O

The input SNR 1n the IF bandwidth for single station 1 1s

P cos® @ 2B
1 L01
Py =———— =ML = 1)
NoBpp F
=ML- pm,O
where ML 1s carrnier margn at single station 1 given by
P. cos g

1 m

ML = ————r 42)
Ny (2B,4,)

The relation between loop SNR and the carrier margin at a
single station 1s shown 1n Fig 3 Now, @& and I'; can be
computed using Eq (29) and Eq (27), respectively, replacing
Pyn BY Py, 1- Then the mmprovement tn loop SNR 15 given by

G, + 28T,

Improvement 1n loop SNR = p/p, =
@ t2r

(43)

Figure 4 shows the improvement i loop SNR vs carrer
margin for arraying 64/34—, 64/34/34- and 64/34/34/34-m
antennas, with the assumption that

BLOl

BLOI

>>1 122 (44)

15 satisfied Obwiously the improvement in loop SNR will be
less 1f this assumption 1s not satisfied In this case Eq (19) can
be used to compute the effect of ratios of loop bandwidths In
Fig 5 we have plotted the RMS phase ptter vs carrter margin.

At this point 1t 1s interesting to note that the formula for
improvement in loop SNR (43) 1s for loop preceded by band-
pass limiter. However, if we consider second-order loop alone,
the improvement will be given as

G(l+r)

1+Grl

Improvement 1in loop SNR =

43)

r, 1s gven by Eq (14a) The formula given by (45) shows
much less improvement than second order loop preceded by
bandpass ltmiter More interesting 1s if we consider the
first-order loop. This case results in no improvement (zero dB
improvement) with assumption (44) and even loss 1f asump-
tion (44) 1s not satisified. The explanation for these cases 1s
stmple. We note that by carrier arraying when assumption (44)
1s satisfied, the carner power to noise spectral density will be
mmproved by a factor of G. However, on the other hand, the
loop bandwidth will be increased by a factor of

G  for 1st-order loop

1+ Gr1
ﬁT for 2nd-order loop
+
_11-1-—?’: for 2nd-order loop preceded by bandpass limiter
1

Now let’s analyze and derive the vaniance of the phase error
®,;. From Fig 2,1t can be shown that (for details see Appen-
dix A)

, 1 H (5)H,(s) 2 N,
0 == ds
Coe 2m N 2P, cos® 6,
1+ 87 H, () [1-H,()]
=2
N H ()H (s) [1-H ()] |2
1 k
+ Z 5,2'7,2 m v ! : ds
=2
ik L+ Y B H, ) [1-H,6)]
=2
NOt
2P cos’ 0
N 2
H () +H ()H (s) D B, [1-H()
+_i_ 1=21#k
2 ds

N
L+ ) B1H, 6 [1-H,©)]
=2

NOk

 — 46
2Pk cos? Gm )
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Since we are interested 1n a case when the noise bandwidth of

Hi(s),1=2,3 , IV 1s much narrower than the noise band-
width of H, (s), 1.€.,

B,

T<< 1 1=2,3, . ,N 47

L1

then using assumption (18), 1t can be shown (see Appendix A)
that

. G+r2 NOIBL2
a¢k - 1+r
e
2 GPl cos? Bm

22 +(1+G)r, +2G

N NyB,,
+
(1+r) [2(1+G)r, +(1-GY] ‘z‘:z

GP, c032 6,

(1 +r2)G+ (1 +2r2)(r2 -1) N,B,,
+11-28, 3

(1+1r,) 2 +G)r, +(1-G}]| P, cos 6,

(48)

Now 1f we assume
Noy =N, =12, N 49)
the opttmum 8, 1s
VP,
Be =% = (50)

Using (49) and (50), the expression for 03, . can be simphfied
e

to

2
s _ [Tt N8B, 61
U¢ek B 1+r P 7]
2 pa COS m
But since B; /B, <<1,1%1,then
2
o;ek << %, (52)

Also using Schwarz inequality we get
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2
ICOV(8,,, 9,01 V%, %, %,
<

l —

(53)
1¥1

2 2 o
g o ®
31 3! 1

which means that ¢, 1s approximately uncorrelated from ¢, .
Therefore, with good approximation for future analysis we can
1gnore ¢, with respect to ¢, .

IV. Radio Loss for Carrier Arraying

First assume the switches SW2, SW3, , SWN are 1n therr
open position. In order to extract the data, signal S3,(?) 15
coherently demodulated to the subcarnier frequency by the
reference signal

R,(t) = cos (w

152t) (54)

The resulting data signal for station 115 (Z(¢) =Y, (¢ - 7,))
Y (¢-1,) = P sm0, D() Din (wg t+0,)cosd,

(5%)

+ r731(t)

where 73, (¢) 15 a white Gausstan noise process After
subcarrter tracking (assuming perfect tracking) and demodula-
tion we have

X@) = \/1? s @, D(t)cos ¢, +7, (1) (56)

where 73, (£) 15 a low-pass white Gaussian noise process The
sampled signal at the output of the integrate and dump circuit
15

= \/}’_1 sin ()m

cosg, a, +n 57

1k

where n;, are independent white Gaussian noise samples and
a, 15 a kth data symbol.

At the mput of the Viterbr decoder the sample x, 15 3-bit

quantized. Given ¢, and a4, the signal-to-noise ratio of the
sample x,, 18

SNR =

(58)



where
X, =P smnb, cosd a, (59)
N
2 o1
oxk = T (60)
5
where T 1s symbol time
Therefore, the signal-to-noise ratio 1s
(V2P, T, sin @, cos¢,)?
SNR = (61)
Noy

Note that for a rate 1/2 convolutional code the bit energy 1s

E,, = (V2P,T,sm9, )" (62)

Let flE,/N,) represent the bit error rate for a given bit
SNR E, /N, This function of f(E,/N,)1s defined

In(2)- «,
exp [~(a, o, x)],x > ———
1
fx) =
In(2)- a
T oS

1

where oy =-4 4514 and @ = 5 7230 (Ref 3)

Then the conditional bit error rate 1s

P ( = i 2 63
2@ = fly o5’ 0, (63)
Note that ¢, having probability density function
p cos d)l
—_ € -
p(¢l) —27r10(p) TT<¢1<7T (64)

where p 1s defined by (34), then the b1t error rate 1s

2 m
P =2 f P,(8,)p(8,)d9, +2 f [1 -2, p(6,)d9,
0 kg

b 12

(65)

Bit error rate performance curves for various cases are
shown in Figs 6 through 8 Radio loss curves are shown mn
Figs 9 and 10

In combined carner and baseband arraying (when switches
SW2, SW3, , SWN are closed), at the output of the base-
band combiner we have (Ref 4)

N
Z@t) = ) BY -1 (66)
=1
Simularly, gotng through Egs (56) -(62), we get
N E,
1l
P(¢)=f (Z W cos? ¢l) ©67)
1=1 0

Then using (67) 1n (65), we have the bit error rate perfor-
mance for the combined carrier and baseband arraying case
Bit error rate curves for the combined carrier and baseband
arraying are shown in Figs 11 through 13 The Radio loss
curves for this case are essentially the same as were shown 1n
Figs. 9 and 10 Radio loss curves for combined carrier and
baseband arraying, and for baseband arraying alone (Ref 4),
are compared 1n Fig 14

V. Conclusion

Performing carrier arraying alone reduces the radio loss of
the telemetry system, but 1t will not improve the bit energy to
notse spectral density for high loop SNR

Baseband arraying (Ref 4) alone improves bit SNR and
reduces Radio loss by a small amount, which 1s less than that
by carrier arraying

In order to improve bit SNR and reduce Radio loss simulta-

neously, the combined carrier and baseband arraying should be
used
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Fig.2 An equivalent linear representation of carrier arraying
system for phase jitter analysis

25 T I T T

LOOP SNR, dB

0 | i ] 1

0 5 10 15 20 25
CARRIER MARGIN, dB

Fig 3. Relation between loop SNR and carrier margin

158



LOOP SNR IMPROVEMENT, dB
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Appendix A
Derivation of Phase Jitter

Introducing the Heaviside operator p "d/dt from Fig 1 after passing S(z) through the loop filter F,(s), the estimated carner

phase at the output of the VCO 1s

K, F,(p)
b, =—

S(@)

_KF
(p) [E VP B cos, sin (g, +¢e,)+ZﬁN(t¢ +9,

=1

If the loop 1s now lineanzed (assume that sin ((}3l + ¢e:) =g + ¢el), then we get

1

R KF(p)[

where K| 1s total gain in the loop

Similarly for station ¢, 1 =2, 3, , IV, we get

. KF, (P)
0 = [\/— cosf, sm(p +¢, )+N (¢ + ¢e,)]

If the loop 1s Iinearntzed, we get

-~ K,FIQ?) -~ -~
8, = —5— [VPcoso, ©,- o,—el)ﬂv,]

where K| 1s total gain 1n the loop

Equation (A4) can be solved for 51 as

N
= H'(p) [(0‘ - 01)+W]

where H (p) 1s a closed-loop transfer function defined by (13) Substituting (A-5) n (A-2) we get

N,

N
e,=H.(p){e, N +Z 8,7, [1- H(p)][(o—f)) W
m =2

168

N N
VP, cosf, (0,-8,)+ Z\/P—’ﬁ,cosem(6,-0,—61)+Zﬁ,N,]
=2 =1

|

(A-1)

(A2)

(A-3)

(A-4)

(A-5)

(A-6)



Figure 2 can be realized from (A-5) and (A-6) Solving (A-6) for 51 we get

N N
H,(p) \/_c P ;;67[1 H(p)]( \/_cose)

9, = ~ (A7)
1+ ) 6,7, H @) [1-H ()]
=2

Noting that ¢, =6, - §1 we get

a;l =E[0,-8,-E@,-0)]? (A-8)
Using (A-7) in (A-8) we can get Eq (16)
, _ 1 H,(s) 2 Noy
g = = S
¢ 2m N 2P cos*
1+ )" By, H, () [1-H ()]
=2
a H () [1 -H(9)] z N
1 1 1 01
+ 2.2 1
; B oo v % 3P cosT0 (16)
1+ ) 8,7, H) [1-H, ()]
1=2
Using assumption (18)
Hl(s) = Hz(s) t=3,4, .,N (18)

and substituting £, (s) given by (13) n (16) we get

Ny,
0';1 ) 2P, cos? 0, 2n][|[1+(7 t7,)st(r, 72+72/r )s? +t7 3/r2]/A|2ds

+Za 20 277] |22 fr, + 7 725 r ) AR ds (A9)

>

>

22
where

A=1+( t1)st (721’/"1\ tr 7, G'ri/rz)s2 + (ﬁrzlrl +Gr, 1'§/r2)s3 + Tfr% s4/r1r2
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Using residue theorem we can evaluate the integrals Assuming the ratio of the loop bandwidth of the PLL in station1# 1 1s
much narrower than the loop bandwidth of the PLL 1n station 1, then we can 1gnore (B,,/B; ;)" for n>2 and we get the formula
for 03)1 given by (19) as

2 r.B,, ['1 +r,GHE(r,r, +1,G + (G- 1)?)

o1 2 2
(r, +1) P, cos GmL rG +r, £r,G+G-1)

01

1 +rlG+g(r1r2 +1)

N
>, )
) 1=2

r,G*+r, Er,G+G- 1

where £ and G are given by (20) and (21)

Now we should evaluate aé Substituting (A-7) 1n (A-5) we get
el

H 9 al 3 1 0 N
+t— ¢ - +
R l(p) 1 Pl cos om FEZ ﬁl 7/( H/(p)) ( ] \,/P_ICOS Bm) N'
0, = H®) (0,- . + N (A-10)
1+ 25 8,7 H @) [1-H )]

71=2

Noting
¢€l = 01—61 _01
then
03, = E6,-6,-8,-E@,-06,-0)) (A-11)
Substituting (A-10) 1n (A-11) we get Eq (46)
, 1 H, (s)H (s) 2 Ny,
T N @ 2P cos? @
1+ )0 By, H () [1-H ()] ! m
1=2
LA HEH, 6) [1-H (@] |? N,
+ZB'7'§”_] N dSZPcoszf)
=2
ik 1+ B7,H, () [1-H, ()] : m
1=2
N 2
H () +H (5)H ()Y B, [1 -H,(5)]
1=2
1 N,
t o ~ aa ds % (46)
2P, cos® @
L+ ) By, H () [1 - H,(s) ¥ ”
1=2
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Substituting H, (s) given by (13) 1n Eq (46), using assumption (18) and then applying the residue theorem, we can evaluate the
mntegrals in Eq (46). Furthermore for ssmplicity of formula, since we have assumed

BLt
B 1 1#1
L1

then after 1ignoning all terms with (B,,/B; )" for n > 1, we can get Eq (48)

2
2 = (G+r2) Ny, B, . 2r; +(1+G)r, +2G N , N,,B,,
v \1415/GP cos? 8, (L+r,)2(1+G)r, +(1+GP] 5 ' GP, cos?0,,
(A+r)G+(A+2r)r,- 1) | N,.B,,
+11- 2ﬁk7k 2 > (48)
A +r)R2A+G)r, +(1-G)°] | P, cos“ 8,
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Implications of the Putnam Software Equation on Confidence
Levels for Project Success
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This article wnvestigates the implications of assumed powerlaw relationships among
size, duration, and effort on the probability that a gven software project will be
completed within its estimated schedule and manpower resources Specifically, software
development tasks are treated as sample ponts in a probability space characterized by
three random varuables size, duration, and resource expenditure The completion confi-
dence factor is then computed The most astonishing conclusion is the low confidence
factor of the average project, significantly less than 25% Ths low confidence factor is the
result of correlation of the project duration and work effort by a tradeoff relationship

referred to as “Putnam’s software equation.”

I. Introduction

The early-on estimation of the resources and schedule
required for the development and maintenance of software has
resulted 1n several resource and schedule models that accept
such 1nputs as the enormity of the task, the physical, environ-
mental, human, and management constraints assumed or
known to be 1n effect, the history base of stmilar and dissimi-
lar experience, and the means, alternatives, and technology
available to the task Such models attempt to predict the
performance of humans doing the work, the events and expen-
ditures 1n the development process, and the characterstics of
the resulting product. The goal of such models has been
prmarlly to predict the average characteristics of an
envistoned project in such a way as to suffice for planmng
purposes

The prediction of human task group behavior, however,
may be viewed as a problem 1n estimating events in a stochas-
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tic process governed by an unknown, and probably nonstation-
ary, probability function An optimum model can predict only
to the limit imposed by the statistical characterization of the
human activity.

In addition to the mean behavior of software projects, the
statistical treatment can also lead to estimators for project
parameters that permit the evaluation of certain nisk factors

The optimal cost prediction model, however, would require
the precise quantification of all technical, environmental, and
human-behavior parameters, and would combine these into a
mathematical formula producing maximal likelithood or mini-
mal vanance results Lacking this precise quantification, the
best that one may hope for in a cost model 1s that 1t accom-
modate the principal factors affecting the estimate varniance (or
project risk)



There are a number of software cost models 1n existence,
fourteen of which are summarnized in Ref. 1. Most of these are
least-square-error fits using power-law relationships among
size, resource, and schedule parameters

An IBM study (Ref 2) reported the analysis of 60 software
projects with respect to 68 situational vanables believed to
influence productivity Of these, 29 showed a significant, high
correlation with productivity, and were included 1n their esti-
mation model. This model utilized power-law relationships for
both the effects of the sttuational vanables as well as the size,
resource, and schedule vanables

Nine such models were evaluated for Air Force use as
reported 1n Ref 3 Model accuracy was measured and found to
be best whenever a particular model was calibrated using repre-
sentative historical data Calibration was found to have greater
effect on estimating accuracy than the precise model form
Conclusions based on statistics from the University of Mary-
land (Ref 4) tended to confirm this hypothesis on power-law
models

All of the models above tended to focus on fitting mea-
sured statistics to relationships among pairs of parameters
effort vs size, duration vs size, effort vs duration, and average
staff vs effort Another model, the Rayleigh-Norden-Putnam
model (Refs 5 and 6), presupposes a power-law model among
size, effort, and duration, a model cahibrated using available
mndustry data, however, the trivanate data for this calibration
has not been published to the author’s knowledge

Thus article investigates the implications of assumed power-
law relationships among size, duration, and effort on the
probability that a given software project will be completed
withn 1ts estimated schedule and manpower resources Specifi-
cally, the paper treats software development tasks as sample
points 1n a probability space characterized by three random
variables size, measured 1n delivered lines of source code,
duration, measured in months, and resource expenditure, mea-
sured 1n man-months Power-law equations are used to
describe the relationships between expected values of the
software random vanables, and log-normal probability func-
tions are used to approximate margmnal and conditional
distributions

The paper then computes the completion confidence fac-
tor, defined as

C(T, W) = P{t<T,w<W}

1e, the probability that the project duration, ¢, and work
effort, w, will not simultaneously exceed values W and T,
respectively.

Il. Software Project Parameter Relationships

We shall suppose, for the purposes of this article, that a
software development can be characterized by 1ts final deliv-
ered size, the total effort expended, and the overall length of
time required We shall denote these quantities as

the number of kiloLines of delivered source code

w = the work effort required 1n man-months

t the fime duration in months

However, we shall find 1t more convenient to work with the
logarithms of these

log (L)
log (w)
log (¢)

In this way, power-law relationships among L, w, and ¢
become linear relationships in their loganthms

For a given program to be wrntten, an infinite ensemble of
projects would not all produce the same values of £, w, and L
Rather, one would observe a statistical distribution over the
three-dimensional space spanned by these parameters We shall
thus treat software development characteristics as a probabil-
1ty space characterized by random vanables log (L), log (w),
and log (), governed by a probabihity density function,

p(log (¢), log (w), log (L))

In terms of the usual expected-value operation, E{+}, the point
(79> gs Ay) = (E{log (1)}, E{log W)}, E{log (L)})

represents the characteristics of the average project across the
hypothetical ensemble of projects wrting the particular hypo-
thetical program

A. Effort-Duration Tradeoff Characteristics

The average-project point (74, Wy, Ay) may be assumed to
conform to a tradeoff law of the form

To = g(wo’ A0)

That 1s, the average time required 1s influenced by the average
effort applied and the average size of the task
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Let us therefore define zero-mean random varables.

T = log(t) - To
w = log(W)- w,
A =log(L) - A,

having standard dewiations o, o ,, and 0,, respectively, and
probability density function p(7, w, ) We seek to approxi-
mate the probability (confidence) that a project will be com-
pleted within schedule and manpower resources,

C(T,W) = Pi<T,ws<W}

= P{r<X,w<Y}

X Y + o0

= f f f p(r,w, ) d\Ndwdr
X pY

= f f p(r, w)dwdr

log () - 7,

where

X

Y

It

log (W) - w,

The values X and Y are loganthmic schedule and effort mar-
gins measured from the average-project point. X and Y are
related via the tradeoff law as follows

X = log (1) - glog (W) - ¥, )

It 1s clear that C(T, W) depends on the average-project
point, Le., on the way expected effort has been traded with
expected duration for a certain expected size. We shall
optimize this situation by choosing the tradeoff to maximize
the confidence,

CO(T, W) = max
7978 (Wgs Ag)

a1, W)

The condition for maximization of confidence 1s

dC(T, W) _

dwo 0
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which yields

Y X
%f p(X,w)dw+f p(r,Y)dr =20

—00

Note that X may be eliminated from this equation by using
the relationship imposed by the tradeoff law above Thence
the equation can be solved for Y, and then X and (74, wg)
found. These margin values will be denoted X, and Y,
respectively.

Note also that the solution above 1s the same as 1f C(T, W)
were maximized with respect to Y, subject to the constraint
imposed by the tradeoff law
B. Putnam’s Software Equation

Putnam (Ref. 6) has postulated a tradeoff between size,
effort, and duration, and has given 1t the form

L

P ¢4
c W't

or

log (L) = n+plog(w)+qlog(t)

or, if we presume that the tradeoff 1s to be valid in a neighbor-
hood of the average-project point,

A= pwtqr
with
Ap = ntpw, a7,
The functiong( ) of the previous section 1s thus linear
T = 8(wg, N)) = —n/qg + Xy /q - pw,ylq
and X and Y are related by
qX+pY = n+plog(W)+qlog(T)-2, = A
The parameter A defined by this equation may be viewed as a
size margin, because Q = n + p log (W) +qlog (T) 1s the virtual
expected size when duration T and effort W are expended, and
Ao 1s the expected size of the project Note 1t 1s not necessary
that the tradeoff equation apply at (T, W). Q 1s merely the

constant defined by T and W 1n the tradeoff rule above

Putnam calls the tradeoff law the “software equation,” and
specifically postulates the values



p=1/3

q = 4/3

for a tradeoff exponent ratio value of r = q/p =4 These values
were obtamed by Putnam after a study of several large soft-
ware 1mplementation projects.

The author has been unable so far to locate collaborative
published statistics in the open literature supporting the r=4
figure. However, 1n private communications, the author has
been informed by individuals having access to software pro-
ductivity data bases that this particular statistic would not be
difficult to compute, when undertaken,

The particular value r = 4 imphes that a factor of 16 times
as much manpower 1s required to shorten a schedule by a
factor of 2 However, 1t well may be that r depends on project
size. A value r = 4 may adequately describe localized changes
i project parameters by a few percent about the average-
project point for very large undertakings, but 1t may not apply
to small-to-medium-sized efforts, where one may truly halve
the overall duration by application of increased resources For
medwum-scale efforts, 1t has been suggested that perhaps only
an ncrease of 1.5 times the man-months effort 1s needed when
the duration 1s halved, or r= log, (1 5)= 0484, We shall
discuss the influence of the value r on the confidence factor at
greater length later in thus article

We shall therefore keep the values of the software equation
coefficients undetermined for the present in order to be a bit
more general 1 our approach, and later we shall solve for
these, to the extent possible, using published empirical data

C. Derivation of the Software Equation

If one were given a set of pont-data {(r, w, A)} taken from
an ensemble of projects of vanous durations, efforts, and sizes,
then one could perform a least-squared-error fit to the data to
determine general relationships among the random variables
Specifically, for the duration vanable 7 the best-fit curve
would be (Ref 7)

Ton = E{rlw, A}

We shall assume, in keeping with the Putnam model, that
this relationship 1s approximately a linear one

(A - pw)lq

-
]

WA

or

.
>
fl

pw +qu,A

for appropnately chosen p and q. We have purposely chosen
these coefficients to correspond to those appearing in the
Putnam equation for later discussion.

The orthogonality principle in probability theory (Ref. 7)
states that the error between 7 and TS uncorrelated with
both w and A This provides two equations

E{wA} = po? +qE{wr}

2
A

fl

0 PE{wA} +qE {Ar}

In a similar fashion, one may seek to find relationships
among each pair of random vanables by finding the least-
squared-error functions

w, = E{wiA}
7, = E{rI\}
Ty = E{r|w}

Here there 1s strong evidence (Refs 2, 4, and 8) that a linear
approximation to each of these functions 1s valid, say

wy, = E{w|\} = a)A
T, = E{rIA} =B
T, = E{rlw} = 7w

Figures 1, 2, and 3 show scatter diagrams 1n support of these
hypotheses.

Application of the orthogonality principle to these expecta-
tions produces the relationships

E{wA}= aai
E{\r} = Bo?
E{wr} = 702,

which may be substituted nto the two equations found earlier
to obtain

1

1

ap tfq
= A2 .271,2
ap tayg = a’oy/o}

provided that neither o, nor g, 1s zero.
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Normally, one could solve these two simultaneous equa-
tions for p and g directly, whereupon a comparnison with the
Putnam values would be immediate, mn terms of published
best-fit parameters However, we expect that B 1s approxi-
mately equal to ay, for the following reason Note that ¢ 1s
the best-fit coefficient relating A to w, and v 15 the best-fit
coefficient relating w to 7. Hence their product should be the
coefficient relating A to 7, and §1s the actual best-fit coeffi-
cient relating A to 7 If equality were the case, the two
equations above would be singular, so no unique solution for p
and q would then result

But 1t 1s not the case that § = ay. If 1t were, the nghthand
sides of the two equations would have to be equal, a condition
that would require

2 = 2002 = A2 A2 2
a ow/oA a +°w|)\/a7\

(we denve ths latter relationship later), leading to a contradic-
tion.

It 1s the case, however, that 8 1s near enough to ay that
small errors are greatly magmfied in the solutions for p and ¢
For this reason, 1t will be necessary to find p and g by other
means, such as an actual two-parameter hnear least-squares-fit
of the raw data

We can nevertheless express the values of p and g in terms
of r=gq/p,

-1
p atyr

=TI
a atyr

In summary, we have assumed thus far only the following
(1) that the function E{r|w, A}, which minimizes the least-
squared-error, 1s linear 1n both w and 7, and (2) that each of
the best-fit functions E{w|A}, E{r|A}, and E{r|w} are also
hinear 1n their vanables These assumptions are all certainly
approximately true, as supported by published analyses

D. Program Size Statistics

For a given program to be written, one may estimate the
mean and vanance in size of the program by a number of
techmques Let us suppose that the method chosen produces
representative estimates, and let us approximate the distribu-
tion of actual lines of code finally produced by a normal
probability function,

Q) = Z(\o,)
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where (Ref. 9)
Z(x) = 2n) %5 exp (-x2/2)

Program size statistics are often postulated to fit the beta
distribution rather than the normal, so as to avoid the theoreti-
cal occurrence of extremely large values of A, which are
permitted 1n the normal model (with low probabilities), but
are absent in actuality. We shall discuss the implications of this
later 1n the section on accuracy considerations

E. Joint Effort-Duration Statistics

Let us now compute the function p(r, w), which will
permit us to evaluate the confidence integral for a particular
project ensemble

We shall assume that, if w and A are given, the density of
the remaining random vanable, 7, can be approximated by a
normal density, in which the conditional mean 1n 7 1s deter-
mined by the software equation. Similarly, given A, the density
of w can be estimated by the normal density, with its condi-
tional mean as that value determined earlier That 1s, we
assume

p(riw,N) = Z((r- 7, Mo, )

P = Z(w- w)fo,,)

where 0, 5 1s the standard deviation of 7 given both w and
A, and Owlh) 1s the deviation of w given A Scatter diagrams of
w vs A published 1n the literature, such as that shown in Fig 1,
indicate that the p(w|A) approximation 1s reasonable Further,
such studies provide measured values for o),

The sought-for joint density 1s then

p(r, w) f p(rlw, M) p(wIN) p(\) dX

5 2(1/0,) Z(8(wlo,, - p1/o,)

This 1s a joint normal density in which the standard deviations
o, and ¢, correlation coefficient p, and parameter § are given

by

2 2 2
Owlk (owlh + 07\)

[N}
|

2

o‘r - Orlw?\
’ rg?
w
2 = 2 44242 :
Uw c,mlk @ 0)\



= -2
p me/’ofow

(=2}
3]

(1 - p2)-0 5

(the equation above for 0(20 1s that referred to earlier, which
yielded the contradiction in the equality § = ay)

Even though o, has not been estimated in the litera-
ture, the value of o, can be evaluated, as will be shown later,
to be

2 = 4,2 48242
O-r o‘rl)\ﬁok

All parameters needed to evaluate the joint density are there-
fore available from published data

Note, however, that since |p | < 1 and since r 1s unaffected
by the value of o,, the value of r 1s constrained by the lower
bound

owl}\

U‘rl)\

r=

Thus relationship constrains p and g as follows

T

pS—"—r0
LA LAY

gw A

aafl)\ + 70w|)\

q=

F. Effort Statistics

Integrating the joint density over 7 yields the approximate
marginal density of w,

p(w) = Z(w/a )
in which g, 1s given above

G. Duration Statistics

Integration of the joint density above with respect to w
yields a normal approximation for p(r) whose variance has a
term 03| WA However, the variance may be computed another
way the published statistics of 7 vs A indicate that a normal

approximation 1s appropriate

p(IN = Z((r- 7))l0,)

where ¢, 15 the standard deviation in 7, given A, obtained
from the published data Averaging over A produces the nor-
mal marginal density for 7,

p() = Z(x/o,)
in which the vanance of 7 1s, as stated earher,

2 - 2 2.2
= +
o‘r OTI}\ 4 07\

Thus, the deviation in duration can be calculated directly from
the measured and estimated deviations 1n w and A, respec-

tively Hence, the need to compute oflw’x 1s removed

H. Computation of Confidence Factor

Integration of the joint normal density p(r, w) to produce
C(T, W) as indicated earlier yields a known (but untabulated)
function (Ref 9)

T, w = L(~X/aT,—Y/0w,p)

where L(x, y, p) 1s defined as the double integral

L(x,y,p) =—/mfm82(u)Z(6(v— pu)) du dv
x Yy

Values for L(x, y, p) may be found by numercal integration
One particular case of interest can be evaluated directly,
however, namely the confidence factor for the average project,

C(Ty, Wy) Ths results when X = Y = 0, giving

C(Ty, Wy) = L(0,0,0)

arc sin p
2n

=1
._.4+

Note that since p 18 a negative quantity, the confidence n
average project success 1s less than 25% To raise the confi-
dence factor to reasonable levels, 1t 1s therefore necessary to
increase the schedule and effort margins, 1e., X and Y, to
posttive values

Evaluation of the previous conditions for finding X, and
Y, produces the equation

Z(@X,)P(b- cX,) = hZ(d- eX,) P(f+£X,)

where P(x) = (1 + erf (x/2%-%))/2, in which erf (+) 1s the
well-known error function (Ref 9), and the coefficients a
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through A are given by
a = 1o
b=ds

¢ =6(rfo, tplo,)

d= A/paw

e = r/aw
f=-bp
g=cpt I/SUT
h = eo

The solution X, to this equation may be found numencally
using Newton’s method, and then the corresponding ¥, com-
puted

The confidence factor 1s then computed by evaluating

Co(T, W) = L(-X,[0,,~Y, /0, p)

It 1s interesting to note 1n the optimization equation when
A=0 that X, = Y, =0 15 not a solution. Instead, one can
show that X, <0 and Y, >0 for this situation This means
that the confidence will be somewhat greater for a project
expected to last somewhat longer than log (T) with somewhat
less manpower than log (W) than 1t will be for a project with
expected duration equal to log (T) and expected manpower

equal to log (W)!

IIl. Evaluation

In this section we shall compute the confidence characteris-
tics of projects taken from two sources of published data
These two sources were not chosen because of their similarities
or differences, or because the data was particularly extensive
or internally consistent Rather, the sources were used because
they contained enough information to compute the model
parameters of interest

A. Walston-Felix Data
Data published by Walston and Felix (Ref. 2) provide the
following parameter values of interest

a = 091 O = 0.92

w

—
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g = 036 -
Tn 0542
= 035
v 0. = 0419
Tlw
B-ay = 00415

Even though (Ref. 2) contains a means for approximately
normahzing the effects of the 29 noted situational and envi-
ronmental variables, the values above do not reflect thus (par-
tial) normalization,

We shall assume, purely for illustrative purposes, that a
PERT (Ref 10) estimation scheme 1s used to esttmate A and
its varance, and that A, . = log (152,) and A, = log
(A/2), so that we have

g, = (A

\ Apan)/6 = 0183

max

We then obtain from the formulas above

o 0935

w

0 546

Q
1]

The bounds on r, p, and g are
r=1.7
p <0665
qg=>113

A range of confidence factor calculations for the average-
project point 1s shown 1n Table 1.

The Putnam value p = 1/3 would require r = 5 97, according
to the formulas above, rather than the r = 4 value used by
Putnam The r =4 value, on the other hand, together with the
measured values above, produces p= 0433 If g = 4/3 were
the case, then r would have to be 2.28.

The average-project confidence factors for these cases are
shown 1n Fig 4 as a function of r The optimized confidence
factor characterstics are plotted in Fig. 5 as a function of the
size margin parameter A The optimum duration and effort
margins are given 1n Fig 6

B. Freburger-Basili Data
Data published by Freburger and Basih (Ref. 4) give

a = 0986 o = 0.378
wlA



g = 0203 o = 0315
v = 0210 O = 0300
¥y = 0210

B- ay = -00004

The data from which these parameters were denived were
taken from a more carefully controlled environment and situa-
tion than the Walston-Felix data was Computations using
these values result in

0419

Q
H

g 0317

T

The bounds on r, p, and q are
r=1.202
p<0.807
q=0971

The values of the correlation coefficient and average-project
confidence factor derving from these values are shown 1n
Table 2.

A value of 7 = 4 implies p = 0.547, rather than the Putnam
1/3, and the p = 1/3 value implies 7 = 9.59. A g-value of 4/3
requires r =1 82.

The average-project confidence factors above are plotted in
Fig. 4 vs r for companson with the Walston-Felix data, The
optimized confidence factor behavior as a function of the size
margin 18 shown m Fig 7, and the optimum duration and
effort margins are given 1n Fig. 8.

C. Comparison of Results

The Freburger-Basili data generally show a higher confi-
dence factor than do the Walston-Felix data, both for the
average project and the optumzed project The difference may
be due to the extreme care and consistency taken in recording
the data in the former case. The latter data were taken from a
diverse set of projects in a wide variation of environments and
situational factors, whereas the former were taken under very
controlled and recorded conditions. If both sets of data were
normalized to remove situational effects, as described 1n the
Walston-Felix paper, then perhaps the agreement would be
closer

Nothing can be learned about the value of r from either of
these data sets, as published The vanation of X, and Y|, for
the two cases 1s radically different

IV. Accuracy Considerations

Accuracy 1n the figures produced by the model above
depends not only on the assumptions about normality of the
logarithms and hnearity of the conditional expectations, but
also on the accuracy of the inferences from statistical measures
to the model parameter values. By assuming an effort-duration
tradeoff law, we have admutted that the average project facing
a given situation can be influenced by the expected allocation
of effort and duration. Yet the published statistics derive from
an ensemble of projects tasked with an ensemble of very
different situations The marked differences between the
Walston-Felix data and the Freburger-Basili data are strong
indicators that situational factors, such as technology, orgam-
zation, experience, and environment, do influence project per-
formance. Walston and Felix confirm this hypothesis in their
article, where they find sigmificant correlation between per-
formance and 29 situational varables

Therefore, the published statistics represent an averaging
over the model we have presented here with respect to the
ensemble of industry projects. We may thus expect that the
use of measured vanances taken from such data will exceed
the vanances assumed 1n the model above. In this respect, use
of the Walston-Felix or Freburger-Basth numbers may produce
somewhat pessimistic results, unless the situational factors can
be normalized to some extent by an appropnate method.

Frequently, the statistics of a given bounded data set are
presumed to be charactenized by a beta density,

p(x) = A(x-x)°(x, - x)F
over the range x; < x <Xx,, withp(x) =0 elsewhere 4 15 a
constant chosen to make the density have unit area. Typically,
values b= c¢=2 are used in the so-called PERT (Ref 10)

estimation technique.

This density has peak value x, given by

~ bx2 +cxl
x. =

o d
where d = b + ¢ The mean and vanance of the distribution are

_ X, +dx0 +x,
K d+2
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v )2
2 _ (d+be+ 1)x, - x,)

g
d+2)*(d+3)

The values of & and ¢ for a given d may be adjusted to
accommodate nonsymmetry in the distribution

Let us now consider how well the normal probability
density approximates the beta density Let us compare both as
zero-mean, unit-variance densities with respect to two mea-
sures first, the root-sum-square error, and second, the proba-
bility that the normal vanate exceeds the beta-distribution
cutoff point. The conditions for the beta density having zero
mean and unit variance are

_ d+3 1°°%
x, = -(b+1)[——bc+d+l]
_ _(c+t]D)
*2 T T+

The first companson function, the root-sum-error, 1s

+ oo 05
‘ - [ [ ow- Z(x))zdx]

which can be found by numencal integration The second
companson function can be evaluated directly,

m
1}

, = [1-PCx))] +[1-P(x,)]

05 [erfc (-x,/2° %) + erfe (x,,/2° %))

where erfc (+) 1s the complementary error function (Ref 9)

The values of both €, and €, are shown in Table 3 below.
From these one may note that both errors decrease with d,
and for a given d, both are least when b and ¢ are equal (1e,
when the density 1s symmetric, as 18 Z(x)) We may therefore
conclude that for a reasonable d (e.g, d=4 in the PERT
techmque), the error introduced into the model by assuming a
normal distribution, rather than a beta distribution, 1s negligi-
ble with respect to the much larger uncertainties involved with
estimating the parameters required by the model

V. Summary and Conclusions

There 1s something unsettling, or at least disappointing, 1n
the results of these analyses, that the average project will
probably fail in meeting one of 1ts performance goals. How-
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ever, this likehhood 1s implied by the combined assumptions
of the popular software cost estimators assembled into the
model of this article All of these assumptions individually
sound reasonable, fit together 1n a consistent, logical way, and
are backed up by measurements of one sort or another

Moreover, the model predicts that a significant contingency
bias 1n planned manpower and schedule will be required to
reach acceptable engineering risk levels

What may be even more unsettling 1s that this theory may
apply to ouher kinds of projects as well, where there 1s a
log-linear, manpower-schedule tradeoff possible. A study of
productivity and schedule statistics in this area might be very
reveahing.

However, for the moment, we may consider that part of
what has been called “the software crisis,”” 1e, that most
projects seem to fail one way or another, may not be the fault
of either the programmer or his management, for even if they
were able to estimate exactly what the average project would
do 1n their given situation, the odds are that they would still
fail, if they planned for the average.

What this paper shows, nevertheless, 1s that planning for an
average project contributes to the crisis To succeed within
performance goals, 1t 1s necessary to do the following things

(1) Estimate carefully the size, and bounds on size, of the
task.

(2) Negotiate manpower and schedule constraints

(3) Determine the nsks associated with failure of the pro-
ject 1n both manpower and schedule dimensions.

(4) Negotiate an appropriate confidence factor under
which the nisks are acceptable

(5) Determine (T, W) that will produce the desired confi-
dence within manpower and schedule constraints using
the model above.

(6) Schedule the task to utilize manpower W and duration
T

(7) If a (T, W) cannot be found that 1s compatible with nsk
and constraints on manpower and schedule, renego-
tiate.

As mentioned earher, the model will probably produce
somewhat pessimistic results if published industry parameter
values are used. Accuracy 1n estimating confidence factors and
planned performance margins can come only through precali-
bration of the model parameters in the particular software
development environment and normalization of the situational



factors that may influence that particular project 1n the given
environment. The Thibodeau study (Ref.3) also confirmed
that such calibration 1s needed for more basic modeling accu-
racy considerations

To promote better accuracy, 1t 1s necessary to develop a
basic software cost model, such as that reported in Ref 2 and
extended by the author in Ref 11, that will tend to normalize

the environmental and situational factors a particular project
faces, to maintain an historical archive of measured project
charactenstics, and to analyze the collected data with respect
to the model to extract the needed model parameters

In particular, the value of r needs to be explicitly measured.
The analyses of this paper are inconsistent with the Putnam p,

q,and q/p.
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Table 1. Average project confidence factors as a function of the
tradeoff ratio r, from Walston-Felix data

r p q P C(T,, Wy
200 0621 124 -0 829 0094
228 0586 133 -0 729 0120
4.00 0433 173 -0 415 0182
597 0333 199 ~0277 0205

Table 2. Average project confidence factors as a function of the
tradeoff ratio r, from Freburger-Basili data

r p q , C (T Wo)
183 0730 133 -0 590 0150
200 0711 142 -0 539 0159
400 0547 219 -0 269 0207
959 0333 3.20 -0112 0.232

Table 3. Beta density vs normal density goodness of fit

b 4 d € €5

1 1 2 0088 0025
1 2 3 0091 0024
1 3 4 0107 0031
1 4 S 0122 0037
2 1 3 0091 0024
2 2 4 0057 0008
2 3 5 0058 0008
2 4 6 0067 0010
3 1 4 0107 0031
3 2 5 0058 0008
3 3 6 0043 0003
3 4 7 0043 0003
4 1 S 0122 0036
4 2 6 0067 0010
4 3 7 0043 0003
4 4 8 0033 0001
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Gain Uncertainty of Arrayed Antennas

B L Seidel

Radio Frequency and Microwave Subsystems Section

The gain uncertainty of an array of antennas 1s derved in terms of the gain uncertainty
of the indinidual elements For the case where the gain uncertainties of the indvidual
elements are about equal, the gain uncertainty (uncorrelated errors) of the array is less
than that of the wndividual elements In the DSN, the gain uncertainty of an array
composed of a 64-meter antenna and one or more 34-meter antennas 1s most sensite to
the uncertainty of the gmin of the 64-meter antenna. For example, a 64-meter antenna
(G =617 %0 1dB) and a 34-meter antenna (G2 == 56 1 +0 3 dB) result in an array with
G = 62 8 0 1 dB (uncorrelated), *0 15 dB (correlated) For this example, the array gain
uncertainty is not significantly affected by the smaller element gain tolerance

l. Introduction .

When a 64-meter and ofie or more 34-meter DSN antennas
are arrayed, the increase in the gain of the array relative to the
gain of the 64-meter antenna 1s of the same order of magni-
tude (in dB) as the uncertainty in the gain of each of the
antennas With this 1in nund, 1t might appear that only mim-
mal, if any, operational advantage can be ganed by arraying,
since conservative telecommunications Iink design requires one
to consider the sum of the negative tolerances This report
shows that arraying 1s valuable to the link performance even
under the conditions stated It 1s recognized that many factors
go 1into making up the performance of an antenna array This
analysis only addresses the performance uncertainty of the
array due to the uncertainty in the gain of the individual
antennas

IIl. Theory

Consider a set of antennas with gans G, G,,.. ,G, and
uncertamnties o,, 0,, , 0, respectively The array gaim 1s
given by
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G =G, ey
=1

and (assuming statistical independence) the uncorrelated array
gain uncertainty 1s

n ac\?]'"?
; [;W (30—)] @

Q
]

but

Therefore

n 1/2
o, = [}: (o,)z] €)
=1



and (assumung statistical dependence) the correlated array gain
uncertainty 13

=29 @
=1

where 0, assumes that the 0,5 are uncorrelated and o, assumes
that the g;s are fully correlated and add in the worst possible
manner. Note that the above relationships hold when the gains
and uncertainties are expressed as rati0s. Since

G = 106as/10 )
and
oG )
g=g 6)
o (365
we get
In 10
G = nlo (G)( dB) (7)
or
__10 (o
%e = Tn 10 (G) @)

substituting (1) and (3) into (8) gives

n (0 2]

% “T10  n ®

1/2

i=1

or
1/2

(5 o]

a (10)

udB
36,
=1

while substituting (1) and (4) into (8) gives

11

g =4t (12)

lil. Example

Let us array two antennas with gains of 61.7 and 56.1 dB
and assume that both antennas are known to 01 dB one
sigma. This approximates the DSN 64-meter and 34-meter
antennas operating at S-band. Letting the subscript 1 denote
the 64-meter antenna and 2 the 34-meter antenna, we get from

Eq. (1)

= 10(6170/10) 4 1(56.10/10) — 1(6276)

G=G,+G,
and from Eqs (3) and (7)

1/2
= (g2 4 o2
= (0] t03)

(e s[omeosT

35,326

1]

Therefore, the gan of this two-antenna array 1s

G,p = 6276 £0.081 dB (one siyma, )

or if we consider o o

ac = o, +02
ln 10 617 ln 10 561
= Joo (10°7)+7 5 (10°°0)

= 43,438

we get

Gp = 62.76£0100dB (one sigma )
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We note that in this example, the gain of the array in-
creased by 106 dB relative to the gain of the 64-meter
antenna. However, even 1n the fully correlated error worst
case, the uncertainty in the array gain has not increased over
that of the individual antennas!

Figure 1 15 a plot of the statistical (0,) and worst case (o,)
gan error of this array with g, held constant at 0.1 dB and o,
allowed to vary between 0 and 1 dB From Fig 1 we see that
g, can go to approximately O 3 dB before the formal error of
this two-antenna array reaches o, = 01 dB From Fig 1 we
also see that even 1n the “worst case” the slope of the uncer-
tainty 1s less than 1 That 1s,

doc
do, <1

for

o, =01dB

This demonstrates that 1t 1s more critical to know the gain
of the larger antenna of this two-element array Indeed, 1t
would be expected that the largest (hughest gain) antenna 1n an
array of unequal gain antennas would contribute most to the
total array gamn as well as contributing most to the uncertanty
of the total array gamn.

In F1g 2, we see plotted the sum of the gains of a 64-meter
(61.7-dB) antenna and zero to three 34-meter (56.1-dB) anten-
nas. All antennas are assumed known to 0 1-dB one sigma In
this figure we see the uncorrelated error bars shrink as the
number of antennas 1n the array 1s increased while the corre-
lated error bars remain constant and the mean gain increases

IV. Another Example

Let us look at the case of arraying a 64-m antenna (61 7
£0.1 dB gain at S-band) with a second antenna whose gain will
be allowed to vary downward from 61 7 dB, the uncertainty n
the gain of the second antenna being kept constant at 0.1 dB.
That 1s,

G, = 61.7+0.1dB

and

G, < 617£0.1dB
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We now calculate that fraction of the uncertainty in the
array gain due to the uncertainty in the gan of the smaller
antenna. Looking at the uncorrelated case first, we get

S

e
o 1/2
Y (o+ o)

G 0
(1092a8/%) (3, ,5)

Setting
GldB =617
and
O1a8 = %2a = 0L,
we get that
U= 10%248/10 — (13)

[(106 17?4 (1002aa/10)2]

In the correlated case, we can write that

ag g

2 2
c=-2=

g

[+

0, %0,

G 10
(10%2a8/1%) (a,,,,.)

(10%148/*%) (0, ;) + (10%2a8/1%) (o,

a8)
Again,

Gy = 61.7



and

Then

_ 1002(18/10
10817 + 10 G24p/10

(14

Equations (13) and (14) are shown plotted in Fig 3 as a
function of G, - G, In Fig 3 we notice the apparently anom-
alous situatton of U reaching 0 707 (instead of 0 5) when G, =
G, This result 1s caused n the uncorrelated case because the

variances (02) add while i the correlated case the standard
deviations (0,) add

V. Conclusion

From the preceding we see that (1) the array gain increases
as antennas are added to the array, (2) the error bars do not
grow under the constraint that we know the performance of
all elements equally well, and (3) the knowledge of the 64-
meter antenna performance 1s more important to the array
than knowledge of the 34-meter antennas and therefore, we
should spend most of our effort quantifying the larger
antenna.
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Life-Cycle Cost Analysis of Projects Using a Polynomial
Cash Flow Model for Nonuniform Maintenance and

Operations Costs

D S Remer
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and
Harvey Mudd College of Engineering Science

G Lorden

California Institute of Technology

A mathematical model 1s developed for calculating the hife-cycle costs for a project
where the maintenance and operations (M&Q) costs change in a nonlinear manner with
time Closed-form solutions are presented for computing the present worth of projects
with periodic cash flow profiles that can be approximated by polynomual functions. The
results show that the hfe-cycle cost for a project can be grossly underestimated {or
overestimated) 1f the M&O costs increase or decrease nonuniformly over time rather than
being constant or linear as 1s often assumed in project economic evaluations. The
following range of varables 1s examined (1) project hife from 2 to 15 years, (2) interest
rate from 0 to 30 percent per year, and (3) polynomials of order 0 to 5. Simplified
solutions for the present worth are presented for two lmiting cases extended project
Ifetime and neghgible interest rate Also a simplified expression is provided for accurate
present worth M&Q estimates for DSN projects In addition, a sensitity analysis of the
model based on graphical results and a numerical example plus tables and graphs are given
to help the reader calculate M&O life-cycle costs over a wide range of vanables.

l. Introduction

In the last few years, there has been an increasing emphasis
on economic evaluations for companng projects in the DSN.
The total expected costs of systems or modifications, over
their lifetimes, has become an important consideration to
managers and engineers in TDA and the DSN. This interest has

recently culminated 1n the release of the Deep Space Network
Life-Cycle Cost (LCC) Analysis Handbook and the Tracking
and Data Acquisition Standard Practice for Life-Cycle Cost
Analysis

The TDA Standard Practice states when an LCC analysis 1s
required and what the analysis will contain, but does not state
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how to do the analysts The DSN LCC Analysis Handbook
complements the Standard Practice by providing managers and
engineers with the background information and guidance to
conduct an LCC analysis However, one of the major problems
a user faces 1s modeling the maintenance and operations cost
for the life of the system or systems modification Usually one
makes a zeroth-order assumption that the M&O costs are
constant over time. This 1s an unrealistic assumption and has
extremely limited use

A first-order model was developed several years ago for
M&O costs that vary in a linear manner with time (Refs. 1
and 2). The purpose of this paper 1s to develop closed-form
solutions for the present worth of the maintenance and opera-
tions cost profile, based on an Mth-degree polynomal approxi-
mating the cash flows For M=0 and M=1, this general
model reduces to the usual models where one assumes that the
M&QO costs are constant over time (M = 0) or where the M&O
costs increase or decrease 1n a linear manner with time (M = 1)
Also, two limiting cases of special interest for quick engineer-
mg project estimates are presented These are the cases of
infimite project hfe and zero interest rate. The infimte life
model approximates many extended life projects that are
estimated to last well over 10 years The zero-interest model
may be used to approximate situations where the cost of
capital 1s close to the inflation rate. The valdity of this
approximatton was developed in Ref. 3 where 1t was shown
that inflation and discounting largely cancel each other over
long pertods.

Application of the general polynomial model 1s discussed
and results are presented graphically. A brief sensitivity analy-
s1s 18 made to show the relative importance of the costs of
capital and the degree M of the cash flow polynomial Finally,
a simplified model for evaluating DSN projects 1s presented.

Il. Previous LCC Mathematical Models
A. Zeroth-Order Model

The zeroth-order approximation that 1s often made in
economic analysis 1s to assume that the M&O costs are con-
stant each year. For this simple model, the present worth
factor (P/G,, 1, n) of the life-cycle M&O costs for an n-year
project and an interest rate 1 for a umt cash flow of $1 per
year 1s shown below and developed 1n Refs. 1 and 2

IO kol

(P/G()9l,n)_ ,n>l
(1+)"

The notation (P/G,,, 1, n) will be used throughout the
paper. P represents the present worth of the hfe-cycle costs.
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G, represents the order of the cash flow profile where M= 0
18 a constant cash flow, M =1 1s a linear cash flow, etc The:
represents the interest rate used for the present worth calcula-
tion and n denotes the life of the project

Needless to say the zeroth-order model has very himited
application to most real problems where costs are rarely con-
stant over time In the next section we will consider a first-
order model

B. First Order Model

A mathematical model for calculating the hfe-cycle costs of
a project where the M&O costs increase or decrease 1n a linear
manner with time has been treated n detail in Refs 1 and 2

From Refs 1 and 2, the present worth factor for the
Itfe-cycle M&O costs with a linear increasing cash flow profile
for an n-year project and an mnterest rate 1 was shown to be

n_ -
P/Gy,1,n) = at)f-m-1 Loa>1

21+ 0"

The results in Refs 1 and 2 show that the life-cycle cost for
a project can be grossly underestimated (or overestimated) 1f
the operating costs increase (or decrease) uniformly over time
rather than being constant as 1s often assumed in project
economic evaluations This model 1s a good first step forward
for analyzing life-cycle M&O costs, but a more general model
1s really needed to supplement Appendix E in the DSN Life-
Cycle Cost Analysis Handbook This appendix 1s entitled,
“Tools for Calculating a Life-Cycle Cost ” The following theo-
retical development will substantially improve the tools avail-
able to do a hife-cycle cost analysis for most cash flow profiles
that we will probably encounter in the DSN It will no longer
be necessary to make such simplifying assumptions as uniform
annual M&O costs or linear M&O costs. The following model,
which 1s based on the recent developments in Ref 4, will allow
us to calculate the hife-cycle M&O costs for a generalized cash
flow profile.

lll. A General Life-Cycle Cost Mathematical
Model

A. Formulation of the Model

The cash flow profile for an n-year project can often be
approximated by some Mth degree polynomial of the form

— _1\M _ ZM-1 . -
y=C,(x-1)"+C  (x 1) + - +C(x-1D+C

)



where Cy, Cy, , Cyy are constants and y 1s the amount of
cash flow m year x. We assume that this profile can be
represented as a sertes of discrete annual payments (see Fig 1)
Throughout this paper, discrete compounding of interest 1s
used and, for simplicity, cash flows are assumed to be in
dollars We use (x - 1) mnstead of x in Eq (1) to be consistent
with standard engineering economic texts (Refs 5 and 6)
where the cash flows for a linear gradient have their first costs
occurring at the end of year 2.

All results are based on annual cash flows and an annual
interest rate However, the results may be extended to any
type of penodic cash flow if an appropriate interest rate 1s
used For example, the above polynomial may be used to
describe cash flows on a monthly basis, where n represents the
number of months 1n the project lifettme The subsequent
analysis would then require a monthly interest rate.

We will first consider the most basic form of Eq (1) In this
case, the cash flow y in year x of a specific n-year project 1s
determined by the equation

y=&-D" 1<x<n ?)
for a suitable choice of wnteger M > 1 (refer to Fig 2) The
present worth 1n year zero of the total cash flow of this
project at an annual interest rate 115

(P/G,,i,n) = Zn;(x—l)M(Hz)'x Wm=1 ()
x=2

We will now construct a more tractable equation for the
present worth of the M&O Ife-cycle costs Equation (3)
reduces to the following after algebraic manipulation

1 - nM
CFlGypm) = — D [VEM] L+ ——— (>1)
x=1 1(1+1)
)
where V 1s the backward difference operator
& (M
VM) = xM- - DM = 3 (F )RR EDR ()
k=1
and (1";!) 1s the binomual coefficient
M
k(M- k)

By substituting Eq. (5) into Eq (4), we have

n

SN (M\ sk ykH -x
/G, ,1,n) (G )P F e ey

x=1 k=1

1
1

nM

(1 +1)"

which reduces to the recursive formula

5

1
ElGyum = 22 3 (F) oMt @G, 1, m)

k

1
o

L EDY (- p¥

, M=1 (6)
! (r+ )"

Thus, (P/Gp,1,m) 15 a lmear combnation (P/Gy,1,n)
(P/GI’l,n)" a(P/GM_lals n)'

In Table 1, we present closed-form solutions for

(PIGpp,1,m), when M =0,1,2,3,4,0r5.

We feel that using M <3 will provide sufficient accuracy
for most LCC project evaluations in the DSN In addition, this
model will be useful for doing sensitivity and nsk analyses for
LCC studies

B. Special Cases

There are two cases of special engineering interest. The first
concerns the limiting behavior of the present worth as the
project life n becomes infimte. This behavior 1s important
when evaluating projects that have long hfetimes of more than,
say, 20 years, hke a DSN antenna. The second case 1s when the
interest rate approaches zero This can be used for dong quick
engineering calculations where the interest and inflation rates
nearly cancel This was shown to be the case for the DSN
(Ref. 3)

1. Infinite project life. The effect of discounting causes the
present worth (P/G,,1,n) of a project to converge as the
hfetime n becomes infinite This can be venified by applying
the ratio test to the terms of the infinite series generated from
Eq (3). Thus, (P/Gyy,1,n) exhubits asymptotic behavior as
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n - If the interest rate 1s not zero, a recursive formula for
this asymptotic level 1s

. M-1
FO4LD) = tm @[Gyp,t,m) = 2L 57 ()1 £,
ron 1 & J
_1\M
+{ 11) , M>1

where F(0,1) = 1/1. This formula was derived by taking limuts
i Eq. (6). In Table 2, the limiting values are summarized for
M=0,1,2,3,4,and 5.

These results are very useful for evaluating facilities that are
expected to have a long lifetime, like DSN antennas.

2. Zero interest rate. The second case of special interest in
the DSN concerns the limiting behavior of the present worth
as the imterest rate 1 approaches zero. We will now develop
closed-form solutions for these hmiting cases We can avoid
taking limits of the closed-form expressions in Table 1 by
considering the simpler case of Eq. (3). Using this equation,
the present worth of the zero-interest form of the basic model
forM=211s

n n-1
/G ,0%,n) = Z(x— HnM = Zx”
x=2 x=1

In this special case, the present worth 1s just the sum of the
Mt powers of the first n~- 1 positive integers; closed-form
expressions for this sum are widely available (Ref. 7) Based on
our definition of (P/Gy, i, n), this present worth 1s n when
M=0. In Table 2, the hmiting values are summanzed for
M=0,1,2,3,4,and 5

C. Application of the LCC Model

We will now discuss how one applies the model and then
give an example. As descnbed in subsection III-A, the pre-
dicted cash flow profile of an n-year project can be approxi-
mated, in general, by some Mth.degree polynomial of the form
given n Eq (1). Consequently, the cash flow y 1n year x
has M + 1 components; a constant cost of size Cy, a linear
cost of size C,, - - -, and a M*-degree cost of size Cy,. Hence,
we can determine the total present worth PW; - of a project
having this cash flow profile by finding the corresponding
linear combmation of basic present worths (P/G,, 1, n),
(P/Gy,1,m), -, (PIGp,i,n)

PWyoc = Cy@lGy,m)+- -+ Ci(P/G,1,n)
+Co(P/Gy,1, 1)
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This method will be described in more detail in subsection
I11-D.

In most real-hfe situations, the future cash flow profile 1s
determined by an equation of the form

y=B,xM+B, xM'+. -+Bx+B, Q)

where y 1s the cash flow in year x. Accordingly, Eq (7) 1s
converted to the required form of Eq (1) by using the 1dentity

G=35,(%). 1=012
k=]

It should be noted that repeated applications of this model
may be necessary to evaluate the present worth of the total
LCC. For example, suppose we found polynomials y, and
¥, corresponding to the cash flow profiles for mitial nvest-
ment costs and for annual mamtenance and operations costs,
respectively, as shown 1n Fig. 3. Since the initial investment
costs begin in year 1, we may directly apply the general
model to the cash flow polynomual y, to get R,, the present
worth in year zero of the mitial investment costs Next, we
apply the general model to y, to get the present worth in year
n' of the annual operating costs. We then apply the present
worth factor (P/F,1,n')= 1/(1 + t')"' to the result to get R,,
the present worth in year zero of the annual operating costs
Finally, the present worth in year zero of the total LCC 1s the
sum of R, and R,.

The polynomtal form that one uses to represent the yearly
cash flows can be developed either by curve-fitting or from a
forecasting model

Equivalent umform annual cost (EUAC) computations can
easily be performed by converting the previous present worth
calculations to a level annuity*

EUAC = (P[G\y,1,n) (PG, 1,m) ™!

where
P[Gy, 1, n)™ = a1+ ) +)" - 1]

1s the capital recovery factor at interest rate 1.

D. Example

Thus section gives an example of how one mught apply the
above model 1 an economic analysis of a proposed project in
the DSN. Let’s consider, as an dlustration, the introduction of



increased automation at a Deep Space Station, to reduce
operating costs (Refs 8 through 11) A strong effort has been
made since 1969 to reduce operating costs by reducing the
number of people at the station. For example, the crew size at
a station has been reduced from 26 people 1n 1969 to 4 today.
However, this automation requires large capital investments
that must be justified using an LCC analysis The capital
expenditures required must be compared to the reduction in
future operating and maintenance costs Our following
example will look at the present value of the projected M&O
cash flows for an existing system during 1ts entire lhife

Suppose, for example, that the future operating costs of

one part of the Deep Space Station are expected to vary
according to the second-degree model

y =6x2-11x+10
where y 1s the operating costs (in units of $10,000 for this
example) at year x, and year zero 1s taken to be the startup

time of the automation project This polynomial has the form
of Eq (7) and thus 1s rewritten as

y = 6(x-1)2+(x-1)+5

to comncide with the form of Eq. (1) The present worth of the
operating costs at 10 years after startup 1s

PW, .. = 6(PIG,, 10%, 10) + (P/G,, 10%, 10)

+5(P/G,, 10%, 10)

Using the formulas in Table 1 with :=0 10 and n=10, we
have

(P/G,, 10%, 10) = 6 1446
(P/G,, 10%, 10) = 22 8913

(P/G,, 10%, 10) = 133.7292

Therefore,

PWLCC

6(133.7292) + 22 8913 + 5(6 1446)

8.56 million dollars

Therefore, if our implementation cost for automation 1s less
than 8.56 million dollars, the expenditure 1s justified

Compared to conventional discounting of mdividual cash
flows, this model 1s very helpful when different polynomals

for cash flow prediction exist in several subsystems of one
complex system. For example, 1n a Deep Space Station there
will be different cash flow polynomials for the antenna,
receivers, and transmitters

IV. Graphical Review of Results

We examuned the behavior of the general present-worth
(P/Gpy,1, 1) as a function of three parameters the order M of
the cash flow model, the prevailing cost of capital z, and the
project life n.

Fust, using the formulas 1n Table 1, (P/G,,, 10%, n) was
calculated for values of M between O and 5 and for project
hfetimes of from 2 to 15 years These results are shown in
Fig 4 For M=0 and 1, the graphs will quickly approach the
asymptotic limits described 1n Table 2.

Next, we performed a graphical sensitivity analysis of the
relative effects of the parameters  and M on the present-worth
function (P/Gyy,1,n), M=0, 1,2, 3 For each of these values
of M, semiloganthmic plots similar to those in Fig 4 were
made for interest rates of 5%, 10%, and 15% These results are
presented i Fig 5 and show four fambies (M =0, 1, 2, 3) of
present-worth curves at three interest rates (5%, 10%, 15%)
We can see from Fig 5 that M has a more sigmificant impact on
the LCC present value (P/Gy,1,n) than does the interest
rate 1 For example, mncreasing M from 2 to 3 increases the
present worth by a factor of about 6, for interest rates of 5%
or 10%. However, decreasing ¢ from 10% to 5% increases the
present worth only by a factor of about 1 4, for M=2, or 3.

The next section deals with approximating the loganthm of
these curves by linear functions, for a 10-year project life The
approach that will be presented 1s valid for any project life,
but a 10-year project life 1s of interest to the DSN and several
U.S. government agencies, where 1t 1s used as a benchmark 1n
evaluating many projects

V. Simplified Model for a Project With a
Ten-Year Life Cycle

Figure 6 1s a semilogarithmic graph of (P/Gy,,1, 10) as a
function of the interest rate z (1% to 15%) Since the six plots
n thus figure are nearly straight lines, log, o (P/G)y, 1, 10) may
be approximated by a hinear function for each value of M
Consequently, the present worth may be approximated by
much simpler formulas than those given 1n Table 1 Six linear
regressions on log,q (P/Gyyg,1, 10) were performed and the
resulting functions fy,(7) that approximate (P/G,,,1, 10) are
presented 1n Table 3. Clearly, log,q f;,({) produces a straight
line for each M.
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The functions 1n Table 3 are very good approximations of
the complex formulas in Table 1 The maximum relative error
1s only 17% and the average relative error 1s only 0.7%
Returning to the example 1 subsection III-F, we have

Py

Lcc = 6(PIG,, 10%, 10) +(PIG, , 10%, 10)

+5 (PG, 10%, 10)

We now use the values given 1n Table 3 to get

!

PW, e = 6f, (10%) + f, (10%) + 5f, (10%)

1}

01 01 01
65,721 +5 701 +58 T

8 62 million dollars

(vs 8 56 million dollars as calculated in subsection III-F using
the exact equation) The relative error between these figures 1s

only 07% This 1s well within the accuracy of most project
economic models

Most US government agencies, such as NASA, the Navy,
and the Department of Defense, use a value of 1 = 10% 1n their
calculations (Ref. 12). Table 4 gives the value of fy,(:) for
1=10%. Now 1t 1s very easy to estimate the life-cycle cost for
projects in the DSN by sumply using the results in Table 4
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VI. Summary

We have constructed a mathematical model for determining
the present worth of the life-cycle costs of a project when the
expected future disbursements can be approximated by a
general polynomuial function, and we have 1illustrated by means
of an example the application of the model This modelis a
generalization of a basic model that has the future cash flows
predicted by the equation y = (x - 1)™, where y 1s the ex-
pected costs of the proposed project of year x. The model
extends the usual engineering economic models of a level
annuity (M =0) and a linear gradient (M =1) We then devel-
oped closed-form expressions of (P/G,,,1,n) for M=0
through M =5.

Limiting cases of the model were also examined, and we
found that 1n the case of an infinite project life or a negligible
Interest rate, the present worth calculation could be consider-
ably simplified A method for computing equivalent uniform
annual costs was also presented

The present worth (P/G,,, 1, n) 15 a function of the mterest
rate 1, the estimated project life n, and the degree M of the
predicting equation A graphical sensitivity analysis of the
model showed that the parameter M corresponding to the
degree of the predicting equation was more influential in
determming the present worth (P/G,,, 1,n) than the interest
rate: For a project with a 10-year life, graphical analysis
showed that approximations of the present worth expressions
could be developed using linear regression These approxima-
tions are much simpler than the onginal expressions and have
the advantage of introducing an average error of only 0 7%

By using the results developed here for the DSN, the
life-cycle cost calculation will be greatly simplified when com-
paring projects
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Table 1. Closed-form solutions for the basic model (n > 1)

M ®/Gyp 1, n)
1 n~1
0 —— -y
1(1+1)
1 n
15— [+ -m-1]
1 (1+i)"
2 —l—n [+ + A+ -n2? - @2n+1)1-2)
2+
3 T—l— A+ + a4+ + Q0+ -n3P -G +3n+ 1) -6 (n+1)1-6]
A+t
4 T_l_n [A+)™3+ 11+ 2+ 11 A+ +Q+0)" =0 - P +6n2 +dan+ 1) 1% - (124 + 24n + 14) 12
7 (1+9)
—(24n +36)1 - 24]
5 Tl—n A+ 26 A +0™3 466 1+ 2 +26 A+ + @ +0)" =155 - 5 + 1003 + 10n% + 50 + 1) 4% - 200°
v (1+))

+60n% + 701 +30) 1> — (60n2 + 180n + 150) 1% - (1201 +240) 1 ~ 120]

Table 2 Asymptotic levels for the basic model

M Infinite project hife, km (P/GM, 1, n) Zero interest rate, im (P/G ap b 1)
N =0 1=+0

0 101 +1) n-1

1 12 % -n)/2

2 a+2)/3 @n3 =312 4m)/6

3 @* +61+6)1° (n* -213 +n?)/a

4 63 +142 + 361 +24))° (6n° - 150 + 100> - m)/30

5 @* + 303 + 1502 +240: + 120)/:° (2n8 - 6n° + 5n* ~n¥)12
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Table 3 Approximating functions f,,(/) for (P/G,,1, 1, 10)

(P/Gypp1,10) = £,,0) = Spp = Ty,

M -5
M SM/IO TM X 10
0 9739 108
1 4390 16 01
2 2785 7008
3 1981 4228
4 1501 3033
5 1183 2403
Table 4 Approximations for (P/G,,, 10%, 10)
(P/GM, 10%, 10 = £, (10%)
M f10%)/10M Relatwve error, %
0 6193 078
1 2306 075
2 1347 071
3 0911 068
4 0608 066
5 0514 065
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Fig. 3. Two-stage life-cycle cost example
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Sine Wave Ranging Revisited

A.l Zygielbaum
DSN Data Systems Section

A Robinson
DSS 43, Tidbinbilla, Australia

It has been conjectured that DSN ranging accuracy would be improved if the range
code were a sine wave In this article, measurements are presented which demonstrate
that this 1s not the case but that the use of sine waves may be worthwhile to conserve the

uphnk frequency spectrum.

I. Introduction

DSN ranging precision was improved by a factor of 4 by
using a 1-MHz imit1al range code versus the 500-kHz code used
earlier (Refs. 1 and 2) The range codes are square waves
modulated onto a carrier transmitted to and returned from a
spacecraft via a transponder. Comparison of the phase of the
transmitted wave to that returned yields a direct measure of
time-delay and an indirect measure of range Square wave
ranging suffers from waveform distortion due to asymmetric
amplitude and phase distortion i the communications chan-
nel The problem 1s compounded by a mismatch between the
actual correlation function produced by the ranging hardware
and that assumed by the software In essence, the software
assumes that the returned signal 1s a square wave while limita-
tion of the DSN transmitter, spacecraft transponder, and, to a
lesser extent, the DSN receiver, reduces the signal to a badly
distorted sine wave

As explamed by Layland, et al, in Ref. 1, the 1 5.MHz
transponder bandwidth passes the 500-kHz code and a dis-
torted version of 1ts third harmonic The resulting signal 1s at
best a poor sine wave The same transponder will, however,
propagate only the fundamental of 1-MHz code The resulting
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signal 1s recerved by the DSN and filtered again to eliminate
regenerated harmonics Hence a simple sine wave 1s applied to
the ranging system whach uses a sine wave correlation model.
Therefore, there 1s little waveform distortion or msmatch
1n correlation,

The fundamental concept 1s that the most accurate ranging
comes from a signal with the simplest spectrum It was conjec-
tured therefore that the uplink carnier should be modulated
with a sine wave instead of a square wave, thereby eliminating
the need for filters. This article reports an analytical and
empirical study of that conjecture

Il. An Analysis of the Modulated Signal
Spectrum

A. Square Wave Modulation Spectrum

A carnier phase modulated by a square wave may be repre-
sented by the equation

Sp(t) = Asin[w t+¢,+kSIN(w,?)] (¢))]



where
A 1s amplitude

w . 18 the carrier frequency
is an arbitrary carrier phase

k 15 the modulation amplhtude or “index” and 1s
defined as the peak phase excursion

«w_ 15 the modulation frequency

and

SIN 1s the square wave approximation of the sine function

Equation (1) may be simphfied by setting 4 = 1, ¢, = 0 and
by some tngonometric manipulation to

S(#) = cos (k) sin (w, )+ cos (w,¢) s (k) SIN (w,, ?)
2
where we have used the relation

sin [k SIN (w, )] = s (k) SIN (w,, t)

A Fourer transform of (2) can easily be made smce the
DSN ranging code 1s, for ease of mechanization, an integer
submultiple of the carner frequency. This fortuitously allows
representation by a discrete series,

Because of the mechanization, we may wrnite

- = 2nq
w, = 27rfc —T;-

where T, 15 the period of the modulation and a 1s the ratio of
the modulation frequency to the carner frequency.

Given the form

= 2nnt - 2mnt
Sp(t) = A,+ EAn cos *7,;— + an sin -7,(—;
n=1 n=1

_ 1
AO—TO

T,

o
2
_ .2 2ant
A, = T ST(t) cos =5 dt
0 0
_7;0_
T2
7
2
_ 2 2nnt
B = T Sp(t) sin - dr
0 0
To

for the Fourier senies and with the knowledge that « 15 an
mnteger, we can eastly, but tediously, derve that for a #n

4, =0

4,=0

B, =_1_smk[1-cos1r(n-a)]
T n-a

hence the “power” i the component 15

= A2 2. p?
P =A2+B2=B? .

For
a=n
Ay, =0
A,=0
B = cosk

= cos?
the power 1s P, = cos® k

Clearly, the case a = n 18 the carrier term, (n - a) = 1 1s the
fundamental code sideband, (n - a) = %2 is the sideband of the
second harmonic of the code, etc. Note that for (n - a) even,
B =0 Hence only odd harmonics are present, Therefore, the
carnier amplitude is

C = cosk,
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the fundamental frequency (n - a = 1) amplitude 15

and so on

Standard practice 1s to give the modulation index as a
carrter suppression 1 decibels of power. Given that the
unmodulated carrer has amplitude 1, the carrier suppression 1s
simply

§ = 20log,, cos k

Table 1 summanzes the relative power of the carrier and
sidebands to total spectral power (which 1s arbitrarily set to 1)

B. Sine Wave Modulation Spectrum

Many textbooks give this elementary analysis From the
book by Taub and Schilling (Ref 3), one may wrnte

Sp(t) = cos [w t+ksin(w,1)]
and the Fourier series representation 1s stmply
S(t) = Jy(k) cos w, t
- J, (k) [cos (w, - wm)t- cos (w, + wm)t]
+J,(k) [cos (w, - 2wm)t+ cos (w, + Zwm)t]

- J,(k) [cos (w, - 3w, )= cos (w, + 3w, )] + -

where J(k) 1s the Bessel function of the first kind of order n
and the power of each component 1s 1n arbttrary units

P, = (J,(k))?
P = (J, ()

P, = (J,(0)

Carner suppression 1s given by § = 20 loglo(Jo(k)) for the
total power arbitranly set to 1 Carrier suppression was con-
verted to modulation index or peak phase excursion by a
piecewise approxtmation to the mverse Bessel function A
Texas Instruments TI-59 calculator program using a New-
tonian 1terattive approximation provided the conversion
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Table 2 gives the relative power of each sideband for various
carrier suppressions

lll. Comment on Analysis of Range Error

As reported by Layland et al , in Refs 1 and 4 and 1n an
analysis by the author, asymmetric phase delay and amplitude
across the ranging channel can lead to sigmificant errors in the
range measurement. Depending on the response of the chan-
nel, errors on the order of several tens of nanoseconds are
possible. Rather than reiterate the analysis, actual range error
measurements will be reported below A complete analysis
would require extensive and complex measurement of the
communications equipment and 1s beyond the scope or need
of this presentation.

IV. Test Configuration

In order to test the comjecture that transmitting a sine wave
range code will elimimate range error, the MU2 R&D ranging
system was used at DSS 43 to obtamn station delay measure-
ments. The basic test configuration appears in Fig 1 Range
code generated by the range system 1s applied to the carrier by
the exciter modulator After amplification by the transmtter,
the signal 1s echoed to the recewver by the test translator,
which 1s a wide bandwidth device in comparnison to the range
channel The receiver provides the returned signal to the
MU2

During the tests discussed in this article, the 1-MHz ranging
code, a hard square wave, was applied directly or through filter
fi to the Block IV exciter When appled directly, the uplink
signal was mn fact modulated by a squarewave Filter f,, a
low-pass filter with cutoff at about 15 Mhz, scrubbed all but
the fundamental from the signal when sine wave modulation
was required Figure 2 presents the response of filter f;

The recewved range code 1s presented to the MU2 as a
phase-modulated signal nding on a 10-MHz IF carner As
mentioned earher, a 3-MHz passband filter, f,, may also be
used to scrub the code harmonics so that a pure sine wave
range code 1s correlated by the MU2

The MU2 was used 1n a mode where range delay measure-
ments were made continuously at discrete intervals, while the
local correlation model or reference code was stepped 1n
phase The resulting data portrays the correlation function of
the correlator The phase step size 1s precisely known. An 1deal
system would show that same phase difference between suc-
cessive range delay measurements Any deviations would be
due to distortion 1n the system



Spectral measurements were made with a Hewlitt-Packard
HP851A/8551A spectrum analyzer. As shown i Fig 3, the
transmitted signal was sampled immediately prior to radiation
from the antenna horn

V. Range Accuracy Results

Four test cases are presented mn Figs 4(a) through (d)
These show 1/16 of the 0 to 2w range of possible phase
differences between the mcoming code and local code model
The abscissa 1s marked 1n angles of phase difference The
ordinate gives the difference between the actual phase differ-
ence and that measured by the MU2 1n units of time (1 psec 1s
approximately 27 radians for the 1-MHz code) One sixteenth
of the total possible range 1s sufficient because the same
pattern repeats due to symmetries in the correlation function.

(1) Case 1 No Filters (Fig 4a)

By using nerther filter f; nor f,, the system 1s trans-
mutting and receiving square waves The square wave
correlation results i about 9 5 ns of peak error

(2) Case 2 Uplink Filter Only (Fig 4b)

In this case, a sine wave 1s assumed for the correlation
model. The uplink filter assures that the applied modu-
lation 1s a sine wave. Note that the peak error 1s about
5 5 ns Clearly waveform distortion still exists

(3) Case 3 Recerve Filter Only (Fig 4c)

The correlation assumes a sine wave 1n this case because
the receive filter propagates only the fundamental fre-
quency of the range code Note that the peak error 1s
only 1ns In fact, this 1s the MU2 quantization error

(4) Case 4 Uphnk and Receive Filters (Fig 4d)

The error 1n this case 1s also about 1 ns, proving that at
least the uplink filter causes no harm

VI. Results of Spectral Measurements

Figure 5 shows the spectrum of the uplink signal with no
uphink filter at various carmer suppressions This spectrum
should represent the coefficients in Table 1. One can imme-
diately note that even harmonic sidebands appear This 1s due
to the nomnfinite bandwidth and, to a lesser degree, to
distortion

Figure 6 displays the spectrum of the uplink given the use
of the uplink filter. Hence the modulating range code 1s a sine
wave Companson with Table 2 will reveal small deviations
from the 1deal The more subtle of these may be errors in the
spectrum analyzer Nevertheless, amplitude asymmetnes are
apparent

Vil. Conclusions

Several conclusions may be drawn from the results, First 1t
1s apparent that nonlinearities in the modulator, exciter, trans-
mitter, and/or recewver distort the ranging channel. Hence sine
wave modulation yields virtually no improvement in ranging
accuracy. Clearly, however, filtering the downlink affords a
significant reduction 1n distortion effects. But at least uplink
filtenng does not degrade performance and companson of
Figs.5 and 6 does show that the uplink spectrum can be
conserved by uplnk filteing Conservation will become
increasingly important as the range code frequency 1s increased
to achieve greater range precision.
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Table 1. Sideband relative to total power for square wave modulation (Note- P ~ 0 for n odd)

Carrier
suppression, k Py P, Py Py P, Py Py
dB
1 0471 -10 -108 =205 =252 =270 -300 =300
3 0784 -30 -69 -16 6 =210 -240 =270 =270
6 1046 -60 =52 -147 -192 =222 =240 =252
9 1208 =90 45 -141 ~-185 =215 =240 -252
12 1.317 -120 42 -138 -182 -210 =230 =252
Table 2. Sideband relative to total power for sine wave modulation
Carrier
suppression, k Py Py P, Py Py
dB
1 0667 -10 -100 =252 - -
3 1124 =30 -641 -170 =300 -
6 1518 -60 -50 -125 =240 -
9 1774 -90 -47 ~-105 =205 -
12 1952 -120 -417 -93 -182 =300
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Radio Frequency Interference by Earth Orbiting
Satellites: Deep Space Interference Prediction Program

D L Can
Tracking Systems and Applications Section

P E Beyer

Control Center Operations

The sensitwity requirements of the DSN Flight Projects make them quite susceptible
to radio frequency interference Efforts to predict this interference from earth orbiting
satellites have been ongoing for approximately five years Software development in the
areas of trajectory computations and telecommunications analysis are discussed n this

article

. Background

Development of the Deep Space Interference Program
(DSIP) software began 1n 1976 Simphfied engineering models
and trajectory formulae were used As a result, operational
predicts did not meet the accuracy requirements of the DSN
Previous articles (Refs 1 and 2) have defined the response of a
ground receiver that 1s tracking a spacecraft telemetry signal to
interference by a close (in frequency) sine wave, or spectral
spike signal A software model was developed to incorporate
the recewver response, nterface between the standard JPL
navigation trajectory program, DPTRAJ, was incorporated in
the second level, DSIP2 Hence, DSIP2 has been constructed
to compute the times and amount of such interference, given
the necessary descriptions of the spacecraft and satellite stgnals
and ephemerides

Il. Problem Statement

Given the definition of what constitutes a state of interfer-
ence (roughly speaking, this consists of a satellite output spike

being near enough to a received spike — either the carrier
signal or a telemetry subcarrier or harmonic), and also given
the spacecraft and satellite orbital information compute com-
mon view periods, compute signal strengths and doppler shifts
and then finally construct a table of predicted interference
indicating spacecraft, satellite, station, bit rate mode and type
of interference

lil. Input Required

The nterfering signal must be defined This consists of a list
of discrete (spike) frequencies and corresponding output
powers. Currently CW 1s the only type of interfering signal we
have a model for (a model for spreadspectrum or pulse data is
expected to be avaiable in the future) In addition, to com-
pute doppler shifts, orbital data for each satellite must be
provided

The above data 1s denved from orbital elements or 1ntial
conditions typically furnished by outside agencies Further-
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mote, the orbital elements sometimes need conversion (for
example, mean elements often provided must be converted to
osculating elements, 1€ , imtial conditions required for subse-
quent integration, this 1s done by a computational algorithm
supplied by the external agency) The resulting orbital ele-
ments or cartesian position and velocity are propagated for-
ward 1n time in the fornr of a stored-file ephemens In the
past, this ephemens was provided by DPTRAJ. As part of
ongomng program development, an alternate program,
SATRAP, was built to reduce costs (described below 1n
Section IV)

Next the spacecraft signal 1s characterized The transmutter
power, modulation index, and subcarrier frequencies are speci-
fied, and corresponding bit rates and coding schemes defined
These are treated also as sets of spikes of average power
(When these spikes are approached by the satellite spikes,
degradation may occur ) Since the spacecraft-received carrier
frequency depends upon the transmitted uplink frequency 1n
the two-way mode, provision 1s made via a best-lock algorithm
to predict what the uplink frequency will be

For the trajectory data needed for the computations of

view periods and doppler shifts, a standard DPTRAJT “P” file 15
provided by the respective project

IV. Program Logic

Read 1n the names of the Deep Space Stations (DSSs) of the
run

Do for each satellite of the run
Read 1n the satellite data
Compute view periods
Enddo
Do for each spacecraft of the run
Read 1n the input spacecraft data
Compute view periods for the spacecraft
Construct a spacecraft pass transmitter frequency table
Do for each DSS of the run
Do for each satellite of the run

Do for each spacecraft pass
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Compute the spacecraft/satellite view period over-
lap intervals

Do for each view period overlap interval

Look for RFI

Enddo

If any RFI occurred during this pass print the
spacecraft pass interference tables

Endif
Enddo
Enddo
Enddo
Enddo
Stop

V. Program RFI Definitions
Four types of RFI are distinguished by the program

A. Receiver Drop Lock

The recerver 1s predicted to drop lock (via phase lock jump
phenomenon, Ref 2) whenever either (a) the interfering signal
1s inside the phase lock loop (PLL) band and stronger than the
carrier, or (b) the interfering signal 1s outside the PLL band-
width and 1if the ratio of the interfering power to the carrier
power 1s greater than the ratio Af/B where Af, B are the
frequency separation and loop-bandwidth, respectively

A second type of drop-lock occurs when the maser loses
enough gain to take the carner below threshold

B. ReceiverInterference

The receiver 1s adjudged as being interfered with whenever
the interference 1s above threshold (-175 dBm) and within one
kilohertz of the carrer

C. Telemetry Drop Lock

When conditions strular to Subsection A above occur to a
subcarner, 1t also suffers drop of lock This of coarse 1s a
function of the carrier strength, spacecraft output power, mod
index, bit rate, and coding scheme

D. Signal-to-Noise Degradation

From theoretical and test data, P Low (Ref 1) developed a
model for the decrease in signal-to-noise ratzo in a telemetry

stream due to an interfering spike near a carrier or subcarrier
That model [Eq.6, p.206 of Ref. 1] has been incorporated



into DSIP2, except that the sin (x)/x function has been re-
placed by a more conservative and easier to compute decreas-
ing-magnitude (1/n) square wave When by that expression the
signal-to-noise ratio drops by more than 0 5 dB, then degrada-
tion 1s predicted to occur

V1. New Developments
A. DSIP2

The program DSIP2 has been converted to the Umvac
1100/81 This 1nvolved changing the source code formerly
SFTRAN (no longer available) to the newer language SF3 The
program was modified to find and interpolate satellite coordi-
nates from a SATRAP file, described next

B. SATRAP

Thus special purpose trajectory program was constructed to
reduce the high costs of using DPTRAJ, the standard general
purpose ntegrator in use at JPL

A simple model of spacecraft motion 1s used (1¢, a non-
spherical earth potential, a simplified drag model, radiation
pressure, and the sun and moon are the perturbing forces)
Only earth satellites can be accommodated To facilitate the
integration, the independent vanable 1s eccentric anomaly
rather than time This change has the charactenstic that um-
form steps 1n this variable give smaller steps i time close to
earth and longer steps in time farther from earth-desirable 1n
that 1t 1s near the earth that the perturbing functions act
strongest Thus, SATRAP uses about twice the step stze rela-
tive to a time integration (DPTRAY)

The form of the output file 15 that of a random access,
distributed index file The concept of volumes, chapters, and
verses (a coarse index followed by a finer index, and then one
even finer) 1s used Thus, with a few file accesses, first inquir-
ing what “volume”, then what “chapter,” and finally what
“verse” 15 mvolved (the final one giving the times desired), one

can find records bracketing any given requested time Another
analogy would be a hypothetical congressional record, first
bound 1n volumes by year, then a chapter for each month, and
then verses for daily proceedings Such considerations are
important since one satellite can be mvolved in a hundred
orbits 1n a week

VII. Future Developments

(1) There 1s a need to develop improved interference
models for spread-spectrum signals

(2) The same 1s true for pulsed signals

(3) Still further development 1s needed 1n trajectory com-
putation and/or program organization to reduce costs
and increase ease of use

(4) The advent of the new Support System computer and
its planned teletype interface will result in a more
rapid, more automated operation

VIIl. Accuracy of Performance

(1) Of the mine instances of Voyager I telemetry drop-lock
attnbutable to the Cosmos satellite (from January 1 to
October 15, 1981}, all were predicted by DSIP2

(2) Of the fifteen instances of Pioneer 10 telemetry drop-
lock or recewver drop-lock 1n 1980, eleven were pre-
dicted The other four occurred shortly after launch,
hence not enough was known of this particular Cosmos
spectrum, since that data must be acquired by
observation

In summary, the whole effort appears successful and with
the oncoming increase in the number of S- and X-band satel-
lites and with the high-earth orbiters requiring DSN support
(as well as becoming themselves potential interferers) the ef-
fort to predict and avord RFI will continue
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THas article describes the status of the 20-kW S-band transmitter automation project A
new Ssoftware design using a simplified multitasking approach 1s described that will
improve subsystem performance, maintainability and extensibility

l. Introduction

Previous efforts toward transmitter automation have cul-
minated in the development of a complete, functionally cor-
rect program for operating the 100-kW S-band transmitter
This program was developed over an extended period of time
as an SRT effort, and 1t has provided a great deal of insight
into the approaches required to automate a transmuitter. Struc-
turally, however, the current program could be strengthened.
For implementation into the DSN transmutters, 1t 1s proposed
that a revised program with multitasking be wrtten that
should mmprove subsystem performance, maintainability and
extensibility

Il. Rationale for the Design Approach

From the programmer’s point of view, the transmitter con-
troller 1s a general-purpose microcomputer operating a real-
time control system. Like many other such systems, 1t has the
following requirements

(1) There must be a means of responding to events occur-
ring asynchronously n the physical environment

(2) There must be a means of controlling several devices
concurrently

What sets the transmitter controller apart from some other
systems, however, is that 1t requires very little computational
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work to be done Almost all computations fall into the cate-
gory of integer anithmetic

In addition, the transmutter control function 1s simplified
by two special features

(1) Hardware 1interlocks provide high-speed response to po-
tentially catastrophic events

(2) Most of the controlied devices are low-speed electro-
mechanical components

As a result, only moderate response time and moderate control
speed are required

To fulfill the requirements outlined above, a multiprocess-
ing or multitasking approach 1s preferred In this case, a single
CPU provides ample processing power, so there 1s hittle incen-
tive to imtroduce multiple processors Because of the abun-
dance of processing power, 1t 1s not necessary to make optimal
use of the processor 1tself, so a conventional preemptive,
prionity-based real-time multitasking executive 1s not required
Instead, the objectives can be achieved with a simplified execu-
tive that distributes processor time uniformly among the vari-
ous tasks This approach brings the advantages of multitasking
to the program without the usual complexities of a full multi-
tasking executive



This simphfied executive function can be depicted by the
top-level flow chart shown in Fig. 1 After power-on imtializa-
tion, the first task 1s executed for a given period of time,
typically one millisecond After that time has expired, execu-
tion of the first task 1s interrupted by a hardware timer, and
the machine state 1s stored 1n a corner of memory reserved for
that purpose The second task 1s then executed for an identical
period, until 1t 1s interrupted After the last task 1s interrupted,
the machine state 1s restored n preparation for resuming the
first task This cycle 1s repeated indefinitely

It 1s important to note that in the strictest sense Fig 1 1s
not a flow chart at all Figure 1 implies that (for example)
task 2 1s mmtiated when task 1 1s fimshed and relinquishes
control of the processor In fact, task 1 is interrupted by an
event external to 1t, and later resumes execution at the same
point at which execution was previously interrupted The code
for task 1 (and, n fact, the code for all of the tasks) 1s written
as an endless loop, so that 1t 1s never done

lll. Advantages of Simplified Multitasking

The simphfied multitasking approach outlined above has
several advantages over the polling-loop approach to control
systems, including

(1) Concurrent execution of several tasks
(2) Faster response to external events

(3) Programmatically invisible processor allocation

The last point 1s so important that 1t deserves a detailed
discussion, because 1t 1s the pnncipal reason for using
multitasking

In control systems, there are often some functions to be
performed that require very little processor time, but require a
great deal of elapsed time to execute One example 1s filling a
tank The processor must open a valve and wait until the tank
1s full before closing 1t The elapsed time might be several
hours

If one were to wnte a conventional sequential program to
perform this function, the processor would open the valve and
then enter a short testing loop to determune 1if the valve should
be closed (see Fig 2) This simple program might occupy the
processor full time for hours, during which time no other
functions could be performed (including operator intervention
to abort the filling) Thus 1s clearly unacceptable

The only alteration that can provide better performance
using a polling-loop approach 1s to rewrite the program in such
a way that 1t can be called repetitively by the (higher-level)

polling loop This usually necessitates the use of state flags to
allow the processor to determine what 1t was doing on the
most recent pass For our simple example, the program might
be rewntten as shown in Fig 3 Here only one state flag 1s
required

The modified routine provides improved performance at
the cost of simplicity and clarity It 1s now the programmer’s
responsibility to break the task into subtasks, each of which
must execute quickly enough to prevent undue delay to the
polling loop. The program and 1ts flowchart have become more
difficult to read

At the most basic level, the difference between the sequen-
tial code and modified sequential code 1s quite simple 1n the
former, the state of the system is implied by position 1n the
code, 1n the latter, 1t 1s explicitly given by state flags, which
must be defined and manipulated by the programmer The
programmer must also be aware of the timing constraints that
each routine imposes on the polling loop

A completely different solution 1s possible by introducing
multitasking The program can now be written using purely
sequential coding techniques, and the multitasking executive
allocates processor time to each task automatically Each task
1s written as a free-standing sequential program, without regard
to polling time A task 1s concerned only with 1tself, the other
tasks are mnvisible to 1t This greatly simplifies program design,
coding and debugging

It should be clear at this point that mtroducing multitask-
ing does not increase the complexity of a real-time program,
on the contrary, 1t enables the programmer for the first time
to wnte simple, purely sequential routines for each application
task.

The simphfied multitasking approach presented above also
has some advantages over conventional preemptive priority-
based multitasking Among these are

(1) The executive 1s stmphfied

(2) Fewer interrupts are required

IV. Functions of the Executive

The executive performs two separate functions imtiahza-
tion and multitasking It also provides a global real-time clock
for use by all of the tasks These functions are described 1n
greater detatl 1n the following paragraphs

Inmitiahization by the executive encompasses both hardware

and software initialization Hardware initialization 1s necessary
because on power-up the previous state of the hardware 1s lost,
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and the hardware must be set to a known state before multi-
tasking can occur Software mnitialization includes setting the
mitialization semaphore and 1utializing the storage area for
each task

The mmitialization semaphore 1s a single byte whose value 1s
set after power-up to the number of tasks Each task has
associated with 1t an 1nitialization routine of 1ts own that may
require an indefimite amount of time to execute After finish-
ing 1ts mitialization, each task decrements the imitiahization
semaphore and then enters a testing loop that waits until the
value of the semaphore 1s zero In this way, all of the tasks
complete their initialization before any task begins to execute
working code This 1s shown 1n the flowchart of Fig 4 for a
single task

The storage area associated with each task (Fig 5) must be
partially mitialized before task rotation can occur A minimum
of two 16-bit register images must be filled the program
counter mmage and the stack pomter image Each program
counter mmage must be set to the address of the first instruc-
tion of 1ts corresponding task initiahization routine Each stack
pointer 1mage must be set to the ceiling value of the stack area
reserved for the executive This 1s necessary because task
rotation requires the existence of a user stack
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The global real-time clock 1s maintained in memory, and
must be reset to zero after power-up Subsequently, 1ts value 1s
available to all of the tasks for timing physical events The
clock 1s incremented every time control returns to the execu-
tive from a task. The initiahization sequence 1s shown 1n Fig. 6

Task rotation 1s imtiated by a hardware timer interrupt
There 15 a separate task rotating routine for each task Task
rotation 1s straightforward The register contents are stored in
the register images of the previous task storage area After up-
dating the interrupt dispatch and global real-time clock, the
registers are restored from the next task storage area. Control
1s then passed to the next task This sequence 1s shown in
Fig 7

V. Present Status

Design and coding of the 20-kW S-band transmitter con-
troller program 1s proceeding using the multitasking approach
outlined above The executive has been completed, and the
hardware drivers are currently being written Later reports wall
cover testing of the controller with the simulator for evalu-
ation and support of unattended operation demonstration
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The Effect of Partial Coherence in Receiving System Noise
Temperature on Array Gain for Telemetry and Radio
Frequency Carrier Reception for Similar Receiving Systems

M H. Brockman

Telecommunications Science and Engineering Division

Signal-to-noise ratio improvement realized by arraying recewing systems or stations for
coherent reception is reduced when some portion of predetection noise 1s coherent in the
array This report examines this effect for arrayed receving systems with essentially equal
apertures including presence of a planet in the array beamwidth

l. Introduction

In earhier reports “Radio Frequency Carrier Arraying for High-Rate Telemetry” (Ref 1) and “Radio Frequency Carrier
Arraying for Near-Maximum Carner Signal-to-Noise Ratio Improvement” (Ref 2), the various components of operating system
noise temperature (which produce the receiver predetection noise) were treated as statistically independent among the recetving
systems of an array This report considers the effect on predetection signal-to-noise ratio improvement for coherent carner
reception and demodulation for the condition when some portion of the predetection nozse 1s not statistically independent but 1s
coherent among the various receiving systems of the array (for some period of time) The following material 1s directed toward
high-rate telemetry reception with residual radto frequency {RF) carner. Performance shown herein applies to similar receving
systems with equal predetection noise A later report will consider the case for unequal predetection noise.

ll. Receiver Configuration and Predetection Noise

Figure 1 illustrates a method for aclueving RF carrier arraying which provides adequate RF carner signal-to-noise ratio
immprovement for high-rate telemetry with restdual RF carner This configuration was presented in Ref 1 with a detailed
discussion of the receved signal as it passes through the recewing systems Although only two systems are shown n Fig 1,
additional systems can be added to increase the signal-to-noise ratio improvement for high-rate telemetry with residual RF carrier.

Figure 1 can be modified so that much larger antenna separations for the array can be handled conveniently. This modification,

described below, represents 1n general a proposed array configuration for the Mark IV-A DSN system design In particular, Fig. 1
can be modified so that for receiving system 2, the recetved signal 1s down-converted (after the microwave low-nioise amplifier) to
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an adequately high IF signal frequency that will provide sufficient bandwidth This down-conversion 1s accomplished using a
stable fixed frequency first local oscillator The down-converted IF signal 1s fed over some distance to a mixer located 1n a central
area closely associated with receiving system 1 The local oscillator for this mixer (located 1n the central area) 1s effectively the
first local oscillator for recewving system 1 down-converted to the appropriate frequency The resultant output from this mixer
(centrally located) 1s then fed into the IF amplifier (with AGC), shown in Fig 1 Recewving systems 3 through N are also
configured 1n a manner similar to receiving system 2

As described 1n Ref 1, the predetection noise in each receiving system ts measured relative to reference temperature load(s)
connected to the low noise amplifier input (during the measurement) and designated as due to the operating equivalent system
noise temperature T°P1’ T,p 5 Cte This predetection noise represents a combination of galactic noise, planetary radiation,
atmospheric noise, noise in the antenna sidelobes due to the Earth, noise due to losses in microwave reflectors, and noise due
to losses 1n microwave components all lumped with noise due to the input amplifier(s) The following section will develop an
expression for predetection signal-to-noise ratio tmprovement and the resultant phase noise on the first local oscillator for the
case where a portion of the receiver noise 1s coherent among the various receiving systems of the array. It should be noted that
for the results presented in this report, the receving systems are considered to be similar to each other with essentially equal
size antenna apertures and/or equal predetection noise (including the portion which 1s coherent) for the receiving systems of
the array

lil. Predetection Signal-to-Noise Ratio and Resultant Carrier Tracking Loop Phase Noise

With the other receiving system(s) (2 through N) switched out of the summing junction (see Fig 1), the predetection carner
signal-to-noise power ratio 1n recetving system 1 1s (from Ref 1)

2
PC1 _ A1 cosm, o Pcl O
P" 1 NB WFA . No 1 NB WFA . No1

where m,; 1s the peak phase modulation index and NBWf,, represents the noise bandwidth of the second IF filter F,, The
term V,,; 1s the one-sided noise spectral density for recewver 1 related to T, py 38 discussed 1n the preceding section of this report
and m Ref 1 The receiving system contains a second-order RF carrier phase tracking loop which utilizes a bandpass limiter and a
sinusoidal phase detector The resultant rms phase nose o, at the output of the RF carrier tracking loop (1€, on the first local
oscillator) due to the predetection carrier signal-to-noise ratio within the closed-loop noise bandwidth of the RF carrier tracking
loop 1s (from Ref 1)
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where two-sided closed loop noise bandwidth 2B; ; can be expressed as

2B
_ Lol ¢4
2B, , Ry (1 tr, o )
o
The term 7, 15 equal to 2 and « 1s the bandpass Iimiter suppression factor (Ref 1)

Next consider receiving system 2 where a portion of its predetection noise 1s coherent with a similar portion of the
predetection noise 1n receiving system 1 at the output of the summing junction Designate € as that portion of the predetection
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noise that 1s coherent, then 1- € 1s that portion which 1s statistically independent With receiving system 2 connected to the
summing junctton, the summed carrier predetection signal-to-noise ratio at the output of the summing junction becomes

2
c1 “, cosmpd+62A2 cosmpd)

z1,2

2 ©))
P - 2 - . 112 . 1272
Mgy, [NBWFA1 (1= &) N,y + B NBW, (1 ez)Noz] +[(NBWFA1 o) 2+ By (NBWy - e ) ]

For similar systems with essentially equal diameter antennas and aperture efficiencies, and/or equal predetection noise spectral
density (including the portion which 1s coherent), expression (3) can be written as

P 2
clp12 _ P, . (1+6,7,) @
Pn1212 NBWFAl A (1-e) (1 +p2)+e(1+8,)

where f, 1s the voltage coupling of receiving system 2 relative to receving system 1 at the output of the summing junction, 7§ 18
the carner power-to-noise spectral density ratio of receiving system 2 relative to receiving system 1 and € =€, = €, For N receiv-
ng systems arrayed, the predetection carrer signal-to-notse ratio in recetving system 1 1s

. 2
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For similar systems (as described above for expression 3), expression (5) becomes
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The resultant rms phase noise (g, ., ,) at the output of the RF carrier tracking loop (1 e , on the first local oscillator signal)
1n receving system 1 due to the predetection signal-to-noise ratio within the closed-loop noise bandwidth of the RF carner track-
ing loop becomes

2
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where
, (1+8,7,)?
n, = (72)
2 2 2
(1-e(@+p)+e(l+B,)
for two simular receiving systems arrayed. For V similar recewving systems arrayed, the resultant rms phase noise (°¢n1 £1 N)
becomes U
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®n1s1, .,N P, W1 0862 + e v smh( ol Ll)
JVBWFA1 : Nal Pcl ' nN
where
, (+8,y,+ # ﬁN7N)2
Ny = (8a)

(- +E+ - +E)+el+B,+ ~ +B)

The discussion above has addressed predetection carrier signal-to-noise ratio improvement and resultant phase noise It should
be noted that for the condition where the varying group delay on the telemetry sidebands 1s tracked out among the various
receiving systems of the array (which 1s accomplished at baseband for the configuration shown in Fig. 1), the improvement 1n
telemetry signal-to-noise ratio is also represented by expressions (7a) and (8a) for the condition where the telemetry signal
combiner has an assumed zero loss and the loss due to carrier tracking loop phase noise (radio loss) 1s negligible

Up to this point, phase noise on the first local oscillator due to predetection carrer signal-to-noise power ratio has been
examined. Total phase noise on the first local oscillator also includes phase noise from the local oscillator (VCO X Q) of receiving
system 2 through N, which 1s coupled through the summing junction (as developed in Ref. 1). Consequently, the total phase noise
at the output of the prnincipal carner tracking loop (i e., on the first local oscillator) becomes

3q1/2
. ( 8,0 52 ) ©
g + —_—
Pu1z1,2 \ 16,
for two recewving systems arrayed. For N receiving systems arrayed, the total rms phase noise on the first local oscillator 1s
2 2712
2 (62 %2 ) ( b Oy 10)
¢ Hl—=] + -+
¢n1£,.. N 1+Bz 1+ﬁN (

As developed m Ref. 1, the total rms phase noise in expressions (9) and (10) can be considered as due to an equivalent
predetection carrier signal-to-noise ratio withun the closed-loop noise bandwidth of the RF carrier phase tracking loop
Companson of this equivalent carrier signal-to-noise ratio in a single recewving system (1 e, system 1) provides the improvement
due to radio frequency carrier arraying for the high-rate telemetry configuration where some portion of the predetection noise 1s
not statistically independent among the various receiving systems of the array

As described 1n Ref 1, the RF carrier phase tracking loops in receiving systems 2 through /V are also second-order loops which
utilize a bandpass limiter and sinusoidal phase detector. Since the closed-loop noise bandwidth of the carrier phase tracking loop
for recewving systems 2 through N 1s much narrower (by design) than that in receiving system 1, phase noise 1n receiving svstem 1
carrter tracking loop produces a reduction 1n predetection signal-to-noise ratio for receving systems 2 through N' The resultant
predetection carrnier signal-to-noise ratio in recerving system 2 for two systemts arrayed 1s then

2
(1 °¢n11:1,2)
P oonixl2
Pc221,2 __“ 2

- _ (11)
Pn2 NBWFA2 Noz

2
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which produces an rms phase noise

P . 1/4
N, 1+NBWc221.2N exp (ND2 BLz)
7 2B, Faa 02 Pz
A =% . 13 . N B rad, rms (12)
n2xl1,2 21,2 €231,2 02 L2
0862+ W sinh 7——
F, Tz €2%1,2
For N systems arrayed, the predetection carrier signal-to-noise ratio 1 receiving system 2 1s
2
( O;nlzl N )
P \l-————
Pczm,...,zv .. 2 (13)
Pnz NBWFAz ' Noz
and the predetection carrier signal-to-noise ratio in receiving system /V 1s
2 2
0
P (1 _ nz,.. ,N)
PcNEl,...,N___ cN 2 (14)
P NBW_. N
nN F AN on
Substitution of corresponding terms from (13) or (14) into expression (12) provides %u2z1.... N Onz1 .. N for
receiving system 2 or N respectively (Ref 1) As noted previously (Ref 1), the term Opyyzy, . M EXpression (13) should

be replaced by an rms value similar to that shown in expression (10) with the term 8, o, /(1 + B,) deleted. Thus 1teration results
n a very small change 1n carner signal-to-notse ratto improvement for the parameters considered here. A similar iteration apples
to expresston (14)

IV. Performance

Improvement 1n predetection signal-to-noise ratio can be determined from expressions (7a) and (8a) developed 1n Section III of
this article. These expressions apply under the condition that in a predetection bandwidth which encompasses the signal of
interest, the phase shift and group delay 1n the various receiving systems of the array are essentially matched. In addition, as
outlined 1n Section III, the varying group delay on the telemetry sidebands 1s tracked out among the various receiving systems of
the array by the telemetry signal combiner dunng a station pass Also, for telemetry, the effective signal-to-noise ratio
improvement obtained does not include the telemetry signal combiner loss and the loss (radio loss) due to carner tracking loop
phase noise (%n)

Figure 2 shows the improvement in predetection signal-to-noise ratio as a function of the statistically independent portion of
the predetection nose (1 - €) with two receiving systems arrayed for v, values of 1.0, 0.95, 0.90, and 0.84 for the case where
B8, =7, As defined in Section III, 2 1s the carrier power-to-noise spectral density ratio of receiving system 2 relative to receiving
system 1, and 8, 1s the voltage coupling of recewving system 2 relative to recewving system 1 at the summing junction.
Improvement 1in RF carrier predetection signal-to-noise ratio 1s maximum for § = y when the predetection noise 1s all statistically
independent (noncoherent) or 1 - e =1, which 1s generally representative for the DSN This maximum has a broad peak with
vanation of § about 7. Figure 2 also represents the effective telemetry signal-to-noise ratio improvement for the conditions
described 1n the preceding paragraph for the case where the voltage coupling (§) = v in the telemetry signal combining process.
The resultant decrease 1n signal-to-noise ratto improvement 1s shown in Fig 2 as an increasing portion of predetection noise (€)
becomes coherent or as the statistically independent portton of predetection noise (1 ~ €) decreases. Figures 3, 4, and 5 show
stmilar charactenstics for three, four, and six simular receiving systems arrayed. Figures 6, 7 and 8 show the effect on predetection
signal-to-noise ratio improvement with y values of 1 0, 0.95, 0,90 and 0.84 for two, three and four receiving systems arrayed,
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respectively, when the summing junction voltage coupling 81s vaned Also shown in Figs 6, 7, and 8 1s the effect on predetection
signal-to-noise ratto improvement when the portion of predetection noise that 1s statistically independenti1s 1 0,08 or 0 5

Consider next the equivalent RF carrier signal-to-noise ratio improvement as determined from the total rsm phase noise on the
first local oscillator (see expressions 9 and 10 and associated discussion in Section III) The following sets of design parameters
apply for the performance presented 1n this report. The sets of parameters for receiving system 1 are

Threshold two-stded noise bandwidth

A2,.. ,N

| |
| |
2B, 12 | 152 : 30 Hz
o1 |
|
Predetection IF filter noise bandwidth : |
NBW 2200 I 2200 ' 2000 Hz
Fay | |
while the corresponding sets of parameters for receiving system 2 through NV are | :
Threshold two-sided noise bandwidth ! |
! |
2B 01 10 0.3H
Loa, N : : z
Predetection IF filter noise bandwidth 1 ]
NBW,, 2200 : 2200 : 2000 Hz
| I

Using the parameters above, Fig 9 shows the equivalent RF carrier signal-to-noise ratio improvement for two similar receiving
systems arrayed (high-rate telemetry configuration) as a function of summung junction voltage coupling $, Performance 1s shown
for v, values of 10, 095, 090, and 0 84 with 1 - € valuesof 10,08,and 0 5 Performance for 1 - € = 1 represents the same as
that shown 1 Fig 3 (Ref 1) for two systems Note that, in general, performance vanation with voltage coupling 8, 1s quite
gradual The information shown i Fig 9 can be rearranged to show RF carrier signal-to-noise ratio improvement as a function of
1 - e. Figures 10a and 10b show this charactenstic for two similar systems arrayed for the same values of v, as i Fig 9, with
voltage coupling values of 1 0 and 0 5, respectively

Equivalent RF carner signal-to-noise ratio improvement for three similar recetving systems arrayed (as determined from total
rms phase noise on the first local oscillator) is shown 1n Figs 11, 12a, and 12b as a function of voltage coupling and 1 - ¢,
respectively. Similar characteristics are shown 1n Figs 13, 14a and 14b for four stmilar recetving systems arrayed while Figs 15,
16a, and 16b apply to six similar receiving systems arrayed

Some 1mitial measurements of radio-frequency carrier signal-to-noise ratio improvement have been made 1n the laboratory for
two and three recewving systems arrayed These initial measurements were made with one of the sets of parameters described
above In particular, the predetection IF filter noise bandwidth was 2200 Hz with a 2B, , of 152 Hz for receiving system 1 and a
2B; , of 1 Hz for receiving systems 2 and 3. Measurement with two recetving systems arrayed with 1 - €, and v, equal to 1
provided an RF carner signal-to-noise ratio improvement of 2 8 dB for §, = 1, an improvement of 24 dB for 8, =05, and an
mmprovement of 2 5 dB for 8, =1 0 and v, = 0 94 The corresponding calculated improvement 1s 2 9, 2.5 and 2 6 dB respectively
Measurement with 1 - €, =075 and v, = 8, = 1 provided a 2 0-dB RF carner signal-to-noise ratio improvement An improvement
of 18 dB was measured for 1 -~ €=077 with v, =1 and 8, = 05 These values agree with predicted performance (see Figs 9,
10a, and 10b)

Measurement with three receiving systems arrayed with (1 - €,)= (1-€3)=1 and f, = 85=1 provided an RF carrier
signal-to-noise ratio improvement of 4 3 dB for v, = v3 - 1 and an improvement of 4 dB for v, =0 94 and v4 = 0 93, which agree
with predicted performance (see Fig 11) Measurement with (1- €,)=(1- €3) =077 and 7, = 75 =1 provided an RF carner
signal-to-noise ratio improvement of 27 dB with §, = #3 =1 and also with , = f3= 05 These values agree with predicted
performance (see Figs 12a and 12b)
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V. Discussion

The following material examnes the situation where a planet in the solar system 1s within the beamwidth of the array
considered 1n this report

Consider the case of two receiving systems (1 and 2) arrayed for coherent reception of a signal from a spacecraft at planetary
distance A planet in the solar system 1s within the beamwidth of the two antennas of the array This two-aperture (antenna) array
will see the hot body (noise) radiation from the planet as an interferometer operating at a reception frequency wavelength ).
Designate the effective distance between the antennas of two stations as B, , with B, 123 the component that 1s perpendicular
to the line of sight to the planet The fringe spacing of the interferometer 1s then )\/B,1 2 'radians

Consider for the moment, a situation where the planet appears as a point noise source That 1s, the angular size of the planet as
seen from Earth 1s very small compared to the fringe spacing ()\/B,1 ,) Within the fringe spacing (as the Earth rotates), the noise
radiation from the planet as seen in the predetection bandwidth of the array 1s mn phase for the two receivers at the center of an
angular segment A /2B, 1,2° , orthogonal at each edge of the angular segment, and 180° out of phase at the center of the adjacent
angular segments )\/2B,1 , due to continuing change in path length to the two antennas This in- -phase/out-of-phase situation
continues alternately during a station pass as the array tracks the spacecraft and 1t 1s supertmposed on the statistically independent
portion of predetection noise For this situation of a planet appeaning as a point noise source and representing a given fractional
part (€) of operating equivalent system noise temperature (Top ), the decrease 1n predetection signal-to-noise ratio improvement
shown m Fig 2 (for the corresponding (1 - €)) corresponds to the in-phase predetection noise condition at the center of an
angular segment 7\/23,l 2 The orthogonal predetection pomnt noise source condition corresponds to a signal-to-noise ratio
improvement for (1 - €)= 1, while the 180° out-of-phase point noise source condition essentially provides signal-to-nose ratio
mmprovement for (1 - ¢€)=1, but at a T, without the point noise source contnibution The discussion above also applies to RF
carrier signal-to-noise ratio improvement as shown in Figs 9, 10a, and 10b for two simzilar recewving systems arrayed

A planet of the solar system may not appear as a point noise source for the array considered here In fact, it can have an
angular size that 1s larger than the fringe spacing )\/B,1 , The following development addresses this consideration In general for
the application presented n this report, the planets (as viewed from Earth) can be characterized as disks with a umiform brightness
distnibution D at the reception frequency The bnghtness distribution will be a function of the reception frequency Utilizing
information 1n Ref, 3 and wnting the brightness transform as a function of the angular size (v) of the planet and the inverse of
fringe spacing, the brightness transform R becomes

By
+vf2 -2 z( 1’2)x
R =ij D(w)e A dy (15)

with 1ntegration from the centerpoint of the planet disk out to the edges Integration of expression (15) provides

B
sin (17 12 V)
R N S (16)

B

r

R, , = D(w)*
1,2
)

T 14

For the situation where the planet appears as a point notse source, the sin x/x type of expression above approaches one. The
brightness transform becomes the total power of the noise source (planet) as seen in the predetection bandwidth and the
preceding discussion relating to a pomnt noise source applies. Figure 17 shows expression (16) plotted as a function of the ratio of
planet angular size to fringe spacing [V/()\/B,1 )] Note that the above integral 1s centered (v =0) on the in-phase predetection
nose situation at the center of an angular segment \/2B, r,2 that was discussed earlier in this section of the report Figure 17 1s
the resultant amphtude of the brightness transform for this particular path length situation to the two antennas for various ratios
of planet angular size to fringe spacing Thus figure shows the magnitude of the correlated portion of noise power relative to total
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notse power from the planet which 1s defined as fringe visibility for radio interferometry measurements (Ref 3). Consequently
Fig 17 provides the information necessary to scale the coherent portion of predetection noise relative to a point noise source for
any ratio of planet angular size to fringe spacing [v/()\/B,I’z)] Any point on Fig 17 can be treated as an equivalent
reduced-in-magnitude point noise source representing a reduced €, and the resulting reduction m predetection and RF carner
signal-to-noise ratio improvement can be determined from Figs 2,9, 10a and 10b

Consider next three recetving systems (1, 2 and 3) arrayed for coherent reception of a spacecraft signal with a planet within the
beamwidth of the three antennas For the moment, consider a situation where the planet appears as a point noise source which
represents a given fractional part (€) of the operating equivalent system noise temperature (T° op) At those times when the noise
radiation from the planet as seen 1n the predetection bandwidth of the array 1s in-phase from receivers 1 and 3 in an angular
segment 7\/23,1’3 at essentially the same time as 1t 1s from recewvers 1 and 2 in an angular segment ?\/23,1,2, the decrease in
predetection signal-to-noise ratio improvement shown mn Fig 3 applies for the corresponding (1 - €) value At all other times, the
decrease mn predetection signal-to-noise ratio improvement will be less This discussion also applies to RF carrier signal-to-noise
rat1o improvement shown in Figs. 11, 12a, and 12b for three similar systems arrayed

For the situation where the planet 1s not a point source, the normalized brightness transforms for three receiving systems
become

R =2 + 17)

Note again 1n this case, the above expression (17) represents a result centered (v = 0) on the mn-phase predetection noise situation
at the center of angular segment )\/23,1,2 and simultaneously at the center of angular segment )\/28,1’3 For this particular path
length situation and given fringe spacings )\/B,l,2 and )\/B’I,B’ expression (17) can be evaluated and the effect of the planet on
decrease 1n predetection and RF signal-to-noise ratio improvement can be determmed from Figs 3, 11, 12a, and 12b Extension
of the above discussion can be applied to four or more similar recetving systems arrayed

To dlustrate the above, consider a 300-meter B,l,2 between two stations arrayed (34-meter-diameter antennas) and operating
at a reception frequency of 8420 MHz (A= 3.56 cm). The resultant fringe spacing 1s 24 5 arcsec. The planet Venus 1s 1n the
beamwidth of the antennas, 1ts contribution to system noise temperature 1s 10 kelvins and 1t subtends an angle of 42 arcsec. The
ratio 42 /24 5 equals 1 7 whuch, from Fig 17, provides a reduction 1n relative magnitude of correlated noise power to 0 125 or
125 kelvins The operating system temperature 1s 20+ 10= 30 kelvins The statistically independent portion (1 - €) of
predetection notse power 1s (30 - 1 25)/30 or 0.958 Reduction in predetection and RF carrier signal-to-noise ratio improvement
15 0 16 dB (Figs 2 and 10a) at those times during a station pass when the fractional noise (0.125) from Venus 1s in-phase 1n the
predetection bandwidth of the two arrayed receiving systems Note that if the 10 kelvins represented a point noise source,
reduction 1n signal-to-noise ratio improvement would be 1 2 dB instead of O 16 dB since 1 - € becomes (30 - 10)/30 or 0 667
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Fig 1. Radio frequency carrier arraying for high-rate telemetry reception
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Optimum Equipment Maintenance/Replacement Policy
Part 1: Dynamic Programming Approach

T Charng
DSN Engineering Section

This 1s the first part of a two-part article on the optimization of equipment mainte-
nance andfor replacement policy Over a gwen life-span of equipment, optimum policy 1s
determined based on present costs, inflation rates, operating characteristics, future
equipment developments, and other factors A computer program utiizing the dynamic
programming techmque together with a numerical example 15 included

Part II will present an optimum policy determined by a stochastic model such as the
Markovian decision processes In such a model, a long-term expected returnfcost is
optimized ncluding the probability of equipment breakdown as functions of some

performance criteria

|. Introduction

One of the basic tasks of operating and maintenance eng-
neerng 18 the replacement of old machinery and obsolete tools
by new and modern ones As equipment detenorates with use,
or degrades relative to the performance of newer models or
improvements 1n design, there comes a time for operation and
maintenance engineers to make decisions regarding replace-
ment or maintenance When the outlay for new equipment 1s
made, the financial loss due to the stoppage of operation and
the cost of teaching new skulls should be compensated for in
the trade-off studies by an increase in productivity and a
decrease n maintenance and operating costs

The optimal repair and/or replacement policies under van-
ous assumptions concerning present costs, discount rates, oper-
ating charactemnstics, and future equipment developments are
essential to the successful operation of a facility Since deci-
sions of this type must be made periodically, depending upon
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the fundamental time period and the type of process in constd-
eration, 1t 1s clear that this maintenance policy 1s a multistage
decision process of the dynamic programming type

Dynamic programming (or dynamic optimzation) 1s a
mathematical technique often used for making a sequence of
mterrelated decisions (Refs 1 and 2), provides a systematic
procedure for determining the combination of decisions that
optimizes the overall effectiveness measure It 1s a general
approach to many dynamic problems, but the particular equa-
tions used must be developed to fit each individual problem

Il. Computational Algorithm

The optimal equipment-replacement policies and the deci-
sion process using dynamic programming may be described as
follows



It 1s assumed that a machine or a piece of equipment
requires a certain mtal capital, generates a certain revenue,
requires a certain amount of care, and can be replaced by a
new machine at any time The revenue, the maintenance cost,
and the rebate on trade-in are all taken to depend on the age
of the machine 1n known fashions With this information, a
best set of decisions, such as to KEEP, to OVERHAUL, or to
REPLACE, need to be determimned 1n order to optimze the
total profit/cost over a given number of years Thus, the
objective 1s to optirmize the total profit/cost, Y,

Y =

Ms

F@) forj=1,2, ,n M

-

/=
with respect to decisions, D], where D] can be “Keep”, “Over-
haul”, or “Replace” forj =1, 2, , n years The function
Fl(z) 1s defined as the value at yearj of the overall profit/cost
from a machine that 1s (1) years old, where an optimal policy 1s
employed for the remainder of process operation left

It 1s assumed that the process lasts n years, and then stops
Hence,

Fa@=0 )

By the principle of optimality, the overall profit/cost of the
jth time pertod with a given decision can be obtained by

F'@) = OPT {FX(), F°(1), FR(1)} 3)
Optimum function F ;(1) can be determined by

Keep Ff(z) =R@+1D)-UG+D+F_ (+) 4

Overhaul F](z) Rl(k +1)- U](k +1)- 0](1 +1)

+F]_1(k+1) 5)

Replace FIR(I) =R, (1)- Ul(l)'C](l +1) +F]:1(l)
(6)

where (1) 15 the age of the equipment at the end of the
previous operation period, (k) 1s the equivalent age of the
equipment after the overhaul, and (7) 1s the current operation
pertod The revenue R, operating/maintenance U, overhaul O,
and replacement C, cost information may be tabulated or
represented by analytical expressions

lll. Numerical Example

Suppose a piece of equipment (¢) years old with no salvage
or resale value has the annual mncome R in thousands of
dollars, R, after all running expenses have been met, 1s given

by
25-12 for0<t<4
R(@) = O]

0 fort>4

Let the cost of replacement C be $21,000, and the equipment
life be 5 operating years, then the optimal future equipment
replacement policy must be determined if the present equip-
ment 1s 2-years old and 1f a decision must be made annually on
the basts of a maximum total 5-year profit

The annual profit Pl(i) will be, then, the difference between
ncome and costs

25-12 fori<4
P@ = ®)

0 fori1>4

if we keep the unit If we replace 1t, the age of the equipment
1s1=0, and

P(0) = 25- 032 -21=4 )

where the additional charge 1s the cost of replacement. Since
the unit has no resale value, the net profit from a new umt 1s
independent of the age of the unit being replaced, and we may
write PI(O) = 4 as the first-year profit

We must now find the best set of decisions, KEEP (K),
OVERHAUL (0), or REPLACE (R) to maximize the profit
from the 5-year process ife Thus we wish to maximize

5
Y = P](i)
=1

(10)

with respect to D, where D, can take the value Kl orR, fory =
1,2,3,4,5

By a direct approach we could write all possible deciston
considerations and find the optimum policy. Thus, as in
Table 1, one arbitrary combination K-R-K-K-R gives a total
profit of $74,000

This direct approach requires 27 evaluations, or (2)5 = 32

for the example, all of which need to be compared with each
other to determine the largest for the 5-year period.
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Since the problem 1s a multistage process, 1t can be carried
out more simply by dynamic programming with a recursive
function

E'@) = OPT, R, P e++F_ @+D} (D)

For example, for a 3-year old item with 2 years to go, we
will have the form

P,(3)+f; (4) 1fkeep
F,(3) = OPT (12)
P,(0)+f : (1) 1f replace

The numerical value of the two possibilities are

16+ 9 =25 ifkeep

F (3 ={ 13
23 4+24 = 28 ifreplace (13)

It 15 therefore more profitable to replace this equipment 1n this
situation

The complete solution using dynamic programmuing 1s given
in Appendix A For the given numerncal example, there are
two alternate policies One policy 15 K-K-R-K-K, the other 1s
K-R-K-K-K Both policies result in a 5-year profit of $86,000

A comparson of the two policies show that more profit 1s
returned 1n the first 2 years of the 5-year period with the first
optimal policy than the second, and this might be preferred if
the accuracy of the cost estimates might be questioned after
several years of operation

IV. Summary

A computer program utilizing the dynamc programming
techmiques for optimal equipment replacement policy 1s writ-
ten in the BASIC language and 1s tested on a Hewlett-Packard
2647A graphics terminal The computer program listing 1s
given 1n Appendix B

The computer program 1s capable of performing optimal
repair and replacement policies over a given operating period
under various assumptions concerming present costs, discount
rates, operating characteristics, and future technology develop-
ment. It provides a tool for management to decide replace-
ment schedules and to know when and how much capital
outlay will be required

Another optimization technique including the probability
of equipment break-down as a function of year, age, and other
factors will be presented 1n Part II at a later date
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Table 1 Direct solution of numerical example

Age at end of Age at start
previous pertod Policy of period Profit, $K
2 K 2 21
L K 1 24
2 K 2 21
Total 74
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Appendix A
Numerical Example Printout

X X X % X% X X% % %x INPUT INFORMATION X % % X X X x X X

OUTPUT OPTILON

MACHINE STARTS AT AGE

AGE RETURN~RBACK AFTER OVERHALUL
NUMBER OF TIME PERIODS

DISCOUNT PERCENTAGE
MAXIMIZATTON FLAG

TARULATED COST/RETURN 1INPUT FI.AG

oraoUflijgf o

KoK K K %k ok X %k kK ¥ % k k Xk k K %k Xk %k ¥k ¥ ¥ ¥ X X ¥ % % X

~~~~~~~~~~~~~~~~ POLICY § - e
PERIOD EQUIP AGE DECTISION

1 2 KEEP

2 3 KEEP

3 4 REPLACE

4 i KEEP

5 2 KEEP

e oot ate v aese mase comm Sese fww Gams W04 Seee SIS Feed GO Sias S40r Sesy S0es Sl et eres Seem e KON ANt Smie SIS0 $490 00S Gmms e Seot S0es Sus Mitm bws S04 ot suse

TOTAL COST/PROFIT OVER S PERIODS

~~~~~~~~~~~~~~~~ POLLICY 2 e e e
PERIOD EQUIP AGE DECISTON

i 2 KEEP

2 3 REPL.ACE

3 i KEEP

4 2 KEEP

5 3 KEEP

et 4450 0en 0000 bem (mae Gree 008 G Gume Sue Se0s G406 Sese GHe% Seee e ans AeSe Ghve b bret Sams Semt SHOS Shws Ghum Sare Send S60% Mmum omy semt FHSR O e Seds Sred Beee sewt

TOTAL COST/PROFIT OVER S PERIODS

(ST R



Appendix B

Computer Program Listing

10 REM REM
15 REM REM
20 REM EQUIPMENT REPLACEMENT REM
2% REM RY DYNAMIC PROGRAMING APPROACH REM
30 REM REM
35 REM T CHARNG i OCTORER 1981 REM
40 REM REM
45 REM REM

50 DIM R(410,410),U¢40,40),C(40,40),0¢(10,40),D(40,10,3),0pt(40,40)

S5 DIM Tre(i0,10),I10c(i0),PCL0),F(3)

60 REM

65 INTEGER Age,Period,D,Tre,Back,Alter,P

70 REM ASSTGN PRINTOUT FILE "OUTPUT® RF ™M
75 Ko=é

80 ASSIGN "OUTPUT" TO #Ko

8% RLM

100 REH REM
105 REM INPUT SECTION REM
i10 READ [prant I PRINTOUT OPTION

115 READ Age ' AGE OF THE MACIIINE 70 BEGIN W1TH

120 READ Nu I AGE OF THE MACHINE AFTER OVERHAUL

125 READ Period ! NUMEER OF THE TIME PERTODS

130 READ Disc ! DISCOUNT PERCENTAGE

13% READ Max:i I MAXIMIZATION FLAG

140 READ Itable I TARULATED COST/RETURN INPUTS

145 REM PRINTOUT GENERAL INFORMATION RI M
150 IF Iprant>=0 THEN GOSUR 5400
160 REM TABULATED COST/RETURN REM
165 IF Ttable)0 THEN GOSUE 4000
170 REM REM

175 PRINT #Ko ,LIN(2)
180 PRINT #Ko, "% X X X % % X X X % X X X % X X % X X % X % % %X X % X % %"

185 REM REM
190 IF TItabled(-=0 THEN GOSUER 4000

195 REM REM
200 Disc=4/(i+D1sc/100)

203 lerr=0

205 REM REM

240 FOR J=41 TO Period

21% Ilast=Age+Period-J

220 FOR =1 TO Ilast

22% Tie(l,J)=0

230 IF J<>& THEN 2260

235 F(4) =R(I+4,1)-UC1+1,1)

240 F(2)=R(Nu+i,1)-U(Nu+4,1>-0¢I+i,14)

245 F(3)=R{1,1)-U(4,4)~-C(+1,1)

250 GOTO 280

255 REM

260 FOLY=R{T+L,I)-UCT+4,T)+0pt(I+i,T-1)%D1sc
270 F(2)=R(Nu+i,T)-U(Nu+i,7)-0<CT+1, +0p t(Nu+i,J~41)%XDrtsc
275 F(3)=R(41,41)-UCL,)~CCL+4,J)+0pt(4,T~1)%D1scC
280 IF Ipraint>i THEN GOSUR %100
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290
29%
300
30%
340
345
320
325
330
334
340
34
340
355
360
3Ié6H'%
370
375
380
385
390
400
410
41 %
4220
425
430
435
440
444,
4510
454
4460
446%
470
47y
480
44315
490
495
500
S0S
510
519
50
2%
530
%35
5S40
S41
542
545
S46
S4Y7
548
%50
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REM . REM
Opt(L,J)=F(L)

D(1,J,4) 4

FOR K=2 TQ) 3

IF Max1>0 THEN 3%0

1F OptCL,d)<{=F({K) THEN 360

OptCl,J)=l (K)

FOR L=1 TU K-4

DOl ,J3,L)=0

NEXT L

DCL,Jd,K)=K

GOTD 37%

IF OptdCL,T)>=FC(K)Y THEN 360

GOTO 320

IF Op e, IO K) THEN 37%

D(I,T,K)=K

Trie(l,I)=Tre(lL,J)t]

NLXT K

NEXT I

PRINT #Ko

NEXT J

REM REM
Alter: 4

IF Iprint>i THEN GOSUR S020

Bac k=0

I1=0

I-Age

J=Period

REM

Il=11+4

1loc(Il)=1

V) =0pt (L,

FOR K=4 T 3

IF DCT,J,K)<{=0 THEN %3%

PCJTI)=D(I,J,K)

IF DCL,J,K)<>1 THEN 49%

IF Lprainti)i THEN PRINT #Ko,TAR(20),J,I,"KEEP",0pt(T,J)
1=I+4

GOTO %60

W DCI,JT,K)<{>2 THEN %1%

IF Iprant?4 THEN PRINT ¥Ko,TAER(20),7,I,"0OVERHAUL",0pt(I,T)
I=Nu

GOTO %60

IF DCI,J,K){>3 THEN 540

IF iprint>i THEN PRINT #Ko,TAR(20),J,[,"REPLACE",Opt(I,J)
I=4

GUTO %60

NEXT K

IF Ierr)>0 THEN 65000

Ilerr=4

Iprint=2

PRINT #Ko ,TAEB(S) ,"$4$$$$$$%$% SOMETHING IS WRONG AT PERIOD",JT,
PRINT #Ko,"AGE",I,"D(",TI,",",J,",",K,")=",D(1,J,K)
PRINT #Ko,LIN(1),"EXAMINE THE RESBULTS CAREFULLY"

PRINT IKo

GOTO 220



560 REM REM
LHES Ja=lloc(Il)

570 IF Taedli, ){=0 THEN 590

$7% Hack=1

580 Tie(Ii,N)=Tie({1,J)-1

58% D(I1,J,K)=0

590 J=J-4

595 IF J>=41 THEN 440

600 REM REM
60% GOSUER S000

610 FOR J=Period TO i1 STEP -4

645 Jp=Period-J+i

620 Iai=lloc(Jp)

625 Vp=VU(])

630 IF JX4i THEN VUp=Up~-U(J-1)

635 IF P(J)=4 THEN PRINT #Ko,TAEKC(20),Jp, i, "KLEP",Up

640 IF P(J)=2 THEN PRINT ¥Ko,TAR(20),Jp,Ir, "OVERHAUL",Vp

645 IF P(J)=3 THEN PRTINT #Ko,TAK(20),Jp,11,"REPLACE" ,Vp

647/ NEXT J

6GS PRINT FK O, TAR Q20 ), 1 oo oo o o o o ot 1 i e s 0 i e o e e "
660 PRINT #Ko,LINC(L),TARC20),"TOTAL COST/PROFIT OVER",Period,"PERIODS",
66% PRINT #Ko,TAR(410) ,0pt{Age,Perrtod)

670 PRINT %Ko

680 REM REM
68% Alter=Alterti

690 IF Back=1 THEN 41i%

699 COTO 6%000

1000 REM SUR FOR TABULATED COST/RETURN INPUTS REM
1040 FOR I+4 TO Peraioc+2

1020 FOR J=41 TO Period

1030 READ R(I,I) I REVENLIE

1040 NEXT J

1050 NEXT I

1060 REM

1070 FOR I=1 10 Period+2

106830 FOR J=4 TO Period

10908 READ U(1,.J) I OPERATION/MAINTENCE

1400 NEXT J

1440 NEXT I

1120 REM

1130 FOR I=1 TO Period+2

1440 FOR J=4¢ TO Per1od

1150 READ C(T,I) I REPLACRMENT

1160 NEXT J

1470 NEXT I

1480 REM

1490 FOR I=4 TO Period+¢2

1200 FOR J=4 TO Peri1od

1240 READ OC[,.) I OQUVERHAUL

1220 NEX1 J

1230 NEXT I

1240 RETURN
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2000
20410
2020
2030
2040
2050
2060
2070
2100
21410
2120
2130
2140
2150
2160
2170
2200
2210

2220

2230
2240
2250
2260
2270
a3no
2340
2320
2330
2340
2350
2360
2370
2400
2440
2420
2430
2440
2450
2460
2470
3000
4000
4020
4030
4040
4050
4060
4070
4080
4090
4400
4440
4420
44130
45 40
4150
4460
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INPUT DATA DBLOCK

PRINTOUT OP TION

AGE OF THE MACHINE TO BEGIN WITH
AGE OF THE MACHINE AFTER OVERHAUL
NUMEER OF THE TTIME PERIODS
DISCOUNT PERCENTAGE

MAXIMIZATION FLAG

TABULATED COST/RETURN INPUTS

REVENUE MATRIX R(I,J)

MAINTENCE/OPERATION COST U(I,JT)

REPLACEMENT COST C(I[,J)

QVERHAUL COST OC(I,ID

END OF DATA RLOCK

REM

DATA 0 |
DATA 2 1
DATA 2 !
DATA S !
DATA O !
DATA {4 !
DATA O !
REM

DATA 155,41%0,5140,135,12%
DATA 140,135%,425,120,115
DATA 125,140,140,445,400
DATA 105,405,410, 90, 9%
DATA 100,105, 80, 90, 70
DATA 100, 70, 80, 65, 70
DATA 60, 70, 65, 70, 60
REM

DATA S, 5, 5, 10, 10
DATA 10, 10, 10, i0, 10
DATA 40, 410, 10, 15, 20
baTA 40, iS5, 15, 20, 20
DATA 45, 20, 2%, 25, 25
DATA 20, 25, 25, 30, 30
DATA 30, 30, 30, 35, 45
REM

DATA 220,220,220,240,210
DATA 22%5,230,220,220,21%
DATA 240,230,230,220,220
DATA 240,240,225,225,250
DATA 2%0,230,230,25%,255
DATA 235,235,260,260,260
DATA 240,26%,26%,265,270
REM

DATA 55, 5%, 55, 60, 60
DATA 60, 60, 60, 60, 60
DATA 60, 60, 606, 65, 70
DATA 60, 65, 65, 70, 70
DATA 65, 70, 7%, 7%, 75
DATA 60, 65, 65, 80, 80
DATA 80, 80, 80, 85, 95
REM

REM

FOR J=1 TO Period
R(1,J)=2%

C(i,J)=214

Uesi,J3 =0

0¢1,J)=40

FOR 1=2 TO Period+Aqe
Imi=I-4

RCI,JY=R(1,T)-ImikInd
IF 1mi>4 THEN R(I,J)=0
CCI,T)=C(4,T)
0CI,3)=004,J)
UCI, D) =UCi,T)

NEXT
NEXT

I
J

RETURN

REM

REM

REM

REM

REM

REM
REM



5000
s002
5004
5006
5008
5010
5020
5022
5024
5026
5028
5030
5400
54220
5130
51490
5150
5160
5170
5180
5190
5300
5320
5325
5330
5335
5340
5345
5350
5355
53460
536%
5400
5410
544%
5420
5425
5430
5435
5440
5445
5450
5455
5460
5500
65000
65010
65020
65030
65040
65050
65060
65070
65080
65090
65100

REM REM
PRINT #Ko ,LIN(D)

PRINT #Ko,TAR(20), "mm mm e POLICY ", ALter, "m cmm oo o e "
PRINT #Ko,TAE(20),"PERIOD","EQUIP AGE","DECISION","VALUE"

PRINT #Ko,TAR(20) , "=mmmmm PR — LI R LI "

RETURN

REM REM
PRINT #Ko,LLINC2)

PRINT #Ko0, TAR(R0) , "mem oo e POLICY ", ALten , " mm e oo e n
PRINT #Ko,TAE(20),"PERIOD", "EQUIP AGE","DECISIUN", “CUMUL ATED VALUE"
PRINT #Ko,TAR(20) , "mmmmmme LI N — L - L P n
RETURN

REM REM

PRINT #Ko,TAR(S),"PERIOD=",J,"EQUIP AGE=",1I,

PRINT #Ko,TAK(S), "KEEP=",R(I+1,J)," =", UCI+1,T),

PRINT #Ko,"+",0pt(I+i,J-1),"%",D1sc, "=",F(4)

PRINT #Ko,TAIRC(33), "RENU=",R(Nu+4i,J)," =", U(Nu+i,J),"=",00[+1,T),
PRINT #Ko,"+",0pt{(I+1i,J=1),"%",Disc," "=",F(2)

PRINT #Ko,TAH(33), "REPL=",R(1,J),"-",U(4,J),"=",C(T+1,T),

PRINT #Ko,"+",0pt(i,J=1),"%",Disc,"=",F(3)

RETURN

REM REM
PRINT #Ko,LINC20),TARCS)," J "," I ", "D(I,J,K)","OPTC(I, )", "TIEW ,T)"
PRINT #KO)TAB(S))ll_____,ll)ll___'__ll)ll ________ II'II ________ Il,ll ________ "

PRINT #Ko

FOR J=1 TO Period

FOR I=4 TO Period+Age—J

PRINT #Ko ,TAR(S),J,L,D(1,J,4),D(1,7,2),D(1,7,3),0pt(1,T),Tae(l,l)
NEXT I

PRINT #Ko

NEXT J

RETURN

REM REM
PRINT #Ko,LINC2)

PRINT #Ko,"% % % % % X X % ¥ TINPUT I[NFORMATION % % X X X ¥ X X X"
PRINT #Ko ,LIN(?)

PRINT #Ko,TAE(20),"0UTPUT OPTION ",Ipraint
PRINT #Ko,TAR(20), "MACHINE. STARTS Al AGE "L,Age
PRINT #Ko,TAR(20),"AGE RETURN-BACK AFTER OVERHAUL ", Nu
PRINT #Ko,TAEC20),"NUMEBER OF TIME PERIODS ",Period
PRINT #Ko,TAR(20),"DISCOUNT PERCENTAGE ",Disc
PRINT #*Ko,TAEB(20),"MAXIMIZATION FLAG ", Max1

PRINT #Ko,TAR(20),“TABULATED COST/RETURN TNPUT FLAG ",Itable
RETURN
REM REM
REM
PRINT #Ko,LIN(S)

PRINT #Ko,TAB(2S),"% X % X X X X % % X % % X % % % % % X X X % X"
PRINT #Ko,TAR(2%),"% X Xk k"
PRINT #Ko,TAR(25),"X X END OF TASK * X"
PRINT #Ko,TAR(2%),"% X X X"
PRINT #Ko,TAB(25),"% X X X X X % X % %X % % ¥ % % X % % % X % % %"
REM

COMMAND "M F H HP-IE#i"

REM

END
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System Reliability Analysis with Dynamic Programming
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System reliability analysis using the “Mission Success Diagram” method 1s presented in
this article In addition to the basic building blocks and rehability prediction equations,
a BASIC computer program 1s written and tested with certain system configurations
This computer program can be modified for various system structures

l. Introduction

Reliability, R(?), 1s the probability that a device performs
adequately over time interval (0, ). In general, 1t 1s assumed
that unless repair or replacement occurs, adequate performance
at time ¢ implies adequate performance during the interval
(0, t) The device under consideration may be an entire system,
a subsystem containing one or more components, or a compo-
nent In principle, 1t 1s possible to break down the system
mto black boxes, with each black box being in one of two
states good or bad Mathematical models of the system can
then be abstracted from the physical processes and the theory
of combinatoral probability utilized to predict the reliability
of the system. The black boxes may be independent of, or
dependent upon, each other

When 1t 1s proposed to design a system to perform a com-
plex and demanding task, 1t 1s assumed that the required
mvestment will be justified according to the perfection by
which the task 1s performed or by the large number of times
which the system can do the job This assumption cannot be
justified when a system fails to perform upon demand or fails
to perform repeatedly Thus, 1t 15 not enough to show that a
chasm can be spanned by a bridge, the bridge must continue
to span the chasm for a long time to come while carrying a
useful load.
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Reliability 15 2 problem at all levels Reliability engineering
(Refs 1, 2) 1s concerned with the time degradation of mater-
1als, physical and electronic measurements, equipment design,
process and system analysis, and synthesis

To be of value, a prediction must be timely. The earlier a
prediction has to be made about the unknown nature of a
future event the more difficult 1t 1s to make a meaningful
prediction

It can be seen that the reliability of a device 1s known
with certainty after 1t has been used 1n the field until 1t 1s worn
out and 1ts failure history has been faithfully recorded Thus a
fundamental limitation on reliability prediction 1s the ability
to accumulate data of known validity for the new application
Another fundamental hmitation 1s the complexity of predic-
tion techmques Very simple techniques omut a great deal of
distinguishing detail and the prediction suffers inaccuracy
More detailed techmques can become so cumbersome that
the prediction becomes costly and impractical

Il. Structural Function of a System

Suppose a system can be divided into n components The
performance of each component can be denoted by a random



vanable X, which takes on the value X, = 1 1f the component
performs satisfactonly for the desired time and X, = 0 1f the
component fails dunng this time In general then, X, 15 a
binary random vanable defined by

1, if component 7 performs satisfactorily during
_ tume (0, £)
X = (1)
0, 1f component 1 fails during time (0, )

The performance of the system 1s measured by the binary
random variable ¢ (X, X, X,,), where

1, 1f system performs satisfactorly
during time (0, 1)
X,) = @
0, if system fails during time

(0,7)

8 (X, X,

The function ¢ 1s called the “structure function of the system”
and 1s just a function of the n-component random variables

Since the performance of each component in the system
takes on the value 1 or 0, then the function ¢ 1s defined over
2" points, with each point resulting in a 1 1f the system per-
forms satisfactorily and a zero if the system fails,

There are several important structure functions to consider,
depending upon how the components are assembled These are
discussed 1n detail in the following

lll. Reliability of Series Systems

The series system 1s the simplest and most common of all
configurations For a sertes system, the system fails if any
component of the system fails, 1e, 1t performs satisfactorly
if and only 1f all the components perform satisfactorily The
structure function of a system contamning n components 1s a
binary random vanable that takes on the value 1 or 0 Fur-
thermore, the reliability of this system can be expressed as

R=P{p(X,X, X)=1} ©)
where P 1s the probability of success When the usual tumes
for conditional probability are employed,

R =PX =1P{X,=11X =1}P{X,;=1|X =1,X,=1}

PX,=11X =1X

.=l X, =1} )

where P {X, =1 |X, =1} s the probability that component 2
will perform successfully, given that component 1 performs

successfully The performances of these components are then
dependent, and the evaluation of the conditional probability
15 extremely difficult

If, on the other hand, the performance charactenstics of
these components do not interact, then the components can
be said to be independent The expression for the reliability
then simplifies and becomes

R=P{X =1}yP {X,=1} P{X, =1} 5)
When components of a series system are assumed to be inde-
pendent, 1t should be noted that the rehability 1s a function

of the probability distribution of the X, This phenomenon
1s true for any system structure

Unless otherwise specified 1t will be assumed throughout
the remamder of this report that the component performances
are independent Hence, the probability distribution of the
binary random varables X; can be expressed as

P{X,=1}=p, ©

and

PX,=0}=1-p, )

Thus for systems composed of independent components, the
rehiability becomes a function of the p;, that 1s,

R =R(p,,p,, -,P,)=P P, P, (®)

IV. Reliability of Parallel Systems

A parallel system of n components 1s defined to be a system
that fails 1f all components fail, or alternatively, the system
performs satisfactorily 1f at least one of the n components
performs satisfactonly (with all #» components operating
simultaneously) This property of parallel systems 1s often
called “redundancy’’, there are alternative components, exist-
ing within the system, to keep the system operating success-
fully in case of failure of one or more components. The
structure function for a parallel system 1s given by

¢(X1»X2: ’Xn) = 1_(1_X1)(1 -Xz) (I-X")

)
The structure function takes on the value 1 1if at least one of
the X; equals 1.
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As previously indicated, for systems composed of inde-
pendent components the reliability 1s given by
R((pp,,

) =1-(1-p)(-p,) (1-p,)

(10

V. System Reliability Modeling

Building blocks 1s a method making use of the equations
developed for redundancy to handle seres, parallel combina-
tions of equipments For non-series parallel, senes-parallel or
complex configurations, use or repeated use of the following
equation 1s required.

R = R(fX1sgood)R, +R (f X1sbad) @,  (11)

where R 1s reliabihity of the system, R, 1s rehability of compo-
nent X, and Q, 1s unreliability of component X =1 -R_

In order to construct a reltability model, procedures for one
method are listed as follows

(1) Define what 1s required for mission success and trans-
late this into a “musston success diagram ”

(2) Wnte the probability of success equation for the
system

(3) Calculate the probability of success of the equipment
n the system by utilizing one of the various reliability
prediction techniques

(4) The probability numbers derived 1n Step 3 are inserted
1n the formula denived 1n Step 2

(5) A probability of success curve versus tume can be
plotted by taking several values of time for mission
time, and evaluating the probability of system success
by the above procedure for the several values of time
chosen

(6) Additional steps in the analysis will depend upon the
decisions that the analysis 1s intended to be optimized

VI. Building Blocks of the System Reliability

Equations for basic building blocks of the probability of
success are presented as follows for various “mission success
diagrams ” Each formula shown can be used as a building
block to evaluate a more complex mission success diagram

If there 15 only one component i the system, then the
mussion success diagram 1s as shown 1n Fig 1(a) The reliability
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for the system 1s obviously the probability of success of equip-
ment A, or

R=p, (12)

For two components in series, the misston success diagram
1s shown mn Fig 1(b), and the system reliability 1s

R =R(fA1sgood)p, +R(fAsbad)(1-p,) (13)
or

R = (pB)(IJA)+(O)(1_pA)=pApB (14)

For two components 1n parallel, the mission success diagram
1s shown m Fig 1(c)

The reliability of the system 1s
R =R@fA1sgood)p, +R (fA1sbad)(1-p,) (13)
or

R=0@)+@z)A-P)=p, tpy-p,py (15)

For a complex system with the mission success diagram as
m Fig 2(a)

The system reliability can be expressed as

R =R@fAsgood)p, +R (fAisbad)(1-p,) (13)

When A 1s good, the system may be viewed as in Fig 2(b),
and

R(fA1sgood) = p +P, =Py Pey (16)

If A 1s bad, then the system may be viewed as in Fig 2(c),
and

R(fAisbad) = pg, Poy tPgy Poy ~Pgy Poy Ppy Py

1n
Thus the system reliability 1s*
R = (pgy +Pgy =Py Py) Py
+(Pgy Poy Py Pey)(1-0) (18)



VIl. Computer Program

A computer program for the system reliability analysis
wntten 1 the BASIC language utilizes dynamic programming
techmique (Refs 3-5) In contrast to other optimization tech-
mques (such as lmear programming), a standard mathematical
formulation does not exist Dynamic programming starts
with a small portion of the problem and finds the optimal
solution for this smaller problem It then gradually enlarges
the problem, finding the current optimal solution from the
previous one, until the orginal problem 1s solved in 1ts entirety
Consequently, dynamic programming 1s a general strategy for
optimization rather than a specific set of rules, the particular
set of equations used must be developed to fit each problem

The system rehiabihty can be improved by providing re-
dundancy 1n one or more of the components as mentioned
before If the probability of that component (V) functioning
18 P, then the probability that 1t will function with X umts in
parallel will be,

RW.X) =P\, X) (19)

The probability that all components mn the system will func-
tion will be the product of these probabilities for all compo-
nents The installation of these components will usually
mvolve additional cost. The number of parallel units may be
constrained by the size and weight of the system 1n addition
to budgetary constraints

In dynamic programming terminology, the STATE S of
the system 1s the number of dollars available to a particular
component to mmprove its reliability The components will
correspond to the STAGE N The DECISION X will be the
number of umts of a component to be installed 1n parallel

The recursive relation for this problem 1s

fy = OPT {fy, (V,8,X)} =RW.X)fy,_, [S-M (V, X)]
(20)

where f* 1s the optimum value determined by the S, N, and
X.

The probabilities P and the cost M for each value of X are
1n arrays of P and M of the computer program

In the case where the probability of each component with
parallel installation 1s not determined expenimentally, a similar
recursive relation uses theoretical estimates for the probability
of success instead of using tabulated probability values The
modified recursive relation uses theoretical estimates for the
probability of success mstead of tabulated probability values

The modified recursive function 1s
fy = OPT {f, N, S, X}

=[10-RW, D] fy_, [S-M @, X)] 1)

where

RW,1)=10-PW, 1)* 22)

The computer program listing 1s given 1n Appendix A The
description of the techmique may be illustrated with the
following two examples

VIIl. Numerical Examples

First let us consider the reliability problem with a system
composed of four components as shown mn Fig 3 Each com-
ponent has the probability of functioning with 1, 2, and 3
parallel units as given 1n Table 1 The cost of wnstalling 1, 2,
or 3 units in each of the components 1s tabulated in Table 2.
The constraint 1s that no more than $45K can be spent on the
system The question 1s how many parallel units 1n each com-
ponent should be installed in order to maximize the system
reliability?

The mput information and computer printout 1s given in
Appendix B The solution of the problem 1s

Total cost (1n $1000) 45

System reliability 022

2 units of component 1
2 units of component 2
2 units of component 3
1 unit of component 4

Redundancy of components

The second example, as shown i Fig 4, 1s similar to the
first example except that the probability of functioning for
parallel components 1s not known A theoretical estimate for
the probability of success 1s expressed by Eq (22) The recur-
stve relation 1s given by Eq (21)

With the mnput information given in Appendix C, the solu-
tion of a maximum of four parallel units for each component
allowed 1s that

Total cost (1n $1000) 45

System reliability 028

2 units of component 1
2 umts of component 2
1 unit of component 3

2 units of component 4

Redundancy of components
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IX. Summary

Building blocks and rehiability equations based on the
“mission success diagram’ method 1s presented Two numeri-
cal examples were solved with a Hewlett-Packard 2647A
graphics terminal The computer program 1s proved capable
of analyzing system reliability by providing redundancy in

one or more of the components subject to size and weight of
the system in addition to budgetary constraints

This computer program provides a main framework based
on the dynamic programming optunization technique More
generalized recursive relations or additional recursive relations
may be required for different system configurations
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Table 1 Probability of functioning for example 1

Number of parallel units

Component 1 2 3
1 060 07s 08s
2 040 065 080
3 070 090 095
4 050 060 0 80

Table 2 Costs of redundancy for example 1, 1n $1000

Number of parallel units

Component 1 2 3
1 $6 311 $15
2 10 16 22
3 5 10 14
4 8 13 17
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50 REM
5

i R
G2 R
S4 R
5% R
S6 R
57 R
70 R
74 R
72 R
73 R
74 R

Appendix A

Program Listing

EH

REM
REM

EM GENERAL {ZED DYNAMIC PROGRAMMING PACKAGE REM

EM POSTTIVE VALUED INTEGER
EM

SOLUTIONS ONLY REM
REM

EM T CHARNG i OCTOBER 1984 REM

EM
EM

REM
REM

EM DIM Fsbest(Maxsze),Idbest(Maxsze) ,Fsopt(Maxsze) REM
EM DIM Kdec(Nstage) ,Ktres(Nstage) ,Mth(Nstage) REM
EM DIM LpsiNstage),Mps(Nps),Lpd(Nstage) ,Mpd(Npd) REM
EM DIM P(Nstage,Ncolsp),C(Nrowsc,Ncolsc),M(Nstage,Ncolsm) REM

80 REM

84 DIM Fsbest(100),Idbest(100),Fsopt(400)
82 DIM Kdec(410),Kt1es(40),Mtb(10)

83 DIM Lps(i0),Mps(20),Lpd(i0),Mpd( D)
84 DIM P(10,10),CC40,40),M(10,10)

85 DIM Comment$l701

?0 R
94 1
99 R

EM
NTEGER Hs,Hd ,Funct
EM DATA BLOCK

REM

REM

REM

REM ENTER DATA FUNCT, MTN, TOPT3, TO0PT2, IOPT4
REM ENTER DATA NSTACE, LOWD, MAXD, LOWS, MAXS, INC
REM ENTER DATA NCOLSP, NCOLSM, NPD, NPS, NROWSC, NCOL SC

REM ENTER DATA ¢ (P(I,J), J=1,NCOLYP),
REM ENTER DATA ( (M(I,J), J=1,NCOLSM),
REM ENTER DATA (MPD(I), I=4,NPD)

REM ENTER DATA (MPS(I), I=1,NPS)

REM ENTER DATA (MTR(I), I={i,NSTAGE)
REM ENTER DATA (FSOPT(I), I=1,NNS)

REM ENTER DATA (IDEEST(I), I=1i,NNS)
REM ENTER COMMENTS

I=1,NSTAGE )
I=14,NSTAGE)

REM END OF DATA EBLOCK REM

REM

REM OPEN READ/PRINT FILES REM

Ki=%

REM

Ko=é

ASSIGN "OUTPUT" TO #Ko

ASSIGN "INPUT" TO #Ka

REM PROGRAM STARTS REM

Maxsze=400

READ Funct,Min,Iopt3,loept2,Ioptdl
Bigm=-9E+37

IF Main>0 THEN Bigm=-Higm

IF Funct=4 THILN TIopt3=1

IF Funct=% THEN Iopt3=1

PRINT #Ko,L1N(i),TAK(S),"PROBLEM TYPE
PRINT #Ko,TAER(S),"MINIMIZATION OPTION
PRINT #Ko,TAE(S),"0OUTPUT OPTION

PRINT #Ko,TAR(S),"TIE-BREAKER OPTION
PRINT #Ko,TAB(S),"STAGE 1 [NPUT OPTION

",Funct
", Main
", Topt3
", Iopt2
“,Iopti
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1178
1480
11920
12200
1202
1203
1204
1205
1240
i2i1i
1212
1243
1744
124%
1216
1247
1219
1220
1225
1230
1235
1240
1245
1247
1250
12%4
1252
12453
12%4
1285
126
12260
12614
1262
1263
1264
1270
1274
127%
1280
1282
1285
1286
1290
129%
L2296
1300
130%
1340
1342
1314
1316
1318
1320
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RLM REM
Ilncrmt=1

READ Natage,Llowd,Maxd,lLouws,Maxs,Inc

IF Jnc)0 THEN Incrmt=Tind

PRINT  #Ko ,LIN(L) , TAR(S) , "NUMBER 0OF STAGES ", Neotage

PRINT #Ko,TAR(S),"RANGE OF DECILION 14 "Llowd," 10 ", Maxd

PRINT #Ko,TAL(S), "RANGE OF STATES IS ",lows," TO ",Maxs

PRINT #Ko,TAB(S),"INCREMENT ",Incrmt

READ Ncolap,Ncolsm,Npd,Nps ,Nrowsc,Ncolsc

IF lopt3<0 THEN 1220

PRINT #Ko,LINCL),TAR(S),"NO  OF COLS LN ‘P‘ MATRIX ",Ncolsp

PRINT #Ko,TAE(S),"NO OF COLLS IN ‘M’ MAIRIX ",Nocolsm

PRINT #Ko, TALL(S) ,"NO OF ELEMT IN ‘MPD’ ", Npd

PRINT #Ko,TAR(S),"NO OF ELEMT IN ‘MP&’ ",Nps

PRINT #Ko,TAR(S),"NO OF ROWS TN ‘C’ MATRIX ", Nrowsce

PRINT #Ko,TAE(S),"NDO OF COLS IN ‘0’ MATRIX ",Ncole«e

REM REM

IF Ncolsp(- 0 THI.N 1280

FOR I=§ 10 Nstage

FOR J=1 10 Ncolsp

READ PCL,I)

NEXT J

NEXT 1

IF [opt3<0 THEN 1280

PRINT ¥Ko ,LIN(LD

FOR l=1 10 Nstage

IF Ncolspr=4 THEN 1260

FOR J=4 10 Ncolep

PRINT #Ko,TAR(S) ,"PC",I,",",J,")=",PC],T),
NEXT J

GOTo 1274

FOR J=1 TO Ncolsp STLP 4

PRINT #Ko,TAR(S) ,"P(",L[,",",0t0,")=",P(I,J+03,
PRINT #Ko, TABCS) ,"PC",T,",",J¢4,")=" ,PCL[,J¢i),
PRLNT Ko, TAB(S) ,"P(",I,",",J+42,") =", P(L,J+2),
PRINT ¥#Ko, TAL(S) ,"P(",[,",",J+3,")=",P([,J+3)
NEXT J

PRINT #Ko ,LINC(1)

NEXT 1

IF Nrowsc{=0 THEZN 134%0

IT" Necolsc<{=0 THEN {1350

FOR I=1 TO Nrowsc

FOR J={ TO Ncolsc

READ C(IL,J)

NEXT J

NEXT I

IF Topt3<0 THEN 1350

PRINT #Ko ,LINC(L>

FOR I=1 TO Nrowsc

JF Ncolsm>»=4 THIIN 1322

FOR J=1 TO Ncolsc

PRLNT #Ko,TAR(S),"C(",I,",",T,")y=",C<1,T),
NEXT J

GUTO 133%



1322
1325
1326
1327
1308
1330
1335
1340
1345
1350
1355
1357
1360
1365
1367
1368
1369
1370
1371
1372
1375
1377/
1378
1380
1382
1383
1384
1385
1390
139%
1400
1405
1410
1415
1447
1420
1430
1432
1435
1437
1440
1450
1460
1470
1480
1490
1500
i%10
15220
1530
1540
15%0
1555
15640

FOR J=4 TO Ncolsc STEP 4

PRINT #Ko, TAR(S) ,"C(", I, ,",Jt0,")=",C(1,J+0),
PRINT #Ko,TAR(S);"C(",I,", ", J¢i,")=",0(1,T+4),
PRINT #Ko,TAB(S),"C(", I, v, ", J+2,%)=",0(I,J¢2),
PRINT #Ko,TAK(S),"C(",T,", ", J+3,")=",0(1,T+3)
NEXT J

PRINT #Ko ,LINC(L)

NEXT 1

REM

IF Ncolam{=0 THEN 1440

FOR I=4 7O Nstage

FOR J=1 T0 Ncolsm

READ M(1,0)

NEXT J

NEXT 1

IF fopt3<{0 THEN 1440

PRINT #Ko ,LIN(L)D

FOR I=41 YO Nstage

TF Ncolsmd)=4 THEN {380

FOR J=4 TO0 Ncolam

PRINT 4Ko, TARC(S) ,"M(",I,",",T,")=",M(I,T),
NEXT J

GOTO 139%

FOR J=4 TO Ncolusm STLP 4

PRINT #Ko,TAR(S), "M(",I,",",3+0,")=",M(I,J+0),
PRINT #Ko,TAR(S) , "M(",I,",",TJ¢4,")=",MUT,J+1),
PRINT #Ko,TAR(S) ,"M(",I,",",1+2,")~",M(T,J¢+2),
PRINT #Ko,TAL(S), "M(",I,",",TJ+3,")=" ,M(L,T+3)
NEXT J

PRINT #Ko,LINC(L)

NEXT I

REM

LF Npd<(=0 THEN 1610

FOR I=1 TO Npd

READ Mpd(I)

NEXT 1

IF Topt3<0 THEN 1610

PRINT #Ko ,LINCL)

FOR I=4 TO Npd

PRUINT 4#Ko, TAR(S),"MPD(",I,")=",Mpd(T),

NEXT 1

N=1

Kmm={

FOR I=1 TO Npd

IF Mpd (Kmm) <0 THEN 152’0

Lpd {(N)=Kmm

Kmm=Kmm+1

GOTO 1540

Lpd(N)=~(Kmmn+ 4

Kam=Kmm-Mpd (Kmm)

IF Kmm(=Npd THEN {560

PRINT #Ko,"$$%%9%% ERROR CONDITION 1 $$4%s"
GOTO 60000

N=N+1

REM
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1570
1580
1590
1600
i6i0
1620
1622
1624
1628
1629
1630
1635
1637
1640
1650
1660
1670
1680
1690
1700
1740
i7a0
1730
1740
1745
17%0
1760
1770
1780
1790
igoo
igga
1804
1806
18490
1850
1860
1870
1480
igga
1884
i886
1888
1890
i%900
1940
19145
19220
ieaa
1924
1926
1928
1930
1932
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IF N)Nstage THEN 1640
Kmm=KMm+i

NEXT -1

REM

1F Np«{(=0 THEN 1800

FOR I=4i 10 Nps

READ Mps(lI)

NEXT I

IF Topt3<0 THEN 1800
PRINT #Ko ,LINC(1)

FOR I=1f TO Nps

PRINT #Ko,TAB(S) ,"MPS¢(",I,")=",Mps(I),
NEXT I

N=1

Kmm=1

FOR I=41 TO Nps

IF Mps(Kmm) <0 THEN 417410
Lps (N)=Kmm

Kmm=Kmm+i

GOT0 4730
Lps(N)=—(Knmt i)
Kmm=Kmnn-Mps (Kmm)

IF Kmm{=Nps THEN 1750
PRINT ¥Ko,"$$$$$$% ERROR CONDITION 2 $$$$$"
GOTO 604000

N=N+1

IF N)Nstage THEN 1800
Kmm=Kmm+i

NEXT I

REM

1F Iopt2{=41 TIHEN 1850
FOR I=1 TO Nstage

READ Mtb(I)

NEXT I

GOTO 1880

FOR I=i TO Nstage
Mtbh(I)=Topt2

NEXT I

IF Topt3<0 THEN 1890
PRINT #Ko ,LIN(L)D

FOR I=1i TO Nestage

PRINT #Ko,TAR(S) ,"MTH(",1,")=",Mtb( 1)
NEXT I
Nne=(Maxs-Lows+Incrmt)/Incrmt
IF Nns{—=Maxsze THEN 1920
PRINT #Ko,"$%$%%% ERROR CONDITION 3 444%%"
GOTO 40000

IF Loptid{=0 THEN 1940
FOR I=1 TO Nns

READ Fsopt(I)

NEXT I

FOR [=1 TO Nns

READ I[dbest1(I)

NEXT T

REM

REM



1940
1942
19%0
1992
1994
1956
1960
1970
1980
2000
2040
2020
2034
2032
2033
2034
203%
2036
2037
2039
2040
2050
20%%
20%6
2060
2065
2066
2067
2070
2078
2080
2090
2095
2400
2140
2420
2130
24714
2480
2490
2220
2230
223S
22440
2245
22%0
2260
2370
2280
2290
2300
2340
2320
2330
23410

COMMAND "M F H HP—-LBE¥L"
PRINT #Ko,LIN(2)

READ -Commentd

IF Comment$="END" THEN 2000
PRINT #Ko,TAR(S) ,Comnment$
GOTO 1950

FOR I=1 TO Nns

READ Idbes (1)

NEXT I

REM END OF INPUT SECTION
REM

REM OPEN TAPE FILES
Ntpi=1

ASSEIGN "TAPEL" TO #Ntpi

REM COMMAND "F F 12 TAPEL"

COMMAND "RL TAPE1"

Ntp2=2

ASSIGN "TAPE2" TO #N1p2

COMMAND "RE TAPE2"

REM

Mootp=—1

Mflag=0

Kfi1le=0

REM

PRINT #Ko,LINCS3)

PRINT #Ko ,TAR(S), "STAGE","STATE","0OPT DECISION","0PT VALUEN"
PRINT #Ko,TARB(S),"————~ R Tyt e e e bt T b "
PRINT #Ntp2,TAR(S) , "STAGE" , "STATE" ,"DECISION", "VALUE" ,"TIED"
I')RINT #NTPE)TAB(S))II _____ II)II _____ Il,ll ~~~~~~~~~ II,II _____ Il}l)_“___ll
REM

Ni=1

IF lToptid{=0 THEN 2240

Ne=Lows—Incrmt

FOR K=1i TO Nns

Ne=NstKXIncrmt

PRINT #Ko,TAB(S) ,Ni,Ns,Idbest(K),Fsopt(K)

NEXT K

FOR L=1i TO Nns

PRINT #Ntpi,Idbest(L),

NEXT L

Comman"M F H TAPE"

Ni=2

REM

REM START MAIN LOOP

REM

FOR N=Ni TO Nstage

REM INITALIZE FSREST(I) & IDREST(I)

FOR K= TO Nns

Fsbest(K)=Bigm

Idbes1 (K)=8888

NEXT K

REM INITILIZE THE STATE VARIAEBLE ‘NS’
IF Nps>0 THEN 2410

Ne=l.ows

He=Maxs

REM

REM

REM

REM

REM

REM

REM

REM
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2350
2380
2390
2400
2440
2420
2440
2440
2440
24%

2448
2460
2470
2480
24910
2496
2500
2940
2520
2530
2535
2536
2540
25%0
2570
2571
2580
2590
2600
2610
2620
2630
2640
2640
26610
20670
2675
2676
2680
2690
2700
2740
274%
2720
2730
2740
27%0
27%4
a7s%
2760
2770
2790
27914

2792
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IF N{)Nstage THEN 2%70

IF Nps=-1 THEN Ns=Maxs

[F Nps=-2 THEN Hs=Lows

OT10 2570

Loco=Lps(N)

IF Locs<0 THEN 22500

Ns=Mps(Locs)

1F NsXMaxs THEN 24%5

IF NelX=Lows THEN 24610

PRINT ¥Ko,"$$%%%$% ERROR CONDITION S $$$$¢%"
GOTO 60000

Hes=Mps(lLocs ti)

1F HelXMaxs THEN 2490

1F Hed=Ng THEN 2%70

PRINT #Ko,"$5$$%$% ERROR CONDITION & $4664"
GOTO 60000

Loce=-Locs

Ne=Mpa(Locw)

IF NsXMaxs THEN 2535

1F NgY=lows THEN {540

PRINT #Ko,"$49%%%% ERROR CONDITION 7 $%$%%%"
GOTO 60000

K=locs—1

Lehigh K-Mpsd{K)

REM INITIALIZE THE DECISTON VARIARLE

L=(Ng-Lows+Incrmt)/Incrmt

ldbest([)=88408

LF Npd>0 THEN 2630

Nd=L.owd

Hd=Maxd

Garo 2790

Locd=Lpd(N)

IF Locd<0 THEN 220

Nd=Mpd{i.ocd)

IF NdXMaxd THEN 267%

TF Nd>=lLowd THEN 2680

PRINT #Ko,"$$%%%% ERRUOR CONDITION 9 $5%$$%"
GOTO 60000

Hd=Mpd (Locd +1)

IF Hd>Maxd THEN 2740

IF Hd>=Nd THEN 2790

PRINT #Ko,"$44$%%% ERROR CONDITION 410 $He%a"
GOTO 60000

Locd=-Locd

Nd=Mpd (Locd)

IF Nd>Maxd THEN 2754

IF Nd)rLowd THEN 2760

PRINT ¥Ko,"$$4$%$%% ERROR CONDITION 41 $%%%$s"
COTO 60000

K=Locd-4

Ldhagh =K-Mpd (K)

REM USE THE RECURSIVE FUNCTIONS

IF Funct{(=0 THEN 2800
IF Funct(=9 THEN 280%

SND
[

150

175

REM
200

250

REM
300



2800 PRINT #Ko,"$%+b94% ERROR CONDITLON 14 $4%$4"

2802 GOTQ 60000

2805 Kn=N I 400
2806 Ks=Ns

2807 Kx=Nd

2340 ON Funct GOUUER 5%520,%660,5760,%800,5930,6310,06430,6570,6760

23495 REM

2820 Itied=0 340
2830 IF Fnsxn=Fsbegt(I) THEN i{11ed-1

2835 PRINT #Ntp2,TAR(S),N,Ns,Nd,Fnsxn

2840 1F Man>0 THEN 3080

28%0 REM MAXIMTIZING LOGIC REM
2860 1F Mtb(N){=0 THEN 2890

28370 IF Fnsxn)=Fsbest(1) THEN 2920

2880 GO0 29%0

2890 [F Fnsxn{rFshest(l) THEN 2950 325
2900 REM UPDATE VALUIL AND DECISION REM
2920 Fshoest(I)=Fnsxn ! 340
2930 ldbest (I)=Nd

2940 REM [NCREMENT THE DECISION VARIARBLE ‘ND’ REM
29%0 IF Itied=0 THEN 2980 1350

2960 Ix=ldbest (D)

2970 Idbhest(I)=-AKS(IX)

2980 IF Npd<{(=0 THEN 30%0 t35%
2990 IF Lpd(N)>=4 THIEN 3040

3000 Locd=Locd+1

3040 IF Locd>Ldhagh THEN 3180

3020 Nd=Mpd(l.ocd)

3030 1F Nd{=Maxd THEN 2790

3034 1F Nd)=Lowd THEN 2790

3040 PRINT #Ko, "$4%$4$% ERROR CONDITION 42 $5%$9"

3045 GOTO 60000

3050 Nd=Nd+lncrmt 375
3060 IF Nd{=Hd THEN 2790

3070 GOTO 3480

3080 REM MINIMIZING LOGIC REM
3090 1F Mthd(NI{(=0 THI N 3120 I 380
3400 1F Fnsxn{=Fsbest([) THEN 2920

3140 GOTO 2950

3420 IF Fnsxn{Fshest(I) THEN 2920 1 390
3130 GOTO 29%0

3480 [F lopt3>0 THEN 3220 b 5060
3190 IF N{>Nstage THEN 3310

3270 REM OUTPUT OPTIONAL EXCEPT FOR LAST STAGE REM

3221 1lx=Idhest(l)

3230 Itredgp=" "

3240 LF Ix>=0 THEN 3280
3250 Ix=-—Ix

3260 Itiede="%Xx"

3270 Mflag=1

3280 PRINT #Ko,TABR(S) ,N,Ns,Ix ,Fsbest(I),[t1ed$ 1505
3290 1IF N=Nstage THEN 3580
3310 REM INCREMENT THE STATE VARIAERLE ‘NS° REM

3320 PRINT #Ntp2,LINCH)
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3321
3322
3330
3340
3350
3360
3370
3375
3380
3382
33940
3400
34140
3420
3430
3471
3480
3490
3545
3530
3534
3540
3550
3560
3%80
3581
3590
3600
3610
3620
3630
3640
3650
3655
3660
3670
3680
3620
3700
3710
3720
3730
37440
3750
3760
3770
37840
3790
3830
3840
3845
3850
3360
3870
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IF Nps{=0 THEN 3390 !
TF Lps(N) >=4 THEN 3390

l.ocas=Locs ti

1F Locs>Lshigh THEN 3410

Ne=Mps(lLocs)

IF Ns)Maxs THEN 3380

IF Ns{Lowest THEN 3380

070 2570

PRINT #Ko,"$4%%%% ERROR CONDITION 8 $$$%4"

GOTO &0000

Ne=Ns+Incrmt |
IF Ns(=Hg THEN 2570

IF topt3>0 THEN PRINT #6,LINC(1) i
JF N=Nstage THEN 4430

REM SAVE CURRENT STAGE DECISION ON TAPE{
FOR L=1 TO Nns

PRANT #Ntpi, [dbest(L),

NEXT L

COMMAND "M F H TAPEL"

REM UPDATE FSOPT(I) FOR USE AT NEXT STAGE
FOR K=1 TO Nnu !
Fsopt(K)=Fshest(K)

NEXT K

GOTU 4430

REM RECOVER AND QUTPUT OF OPTIMAL DECISIONS
N2=Na&tage |
Je=Ns

Ma=1

Kdec (M2)=1Ix

Nty=0

IF [dbest(I)>=0 THEN 3660

Nty=Nty+i

Kti1es(Nty)=N2

REM

IF N2=1{ THEN 4230 1
Ix=Kdec (M)

IF Jx=8888 THEN 3310

IF Funct<(=0 THEN 3310

IF Funct>9 THEN 3340

Kn=N2

Ke=Js

Kx=Jx

REM LLOOKUP THE RECOVERY FUNCTION

ON Funct GODSUR 5240,52410,5%210,3340,3310,5240,5360,5330,43270
Je=News

IF Js=8888 THEN 3310

IF N2<{>Nstage THEN 3870 !
IF Moetp>0 THEN 39410

REM PUT TAPE [N READING MODE

COMMAND "F F -1 TAPE4"

Moetp=-Moetp

(:0TO 3240

REM . RACKSPACE TAPE TO POSITION IN FRONT OF NEXT STAGE
COMMAND “F F —-{ TAPE4{" }

510

515

REM

REM
%40

REM
600

REM

705

REM

REM
640



300
37210
3940
3950
3960
39270
3980
3990
4000
4020
4030
4040
4070
4220
4230
42314
4235
4236
4240
4250
4260
4270
4280
4285
4290
4300
4340
4320
4340
4395
4400
4410
4420
4430
4435
4440
44%0
4460
44790
4480
4490
4540
4%50
45610
4570
46040
4610
4620
4700
4702
4704
4706
4708

REM
COMMAND
REM

FOR L=§ TO Nns

READ #Ntpi,Idbest(L)
NEXT L

"FF -1 TAPE1"

REM
I 620
REM
I 623

READ OPT DECISION OF PREVIOUS STAGE

Kegaz (Js~LowstIncrmt)/Incrmt

N2=N2~1
M2=M2+1
Kdec(M2)=Idbest{(Kss)

IF Kdoc(M2) =0 THEN 3660

Kdec (M2)=-Kdec(M2)
GOTO 3640

REM

N3=N«.tageti

PRINT #Ko ,LIN(2)

PRINT #Ko,TAR(1%),"STAGE","DECLSION"
PRINT #Ko ,TAR(iS) ,"—-m—=t "

FOR K=1 TO Nstage

PRINT #Ko,TAL(15) ,N3~K,Kdec(K)

NEXT K
PRINT #Ko,LIN(2)
IF Nty=0 THEN 4340

PRINT #Ko,TAR(S),"ALTERNATE OPTIMAL DECISIONS EXIST AT STAGE’S "

FOR K=4 TO Nty

PRINT #Ko,TAR(S) ,Kt1ies(K)

NEXT K
PRINT #Ko,LIN(i)

REM

COMMAND "F E D "
COMMAND "F F -1 TAPE{™"
GOTO 3310

REM

PRINT #Ntp2,LINCL)
NEXT N

REM

IF Mflag(=0 THEN 60000
PRINT #&,TAE(S),"  *X
PRINT #6,TAR(S),"
PRINT #6,TAB(S),"
PRINT #6,TAE(S),"
GOTO 60000

REM i

REM

REM

REM

REPOSITION TAPE REM

END OF THE MAIN LOOP FOR EACH STAGE REM
AFTER THE OPTIMUM DECISION INDICATES THAT"
ALTERNATE OPTIMAL DECISINNS EXIST *

THE TIE-BREAKER OPTION CONTROLS SELECTION"

OF THE LOWLST OR HIGHEST DEC1LSION "

2

END OF PROGRAM REM

LIST 4340

FUNCTION LOCATE <IJ) REM

Locat=(Ij~Lows+Incrmt)/Incrmt

RETURN

REM

IF Npd>0 THEN 4708

L.l1=L owd

GOTO 4714

IF Lpd(Mn)<{=0 THEN 4748

FUNCTION LOCATD (MN,MD) REM
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4710
4742
4714
4716
4718
4720
4722
4724
4736
4728
4730
4732
4734
4800
4802
4804
4806
4808
4840
4812
4814
48316
4818
4820
4822
48224
38600
60000
60010
600144
60020
60030
60040
60060
60070
60080
60090
60100
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Kk=lL.pd (Hn)
L1=Mpd(KKk)
Locatd=(Md-LL+Incrmt)/Incrmt
RILTURN
Kk=-lpd (Mn)
Locatd= 0
Jdec =Mpd (Kk)
l.ocatd=Locatd+i
IF Jdec=Md THEN 4716
Kk=Kk+1
TF Kk{=Ldhigh THEN 4722
PRINT HKo,"$$4%%$ ERROR CONDITION {3 $$%%%"
GOTO 60000
REM FUNCTION FSTAR (NEW,VL ,VH, Vi) REM
1F New(lows THEN 4814
IF New)Maxs THEN 4818
IF N -1 THEN 4822
Kk=(New-Louws+Incrmt)/Incrmt
Fstar=Fsopt1(Kk)
RETURN
Fstar=Vl1
RETURN
Fstar=Vh
RETURN
Fstar=V1
RETURN
Jx=Kdec (M)
REM REM
COMMAND "RE TAPF 4"
COMMAND "RE TAPEZ2"
COMMAND "M F H HP~IEBNI"
PRINT ¥Ko,LIN(3)
PRINT Ko, ™", " KKK AR OK AR K K K K 3K oK KKK K 5K K 3K K KK 3K 5K K K K 3K 3K 3K 3K oK oK 3K K K AOKOK KKK K sk KOk K KoKk

PRINT 41Ko,"", "kx% KK "
PRINT #Ko,"", "Xx END OF TASK XX
PRINT #Ko,"","%x K"

PRINT BKo, "™, "RokORK0KKKKK KKK KK KKK K oK 30k K KKK 3K KKK HOK KK HOK K K K SR K KKK Ok sk ko sk okok
END



L270 REM FUNCTLON NEWS3 (KN,KS,KX) REM
5280 1F Ncolsm>i THEN S.A305

5290 News zKo-(Kx ) XM (Kn, 1)

5300 RETURN

5305 Mn=Kn

L3306 Md=Kx

L3008 GOSUR 4700

5310 News=Ks-M(Kn,Locatd)

5320 RETURN

6760 RIM FUNCTION RECURY? (KN,KS5,KX) REM
6770 REM GENERAL SOLUTLON FOR SYSTEM RELTIARBILITY REM
6800 [F Ncolsp=1 THEN 68410

6802 Mn=Kn

6804 Md=Kx

6810 COSUR 4700

6820 Fnexn=P(Kn,Locatd)

6830 GOT0 6850

6840 Fnexn={~-(L-P(Kn,1))*(Kx)

6850 VUl=laigm

6860 Vh=li1gm

6870 Vi g

6874 GOSUR 5280

6877 New=News

68030 GOLUR 4800

6890 IMmsxn=FnsxnXFstar

6200 RILLTURN
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7000
7100
7410
7150
74154
7200
72410
7a%0
70514
72%3
7253
72%4
7350
7341
7342
7353
7354
7400
741410
74414
7452
/7420
7421
7422
7423
7424
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Appendix B

Example 1 Inputs and Resuit

RI.M INPUT DATA REM
RLM ENTER DATA FUNCT, MIN, 1OPT3, IOPT:2, IOPT{

DATA 9, 0, 0, 0, O

REM ENTER DATA NSTAGL, LOWD, MAXD, LOWEST, MAXS, INC
DATA 4, 1, 3, 0, 45, {

REM ENTER DATA NCULSP, NCOLSM, NPD, NPS, NROWSC, NCOLSC
DATA 3, 3, 0, =4, 0, 0

REM ENTER DATA ( (P(L,J), J=i,NCOLSP), 1=1i,NSTAGE )
DATA 60, 75, 85

DATA 40, &%, 80

DATA 70, 90, 95

DATA S0, 60, 80

REM ENTER DATA ( (M(L,J), J=1i,NCOLSM), I[=1,NSTAGE)

DATA 6, 11, 1Y

DATA 10, 16, 22

DATA 5, 10, 14

DATA B, 13, 17

REM ENTER COMMENTS

DATA "TYPE 9 EXAMPLE 4

DATA " *
DATA " "

DATA "STAGE. COMPUNENTS OF THE SYGTEM"

DATA "STAITE UNALLOCATED RESOURCI™S (DULLARS)

DATA "DECISION NUMEER OF PARALLEL UNITS OF THE COMPONENT INSTALLED"
DATA "VALUE - PRORAKRILITY OF THE SYSTEM WLLL FUNCTFON GUCCESS"

DATA "END"



TYPE 9 EXAMPLE 4

S1AGE COMPONENTS OF THE SYSTEM
S1ATE UNALLUOCATED REGOURCES (DOLLARS)
DLOCISTON  NUMEFR OF PARALLEL UNTTS OF THID COMPONENT INSTALLED
VAL UL PROBARILITY OF THE SYSTEM WILI FUNCTION HUCCESS
STAGE GTATE OPT DECLSION OPT VALUEN
4 45 i 219375

STAGE DECTISION

4 !

3 2

2 2

i 2
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7000
7004
7002
7003
7004
7005
7006
7007
7008
7009
7040
7011
7042
7043
7044
7015
7046
7017
7019
7020
70214
7022
7023
7024
7025
7026
7027
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Appendix C
Example 2 Inputs and Result

RLLM ENTER DATA FUNGT, MIN, IOPT3, [0PT2, LOPTH
DATA 9, 0, 0, 0, O

REM ENTER DATA NSTAGE, LOWD, MAXD, LOWEST, MAXS, LNC
DATA 4, 1, 4, 0, 4%, 1

REM ENTER DATA NCOLSP, NCOLSM, NPD, NPS, NRUWSC, NCOLSC
DATA 1, 4, 0,1, 0, 0

REM ENTER DATA { (PC1,J), J=1,NCOLSP), 1=1,NSTAGE )

DATA 00
DATA 40
DATA 70
Data S0

REM ENTER DATA ¢ (M(L,J), J=1,NCOLSM), I={,NSTAGE)
DATA &, 11, 1%, 18

DATA 10, 16, 22, 27

DATA 5, 10, 14, 17

DATA 8, 13, 47, 20

REM ENTER DATA (MPDC1), 1-=f,NPD)
REM I'NTER DATA (MPS(1), I=f, NPb)
REM ENTER DATA (MTE(I), 1=1,NSTAGE)
DATA "TYPE 9 EXAMPLE 2"

DATA "
DATA © °

DATA "STAGE COMPONENTS OF THE SYSTEMW"

DATA "STATE UNALLOCATED RESOURCLS (DOLLARS) ™

DATA "DECLSION NUMBER OF PARALLEL UNITS OF THI COMPONENT INSTALLED"
DATA "VALUE PROBAKILITY OF THF SYSTEM WILL FUNCTLON SUCCESS"
DATA "END"



TYPE 9 EXAMPLE ¢

STAGE
STATE
DECISION
VALUE

COMPONENTS OF THE SYSTEM

UNALLOCATIZD RESOURCES (DOLLARSG)

NUMEBER OF PARALLEL UN1TS OF THE COMPONENT INSTALLED
PRORABILITY OF THE GYSTEM WILL. FUNCTLON SUCCESS

STATE ort DRECISION 0OPT VALUEN
45 2 28224
GTAGE DECISION
4 2
\4‘
.3

Y
o PO e
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TDA Progress Report 42-66

September and October 1981

A Computerized Life-Cycle Cost Methodology
for Engineering Analysis

R D Hughes
DSN Engineering Section

Life-Cycle Costing (LCC) 1s an essential selection criterion in making economical
engineering decisions about alternative routes in design or investments A discussion of
Life-Cycle Costing (LCC) concepts 1s presented, along with a selected calculation proce-
dure A computer program (LCOMP) was written in FORTRAN to perform that calcula-
tion procedure The program details are discussed, a sample calculation 1s presented, and a

listing of the program s included

l. Introduction

Engineers have been using vartous economic criteria in
making decisions between alternate designs or investments
Life-Cycle Costing (LCC) 1s one such method of economic
evaluation which takes into account all relevant costs of any
system, or subsystem, over a specified period of time The
LCC procedure makes adjustments for differences in the tim-
ing of these costs, taking into account future fuel and non-fuel
cost escalation rates and discount effects which reflect the
“tume value of money >

Since LCC determunes the effective cost of a system over a
given hfetime, 1t 1s used by engineers to choose between
alternate facility modifications and upgrades Subsequently,
the economic feasibility of proposed facility modifications can
be determined and acceptable modifications can be priontized
Although this procedure 1s especially useful when performing
cost-saving energy consumption reduction modifications, it
can be applied to other decision-making processes involving
alternate configurations or designs not related to energy con-
sumption reduction
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Several LCC methodologies appear in the literature (Refs
1-5) These methodologies were reviewed and evaluated with
the following criteria in mind

(1) The methodology should fit within the guidelines of
TDA Standard Practice for LCC, as described 1n Refs 6
and 7

(2) It should be readily adaptable for use on a computer

(3) It should be capable of analyzing energy-related and
non-energy related projects, new construction projects,
and retrofit projects

(4) The resulting computer program should be easy to use
and operate efficiently on a digital computer

The intended result of satisfying these criterta was to
develop an 1nexpensive, general engineering tool for system
economic evaluation

The LCC methodology chosen for computerization 1s the
DOE-NBS methodology for the Federal Energy Management



Program (FEMP), as described in Ref 1 This methodology
deals with LCC procedures applied to federal facilities energy
management and evaluation, taking varying energy costs into
account

ll. LCC Concepts and Methodology

The selected DOE LCC methodology performs accounting
mn constant dollars (money always referred to in terms of its
value 1n a chosen baseyear) and discounts future amounts to
present value baseyear amounts In this fashion, the rate of
inflation 1s eliminated from the computations since energy
price escalation rates relative to inflation are included in the
discounting procedure Thus, LCC mncorporates initial invest-
ment costs, future replacement costs, operation and mainte-
nance costs, and salvage and resale values, adjusting them to a
consistent time basis and combining them 1into a single cost-
effectiveness measure that facilitates comparison of alternate
projects

The changing value of money over time 1s controlled by
two effects, inflation and “opportunity costs ™ Future prices
which change at the same rate as general price nflation remain
unchanged 1n terms of “constant dollars ” Future prices which
mcrease at a rate different than that of inflation must be
expressed in terms which reflect that difference Future energy
prices are calculated using prescribed escalation rates Tables
of energy escalation rates as projected by DOE are provided in
Tables 1 through 3 The “opportunity cost of money” reflects
the fact that money 1n hand can be invested to yield a return
above the rate of inflation The *“discount rate” 1s a rate of
nterest corresponding to the opportunity cost. On June 30,
1980, the Energy Secunty Act was enacted to establish a
discount rate of 7% per year. This rate applies to projects
which fall under auspices of the FEMP, but 1s also an accept-
able rate for general use

The common time basis used for this methodology 1s the
present, whereby all cash amounts are converted to an equiva-
lent present value If the amount 1s an annually recurring
amount (4) which remains the same i terms of constant
dollars, 1ts present value (P) for a period of NV years may be
expressed by the uniform present worth (UPW) formula

A 1

il wa) X

where d 1s the discount rate Operation and maintenance
(O&M) costs fall into this category The present value of
non-annually recurring costs (F) are calculated by the single
present worth (SPW) formula

1
P=F|——— 2
F((Hd)”) @

Replacement costs and salvage values are examples of non-
annually recurring costs. The present value of annually recur-
ring costs which escalate or de-escalate 1n relation to inflation
may be expressed by the modified uniform worth (UPW¥)
formula

k [1te, J
> (1) ®

length of escalation period k&

&
1}

= escalation rate duning pertod &

Q
i

N
=
It

annually recurring escalating amount, evaluated at
the beginning of the study period

Equation (3) is usually applied to energy costs The computer
program which embodies this methodology (LCOMP) has the
escalation rates contained mnternally

The formula for life-cycle cost becomes

Total Life-Cycle Cost (TLCC) = Investment Cost - Sal-
vage Value + Replacement Costs + Energy Costs

@

where all costs are expressed tn present values TLCC 1s used
for companson of new designs or companson of alternatives
for a certain system

Other results of the LCC analysis are the following

(1) Net Life-Cycle Savings (NS) 1s a comparative quantity
which indicates the difference between the TLCC of
two candidate system designs
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(2) Savings-to-Investment Ratio (SIR) 1s the ratio of the
savings 1n total system operating costs to the invest-
ment cost required to mnstall or construct the more
efficient system.

SIR = (reduction 1n energy cost - increase in Q&M
costs) — (increase 1n nitial investment costs -
increase 1n salvage value + increase in replace-
ment costs)

(%)

SIR 1s meaningful, for instance, when comparing retro-
fit projects to existing facilities Several alternative
retrofit systems can be assigned priorties based on SIR
In general, an SIR value greater than 1 0 indicates cost
effectiveness and greater values indicate greater cost
effectiveness.

(3) Payback Period (PB) 1s the amount of time 1t takes for
the cumulative savings to equal the imitial investment
costs There are two versions of the payback period
The “discounted payback” (DPB) 1s calculated taking
the time value of money into account, and the “simple
payback” (SPB) uses costs which do not take this into
account The general payback formula 1s

N
(Reduction 1n Energy Costsl - Differential O&M
j=1 Costs - Dafferential Replacement Costs])= Duff-
erential Initial Investment Costs

©

where N = the years to payback, such that the above relation
18 true

For DPB the costs are yearly amounts in constant dollars
converted to present values, for SPB the costs are baseyear
amounts and are not discounted Ordinanly, a shorter PB 1s
desirable However, PB 1s not always a useful measure of cost
effectiveness since the project with a longer PB can have a
greater NS and SIR and actually be more cost effective PB s
generally considered to be a less accurate measure of relative
cost effectiveness than the other LCC results, but 1t 1s some-
times a necessary indicator that a system fits within certain
requirements

Iil. LCC Applications

The four main selection criteria or corollaries of the LCC
analysis, namely TLCC, NS, SIR, and PB, will have varying
levels of importance based upon the application of the LCC
analysis In general, a project 1s comparatively cost effective 1f
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(1) The TLCC of the proposed project 1s less than that of
the alternatives

(2) The NS from the project 1s greater than zero
(3) The SIR 1s greater than 1 0

(4) The payback period 1s shorter than the project’s
expected hfe

For choosing among alternative designs, the TLCC 1s gener-
ally the best indicator For designing and sizing projects the
choice should be that which minimizes the TLCC and maxi-
mizes the NS For ranking retrofit projects to give prionty to
the most cost-effective projects, the SIR 1s the most useful
result

IV. Computer Program (LCOMP) Description

The LCC methodology described above was used in the
program LCOMP (Life-Cycle Costing Computer Program)
The calculation procedure 1s similar to that i the NBS-DOE
manual, Ref 1, where an LCC computer program 1s also pre-
sented LCOMP differs from this program 1n several ways

(1) LCOMP has built-in energy escalation rate tables and
energy base-price tables, freeing the user from looking
up and mputting these values

(2) LCOMP uses a NAMELIST input instead of an inter-
active input which allows storage, modification, and
reuse of input files

(3) LCOMP uses the year-by-year method of calculating
present value energy costs, which 1s necessary if the
quantity or type of energy 1s expected to change over
the project study period and 1f cash flow tables are
presented as output

(4) LCOMP 1s wntten in FORTRAN instead of BASIC

LCOMP calculates and prints out (1) present values (in
baseyear dollars) of total cost of each energy type used,
(2) total of all energy costs, (3) total annually recurring O&M
costs, (4) total replacement costs, (5) total salvage values, and
(6) the system total life cycle cost In addition, if two systems
are being compared, the NS, SIR, and PB are printed, along
with a year-by-year cash flow summary.

LCOMP was wntten in FORTRAN V and currently 1s being
run on the UNIVAC 1100/81 computer system A block
diagram of the program logic 1s presented in Appendix A and a
source listing 1s presented in Appendix B.

The program input consists of two segments The first
segment 15 the NAMELIST “$LCCIN,” which contamns most of



the case-dependent data The second segment 1s the Blockdata
subprogram “BLKDAT,” which contamns energy cost escala-
tion data and baseyear energy prices These inputs are
explained 1n detail in Appendix C

An mmportant aspect of operating LCOMP 1s that the energy
price and escalation rate tables are based on a particular
baseyear’s currency (the tables now in Blockdata are in 1980
dollars) This means that the analysis will be done n the
baseyear currency, even if the project begins at some future
year If cost mputs cannot be estimated in baseyear dollars, a
discrepancy of one or two years may not cause sigmficant
errors, espectally if a companson between two systems 1s the
mmportant objective of the LCC analysis However, if more
than a few years difference exists between currency baseyears,
an attempt should be made to update the baseyear tables

The DOE methodology makes use of an additional “social
benefit adjustment factor,” which 1s intended to reflect the
value to the nation of conserving non-renewable energy
sources The presently recommended procedure 1s to reduce
the mnvestment costs of a new or retrofit system by 10% to
take this social factor into account However, this adjustment
1s not performed in the LCOMP program Its use 1s left to the
discretion of the user, and 1t must be performed on the input
data 1if desired

V. A Sample Problem

A four-page printed output for a sample problem 1s pre-
sented tn Appendix D to illustrate the LCOMP output format
Figure D-1 consists of the project description and non-fuel
costs, and Fig D-2 shows a summary of annual fuel consump-
tion Figure D-3 1s LCOMP printout of a cash flow analysis
which shows year-by-year costs discounted to present value
1980 dollars. The line for year O reflects the nvestment cost
for each system, where the investment cost for System 2 1n
this case 1s the current salvage value The final column, “Sys-
tem 1 vs System 2 Cumulative Savings,” represents the cumu-
lative cost of System 2 minus the cumulative cost of System 1.
Thus, 1n this example, the cumulative cost of the existing
system exceeds the cumulative cost of the retrofit system in
year 7, and the savings then becomes positive. This quantity
represents a discounted payback period with energy price
escalation included

Figure D-4 shows analysis results Total costs for the study
period are ttemized and their sum represents the system life-

cycle cost The net savings 1s the difference between the
Iife-cycle costs Note that net savings agrees with the final
value 1n the cumulative savings column in Fig D-3 The
savings-to-investment ratio 1s 1n terms of present values The
simple payback analysis 1s based on a non-discounted cumula-
tive savings compared to increased investment cost The dis-
counted payback 1s usually preferred over the simple payback
method, but this choice depends on the mode of analysis

VI. Use of LCOMP Within TDA Guidelines

The TDA methodology deals with 1ssues concerning when
to perform an LCC analysis, what applicability the analysis
has, when 1t 1s actually required, LCC team roles, how to
perform the different classes of cost estimates, and what type
of cost adjustment procedure 1s to be used It 1s only the last
concern which affects LCC calculation details The basic TDA
formulations of the LCC equations for TLCC, NS, SIR, DPB
are analogous to those of the DOE procedure

The cost adjustment procedure 1s prescribed according to
the application of the LCC analysis as abstracted from Ref 7

LCC analysis application Procedure

Design selection No adjustment Sponsor may
require sensitivity analysis

using net-discounting

Capability planning No adjustment

Functional requirement negotiation  No adjustment

Inflate Sponsor may require
sensitivity analysis using no
adjustment

Budget planning

The “no adjustment” procedure 1s an LCC analysis done 1n
constant dollars with no inflation or discounting adjustments
mcluded The “net discounting” procedure attempts to take
inflation and discounting into account in one parameter by
assuming that the discount rate tends to exceed the inflation
rate by 2% (Ref. 5) Both of these cost adjustment procedures
may be handled directly by the program LCOMP The no
adjustment procedure would be computed using a discount
rate of zero and the net discounting procedure would use a
discount rate of 2%

The nflation procedure, used in making budget projections,
gives the expected expenditure mn dollars that will be required
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1n the year in which the activity will occur Again, LCOMP can
be used to perform an LCC analysis with zero discount, but
the cash flow quantities will have to be inflated in a separate
calculation.

The TDA procedure calls for the application of a manage-
ment contingency factor and a composite burden factor which
are chosen by the analysis coordinator. These factors may be
apphed to costs before inputting data to LCOMP

VIl. Summary

LCOMP 15 an easy-to-use computer program written by the
Advanced Technology and Conservation Engineering Group,
DSN Engineering Section, which calculates Life-Cycle Cost on
a discounted present value approach. Although 1t follows
DOE-defined methodology, LCOMP 1s applicable to any LCC
problem for alternate systems companson whether or not
1t 1s dealing with energy conversion/conservation
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Table 1. Energy price escalation rates mid-1980 to mid-19852 (percentage change compounded annually)

DOE region
uUs

Fuel type 1 2 3 4 S 6 7 8 9 10 average
Residential sector

Electricity -002 -002 -002 =002 -0 01 -0 02 -002 -002 -001 -0.02 -002

Natural gas 178 178 177 1.75 175 1.76 175 176 177 1.78 1.76

Dastillate 338 339 338 339 337 338 338 339 337 337 338
Commercial sector

Electricity -001 -002 -0 01 -001 -0 02 -001 =001 -0.02 -0 01 -002 -002

Natural gas 177 176 175 173 174 1.74 1.73 175 176 1.76 1.75

Distillate 338 339 338 3.38 339 338 340 338 338 338 339

Residuat 753 752 752 753 755 752 755 751 750 7.57 753
Industrial sector

Electricity =001 -003 -001 <002 -0.01 -002 -0 02 -0 01 -0 01 -0 05 -0 03

Natural gas 180 176 178 176 1.77 179 174 180 1.79 1.79 17§

Distillate 339 340 3139 339 3.39 338 340 3.37 338 338 338

Residual 754 753 753 753 754 753 754 7.53 751 7.55 753

Coal 962 951 963 958 949 962 950 930 956 956 95§

dpenived from DOE 1980 and 1985 price forecasts (Ref 1)
Table 2 Energy price escalation rates mid-1985 to mid-1990? (percentage change compounded annually)
DOE region
USs
Fuel type 1 2 3 4 R 6 7 8 9 10
average

Residential sector

Electnicity -002 =061 0 87 172 104 153 -0.59 =273 047 385 085

Natural gas 333 274 315 2.38 284 453 343 395 144 386 292

Distillate 281 2 80 274 271 291 283 294 282 297 2.97 285
Commercial sector

Electricaty -019 -0 64 089 167 107 162 -063 =296 043 397 073

Natural gas 388 320 360 282 315 526 385 422 166 450 349

Distillate 291 288 289 288 299 293 301 291 309 309 294

Residual 266 268 252 271 270 27 269 2.67 284 292 261
Industrial sector

Electricity -023 -098 119 220 147 203 -0.78 -4.05 0.55 789 132

Natural gas 381 446 8 89 882 698 588 1174 495 326 620 6 64

Distillate 347 288 285 285 299 294 302 290 309 309 293

Residual 353 260 258 273 271 271 270 269 287 2 86 268

Coal 147 165 1.97 169 167 145 176 000 1.36 239 166

apenved from DOE mid-term energy price forecasts (Ref, 1)
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Table 3. Energy price escalation rates mid-1990 to mid-1935 and beyond?® (percentage change compounded annually)

DOE region
Us

Fuel type 1 2 3 4 5 6 7 8 9 10 average
Residential sector

Electricity -3 55 -042 -0 36 048 -013 -0 26 -0.02 =247 =235 110 -057

Natural gas 192 168 156 101 097 233 123 236 026 -3 09 124

Distillate 397 395 389 386 410 4 00 413 4 06 4.13 413 401
Commercial sector

Electricity =360 =044 -037 048 -0 14 -0.28 -003 -2.70 =221 1.13 -059

Natural gas 216 193 180 118 111 267 138 249 029 -358 1.39

Distillate 408 409 407 4 06 420 4.12 422 4.18 427 427 409

Residual 447 441 426 450 4.56 456 4 54 460 468 482 443
Industrial sector

Electricity -4 45 -068 -0 50 063 -019 -034 -0 03 -391 -2178 197 -043

Natural gas 472 460 -0.95 341 392 2389 960 284 093 399 335

Distillate 408 410 402 402 4.20 413 422 4,16 427 427 412

Residual 443 4135 428 452 458 457 453 4 64 4.68 471 455

Coal -3 47 100 112 079 098 060 077 062 094 -287 0.61

2Denved from DOE mid-term energy price forecasts and assumed to extend up to 10 years beyond mi1d-1995 to encompass a study period of
25 years beginning 1n 1980 (Ref 1)
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Appendix A
Block Diagram for LCOMP

READ INPUT DATA

DETERMINE BASEYEAR
ENERGY PRICES

DETERMINE ANNUAL ENERGY COST
FOR EACH YEAR IN PRESENT VALUE §

{

DETERMINE TOTAL ENERGY COST
FOR EACH FUEL TYPE IN PRESENT
VALUE § FOR ENTIRE STUDY PERIOD

t

DETERMINE ANNUAL NET OF NON-RECURRING O&M,
REPLACEMENT, AND SALVAGE COSTS IN PRESENT
VALUE $ FOR EACH YEAR AND TOTAL STUDY PERIOD

)

DETERMINE PRESENT VALUE OF
ANNUALLY RECURRING G&M
COST FOR TOTAL STUDY PERIOD

CALCULATE TOTAL LIFE CYCLE COST
TLCC = ENERGY COST + INVESTMENT COST + Q&M COST
+ REPLACEMENT COST - SALVAGE VALUES

Y
IS ONLY ONE SYSTEM YES PRINT
BEING CONSIDERED? RESULTS
NOY )
~$—{ HAS SECOND SYSTEM BEEN ANALYZED? ] ISTOPI
YES y

CALCULATE* SAVINGS-TO-INVESTMENT RATIO

SIR = (AENERGY COST + A ANNUALLY RECURRING O&M COST +
ANON-ANNUALLY RECURRING O8M COST) = (ASALVAGE VALUES
- AINITIAL INVESTMENT COST - AREPLACEMENT COSTS)

CALCULATE
NET SAVINGS
NS = ALCC

¥

CALCULATE SIMPLE PAYBACK PERIOD-
FIND y SUCH THAT ASAVINGS > AINITIAL COST

PRINT RESULTS

CALCULATE CUMULATIVE NET COSTS IN
PRESENT VALUE $ FOR EACH YEAR

l PRINT CASH FLOW SUMMARY ]

* A MEANS THE DIFFERENTIAL STOP
COST BETWEEN SYSTEM 1
AND SYSTEM 2
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Appendix B
LCOMP Listing

DSNXLCC(2) LCOMP

276

0O O

G

0o oo h

COMPILER (DATA=IEM)
DIMENSION P(40,5,3),6(10,5,3,3),BASEP(S),TOTCST(S,2),5(30,2)
INTEGER YRi,YR2
DIMENSION UNIT(S,3),ETYPE(10,3),5YS1(4),8Y52(4)

DIMENSION SECT(3),FUEL(30,2),0THCST(30,2)

DATA ETYPE(4,1)//ELECTR’, ICITY’,’NATURA’,‘L GAS’,’DISTIL’, LATE’,
£ ‘LIQUID’,’ GAS’,2%’BLANK’,’ELECTR’,‘ICITY’,’NATURA‘,’L GAS’,
2 ‘DISTIL’,’LATE’, RESIDU‘,‘AL’,2%/BLANK’,  ELECTR’, ‘ICITY/,

3 ‘NATURA’,‘L GAS’,’DISTIL’,’LATE’‘LIQUID’,’ GAS’,’COAL’/
DATA UNIT(4,£)//KWH’,’CU FT /,’GAL’,’GAL’, BLANK’,

1 ‘KWH’,’CU FT /,’GAL’,’CAL’, ‘ELANK’,

2 ‘KWH’,’CU FT ‘,’GAL’,’GAL’,’TON’/

REAL NREC,NRECT,INVCST,LCC,NS

INTEGER YRREC,YRREP

DIMENSION TOTAL(2),LCC(2),NRECT(2),TITLE(12),NNREC(2)

DIMENSION CONS(S,2),YRCHG(20,5,2),C(20,5,2) ,R(2)

DIMENSION NREC(40,2),YRREC(10,2),YRREP(40,2) ,FINSVG(2)

DIMENSION INVCST(3,2),RPCST(10,2),RPSVG(10,2) ,NREP(2)

DATA TITLE(L)/12%6H /

DATA SYS1(1)/4%6H /,8Y82(4) /4%6H /

DATA SECT(1)//RESID ’,’COMMER’,’INDUST’/

FNP IS SINGLE PRESENT WORTH FACTOR
DEFINE FNP(D,IY)=1 /(i +D)XXIY

UPW IS UNIFORM PRESENT WORTH FACTOR
DEFINE UPW(D,IY)=(i -1 /(i +D)XXIY)/D

NAMELIST/LCCIN/IYEAR,NSTUDY,CONS,YRCHG,C,IEXIST, ISECT,
1 IREG,INVCST,R,NNREC,NREC,YRREC,RPCST,YRREP ,RPSVG,NREP,
2 FINSVG,DISC,TITLE,SYS1,5Y52,1BASE

G(I,J,K,L) IS ESCALATION RATE,I=DOE REGION,J=FUEL TYPE,
K=ECONOMIC SECTOR,L=ESCALATION PERICD
P IS 1980 FUEL PRICE ARRAY

COMMON/BLKDAT/G,P

DISC=10
ICASE={
IC=14
READ(S,LCCIN)
XDISC=DISC
DISC=DISC/100
WRITE(6,100) (TITLE(I),I=1,12),IYEAR,NSTUDY,ISECT,SECT(ISECT),IREG
1 ,XDISC
7 IF (IC E@ 1) WRITE(4,103) IC,SYSt,INVCST(4,IC),RCIC)
IF (IC E@ 2) WRITE(6,103) IC,S5YS2,INVCST(4,IC),R(IC)
100 FORMAT(///49X, *%k%% LIFE CYCLE COST ANALYSIS XXX%’,//12A6//
A B0C/X’)/,T30, %xk%x INPUT VALUES XX%x’,//,
£ 2X,’% PROJECT DESCRIPTION %’//8X,’BASE YEAR=‘,I5/8X,’STUDY *,
2 ‘PERIOD=’,I3,’ YEARS’/BX, FINANCIAL SECTOR=’,12,2X,A6/8X,
3 ‘DOE REGION NO =’,I2/,8X,’DISCOUNT RATE=’,F4.1,’ PERCENT’/,



107
i08
io09
140
114
112

4 //,2X,’% NON-FUEL COSTS IN BASE YEAR $ **)
103 FORMAT(/SX’'SYSTEM ,I1,’ (’,4R6,7):7//,
4 8X’INITIAL INVESTHMENT COST=‘,T60,F9 0/8X’ANNUALLY RECURRING

§ ‘0&M COST=’,T60,F9 0)
IF (NNREC(IC) E@ 0) GO TO 4
N=NNREC(IC)
WRITE(H,401) (YRREC(I,IC),NREC(I,IC),I=1,N)
101 FORMAT(8X’NON-ANNUALLY-RECURRING 0AM COSTS IN YEAR’,
i I3,’ =',T60,F9 0)
1 IF (NREP(IC) EQ 0) GO TO 6
N=NREP (IC)
WRITE(H,102) (YRREP(I,IC),RPCST(I,IC),RPSVG(I,IC),I=1,N)
6 IC=IC+i
IF (IEXIST EQ 1 AND IC EQ 2) GO TO 7
WRITE(6,104)

c
C DETERMINE NO YEARS DIFFERENCE BETWEEN START OF STUDY AND BASE
C ENERGY PRICE TABLES
C
IDELYR=IYEAR-IHBASE
DO 2 J=1,5
2 BASEP(J)=P(IREG,J,ISECT)
IF (IDELYR EQ 0) GO 10 4
IPER=1
C
g UPDATE BASE ENERGY PRICES TO COINCIDE WITH START OF STUDY
DO 3 I=1,IDELYR
IF (I GT ) IPER=2
IF (I GT 40) IPER=3
DO 3 J=4,S
3  BASEP(J)=BASEP (J)X(G(IREG,J,ISECT,IPER) /100 +1 )
4 WRITE(6,105) ICASE
DO 20 J={,5
ESC=BASEP(J)
Jo=Jk2~1
Ji=Jo+1i
YRi=1
YR2=YRCHG(1,J, ICASE) -1
IF (YR2 EQ -i) YR2=NSTUDY
IF (CONS(J,ICASE) GT i E-5) WRITE(&,106) ETYPE(JO,ISECT),
{ ETYPE(J1i,ISECT),CONS(J,ICASE) ,UNIT(J,ISECT), YR, YR2
IPER=S
ICNT=1
DO 10 I=4,NSTUDY
IF (I NE YRCHG(ICNT,J,ICASE)) GO TO S
CONS(J, ICASE)=C(ICNT,J, ICASE)
YRi=1
ICP=ICNT+1
YR2=YRCHG(ICP,J,ICASE)-1
IF (YR2 E@ -1) YR2=NSTUDY
WRITE(6,106) ETYPE(J0,ISECT),ETYPE(J4,ISECT),CONS(J,ICASE),
1 UNIT(J,ISECT),YR4,YR2
ICNT=ICNT +1
S IF (I+IDELYR GT 5) IPER=2
IF (I+IDELYR GT 10) IPER=3
c

c ESC IS ENERGY PRICE EACH YEAR EXCLUDING INFLATION
c
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278

113

114
119
1i6
147
ii8
i19
120
1214
i22
123
124
ias
126
i27
128
129
130
134
132
133
134
139
136
137
138
139
140
144
142
143
144
14S
146
147
148
149
iS0
154
182
193
i%4
iS%
iS6
157
158
i%¢9
360
i64
1462
i63
164
16%
166
167
168
169
170

o000

on

a0

oo

OO0

oo

ESC=ESCX(G(IREG,J,ISECT,1PER)/400 +{i )

TOTCST IS TOTAL COST OF EACH ENERGY TYPE FOR ENTIRE S1UDY PERIOD

FUEL IS ANNUAL FUEL COST DISCOUNTED TO BASE ¢

10

20

30

31

DISCOUNTED TO PRESENT $

X=CONS(J, ICASE)XESCXFNP(DISC,I)
FUEL(I,ICASE)=FUEL(T, ICASE)+X
TOTCST(J, ICASE)=TOTCST(J, ICASE) +X

S I8 USED TO CALCULATE DIFFERENTIAL SAVINGS FOR SIMPLE PAYBACK

S(I,ICASE)=S(I,ICASE)+CONS(J,ICASEYXBASEP (J)
CONTINUE

TOTAL IS TOTAL ENERGY COST FOR EACH SYSTEM (PRESENT VALUE)

TOTAL(ICASE)=TOTAL (ICASE)+TOTCST (J, ICASE)
CONTINUE

KCNT=1

ICNT=1

CALCULATE PRESENT VALUE OF TOTAL NON-RECURRING 0OAM COSTS,
REPLACEMENT COSTS, AND SALVAGE COSTS

OTHCST IS ANNUAL SuUM OF OTHER COSTS

OTHCST (4, ICASE)=INVCST(1, ICASE)

DO 31 I=1,NSTUDY
OTHCST(I,ICASE)=0THCST (I, [CASEY+R(ICASE)XFNP(DISC,T)
S(I,ICASE)Y=8(I,ICASE)+R(1CASE)

IF (I NE YRRECCICNT,ICASE)) GO TO 30
S(I,ICASE)=5(I,ICASE)+NRECCICNT,ICASE)
OTHCST(I,ICASE)=0THCST(I,ICASE)+NREC(ICNT , ICASE)XFNP (DISC,I)
NRECT(ICASE)=NRECT(ICASE)+NREC(ICNT,ICASE)XFNP(DISC,I)
ICNT=ICNT+4

IF (I NE YRREP(KCNT,ICASE)) GO TO 3%
S(I,ICASE)=5(I,ICABE)+RPCST(KCNT,ICASE)~RPSVG(KCNT, ICASE)
INVCST (2, ICASE)=INVCST(2,ICASE)Y+RPCST(KCNT , ICASE)XFNP(DISC, I)
INVEST (3, ICABE)=INVCST(3,ICASE) +RPSVG(KCNT , ICASE)XFNP (DISC,I)
OTHCST(I ,ICASE)=DTHCST(I, ICASE)+RPCST (KCNT, ICASE)XFNP (DISC, I)

i -RPSVG(KCNT ,ICASEYX¥FNP(DISC,I)>

KCNT=KCNT+4

CONTINUE
INVCST(3,ICASE)=INVCST (3, ICASE)+FINSVG(ICASE) XFNP(DISC ,NSTUDY)
S(NSTUDY , ICASE)=8(NSTUDY , ICASE)-FINSVG (ICASE)
OTHCST(I,ICASE)=0THCST(I,ICASE)-FINSVG(ICASE) XFNP(DISC, )

NOW R=PRESENT VALUE OF ANNUALLY RECURRING OAM COSTS

R(ICASE)=R(ICASEYXUPW(DISC,NSTUDY)

L.IFE CYCLE COST

LEC(ICASE)=TOTAL(ICASE}+INVCST(1, ICASE)+R(ICASE)

i +NRECT(ICASE)+INVCST(2,ICASE)-INVCST(3,ICASE)

ICASE=ICASE+1
IF (ICASE EQ 2 AND IEXIST EQ i) GO TO 4
IF (IEXIST EQ 0) GO TO 44



174
i72
173

17%
176
177
i78
179
180
181
182
183
i84
i8S
i86
187
i88
189
190
194
i92
193
194
199
196
197
i98
199
200
2014
202
203
204
2085
204
207
208
209
210
211
212
243
214
215
216
247
218
249
220
2214
222
223
224

22%

226
227

228

a29

a0

aon oo0on

SAVINGS~-TO-INVESTMENT RATIO

SIR=CTOTAL (2)-TOTAL(4)+R(2)-R(4)+NRECT(2)~NRECT(41))/
£ (INVCST(4,4)=INVEST(1,2)+INVCST(2,4)-INVCST(2,2)+INVCST(3,2)
2 -INVCST(3,1))

NET SAVINGS
NE=LCC(2)-LCC (1)
PAYBACK PERIOD

CONST=INVCST(4L,1)-INVCST(1,2)

DO 40 I=4,NSTUDY

SAVE=SAVE+S(I,2)-5(I,1)

IF (SAVE GT CONST) GO TO 41
40 CONTINUE

44 IPB=1I
WRITE(&,108)
IX=IEXIST+4
DO S0 I=4,IX
WRITE(6,10%) I
DO 49 J=1,S
Jo=Jk2-1
T1=J0+1
IF (TOTCST(J,I) 6T 4.E~S) WRITE(6,109) ETYPE(JO,ISECT),
1 ETYPE(Ji,ISECT),TOTCST(I, D)
49 CONTINUE
WRITE(6,140) TOTALCI),R(I),NRECT(T),INVCST(2,1),INVCST(3,1),LCCCT)
50 CONTINUE
IF (IEXIST EQ 0) STOP
WRITE(6,114) LCCC4),LCC(2),NS,SIR,IPH
WRITE(6,112)
DUM=0
CUM=INVCST(1,2)~INVCST(1,1)
WRITE(&,413) I0,DUM,INVCST(4,1),INVCST(L,1),DUN,
4 INVCST(4,2),INVCST(1,2),CUM
DO 60 T=i,NSTUDY
CUM4=CUM{+FUEL (I, 1)+0THCST(I, 1)
CUM2=CUM2+FUEL(I,2) +OTHCST(I,2)
CUM=CUM2~CUM1
WRITE(&,113) I,FUEL(I,1),0THCST(I,1),CUML,FUEL(I,2),0THCST(I,2)
i ,CUM2,CUM
60 CONTINUE
102 FORMAT(8X’REPLACEMENT OCCURS IN YEAR’,13,’ ’/12X,
4 ’REPLACEMENT COST=’,T&60,F9 0/12X,’SALVAGE VALUE=',
2 T60,F9 0)
104 FORMAT(//80C/%‘),//T20, ¥kxx SUMMARY OF ANNUAL FUEL CONSUMPTION
1 KXKK’,//)
105 FORMAT(/SX, ’SYSTEM /,I4)
106 FORMAT(8X,2A6,’ =-/,Fi0 0,A6,’/YR (DURING YEAR’,I3,’-’,I13,/)")
108 FORMAT(//80(/%),//T25, %kx% ANALYSIS RESULTS XXX%’//,T24,
1 ‘(PRESENT VALUES IN BASE YEAR $)/)
109 FORMAT(8X'TOTAL ’,2A&,’ COSTS=’,T60,F9 0)
110 FORMAT(8X’TOTAL, ALL ENERGY CO8TS=‘,T59,Fi0 0/
{ BX‘TOTAL ANNUALLY RECURRING O & M COSTS=‘,TS59,Fi0 0/

2 8X’TOTAL NON-RECURRING O & M COSTS=’,T59,F10 0/
3 8X’TOTAL REPLACEMENT COBTS=‘,T%?,Fi0 0/
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230 4 8X’TOTAL SALVAGE VALUES=’,TS9,Fi0 0/

234 S @X‘LIFE CYCLE COST=‘,TS9,F40 0)
232 111 FORMAT(//2X’COMPARISON RESULTS ‘/8X‘LIFE CYCLE COST, SYSTEM 4=’
233 i ,TS9,F10 0/8X, LIFE CYCLE COST, SYSTEM 2=/ ,TS9,Fi0 0,/
234 2 8X,’/NET SAVINGS=',TS9,F10 0/
235 1 BX’/SAVINGS-TO-INVESTMENT RATIO=’ ,T63,F6 3/8X
236 2 ‘PAYBACK DURING YEAR ‘,I2,’ ,BASED ON SIMPLE PAYBACK ANALYSIS’
237 3 //B0C %))
238 142 FORMAT(//,”4',T25, %kkx CASH FLOW ANALYSIS %kxx’//
239 £ T22,’(PRESENT VALUE IN BASE YEAR $)’,///,T19,’SYSTEM 1/,
240 i T40,/%’,TS3,’SYSTEM 2/,T74,'%’,T79, SYSTEM 4/,/2X, ‘YR’,T9, ‘FUEL",
2414 2 T48,NET OTHER’,T34,’/CUMUL ‘,T40,’%’,TAS, FUEL’,TS4, 'NET OTHER’,
242 3 Te6, CUMUL ’,T7S, %’ ,T78,’VS GYSTEM2/,/T9,/COST/,T20,/COSTS’,
243 4 T29,’TOTAL COST’,T40,’%’,TAS, COST/,TS6,/COSTS’ ,To4,  TOTAL COST/,
244 S T75,/%’,T77,/CUMUL SAVINGS’/T2,37(’=/),’ % *,32('=')," % *,
245 6 15(7=*))
246 113 FORMAT(I4,Té6,F10 0,Ti7,F9 0,T29,F9 0,T40, %’ ,T42,F9 0,T53,
247 1 F® 0,T64,F9 0,175, %' ,T79,F% 0)
248 STOP
249 END
DSNXLCC(1) BLK2
1 COMPILER (DATA=IEM)
2 C ENERGY PRICES AND ESCALATION RATES AS PUBLISHED IN
3 C NES HANDBDOK 135 (DEC 4980)
4 BLOCK DATA
5 COMMON/BLKDAT/G(40,5,3,3),P(10,5,3)
6 DATA G(i,1,1i,1)/4%~ 02,- 01,3%- 02,- 0i,- 02,
7 1 2xi 78,4 77,2%4 75,1 76,4 75,1 76,4 77,1 78,
8 2 3 38,3 39,3 38,3 39,3 37,2%3 38,3 39,3 37,3 37,
9 3 20%0 ,
10 4 - 0t,- 02,2%- 0i,- 02,2%- 0i,~ 02,~ 0i,- 02,
i1 S i 77,4 76,1 75,1 73,2%i 74,1 73,1 75,2%1 76,
12 X 3 38,3 39,2%3 38,3 39,3 38,3 4,3%3 38,
13 X 7 53,7 S2,7 2,7 §3,7 55,7 52,7 S5,7 Gi,7 5,7 57,40%0 ,
14 X - 0i,- 03,- 0i,-.02,~ 04,- 02,- 02,~ 04,- 04 ,~ 05,
15 &1 8,1 76,1 78,1 76,4 77,1 79,1 74,1 8,1 79,1 79,
i6 7 3 39,3 4,3%3 39,3 38,3 4,3 37,2%3 38,
17 8 7 54,3%x7 53,7 54,7 53,7 54,7 53,7 51,7 G5,
18 9 9 62,9 54,9 63,9 58,9 49,9 62,9 5,9 3,2%9 Sb,
19 DATA G(i,i,i,2)/- 02,- 61, 87,1 72,1 04,1 S3,- 59,-2 73, 47,3 85,
20 {3 33,2 74,3 15,2 38,2 84,4 53,3 43,3 95,1 44,3 86,
24 2281, 8,2 74,2 71,2 91,2 83,2 94,2 82,2 97,2 97,
22 3 20%0 ,
23 4 - 19,- b4, 89,1 67,1 07,1 62,- 63,-2 96, 43,3 97,
24 5 3 88,3 2,3 6,2 82,3 15,5 26,3 85,4 22,1 66,4 5,
25 6 2 91,2 88,2 89,2 88,2 99,2 93,3 04,2 91,3 09,3 09,
26 7 2 66,2 68,2 52,2 74,2 7,2 74,2 49,2 67,2 84,2 92,
27 8 10%0 ,
28 9 - 23,- 98,1 19,2 2,1 47,2 03,~- 78,-4 05, 55,7 89,
29 1 3 84,4 46,8 89,8 82,4 98,5 88,11 74,4 95,3 26,6 2,
30 23 47,2 88,2%2 85,2 99,2 94,3 02,2 9,2%3 09,
34 33 53,2 6,2 58,2 73,242 74,2 7,2 69,2 87,2 86,
32 41 47,1 65,4 97,1 69,4 67,1 45.4 76,0 ,1 36,2 39/
33 DATA G(1,1,1,3)/-3 S5,- 42,~ 36, 48,- i3,- 26,- 02,-2 47,-2 35,
34 14 1,1 92,1 68,1 S6,1 04, 97,2 33,1 23,2.36, 26,-3 09,
35 23 97,3-95,3 89,3 86,4 1,4 ,4 13,4 06,4 i3,4 13,
36 3 20%0 ,
37 4 -3 6,- 44,- 37, 48,~ 14,- 28,~ 03,-2 7,-2 24,1.13,
38 S 2 16,1 93,1 8,1 18,1 11,2 67,1 38,2 49, 29,-3 S8,
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4 08,4 09,4 07,4 06,4 2,4 12,4 22,4 18,4 27,4 27,
4 47,4 44,4 26,4 S,2%4 56,4 54,4 6,4 68,4 82,

£0%0 ,

-4 45,- 68,- 5, 63,- 19,- 34,- 03,-3 91,-2 78,1 97,

4 72,4 6,~ 95,3 41,3 92,2 89,9 6,2 B4, 93,3 99,

4 08,4 1,4 02,4 02,4 2,4 13,4 £2,4 56,2%4 27,

4 43,4 35,4 28,4 52,4 58,4 57,4 53,4 64,4 68,4 71,

-3 47,1 ,i 12, 79, 98, &, 77, 62, 94,-2 87/
DATA P(i,1,1)/ 091, 0846, 064, 049, 059,3% 064, 069, 025,

005, 005,7% 004, 005,

997,1 008,1 035,1 044, 968, 999, 96, 976, 949, 949,
20%0 ,

089, 082, 063, 05, 057, 06, 06i, 06, 073, 024,

3% 004,5% 003,2% 004,

963, 972, 978, 979, 94, 963, 933, 943, 908, 908,

742, 753, 792, 742, 744, 744, 748, 73, 708, 484,
10%0 ,

074, 054, 047, 037, 044, 048, 049, 045, 0S8,.041,

006, 006, 005,2% 004,3% 003, 006, 005,

936, 969, 992, 99, 94, 96, 932, 949, 908, 908,

747, 766, 781, 738, 74i, 742, 745, 723, 707, 704,
41 175,36 675,31 95,35 775,29 025,33 525,25 875,20 25,
42 525,34 875/

END
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Appendix C
LCOMP Inputs

THE INPUT DATA TO LCOMP IS VIA NAMELIST "$LCCIN" WHICH IS READ ON I/O UNIT 5
THE NAMELIST VARIABLES ARE AS FOLLOWS

TITLE ()

IYEAR
NSTUDY
IBASE

LEXIST

ISECT

IREG

(=R ) WO £ wWN

—

DIsC
CONS(J,K)

OB WN —

AR R VL Lo
| T T R ¥

n o

N -

It

Haed dedee ¢ 4y U

I A T A A S

CASE TITLE, UP TO 48 CHARACTERS {N LENGTH ENTER AS TITLE (1) =
"SOME TITLE "

CALENDAR YEAR WHEN STUDY BEGINS
LENGTH OF STUDY PERIOD (YEARS).

BASEYEAR (CALENDAR) FOR ENERGY PRICE AND ESCALATION TABLES IT
SHOULD BE NOTED THAT ALL COSTS AND SALVAGE VALUES ARE IN BASE-
YEAR DOLLARS

0 1F ONLY A NEW BUILDING, OR ONLY ONE SYSTEM 1S TO BE CONSIDERED
1 IF TWO SYSTEMS ARE BEING COMPARED

1 IF THE ECONOMIC SECTOR IS RESIDENTIAL
2 COMMERCIAL
3 INDUSTRIAL,

DOE REGION

MAINE, NEW HAMPSHIRE, VERMONT, MASSACHUSETTS, CONNECTICUT,
RHODE ISLAND

NEW YORK, NEW JERSEY, PUERTO RICO, VIRGIN ISLANDS
PENNSYLVANIA, MARYLAND, WEST VIRGINIA, VIRGINIA, WASHINGTON,
D C., DELAWARE

KENTUCKY, TENNESSEE, NORTH CAROLINA, MISSISSIPPI, ALABAMA,
GEORGIA, FLORIDA, CANAL ZONE

MINNESOTA, WISCONSIN, MICHIGAN, ILLINOIS, INDIANA, OHIO
TEXAS, NEW MEXICO, OKLAHOMA, ARKANSAS, LOUISIANA

KANSAS, MISSOURI, IOWA, NEBRASKA

MONTANA, NORTH DAKOTA, SOUTH DAKOTA, WYOMING, UTAH,
COLORADO

CALIFORNIA, NEVADA, ARIZONA, HAWAII, PACIFIC ISLANDS, SAMOA, GUAM
WASHINGTON, OREGON, IDAHO, ALASKA

DISCOUNT RATE, PERCENT (1 e , ENTER 7% AS 7 0)

BASEYEAR CONSUMPTION OF THE Jth ENERGY TYPE, WHERE J IS AN INTEGER
WHICH TAKES THE VALUES

ELECTRICITY (kW)

NATURAL GAS (cu ft)

DISTILLATE (gal )

RESIDUAL (gal ), COMMERCIAL AND INDUSTRIAL ONLY
COAL (ton), INDUSTRIAL ONLY

SYSTEM BEING ANALYZED

NEW, RETROFIT, OR SOLAR ENERGY SYSTEM
EXISTING OR CONVENTIONAL SYSTEM

SUBSEQUENT REFERENCES TO ARRAY INDEX (K) INDICATE SYSTEM TYPE.
YRCHG(1,J,K) =

J

K

|
C(l,J,K)

INVCST(1, K)

R(K)
NREC(1, K)
YRREC(I, K)

NNREC(K)

RPCST(I, K)
YRREP(I, K)
RPSVG(I, K)
NREP(K)

LR 17

STUDY YEAR (NOT CALENDAR YEAR) IN WHICH A CHANGE IN THE AMOUNT
OF ANNUAL ENERGY CONSUMPTION OCCURS

ENERGY TYPE (AS ABOVE)
SISTEM (AS ABOVE)
Ith CHANGE FOR A PARTICULAR SYSTEM AND ENERGY TYPE

NEW ENERGY CONSUMPTION AMOUNT CORRESPONDING TO YRCHG (I,J,K).
IF AMOUNTS OF ANNUAL ENERGY CONSUMPTION DO NOT CHANGE, YRCHG
AND C MAY BE OMITTED FROM THE NAMELIST INPUT

INITIAL INVESTMENT COST FOR SYSTEM K (IF EXISTING BUILDING, INPUT
CURRENT SALVAGE VALUE)

ANNUALLY RECURRING O&M COST FOR SYSTEM (K).
Ith NON-RECURRING O8M COST FOR SYSTEM (K)

YEAR V(VHEN NON-RECURRING O&M COST OCCURS, CORRESPONDING TO
NREC (I, K)

THE NUMBER OF NON-RECURRING O&M COSTS FOR SYSTEM (K)

1th REPLACEMENT COST FOR SYSTEM (K)

YEAR WHEN REPLACEMENT OCCURS, CORRESPONDING TO RPCST (I,K).
SALVAGE VALUE OF EQUIPMENT BEING REPLACED

THE NUMBER OF NON-RECURRING O&M COSTS FOR SYSTEM (K)



FINSV G(K)
SYS1 ()

SYS2 ()

FINAL SALVAGE VALUE OF SYSTEM (K).

SYSTEM (1) TITLE, UP TO 24 CHARACTERS IN LENGTH, SHOULD BE NAMES
LIKE INEW SYSTEM, RETROFIT SYSTEM, SOLAR ENERGY SYSTEM

SYSTEM (2) TITLE, UP TO 24 CHARACTERS IN LENGTH, SHOULD BE NAMES
LIKE EXISTING SYSTEM, CONVENTIONAL SYSTEM,

THE OTHER INPUT TO LCOMP CONSISTS OF ENERGY BASEYEAR PRICES AND ESCALATION
RATES THIS DATA IS CONTAINED IN A BLOCKDATA SUBPROGRAM AS SHOWN IN THE PROGRAM
LISTING IN APPENDIX A, THE BLOCKDATA IS NOT USUALLY CONSIDERED TO BE A CASE-
DEPENDENT INPUT AS IS THE NAMELIST THE BLOCKDATA VARIABLES ARE

G(l,4,K, L)
|
J

K
L

P(1,J,K)

VIV yy

ENERGY PRICE ESCALATION RATES

DOE REGION NUMBER AS DEFINED BY IREG

ENERGY TYPE AS DEFINED BY CONS

ECONOMIC SECTOR AS DEFINED BY ISECT

ESCALATION PERIOD

L=1 = 1980-1984

L=2 =3 1985-1989 FOR DATA IN APPENDIX B
L=3 = 1990 ANDBEYOND

BASELINE ENERGY PRICES (1980 1S BASELINE YEAR FOR THE DATA SHOWN IN
APPENDIX B.)

IT SHOULD BE NOTED THAT THE STRUCTURE OF THIS DATA CAN BE CHANGED BY THE USER,
PROVIDING A MEANS FOR THE USER TO DEFINE THEIR OWN ENERGY PRICES, ESCALATION
RATES, ESCALATION PERIODS, ETC
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Appendix D
LCOMP Output for a Sample Problem

*xxx LIFE CYCLE COST ANALYSIS XXk
NATIONAL ADMINISTRATION, AUTOMATIC CONTROL SYSTEM
203 K 3K 2K K K KK K 3K 3K 3K 3K 3K 3K 3K 3K 3K 2K 3 3K K K K X0K K 3K K 3K K X 3K K0 3 30K KKK K K0K 30K K 3 0K K 3K 30K 0K 30k KK0OK 0K K K0k 4 %
Xx%Xx INPUT VALUES %xxxx

% PROJECT DESCRIPTION X

RASE YEAR= 1980

STUDY PERIOD= 30 YEARS

FINANCIAL SECTOR= 2 (COMMER)

DOE REGION NO = 3
DIGCOUNT RATE= 7 0 PERCENT

¥ NON-FUEL COSTS IN BASE YEAR $ X

SYSTEM i1 (RETROF1T SYSTEM )
INITIAL INVESTMENT COST= 1500000
ANNUALLY RECURRING 0O&M COST= 145000
NON-ANNUALLY-RECURRING OAM COSTS IN YEAR 10 = 40000
NON-ANNUALLY-RECURRING 0O&M COSTS IN YEAR 20 = 40000
SYSTEM 2 (EXISTING SYSTEM )
INITIAL INVESTMENT COST= 260000
ANNUALLY RECURRING 0&M COST= 120000
NON~-ANNUALLY-RECURRING O&M COSTS IN YEAR 5 = 25000
NON-ANNUALLY-RECURRING 0&M COSTS IN YEAR 10 = 25000
NON-ANNUALLY-RECURRING O0&M €COSTS IN YEAR 4S5 = 25000
NON-ANNUALLY~-RECURRING 0O&M COSTS IN YEAR 18 = 60000
NON-ANNUALLY-RECURRING O0&M COSTS IN YEAR 20 = 25000
NON-ANNUALLY-RECURRING -0&M COSTS IN YEAR 25 = 25000
REPLACEMENT OCCURS IN YEAR 10
REPLACEMENT COST= 150000
S§ALVAGE VALUE= 25000
REPLACEMENT OCCURS IN YEAR 20
REPLACEMENT CO0ST= 150000
SALVAGE VALUE= 25000

K KK K 2K 3 3K KKK K 30K 30K 3K 2 3K 3 3K 303K KK KK 33K 038 3K 300K 3K 3K 3K 0K 3 3K 33K 3 3K 30K 30K 3K 3K 3K 3K 3 3K 0K 30K 3OK XK ok K
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Fig D-1.Input values




KK 353 3 3K 23K K K kK 2K K 3 3 3K K KK oK 3 KK K 3K KK 3K 3 KK 3 KK 3 ok 3K 3K 80K 9K 3Kk 2K KK 3K K 3K 3K 0K 30K K 3K 3K 30K 5K 3K KKK K 3K 30K K oK % X K K

xxk% SUMMARY 0O ANNUAL FUEL CONSUMPTION XXXX

SYSTEM 1
ELECTRICITY -~ 9190000 KWH /YR (DURING YEAR 1- 4)
ELECTRICITY -- 9080000 KWH /YR (DURINL YEAR 5- 9)
ELECTRICITY -- 8790000 KWH /YR (DURING YEAR 10~ 30)

NATURAL GAS ~--386800000 CU FT /YR (DURING YEAR 1i- 4)
NATURAL GAS --369000000 CU FT /YR (DURING YEAR G- @)
NATURAL GAS -—--362400000 CU FT /YR (DURING YEAR 10- 30)

SYSTEM 2
ELECTRICLTY -- 9982200 KWH /Yk (DURING YEAR - 30»
NATURAL GAS --433600000 CU FT /YR (DURING YEAR 1i- 30)

0K 2k XK 3k XK 3K 3K 3K 3K 3K 20K KKK 30K 3k 3K KKK 30K K KK 30K K 3K K K 3K KK K 3K 3K 3K 3k 30K 3K K 5K 3k 3K K 3K 3K 3 KK o 0K 3K K K K KKk oK 30K ok Kk %

Fig D-2, Summary of annual fuel consumption
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0
2012325
1904690
1802920
1706687
1555382
1495634
1438374
1383490
1330873
1353252
1186382
1123172
1063416
1006921
953503
902990
855219
840038
767304
726874
688627
652441
618200
585798
555433
526110
498638
472632
448042
424702

(PR

SYSTEM
NET OTH
cosTs

1500000
1635514
126649
118363
110620
103383
96620
90299
84391
786870
94045
68888
64382
60170
56234
52555
49417
45903
42900
40094
47808
35019
32728
30587
28586
26716
24968
23335
21808
20382
-30214

k%x%xx CASH FLOW ANALYSIS Xx¥xxk

ESENT VALUE IN BASE YEAR %)

i x
ER CuMuL % FUEL
TOTAL COST % cosT
X
1500000 X 0
3647839 X 2236979
5679178 X 2117554
7600461 X 2004622
9417768 ¥ 1897823
11076533 X 1796848
12668787 X 1728372
14197460 X 1662749
15665344 X 1599823
17075084 X 1539472
18422380 % 1481583
19677650 X 1402807
20865203 x 1328326
21988789 *x 1257899
23051943 X 1191299
24058001 X 1128343
25010107 X 1068738
25911229 *x 1012385
26764167 X 959075
27571562 X 708638
28346243 * 8609417
29069890 X 815760
29755059 X 773026
30403846 X 732584
31048230 X 694301
31600079 X 658065
321544157 X 623762
32673430 X 591286
33167570 X 560537
33635963 X 531421
340304514 x 503849

SYSTEM 2
NET OTHER
cosTs

260000
372150
104843
97956
91547
103383
799614
74730
698414
65272
137254
570411
53281
49796
46538
52555
40648
37989
532356
33184
69773
28982
27086
25314
234658
26716
20663
19342
i8048
16868
12480

CuMuL
TOTAL COST

260000
2609129
4831496
6934074
8923444

10823645
12631978
14369457
16039121
17643865
19262702
20722520
22104127
23414822
24649659
25830526
26939912
27990286
29002616
29944435
30875125
31719866
32519977
332778714
33995829
34680610
35325034
35935631
36514216
37062504
37578833

K AR K OK A K KKK K K KK 3K K KKK 2K 2 A K 3K 3K 90K KKK 3K KK 3K 0K K 3K K K 3K 0K 30K K K K0 380K 9K KK 3K KKK 30K KK 5K K 30K KK K KK

SYSTEM 1
X VS SYSTEM2
X CUMUL SAVINGS
-1240000
-1038711
-847683
-666387
-494323
-252688
-36809
171997
373780
568781
840322
1044370
1238924
1423033
1597716
1772525
1929805
2079057
2238449
2372873
2528881
2649976
2764918
2874025
2977599
3080530
3173877
3262502
3346646
3426541
3548382

I I I I W I I I I I I I I I I I I I I I I I I W I I 6 I FH K
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Fig D-3 Cash flow analysis




2K 2 2K K KK K K KK K KKK K KKK KKK 3K 3K 3K 3K K KK KK K 30K 5K 3K K 3K K KK 5KOK 3K 5K 332K 3K 3K K 3K K K 0K KKK KK KKK K K K K

Xkkk ANALYSIS RESULTS XkkxX

(PRESENT VALUES IN EASLC YEAR %)

SYSTEM 4
TOTAL ELECTRICITY COSTS= 7095048
TOTAL NATURAL GAS COSTS= 23654747
TOTAL, ALL ENERGY COSTS= 30749735
TOTAL ANNUALLY RECURRING O & M COSTS= 1799344
TOTAL NON-RECURRING 0 & M COSTS= 30674
TOTAL REPLACEMENT COSTS= 0
TOTAL SALVAGE VALUES= 49263
LIFE CYCLE CO8T= 34030454
SYSTEM 2
TOTAL ELECTRICITY C€CDS16- 7894460
TOTAL NATURAL GAS COSTS= 27774347
TOTAL, ALL ENERGY COSTS= 35668777
TOTAL ANNUALLY RECURRING O & M COSTS= 1489085
TOTAL NON-RECURRING O & M COSTS= 68413
TOTAL REPLACEMENT COSTS= 115045,
TOTAL SALVAGE VALUES= 22453
LIFE CYCLE COST= 37578836
COMPARISON RESULTS
LIFE CYCLE COST, SYSTEM i= 34030454
LIFE CYCLE COST, SYSTEM 2= 37578836
NET SAVINGS= 3548382

SAVINGS~TO-INVESTMENT RAT10= 4 234
PAYBACK DURING YEAR & ,BASED ON SIMPLE PAYBACK ANALYSIS

KKK KKK K K 3K 3K KK K AR KKK K KK KK 33K KK KK K 30 3K 3 3K 3K K KK 3K 33K 0K KKK K K KK K KK K K 0K KK KKK K KKKk 3K K K

Fig D-4 Analysis results
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TDA Progress Report 42-66

September and October 1981

GCF-NOCC Reconfiguration

J P McClure
DSN Data Systems Section

The equipment and computer programs in the Network Operations Control Center
{NOCC) and the Ground Commumcations Facility’s (GCF’s) Central Communication
Terminal at JPL have been rearranged and supplemented to provide an improved opera-

tional capability

The computer portion of the GCF’s Central Communica-
tton Terminal (CCT) 1n the basement of the Space Flight
Operations Facility was designed and implemented separate
from the Network Data Processing (NDP) portion of the
Network Operations Control Center (NOCC) These inde-
pendent designs, implemented at different times, used more
computers and programs than an integrated design would have
required The desire to reduce the computer count and to pro-
vide an 1mproved operational capability led to the GCF-NOCC
reconfiguration effort

Thus effort, which was completed in Apnl 1981
(1) Requires fewer minicomputers (16 vs 20)
(2) Requires fewer computer programs (6 vs 8)

(3) Significantly reduces magnetic tape handling

(4) Provides 2 much improved monttor and control capa-
bility

(5) Reduces operator requirements and provides the base
for a two-operator CCT

The reconfigured GCF-NOCC 1s shown i Fig 1. Digital
communications circuits from the Deep Space Communica-
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tions Complexes (DSCCs) are routed through circuit switches
to the transmussion termunal equpment for each circuit The
termunal equipment includes error detection encoding-decod-
ing hardware and distnbution amplifiers to directly route
wideband data to the MCCC and the DSN’s VLBI correlation
processors All DSCC data are contained in standardized blocks
which include an address at the beginning of the block plus an
error detection code at the end of the block

Data then flow to the Error Correction and Switching
(ECS) processors for routing There are four ECS processors
Three on-ine units share the load, with one hot backup which
can be switched on lIine 1n a minute or less to replace a failed
processor The ECS processors route the data blocks

(1) To the addressee named in the block (usually the
MCCC)

(2) To the Data Records Generation processors 1f a per-
manent Intermediate Data Record (IDR) 1s to be
produced

(3) To the Network Communications Equipment (NCE)

(4) Optionally, to a Front End Record (FER) magnetic
tape unit dnven by the ECS 1tself



The Network Communications Equipment (NCE) consists
of two processors, a prime and backup, which route blocks to
the proper NOCC computers (RTMs and Support) The NCE
also routes display data generated by the RTMs to the Digital
Display Processor (DDP) which in turn forwards the formatted
information to the Video Display Processor (VAP) The VAP
dnives the network display devices which depict the status of
the entire DSN The DDP and VAP assemblies are each dual
units, prime and backup

The Data Records Generation assembly consists of three
on-line and one hot backup umit Real-time data received from
the ECS are subdivided into streams according to spacecraft
and data type and then recorded High-speed streams (< 3-4
kbps) are written on disc while wideband streams are recorded
on magnetic tape Gaps 1n the data are detected as the real-
time stream 1s recorded After the tracking pass 1s complete,

the mussing data are recalled from the DSCC, the gaps 1n the
record are filled and a tape-recorded Intermediate Data Record
(IDR) 1s written

The Central Communications Monitor (CCM) receives
status reports from all of the GCF’s processors, including the
Communications Monitor and Formatter (CMF) machines at
the DSSs The status information 1s correlated, formatted and
presented to Communications Operations personnel The
CCM 1s also a central control point for all of the GCF com-
puters 1n the Central Communications Terminal and for the
hardware switches

The reconfigured GCF-NOCC capability was completed 1n
Apnl 1981 The Voyager 2 encounter with Saturn was sup-
ported by this new capability which performed as designed

References
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Report 42-55, pp 86-89, Jet Propulsion Laboratory, Pasadena, Calif , Feb 1980

2 Bremner, D S, and Hung, C K, “Ground Communications Facility and Network
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TDA Progress Report 42-66

September and October 1981

Antenna Azimuth Bearing Model Experiment

H McGinness
DSN Engineering Section

The concluding description of the test is presented and reasons gwven for expecting a

long service life from a large-scale prototype.

l. Introduction

In DSN Progress Report 42-53 (Ref 1), a partial report was
given on the performance of a reduced-scale model of an
antenna azimuth bearing This bearing 1s of the wheel and
track type and employs a novel suspension of the wheel The
following article completes the description of the model tests
and discusses various aspects of the design It 1s necessary that
the reader refer to the partial report (Ref 1) in order to
understand this concluding part

Il. Model Running Tests

For the first two series of tests the model turntable was
supported by three pairs of wheels as shown 1n Figs 1 and 2 of
Ref 1 The load per wheel was 5560 N and produced a nomi-
nal hertz stress of 86,184 (104) N/m2, based upon the net
width of the contact area, which 1s the wheel width minus
twice the corner radius

The first series of tests was run for 40 60 hours, half of
which was 1n the clockwise direction No lubricant was added
to the track, but a reddish brown color developed on top of
the wear strips over the portion contacted by the wheels The
same color developed on the wheel rolling surfaces It was
decided to regnnd the wear strip upper surfaces and the wheel
rolling surfaces before starting the second series of tests Upon

removal of the wear strips 1t was seen that there was fretting
corrosion at the interface of the wear strips and their support
nng It was then obvious that fretting products had migrated
through the wear strip mitered joints and accounted for the
discoloration of the wheels and top surfaces of the wear strips.
A photograph of a typical corroded wear stnp and support
ring section 1s shown i Fig 1

There was no evidence of spalling or other fatigue failure on
either the wheels or wear strips, however, there were minute
pits probably caused by small broken particles from the edges
of the mutered joints (Later 1t will be shown that this wall not
occur on the prototype ) Figures2 and 3 are, respectively,
photographs of a wheel surface and wear strip after 40 6 hours
of running

Before regrinding the wheels, their diameters were mea-
sured and 1t was estimated that their diameter reductions
through wear did not exceed 0008 mm. Approximately
0 050 mm of material was removed from the top surfaces of
the wear strips and from the rolling surfaces of the wheels by
regrinding Before reinstalling the wear strips, various lubri-
cants were put between them and the support ring These are
shown n Fig 4

The second series of tests was run for a total of 81 54
hours, approximately half of which was in the clockwise
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direction The total running time for the first two series of
tests was 122 14 hours or 45869 revolutions of the turntable
There was no evidence of fatigue failure of the wheels or wear
strips During the second series some of the lubricants placed
on the bottom surfaces of the wear strips were extruded
through the wear strip mitered jomnts and smeared over the
upper surfaces, thus producing an inadvertent lubrication of
the wheel track surface After 31 66 hours of the second series
of tests, a track lubricator was installed on each end of each
pair of wheels The lubricator consisted of a cylindrical rod of
otl-impregnated plastic (SKF POLYOIL) approximately
11 mm 1n diameter, one end of which was hghtly spring-loaded
against the wear strip It 1s claimed that the very thin film of
o1l deposited soon hardens to a waxlike substance which serves
as a wheel-track lubricator yet does not collect foreign objects
as would a conventional o1l Such a device serves also to brush
large foreign objects away from the wheel path

After 49 13 hours of running the second series of tests, 10
of the wear strips were removed and examined for fretting
Only two of the several lubricants had successfully prevented
fretting The results are listed 1in Table 1 The fretted wear
strips were cleaned, coated with Silver Goop, replaced, and the
second series of tests was resumed and run for 32 41 hours
more All wear strips were then removed and examined Quali-
tative results are listed in Table 2.

For the third series of tests the wear strips were cleaned by
regrinding slightly on both top and bottom surfaces The
bottom surfaces of some were plated as indicated 1in Fig 5,
whereas the rematning seven had the proprietary product
CORTEC VCJ-309, a white powdered substance, put at the
terface with the support ring

Each wheel assembly was modified by replacing each used
pair by an unused single wheel.! The three wheels were then
adjusted so that their tangential misalignment to the track was
not more than 30 arcseconds The ballast weights were then
adjusted so that the reaction on each of the two opposite
wheels was 8749 N and the reaction on the third wheel was
8913 N These values include the small effect of centrifugal
force when rotating at the speed of 375 55 turns per hour
These loads are approximately 1 60 times the wheel loads used
during the first two sertes of tests The value of 1 6 1s obtained
from Eq (6) of Ref 1 by setting the scale factor A at 0 042
Thus when loaded to this value the model 1s of scale 0 042
from a wheel-track fatigue life standpoint

The third test series was begun and run intermittently over
five days for a total of 38 24 hours Approximately half was in

YThe drawings which show the detailed construction of the model are
JPL drawings 9472187 through 9472198
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the clockwise direction The wheels and wear strips were
visually inspected and appeared to be free from pits and
spalling. There were some abrasion marks near the edge of
each wheel but these were caused by the wheels hitting one of
the wear strip holddown screw heads

Five of the wear strips were removed and examined. Num-
bers 5, 16 and 18, which were plated respectively with copper,
mickel, and tin, had lost most of the plating and fretting
corrosion occurred. The chromium plating on number 2 was
intact and clean All the others, which had CORTEC at the
interface, looked very good with only small traces of fretting.

For the fourth sertes of tests each wheel loading was
reduced to 5674 N and each wheel was deliberately misaligned
by 40 arcminutes with respect to a track tangent line. The
turntable was run for a total of 19.28 hours, 11.16 hours of
which was 1n the clockwise direction An examination of the
wheels and wear stnps revealed a small amount of spalling at
four places on wear strip number 15 This was the first and
only evidence of fatigue fallure The wear strips had undergone
a total of 179 66 hours The test conditions are summarized n
Table 3.

lll. Drag Resistance Tests

In addition to the drag resistance tests reported i Ref. 1,
the following were made All the track lubmicators were
removed and the drive chain disconnected The turntable was
pushed with a force gage located at a radius of 1 84 m When
the turntable was pushed at a comfortable walking speed the
gage read between 57 and 45 N Then the wheel alignment was
restored to the onginal good alignment of within 30 arc-
seconds of perfection, and push tests made. The force gage
read between 40 and 31 N The measured rolling resistance
coefficient £, 1s defined as

S =R 1
where

T 1s the measured torque
W 1s the total weight on all wheels
R 1s the mean radius of the track

Using 17000 N for W and 1.77 m for R, the following are
calculated

40
£ = (189X 31 _ 0.0024 @
m 17000 (1.77) ~ 00019

aligned



57
p _ (189X s _ 0.0035 3
m 17000(1 77) 00027
musaligned by
40 arcmin

From Eq (8) of Ref 1, the following corresponding theo-
retical coefficient f- may be obtained

d
fT=f1+f2—+usm0 )}
where

f, 1s the factor for roller thrust bearings
[, 1s the factor for radial ball bearings on the wheel axis

¢ 18 the coefficient of shding friction
d 1s the wheel bearing bore diameter
D 1s the wheel diameter

Using the following values f, =00011, f, =00015,d/D=
030, 1£=0.20, sin 40 arcmin = 00116, Eq (4) yields

fp = 00011+00015 (0 30)
algned 4 9,20 (0 00015) = 00016 (5)
fy = 00011 +0 0015 (0 30)

musaligned by
40 arcrmin

+020(00116) = 00039 ©)

The results of (5) and (6) are to be compared to the results
of (2) and (3) respectively. The comparison suggests that
Eq (4) applies reasonably well to a large bearing of this type.

IV. Static Tests

In order to demonstrate that the wheel suspension system
would safely support considerably more than its nominal load,
1t was overloaded under the following conditions All of the
ballast weights were stacked together at the position shown on
the vertical centerline of Fig 1 of Ref 1. There were a total of
three properly aligned wheels supporting the turntable The
total ballast weight was 27376 N and the reaction of the wheel
nearest the ballast was 19547 N. The turntable was rotated
back and forth approximately +3° Under this load the wheel
support flexure struts (see Fig 2 of Ref. 1) were shightly
bowed as measured by a straight edge Upon removal of the
ballast weights, the bowing disappeared. It was observed that

under a small load of about 100 N there was a shght asymme-
try of the wheel support housing with respect to the flexure
struts, which implied that the wheel had rotated a small
amount 1n order to contact the track perfectly This means
that the strut was slightly bowed imitially and that additional
load increased the amount of bowing The calculated axial
load in each of the four flexure struts was 5642 N and the
calculated cntical load was 7592 N Thus each strut was
1oaded to 5642/7592 = 74% of 1its critical buckling load with-
out any visible damage Notice that this load of 19547 N on
the wheel was 19,547/5560= 3.51 times the nominal load
caused by antenna deadweight

An examination of the wheel rolling surface and the wear
strp disclosed no visible damage, nor was there any apparent
damage to the portland cement grout beneath the track in the
vicinity of the overloaded wheel

V. Evaluation of the Fretting .

There are many conflicting effects in the phenomenon of
fretting corrosion, therefore it 1s not possible to know whether
1t would tend to be more or less severe on the prototype than
on the model The following conditions would be different

(1) The time required to accumulate 67471 turns of the
prototype antenna would be approximately 67 years,
whereas this number of model turns was made 1n 180
hours

(2) The amplitude of relative motion between the bottom
surface of the wear strip and 1ts support ring would be
more on the prototype, namely, it would be 1/X times
the model amount

(3) The model tests were conducted 1n a temperature- and
humidity-controlled room, whereas the prototype
would be exposed to the weather

(4) The surface finishes of the prototype may be different
from those of the model.

Since every lubricant used at the model wear strip interface
was substantially effective 1in reducing the amount of fretting,
and some virtually ehiminated fretting, 1t 1s believed that some
of these would be effective on the prototype It 1s recom-
mended that metallic platings not be used because their effec-
tiveness 1s sacrifictal 1n nature and would eventually disappear.

In order to retain lubricative substances at the interface, the
edges of the wear strips, including the mitered ends, should be
sealed to the support nng with a flexible material such as
silicone rubber Such a seal would also exclude foreign abra-
sives and moisture.
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VI. Methods of Retaining the Support Ring

The method of retaining the model support rning, or track, 1s
described 1 Ref. 1. Circumferential walking was prevented by
four equally spaced tangential hnks. One end of a link was
bolted to the outer edge of the support ring and thie other end
bolted to the concrete foundation. It was intended that the
grout placed against each side of the support ning cross section
(see Fig. 6) would resist side forces induced by shightly mis-
aligned wheels The fact 1s that a section of the outer grout
shoulder, approximately 80° 1n angular span, was broken away
and allowed the track to be displaced outward by as much as
1.4 mm It 1s now believed that a portland cement shoulder 1s
not surtable for retaining the support nng against these
induced side forces nor against radial forces caused by a
temperature difference between the support ring and concrete
foundation The latter force was not present on the model but
would exist on the prototype.

It 1s beheved that any of the three following methods
would successfully retain the support ning of the prototype,
The first method employs 16 equally spaced tangential hnks
which connect the support ring to the concrete foundation
These links prevent circumferential walking, allow free radial
expanston from temperature differences, and restrain the sup-
port nng against side forces induced by any combination of
msaligned wheels A structural analysis of this Iink arrange-
ment has been made and will be reported separately. The
results show that all stresses and displacements will be small.
This method does permit small relative radial displacements
between the support ring and the grout beneath 1t, which may
be deemed unacceptable

In order to eliminate the relative movement between the
support ring and grout, the second method (see Fig 7) has a
thin sole plate between the support ring and the grout The
bottom surface of the sole plate must be keyed to the grout
with both circumferential and radial keys Sixteen tangential
Iinks would be used just as in the first method Then the
relative radial movement would be between the support ring
and sole plate The use of a sole plate requires that the bottom
of the support ning be flat and that the sole plate be pressed
agamnst 1t firmly before the grout 1s packed into place Another
disadvantage of this method and of the first method 1s that the
tangential links must be attached to steel plates embedded 1n
the concrete foundation and not attached directly to the
concrete because the bearing stresses would be too great Also
there 1s the possibility of fretting corrosion occurring between
the sole plate and support ring

The third method (see Fig. 8) would eliminate all the
tangential hinks and employ circumferential and radial keys
welded to the bottom of the support ring The circumferential
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key would be at the bottom center of the support ring It
would serve to prevent radial movement between the support
ring and grout whenever there 1s a temperature difference
between the two Sixteen equally spaced radial keys would
prevent track walking A stress analysis shows that the addi-
tional grout stresses caused by the key forces could be made
sufficiently small with keys of moderate size.

VIil. Wear Strip Mitered Joints

The top surface of the support ring was onginally smooth
and flat and the thicknesses of adjacent wear strips were the
same to within 0 005 mm. When the model first rotated at the
rate of 375 55 revolutions per hour, the noise 1t produced was
very low and was described as a gentle hum However, the
noise level increased rapidly with the elapse of testing time. At
the end of the tests the noise was described as a loud drum-
mng sound When the model was slowly pushed by hand 1t
was observed that the noise level was fairly low except when a
wheel was traversing a mitered joint, at which time a clanking
sound was made and the wheel assembly could be seen to
wobble,

Early examination of the mitered joints showed that a
peening action was occurring As the effects of the peemng
increased, the noise and wheel wobble increased. It 1s now
believed that there 1s an effective step at the joint, even though
the adjacent wear strips are of the same thickness, caused by
elastic deformation. Whether peening occurs probably depends
upon whether yield stresses are exceeded It will be shown 1n
the following discussion that the matenal stresses during the
traversing of a joint are dependent upon the velocity and that
the relatively high speed model intensified these stresses It 1s
expected that the amount of wear stnip peening near the joints
would be much less or nonexistent on the prototype

In order to obtain the velocity scaling factor needed, a
stmpler jomnt 1s analyzed, namely, one which is perpendicular
to the track In Fig. 9 the wheel 1s shown at the beginning and
end (sohd and dashed lines respectively) of a joint traverse
Also ndicated mn Fig. 9 1s the circular arc path of the wheel
center and 1ts rectangular coordinates s and y For very small
values of the ratio of step height 4 to wheel radius R, the
wheel center path can be approximated closely by the
sinusoid

Y = hsin 7

m
—_—S
2+/ 2Rh - h?
Let

S=Vr (8



where V 1s the constant honizontal velocity of the wheel center
and t 1s the time The substitution of (8) nto (7) gives the
vertical position coordinate of the wheel y in terms of the time
t, namely,

aV

2/ 2Rh- 12

Figure 10 shows the single-degree-of-freedom model to be
analyzed In this model the step 1s assumed to be perpendicu-
lar to the motion of the wheel, whereas on the physical model
the step was formed by a 45° mutered joint The main reason
for analyzing the simpler condition 1s to obtain proper velocity
scaling factors, which may be used to indicate that the proto-
type will have lower stresses during a joint traverse, even
though the static stresses in the prototype and model are the
same

Y = hsin t = hsin Qt )

The equation of vertical motion of the dynamic model
shownin Fig 10 1s

MX = -K(x - hsin 1¢) (10)
where ¥ 15 the acceleration of mass M
Defining the natural frequency w as
w? = % , Eq. (10) becomes an
¥+wx = wlhsmQt (12)

When the mitial conditions are zero, the solution of (12) 1s

X = —h—g—-(—Q sin wt + ¢ sin )

w2_92

(13)

The vertical velocity and accelerations of mass M are as
follows

2
X= BLCHYE (- cos wt +cos 2¢) (14)
w2 - 92
2
X =——M~(wsmwt-ﬂsmﬂt) (15)
(02 — 92

The valid range of time ¢ for Eqs (13) (14) and (15) 1s

0<t<—____v2Rh'h

% (16)

For the application of concern, namely, azimuth bearing
wheels for large antennas, the wheel mass 1s very small in
comparison to the antenna mass associated with one wheel M,
so that the assumption of a massless wheel 1s justified. The
physical model which was tested had large ballast masses
almost directly above a wheel The flexure plates supporting
the wheel (see Fig 2 of Ref 1) constitute most of the flexibil-
ity in the system, therefore this single-degree-of-freedom
mathematical model 1s suitable for obtaining approximations
for the real accelerations The force between the wheel and
track during a joint traverse may be obtained by multiplying ¥
by the mass M since the wheel 1s assumed to be massless,

The wheel velocity of the prototype V,, which would
produce the same stresses during a joint traverse as was pro-
duced 1n the physical model, 15 obtained in the following
discussion which 1s based upon the assumptions that the model
and prototype static stresses are identical and that the joints
are geometrically similar The first assumption requires that
the prototype mass M, be equal to the model mass M,
divided by A2, where A 1s the ratio between corresponding
model lengths and prototype lengths The subscripts m and p
refer to model and prototype respectively

The foregoing assumptions are

=_m
Mp = 2 Q17)
hm
by = (18)
Rm
Bp = 19
As a test will show, the required prototype velocity 1s
Vm
V =—= 20
vy 20

Equation (15) refers either to model or prototype By
wnting ¥, in terms of model parameters, all scale factors will
cancel 1f the prototype velocity, as given by Eq (20), 1s
correct.

The spring constant K was obtained by determining the
deflection of the wheel support flexures as shown in Fig 2 of
Ref 1. The result 1s

3AE

K =—'l—‘ (21)
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where A 1s the cross sectional area of one flexure element, F'1s
the elastic modulus, and / 1s the length of each flexure
element

Assuming that the E’s are the same for model and proto-
type and that the two are geometncally similar, K, may be
expressed

3—/2F
- A2 m=3AmEml=£,£ o)
P ! I A A
_m m
A

= w3 (23)

From Eq (9) the expression for 2 1s

gr- "V 24)
42 Rh- h?)

Substitute (18) (19) and (20) into (24) and obtain

2 an
Q2 = =0

2

- j2 m

o [ 2R = 1,
A2

A (25)

Now substitute (18) and (23) into equation (15) and obtain

h
m 2
. By wmmm\/X
x =—m—m——
p wr- Q22
m

[w,VAsnw, VXt - Q VAsmQ, VXt]  (26)

The substitution of (18) (19) and (20) 1nto (16) yields

. 2R, hm—hfn ﬂ‘= t, o
g 2 Vm VX

The substitution of (27) into (26) yields

[w,, sin w,t, -Q smQ ¢ ]

m (28)
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Thus the 5c'p value, or acceleration, of the prototype as
given by (28) 1s identically equal to (15) with subscripts m
Since (15) applies etther to model or prototype and since (28)
1s equal to (15), 1t 1s clear that when the prototype velocity 1s
as given by Eq (20), the prototype acceleration 1s equal to
that of the model

The acceleration as given by (15) will now be evaluated for
the model test conditions The following values of the param-
eters are

h = 0051 mm
R = 25mm
V = 1117 m/sec.
K = 3A4E _ 3(00000242)(20)10"°
l 0057
= 254631 579 N/m
- 9560 _
M= 98 567 kilograms
2 K = 2
w i 449085 rad/sec
w = 670 rad/sec
02 = L
4 (2Rh- h?)

7% (1 117)?
4 [2(0.025)(0.000051) - (0 000051)?]

Q2 = 1,208,506 rad/sec?

©Q = 1099 rad/sec

_V2Rh- W

*max V

_ +/2(0025)(0.000051) - (0 000051)>
= T117

Lnax = 000142 sec



The substitution of the above parameters mnto Eq. (15)
yields
o 0 000051 (449085) 1099
449085 - 1208506

[670 s;n 670 ¢~ 1099 sin 1099 ¢] (29)

¥ =-0033 [670smn670 t- 1099 sin 1099 ¢]  (30)

The maximum absolute value of the bracket term of (30),
within the time range zero to 000142 second, 1s approxi-
mately 581 rad/sec Therefore the maximum value of X 1s

¥ = -0033 [-581] = 1899 m/sec? @D

The additional wheel to track force, Fj,, caused by ths
acceleration 1s obtatned by multiplying 1t by the mass M,
obtaining

F, = Mi = 567(18.99) = 10767 N (32)

The total wheel force 1s obtained by adding the static force
F_ to the dynamic force F,, obtamming

F,_, =F, +F) = 5560 +10767 = 16327N (33)

total

The ratio of F,

total to F, s 18

Frow _ 16327

F 5560

s

=293 (34)

The wheel velocity of a certain prototype antenna 1s 0.05
m/sec If the model 1s considered to be a 1/12-scale model of
this prototype, the model wheel velocity would be, from
Eq. (20)

= = /1 =
V.=V 7V, -\/1-; 0050 = 00144 m/sec  (35)
The approprnate value of 22, 15, from Eq. (24),

Q? = 202 (36)

Q, = 142 (37)

The appropnate value of the time range 1s from Eq. (16)

t = 0111 sec (38)
max

The value of the acceleration X, 1s obtamned from (15)

_ 0000051 (449085) 14 2
1 449085 - 202

[670 sin670¢- 1425101 1421¢]  (39)

¥, =0000724 [665] = 0482m/sec?>  (40)
max

The additional wheel to track force, Fp,,, caused by this
acceleration 1s

Fp, = MX = 567(0482) = 273N (41)

The total wheel force 1s obtained by adding the static force
F; to the dynamic force, F,,, obtaining

F, = F,+Fp, = 550+273 = 5833

The ratio of Fy ,, to Fy1s

F
total _ 5833

F, 5360 1.049 42)

This value, which pertamns to a model run at the appropriate
speed, 1s to be compared to the equation (34) value of 2 936,
which pertains to the actual model runmng speed. At the
appropriate speed the static loading 1s increased by 4 9%,
whereas at the speed at which the model was run, the static
loading was increased by 193%.

The foregoing ratios of total load to static load were
denved for a zero gap step perpendicular to the track. It 1s
reasonable to believe that the same force ratio would apply to
the case of a step in a mitered joint, although the stresses of
the mutered joint are probably quite different. This may be
seen by refernng to Fig 11, In Fig, 11(a), which shows the
perpendicular step, the entire length of the wheel contact area
will hit the step at one instant and the impact forces will be
uniformly distnibuted over the length In Fig 11(b) 1s shown
the mitered step Here, one end of the contact area will first
strike the step so that the impact forces will be concentrated
near the edge of the wear strip. Peened areas were formed
where the figure indicates Figure 12 1s a photograph which
shows the worst peened joint Most probably the yield stresses
were exceeded in these areas. Generally the peened areas
existed 1n pairs, which implies that a portion of the step was
formed by elastic deflection of the loaded side of the jont.
The major portion of the step, however, probably came from
different thicknesses of adjacent wear strps.
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In practice 1t 15 necessary to employ mutered joints If finite
gap perpendicular joints were used, the stresses at the free
edges would be excessive and cause rapid wear and roughness

The model was run at high rotational speeds in order to
obtain a large number of turns 1n a few weeks of testing time
All static stresses matched those of the prototype The wheel
loads induced by steps at the wear strip mitered joints were
intensified by the high testing speed. It 1s important to realize
that had the model been run at the approprate scaled speed,
as given by Eq. (20), the wheel loads at the joints would have
been much less, and 1t 1s believed these loads would have been
approximately 4 9% more than for the loads existing at the
joints at zero speed. The stresses near the joint at zero speed
condition are not known, but are sure to vary considerably
with the step size. Therefore 1t 1s important to maintain as
small a step condition as 1s practical

For the case of a zero step, the maximum shear stress 7 can
be estimated from Eq (1) of Ref 1, namely,

FE
7= 0179 /57

where D 1s the wheel diameter, L 1s 1ts length, F 1s the static
load from one wheel, and E 1s the common elastic modulus of
the wheel and track

(43)

For the case of low wheel velocities, where the effect of
dynamic loading at a mitered joint 1s minor, 1t will be mnstruc-
tive to form the ratio of the calculated shear stress to the shear
yield and then compare this ratio to corresponding ratios of
known successful designs. The wear strip maternal of the model
had a tensile yield stress of 105000 (10%) N/m2 The shear
yield may be taken as a certain percentage of the tensile yield,
say 50% of 1t, thus obtaiming 52500 (10%) N/m? as the shear
yield of the matenial Using this together with the calculated
stress from Eq (43), the following ratio 1s obtained, which 1s
applicable for the model when running at the appropriate low

speed
10
5560 (20) 10 _ 0.496
(0 050) (0 0105)

49

__ 0179
. 52500 10*

mode

The successful design with which the model will be com-
pared 1s the radial bearing of the 64-m-diameter antenna which
has been 1n service at DSS 14 for 15 years Its wear strips have
a matenal tensile yield of 69000 (104) N/m?2, or a calculated
shear yield of 34500 (104) N/m?2. The wheel diameter, effec-
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tive wheel length, and wheel force of this design are respec-
tively 0914 m, 0101 m and 445000 N Using Eq (43) the
following ratio 1s obtained

T
Tyteld
ra

dial
bearing

0179

445000 (20) 10'°
= = 0509

(45)

Since there has been no damage to the edges of the wear
strip mitered joints of the radial bearing assembly, and since its
stress rat1o as given by (45) 1s approximately the same as that
of the model when the model runs at the appropnate low
speed, 1t 1s concluded that had the model completed 1ts large
number of turns at low speed, there would not have been any
peening at the ends of the wear strips, It should be emphasized
that even after all the high speed turns the noisy model was
operable 1n spite of the peening at the joint ends

Vill. Conclusions

From the foregoing evaluation of the model tests the fol-
lowing conclusions are made

(1) There 1s a tendency for a large-diameter circular track
to move circumferentially and radially. If portland-
cement-type grout 1s used for supporting the track, 1t 1s
necessary to use auxiliary restraint devices to prevent
the movement It 1s believed that any of the three
methods described would be satisfactory Auxiliary
restraint devices may not be required 1f another grout
material, such as an epoxy-bonded grout, 1s used, but
since this 1s not known, 1t 1s recommended that the
auxiliary restraint devices be used with any grout
material

(2) The hardnesses of the wheels and wear strips appar-
ently are sufficient to mnsure a long service life when
used 1n conjunction with the wheel loading and wheel
suspension system described A detailed study of the
test conditions summanized 1in Table 3 1s necessary in
order to make statistical predictions about the
expected life of a prototype. The third series of tests,
which was run at increased wheel loadings to com-
pensate for scale effect, survived 14361 turns It may
be concluded that a three-wheel prototype would sur-
vive this number of turns

(3) The wheel suspension survived an overload of 3.51
times 1ts nominal load.



(4) The torque required to overcome the rolling resistance (7) Fretting corrosion occurred on the model at the inter-
of the wheel can be estimated sufficiently well by using face between the wear strips and the support ring Two
Eq. (8) of Reference 1. lubricants were found which almost eliminated fretting
Since 1t 1s probable that fretting would occur on a
nonlubricated prototype, 1t 18 recommended that suit-
able lubricants be provided

(5) The traction capacity was found to be consistent with
that from other sources

(6) The mnfrequent transverse shding of a nonrotating

wheel across the track produces only neglhgible damage (8) The peening which occurred near the model wear strip
when the contact stresses and material properties are as ends 1s not expected to occur on the prototype because
herein stipulated. of velocity scale effect

Reference

1 McGinness, H, “Antenna Azimuth Beaning Model Experiment,” The DSN Progress
Report 42-53, Jet Propulsion Laboratory, Pasadena, Cahf , October 15, 1979
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Table 1. Qualitative comparison of lubricants used in controlling fretting corrosion at interface
(the greatest amount of fretting from this group was small in comparison to the condition
of no lubricant)

Wear strip Lubnicant Condition of interface after 49 13 hours l:::::;:
number of second series test,
class
2 Cortec Very slight fretting, least amount 1
14 Silver Goop Very slight fretting, least amount 1
10 Chassis grease Small amount of fretting 3
3 Wheel brg. grease Small amount of fretting 3
7 SAE 30 o Moderate amount of fretting 4
1 Darina No 2 Moderate amount of fretting 4
16 Mo S2 Considerable, but less than graphite 4
4 Graphite Considerable fretting, greatest amount S
5 Graphite Considerable fretting 5
6 Graphite Considerable fretting 5

Table2 Qualitative comparisons of lubricants used in controlling fretting at interface

Wear strip Lubricant Condition of interface after an additional I::rll?(tllr::
number 32 41 hours of second series test class

2 Silver Goop? Very slight amount of fretting, best class 1
14 Silver Goop Very slight amount of fretting, best class 1
20 Suver Goop Very shight amount of fretting, best class 1
10 Silver Goop? Slight amount of fretting, next best class 2
17 Chassis grease Considerable fretting, worst class 5
3 Silver Goop? Small amount of fretting 3
13 Wheel brg grease Considerable fretting S
7 Silver Goop? Small amount of fretting 3
18 SAE 30 o1l Considerable fretting 5
11 SAE 30 o1l Considerable fretting 5
19 SAE 30 o1l Considerable fretting S
7-2/3 SAE 30 o1l Considerable fretting 5
1 Silver Goop? Moderate fretting 4

9 Darmmano 2 Considerable fretting S
16 Silver Goop? Moderate fretting 4
15 Dry MoS2 Considerable fretting 5
4 Silver Goop? Small amount of fretting 3

5 Silver Goop? Small amount of fretting 3

6 Silver Goop? Small amount of fretting 3

3These employed a different lubricant during preceding 49 13 hours of testing, see table 1
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Table 3. Summary of test conditions

Load No. Lubrication Wheel Tot.al Turns of
per between o g running
of misalignment, . antenna
wheel, wheel and wear R time,
wheels . arcmin model
N strip hr
First series 5560 6 Products of fret-  Less than 0.50 40.60 15247
ting corrosion
Second series 5560 6 Inadvertent lub. Less than 0.50 81.54 30622
from substances
beneath wear
strip. Also
polyoil
Wheels replaced with new ones
Third series 8913 3 Polyoil plastic Less than 0.50 38.24 14361
8749 wiper :
Fourth series 5674 3 Polyoil plastic 40 19.28 7241

wiper

Total turns of antenna model with first set of wheels was 45870. Each wheel of first set made

3256770 revolutions about wheel axis.

Total turns of antenna model with second set of wheels was 21602, Each wheel of second set made

1533742 revolutions about wheel axis.

Product of antenna model turns and number of wheels was 340026.

No evidence of fatigue damage to wheels.

Only wear strip No. 15 sustained spalling damage, and this occurred during fourth series of tests.
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Fig. 1(a). Removed wear strip beside its support ring, showing fretting corrosion after
40.6 hours of running

Fig. 1(b). Enlarged view of portion of Fig. i(a)



C AFTER 40.6 hr

Fig. 3. Wear strip top surface after 40.6 hours of running
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Fig. 4. Wear strip identification numbers and disposition of lubricants
between wear strips and support ring

Fig. 5. Wear strip identification numbers and iubricant disposition for third
series of tests
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Operational VLBI Clock Synchronization and Platform
Parameter Determination

J V LuValleand R D Shaffer

Control Center Operations Section

M G Roth, T M Eubanks,and P S Callahan

Tracking Systems and Applications Section

The operation and results of the Block I VLBI system for clock synchronization and
platform parameter determination are described The history of system performance from
July 1980 to August 1981 1s gwven. The steps in producing clock sync and platform
parameters are outlined It 1s shown that the VLBI data provide useful monitoring of the
Deep Space Network Frequency and Tuming System performance and earth orientation

l. Introduction

The Block I VLBI (Very Long Baseline Interferometry)
system (Ref 1) has been developed at JPL to provide near-
real-ttime Deep Space Station (DSS) clock synchronization
(clock sync), platform parameter deterrunation (UT1 and
polar motion — UTPM), and spacecraft navigation. From
July 1980 to August 1981 system development was carried
out concurrently with observations designed to measure clock
sync and UTPM. This report describes the steps involved (see
Fig 1) in conducting and processing the observations The
history of system development and performance during this
pertod 1s discussed The disposition of 101 passes scheduled
from July 14, 1980, to August 29, 1981, 1s given 1n Table 1
Clock sync results for December 1980 to August 1981 are
given 1n Table 2 and Figs. 2 and 3

ll. Observation Scheduling

Beginning 1in 1980, weekly VLBI observing sessions were
scheduled on both the California-Spain and California-Austra-
ha baselines for the purpose of making clock sync and UTPM
measurements and for Block I (Ref. 1) system development
and checkout The 64-m DSS was used because Block I equip-
ment 1s available there, and the recording bandwidth (250
kHz) of the Block I system requires the sensitivity of the large
antennas In most cases both baselines were observed 1n the
same 24-hour period. Estimation of clock parameters requires
only single baseline observations, but UTPM estimates require
two baselines to separate all three parameters

For each baseline, 7 to 13 extragalactic radio sources
(EGRS) from the radio source catalog were observed for
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200 seconds each. Source selection and pomting predicts
were generated 1n special purpose software. A tape of pointing
predicts was given to Operations for reformatting and trans-
musston by high speed data line (HSDL) to the DSS For most
of the 1981 observations, the scheduling of sessions was
governed mainly by DSS availability. However, dunng the
peniod from DOY 136 through 200, a sidereal schedule was
employed, which permitted the same sources to be observed
each week for 10 consecutive weeks The sidereal schedule
consisted of a set of 12 observations which were done 1n the
same sequence each time The observing time shifted at the
sidereal rate (approximately 4 min/day) so the same sources
could be used The sidereal schedule proved to be very helpful
1n the 1dentification of systematic problems

Standard DSS configuration and observing procedures were
developed These procedures were the Deep Space Network
Operations Plan for the Block I VLBI System written by the
Mission Coordmation Group of the Control Center Operations
Section and the Deep Space Station Standard Operating Pro-
cedure Very Long Baseline Interferometry (VLBI) System
Block I wntten by the System Support Group of the Deep
Space Network System Support Section These procedures and
the automated poimnting predicts resulted 1n relatively smooth
operations Imitially data were acquired in four S-band and
four X-band bandwidth synthesis (BWS) channels with a
maximum spanned bandwidth of 30 MHz 1n each band To
improve signal-to-noise ratios, the configuration was changed
to three BWS channels per band with a maximum span of
40 MHz on 1981 DOY 107. The BWS technique provides the
accuracy of a large spanned bandwidth (3040 MHz) while
recording only a small bandwidth (250 kHz) This 1s accom-
plished by sequentially sampling 250-kHz channels spaced
across the desired spanned bandwidth The channels are pro-
cessed separately and the results combined to produce an
effective bandwidth comparable to the spanned bandwidth.
Occastonal mustuning of the S-band travelling wave maser
resulted in loss of one of the outer channels, but this did not
greatly affect the overall quality of the results since X-band
data were used for all solutions to date.

A total of 101 passes (Table 1) were scheduled from
July 14, 1980, through August 29, 1981 Of these passes
72 were conducted, 41 produced clock sync results, and
32 produced useable data for UTPM solutions Table 1 indi-
cates at what point a pass failed from schedule to solution. A
more 1mportant statistic 1s the success rate of passes after data
processing was moved to the Block I VLBI Processing System
(VPS) on March 28, 1981 (DOY 087) Since then, 44 passes
were scheduled. Of these 11 were cancelled, 2 had data lost,
and 24 produced cross correlation fringes (24 of 31) Of the
24 sessions which gave fringes, 22 produced clock sync results
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and 17 were useable for UTPM solutions This improvement 1n
overall system performance 1s very encouraging

Duning 1981, passes were scheduled by the Voyager Project
to munimize conflicts A total of 46 sessions were conducted
through August 2, 1981, at which time the Voyager 2 Saturn
encounter and the DSS 14 bearing problems terminated activ-
1ities Observing sessions will begin again after DSS 14 sched-
uled downtime 1n 1981 October

lll. Data Acquisition

Data are recorded on tape at each station by the Occulta-
tion Data Assembly (ODA) which 1s shared by the VLBI and
Radio Science Subsystems. The recording rate 1s 500 kbits/sec
Currently, data are replayed over wide-band data lines (WBDL)
at 56 kbuts/sec directly onto the discs of the Network Opera-
tions Control Center (NOCC) VLBI Processing Subsystem
(VPS) (see Fig 1) Before 1981 DOY 086, data were obtained
from intermediate data record (IDR) tapes, which resulted 1n
some of the problems discussed below Since the playback rate
1s 1/9 of the record rate, it takes approximately 6 hours to
play back the 40 minutes of data from each pass

In the process of implementing the first operational VLBI
system, numerous problems m data acquisition and playback
were solved 1n the past year Two operational difficulties were
resolved Furst, dunng acquisition the NOCC had little visibil-
1ty into DSS activities Use of the Network Radio Science real-
time monitor (RTM) partially solved this problem Second,
there were no personnel to support VLBI acquisitions and
playbacks in real-ttime NOCC controllers were trained and
given detailled procedures (as discussed above) to cover these
activities

A number of problems 1n data acquisition were difficult to
detect at first because of the very long turnaround time caused
by downg all the processing at Caltech from IDRs The slow
detection of problems and lack of feedback to the stations
resulted in additional bad data Now, rapid turnaround with
the VPS gmves better DSS awareness and NOCC control of
VLBI passes Weak and poor fringe results were traced 1n part
to antenna pointing errors This was largely corrected by
mmplementing an antenna pomnting program developed by
R Lwvermore of Tidbinbilla Deep Space Communication Com-
plex, Austraha This program allows for entering pointing
offsets automatically dunng tracking to significantly reduce
errors due to antenna distortion and axis pointing errors
Recently, slew restrictions at DSS 14 due to 1ts azimuth bear-
g problem have resulted i occasional loss of one or two
sources per pass and the cancellation of several clock sync
passes during Voyager 2 Saturn encounter. A temporary



solution currently being tested 1s to transmit the VLBI base-
band signal from DSS 13 to DSS 14 by the microwave link 1n
order to use the ODA at DSS 14 Other hardware has also
caused some difficulties. In the imtial implementation of the
DSS Block I system, ODA tapes consistently failed to start on
time This has been largely solved by operattonal workarounds
and program modifications There also have been a small
number of VPS and peripheral failures which have all been
fixed

An overall real-time venfication of the VLBI observation 1s
desirable An important step in this direction 1s a real-time
capability to vahdate the performance of the microwave and
VLBI hardware. This capability 1s being developed by monitor-
mng the phase calibration tones (phase cal) at the ODA Phase
cal tones are 1njected into the front end of the maser amplifier
and can be detected in real-time at the ODA for system vahda-
tion or later when the data are correlated. Phase cal can then
be used to correct the VLBI data for dispersive effects in the
Instrumentation

UTPM solutions require data from a number of EGRS dis-
tributed about the sky. Several problems have been associated
with the source schedules. First, the slews between sources did
not adequately take mto account antenna prelimits, cable
wrap, or keyholes. This problem was handled by manually
plotting each acquisition on a stereo plot for each station
involved and providing warning notes to the controller An-
other problem, still bemng worked, 1s not having enough
sources 1n the source catalog to provide the desired number of
observations on the DSS 14/DSS 63 baseline within scheduling
constraints

In the playback area there were two major problems, both
of which now appear to be solved The first involved the lack
of monitoring of the playback data when the normal Ground
Communications Facility (GCF) system was used. This diffi-
culty was solved by direct playbacks to the VPS discs The
VPS software provides playback monitor capability and main-
tains a log of the data received and of the numbers and types
of errors. This also permits immediate validation of the GCF
lines from the DSS to the VPS. The GCF IDR capability 1s
used as a backup A temporary problem of a significant per-
centage of IDR tapes being unreadable on the VPS was also
solved by direct playbacks to the VPS, eliminating the addi-
tional processing step of reading IDRs onto disc The cause of
the bad IDRs was apparently physically bad tapes Before
direct replays to the VPS began, the problem could sometimes
be overcome by regenerating the data onto good tapes

Operational expernience has shown that the nability of the
ODA to do selective recalls makes playbacks clumsy 1f any
significant line outages occur When outages occur, replay has

to begin at the beginning of the ODA tape being played Each
ODA tape takes about 90 minutes to play back A future ODA
mmplementation will provide disc instead of tape data record-
ing at the DSS, and include a selective recall capability.

IV. Correlation

The activities mnvolved 1n correlation, from an operations
viewpoint, are data venfication, correlation control record
generation, fringe search, and postcorrelation record (PCR)
generation Dunng correlation there 1s some indication of
whether there are fringes and phase cal tones, and the fringe
quality for the pass can be estimated Detailed results (fringe
and phase cal amplitudes) on a channel-by-channel basis are
best obtained from postcorrelation analysis

Data venfication simply involves venfying that data from
both stations are on the VPS discs, and that enough ancillary
data are available to create a correlation control record

The control record generation step ncludes running
“ANCEDIT,” which generates a correlation control record
(CCR) automatically from the ancillary data and other stored
nformation This CCR was manually examined and edited as
necessary If pecuhanities were noted in the CCR, information
on the pass was reviewed and correlation would be attempted
with the unedited results For example, if 1t appeared that
both DSSs used a nonstandard setup, the reported frequencies
rather than the requested values were used. Usually the infor-
mation that needed to be edited was source locations or source
names.

After the CCR was examined, the “PROCESS” mode of the
correlation program was loaded, and a run on the data was
made looking for fringes If no fringes were found, the CCR
was checked again, and the time offsets between the DSSs
were venified If this was all correct, a single channel on a
strong source was correlated. If no fringes were found again,
a complete PCR was run and passed on to the TEMPO (Time
and Earth Motion Precision Observations) Team for further
processing.

If fringes are found, the “FSEARCH” mode of the program
was run to get the approximate relative DSS clock offset. All
of the offset was assigned to DSS 14 1n the CCR (this makes
postcorrelation processing easier), and a continuous PCR of
the pass was generated A backup copy of the PCR was written
to tape for archival purposes The TEMPO Team was then
informed of the availability of the PCR

A small number of passes result in no fringes or very few
fringes with no obvious reason for the poor results Improved
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phase cal tone monitoring with the next ODA software revi-
sion should help in 1dentifying this problem. Possible reasons
for no fringes include (1) weak sources, (2) hardware failure,
(3) an undetected error in setup (most likely incorrect fre-
quency settings), (4) something as yet unsuspected Passes
where there have been poor results for unknown reasons are
being ivestigated It was generally found that a pass 1s either
very bad or very good, 1¢e , no fringes or 80-100% fringes

V. Postcorrelation Processing
A. Software Development

Beginning with 1981 DOY 086 all postcorrelation process-
mg was done on the Block I VAX (Digital Equipment Corp
Virtual Address Extension, hereafter simply VAX) computer
The four major steps in postcorrelation processing and the
software modules involved are: (1) fringe phase tracking
(PHASOR), (2) phase calibration tone tracking (PCAL),
(3) bandwidth synthesis ambiguity resolution (FITDELAY),
and (4) clock and UTPM estimation (MASTERFIT) These
modules were transferred to the Block I VAX from the Cal-
tech IBM 3032 Extensive tests and comparisons with the
modules still running on the IBM 3032 disclosed several soft-
ware errors These errors were corrected and the VAX and

IBM versions brought mnto agreement before processing was
shifted to the VAX

A significant software development effort was carried out
on the VAX to provide the interface between the VPS and
PHASOR/PCAL Several utiity routines were created for
transferring PHASOR/PCAL output from the VAX to the IBM
for testing and for esttmation as MASTERFIT was the last
module transferred The modules PHASOR and PCAL are
also used in processing spacecraft VLBI data (Differenced
Downlink Only Range, DOR)

B. Clock Synchronization Results

Of the 46 observing sessions conducted in 1981, 30 pro-
duced useful data for clock synchromzation As shown in
Table 2 the clock offset uncertainties ranged from 35 to
about 200 nsec. These data were processed without phase
calibration for instrumental delays Therefore, a bias 1s ex-
pected 1n the reported clock offset values Compansons with
the offsets measured by a travelling clock indicate that the
bias 1s smaller than 1 psec on both baselines (Figs 2 and 3)
Data from DOR passes are also included 1n the figures since
observation of only one EGRS 1s needed to establish the
clock offset. All VLBI-denved clock offsets are in good
agreement Comparnsons of the VLBI data with the FTS
records of clock behavior by S C. Ward, Frequency and
Timing System (FTS) System Cognizant Operation Engineer,
gave independent confirmation of a number of known clock
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anomahies Figures 2 and 3 show the VLBI data with rates
fitted (see below) and discrepant points ndicated The main
causes of disagreement were (1) a loss of synchromzation
between the VLBI subsystem and the FTS epoch which
gives an error of N X 200 nsec (V an integer), and (2) a 1-usec
retardation of the DSS 14 epoch measured by the FTS stand-
ards laboratory. The cause of the erratic behavior labelled 3 1n
Fig 3 15 not yet known The steep slope at the beginning of
Fig 3 1s due to the use of a Cs standard at DSS 63 from
November 11, 1980, to January 14, 1981

The long-term clock rate calculated from the slope of the
offset data was found to be 051 #0009 X 10~12 s/s on the
DSS 14/43 baseline and 005 002 X 10~12 s/s on the DSS
14/63 baseline These values agree with the LORAN determin-
ations of clock rate and are about 10 times more accurate. The
clock rates from individual sessions have uncertainties ranging
from 013 to 15 X 10712 s/s The averages over the clock
rates for each baseline agree very closely with the long-term
rates

C. UTPM Estimation

Of the 46 observing sessions conducted in 1981, 21 pro-
duced useful data for UTPM estimation. This success rate can
be contrasted with the 1980 performance, when only 11 of
38 passes produced UTPM solutions

After fringe fitting, delay observables were constructed by
bandwidth synthesis, while the delay rate was denved from a
single channel fringe frequency Solutions using the delay and
delay rate data are obtained with the program MASTERFIT
Due to the limited number of sources observed dunng each
sesston, the solve-for parameters were restricted to earth
orientation parameters plus a first-degree-polynomal clock
model and a term allowing for systematic errors between the
delay and delay rate data The solutions rely upon a priorn
knowledge of the baseline vectors and source positions The
tropospheric and 1onospheric delays were modeled by tables of
average zenith delays and elevation angle mapping functions
Since dual-frequency (S and X bands) data were recorded, 1t
was possible to estimate the 10nospheric delay from the data,
but solutzons done using SX data had, 1n general, larger root
mean square (rms) residuals than corresponding X-band
soluttons.

The onginal TEMPO solution strategy was, when possible,
to combine data from paired observing sessions and to solve
for all three UTPM parameters. If data from only one session
were available, solutions were done for two of the three stand-
ard UTPM components Such single baseline solutions rely
upon outside wnformation (the Bureau Internationale de
I'Heure (BIH) Circular-D) for the unadjusted component



Errors or biases 1 the unadjusted component will map into
the adjusted parameters, and the results may be corrupted
Since one purpose of these expenments was to provide results
independent of the BIH, this was not a satisfactory method of
solution Even 1f data were available from both observing
sesstons, any changes in the earth orientation between the two
sessions would corrupt the joint solution In addition, any
solution involving combined data obscures the contribution
from the individual observing sessions and makes 1t hard to
evaluate session performance.

Single baseline VLBI observations are insensitive to rota-
tions about the baseline and thus cannot provide all three
UTPM components without further constraints Rotations of
the earth about the baseline vector are equivalent to motions
along a line parallel to the degenerate direction in the UTPM
parameter space If the UTPM parameter adjustments are con-
strained to lie n a plane normal to the degenerate direction,
errors 1n the a priori value for the UTPM 1n the constrained
direction will not affect the residuals or postfit parameter
adjusts 1n the constraint plane Solutions with such con-
straints are called normal plane solutions

A vprogram (Earth Rotation Analysis Of Vanance
(ERANOV)) was wrtten to process normal plane solutions
ERANOV accepts as inputs the parameter adjusts, formal
parameter errors, and correlation matrix resulting from a
MASTERFIT normal plane solution and implements the
solution analysis described above The results obtamed from
the analysis of normal plane solutions consist of parameter
adjusts describing a poimnt mn the constraint plane, together
with the error ellipse associated with the pomnt A complete
dernvation of normal plane soluttons will be published

The overall results of carrying out the UTPM analysis on
the data listed 1n Table 1 (X-band data only) are summanzed
below

(1) Sent to the BIH — data from July 14, 1980, through
March 1, 1981

15 observing sessions had usable results out of 53
scheduled and 39 conducted

154 delay and 153 delay rate observations in the
15 usable passes

RMS delay residual
RMS delay rate residual 0.338 picosec/sec

(2) In analysis — data from March 9, 1981, through
August 29,1981

0.631 nanosec

17 observing sessions had usable results out of 48
scheduled and 33 conducted

142 delay and 146 delay rate observations in the 17
usable passes

RMS delay residual
RMS delay rate residual

0 985 nanosec!

i1

0 748 picosec/sect

VI. Summary and Conclusions

The operation and results of the Block I Operational VLBI
time synchronization and platform parameter determination
system were outlined Problems which arose durng system
startup were described Most of the problems were overcome
as operational equipment and software, 1n particular the VLBI
Processing System on the Block I VAX, were implemented
Better operational procedures also coniributed to improved
data quality,

Useful clock sync and UTPM data were obtained for the
period July 14, 1980, to August 2, 1981. The clock data were
a factor 10 more accurate than other available data and clearly
show known clock anomalies. UTPM data were sent to the
BIH to aid 1n understanding the earth’s orientation.

Thanks to the efforts of a large number of people at JPL,
especially 1n the operations area and at the Deep Space Sta-
tions, the Block I VLBI system has developed into a powerful
and well-functioning tool for the DSN to use 1n monitoring
FTS performance and earth orientation

! These rms residuals should be regarded as preliminary The cause of
the increase in the rms residuals between the two data sets 1s being
mvestigated

Reference

1 Chaney, W D, “The DSN VLBI System Mark IV-85,” TDA Progress Report 42-64,
pp 61-76, Jet Propulsion Laboratory, Pasadena, Cahf , Aug 15, 1981
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Table 1. Status of JPL Tempo Block | VLBI expenments

Explanation of the steps

Pass

Corr
PHASOR
FITDELAY

MASTERFIT

observations conducted
correlated successful

fringe fitting

ambiguity resolution

least squares solution to data

MASTERFIT solutions require at least 6 data points for good

results Experiments without at least 6 X-band delay

observations were cancelled Expertments with more S-band

data may be used 1n the future

X = step successfully completed
C = processing cancelled at this step
Baseline ID
A = 14/43 expeniment
B = 14/63 expertment
Date ID/DOY  Pass Corr PHASOR FITDELAY MASTERFIT Notes

07/14/80 B 196 X X X X X Data sent to BIH
07/15/80 A 197 X X X X X Data sent to BIH
07/19/80 B 201 X X X X X Data sent to BIH
07/21/80 A 203 X C No fringes
07/25/80 B 207 X X X X X Data sent to BIH
07/31/80 A 213 X X X X C Not enough data
08/02/80 B 215 X C No fringes
08/05/80 A 218 X X C No convergence
08/24/80 A 237 X X X X X Data sent to BIH
08/24/80 B 237 X X X X X Data sent to BIH
08/11/80 A 224 X C No fringes
08/11/80 B 224 X C No fringes
08/18/80 A 231 X C No fringes
08/30/80 A 243 C Station problems
09/15/80 B 259 X X X X X Data sent to BIH
09/23/80 A 267 X X X X X Data sent to BIH
09/24/80 B 268 X X X X X Data sent to BIH
09/30/80 A 274 X X X X X Data sent to BIH
10/01/80 B 275 C Pass cancelled
10/09/80 A 283 X C No fringes
10/10/80 B 284 X X X X C Bad IDR data
10/16/80 A 290 X X X X X Data sent to BIH
10/17/80 B 291 X X X X X Data sent to BIH
10/23/80 A 297 X C Station problems
10/24/80 B 298 X C Playback problems
10/31/80 A 305 C Pass cancelled
10/31/80 B 305 C Pass cancelled
11/06/80 A 311 X C Playback cancelled
11/06/80 B 311 X C Playback cancelled
11/22/80 B 326 X C No fringes
11/22/80 A 327 X X X X X Data sent to BIH
12/01/80 B 336 X C Unreadable IDRS
12/02/80 A 337 Cc Pass cancelled
12/07/80 B 342 X X X X C Not enough data
12/08/80 A 343 X X X X X Data sent to BIH
12/13/80 B 348 X X X X X Data sent to BIH
12/14/80 A 349 X X X X X Data sent to BIH




Table 1 (contd)

Date ID/DOY Pass Corr PHASOR FITDELAY MASTERFIT Notes
12/23/80 A 358 X X X X X Data sent to BIH
12/23/80 B 358 C Station problems
12/30/80 A 365 X X X X Ready to MFIT
12/31/80 B 366 X X X X C Not enough data
01/22/81 A 022 X C No fringes found
01/22/81 B 022 X C Unreadable IDRS
01/29/81 B 029 X C Station problems
01/31/81 A 031 X C Missing IDRS
02/04/81 A 035 X X X X X Data sent to BIH
02/04/81 B 035 X C Missing IDRS
02/11/81 A 042 X X X X X Data sent to BIH
02/11/81 B 042 X X X X C Not enough data
02/19/81 A 050 X X X X C Not enough data
02/19/81 B 050 X X X X X Data sent to BIH
03/01/81 A 060 X C No fringes found
03/01/81 B 060 X X X X X Data sent to BIH
03/09/81 A 068 X C Station problems
03/09/81 B 068 X X X X C Not enough data
03/16/81 B 075 X C No fringes found
03/17/81 A 076 X C Statton problems
03/27/81 A 086 X C No fringes found
03/28/81 B 087 X C No fringes found
04/04/81 A 094 X X X X MFIT solutions
04/05/81 B 095 X C No fringes found
04/12/81 A 102 X X X X MFIT solutions
04/12/81 B 102 X X X X MFIT solutions
04/17/81 B 107 X X In backlog
04/18/81 A 108 X C No fringes found
04/26/81 A 116 X X In backlog
04/26/81 B 116 C Antenna failure
05/03/81 A 123 X C Playback cancelled
05/03/81 B 123 X X X X S-band only
05/10/81 A 130 X X X X MFIT solutions
05/10/81 B 130 X X X X MFIT solutions
05/16/81 A 136 X X X X MFIT solutions
05/16/81 B 136 C Station problems
05/24/81 A 144 C Antenna faillure
05/24/81 B 144 C Antenna failure
05/31/81 A 151 X X X X MFIT solutions
05/31/81 B 151 X X X X MFIT solutions
06/08/81 A 159 X C IDRS bad
06/08/81 B 159 X C No fringes found
06/14/81 A 165 X X X X MFIT solutions
06/14/81 B 165 X X X X MFIT solutions
06/21/81 A 172 C Pass cancelled
06/21/81 B 172 C Pass cancelled
06/28/81 A 179 X X X C No delay data
06/28/81 B 179 X X X Ready to MFIT
07/05/81 A 186 X C No fringes found
07/05/81 B 186 X C No fringes found
07/12/81 A 193 X X X X MFIT solutions
07/12/81 B 193 X X X X MFIT solutions
07/19/81 A 200 X X X X MFIT solutions
07/19/81 B 200 X X X X MFIT soluttons
07/26/81 A 207 X X X X MFIT solutions
07/26/81 B 207 X X X X S-band only
08/01/81 A 213 X X X - X MFIT solutions
08/02/81 B 214 X X X X MFIT solutions
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Table 1 {(contd)

Date ID/DOY  Pass Corr PHASOR FITDELAY MASTERFIT Notes
08/11/81 A 223 C Pass cancelled?
08/12/81 B 224 C Pass cancelled?
08/23/81 A 235 C Pass cancelled?
08/23/81 B 235 C Pass cancelled?
08/29/81 A 241 C Pass cancelled?®
08/29/81 B 241 C Pass cancelled?

3These passes were cancelled to protect the DSS 14 antenna from further mjury from the azimuth
bearing problem




Sig

Table 2 Validated results for clock synchronization, Block | system

BLOCK 1 SYSTEM

REPORT DATE 11709781

COVERING DEC THRU MAY 16381

——>

RELATIVE CLOCK PARAMETERS DSS43-DSS14

SET
ID

»
O
o
[

p-g
(¢}
o
w

2 3>

I o
rn |
(M=

>
(2]
w
(=]

>
—
N
N

P
o
w
(=]

>
N
[~
£

1>
M
[
-

>
£
it
D,

pod
w
o
-

p-d
w!
=4
0

|

>
W
b
[

>
W
S
~i

>
-
L =]
o

3>
s
—
r

>
&
—
w

>
&
ro
Ll

>
w
(=2
w

pd
(%]
—
(=4

|

>
(%]
-
o

>
w
r
=

>
v,
w
—

REFERENCE TIME

CLOCK OFFSET

RATE X E-12

HH Mt SS

VALUE] ERR

VALUE] ERR

33 XXX XXX xXRXRPASS CANCELLED X ¥XXx¥xXx¥¥xx

34 05 25 41 |-3 803| .016]- 08 .31
34 064-54.38 |-3 52%| .048|~ 76 18
35 08-34 43 ]-3.184 061 23 20

JO5 | ¥XxHx¥x¥XXxSTATION PROBLEMS¥X XX ¥XxX¥x¥x%

|
022 | X xXxxnnxx<XXNO FRINGESN=RX®SxhX>Xxx¥x

030| 07 04 59 |-1 946| .062|- 08 18
035) 09 02 42 |-1.809| o060] L 12 53
042| 08 02 34 |-1 550 .058 23 i3
0501 07 0% 59 |-1.119} .130|- 08 .18

060 | ¥xxxXnxXXNXxND FRINGESXXARuRxkXxXxX%

068 | xax<XXxx<¥PA5SS CANCELLEDXRRXRRXXRRR¥*x

|
075 | mxxxd¥nxxxXXxxNQ FRINGES®xXxXxXkxxxXxxXxXxx

!
FRINGES DSS 14 TONES WEAK=XXX

08 ¥xxxNQO
09 13 19 40 781 0711 2.83 44
10 10 23 00 253 0661 1 01 66

108 %%»x%¥NO

FRINGES DSS 14 TONES WEAKXx=x

11 12-08 34

1 545 102

$4 65

XXXNENNXSD5S 16 IDRG LOST ok Xis%x®rn%

13 06 39-39

2.188 058

31 .99

13 07 31 42

2 476) .046

13 .29

164 | ¥x¥xxxxDSS

14 ANTENNA FAILUREX*¥xX¥xx

06 39.41

3 2651 .081

- .19 32

COMITENTS, NOTES, OR
SIGNIFICANT EVENTS

NS=NOT SCHEDULED
NG=N0 BLK1 DATA
¥=BLK 1 BACKLOG
%=UT1-PM PAIR
==CLOCK RESETS

N

%

N
&

B
N

RELATIVE CLOCK PARAMETERS-D5563-D5514 <=====

REFERENCE TIME[CLOCK OFFSETIRATE X E-12 NO. [SET

DOY[HH M1 SS VALUE] ERR | VALUE] ERR gggb 1o

336 | S%xx%xxXBAD IDRS DSS LGRum¥XX¥=mm¥Xx NG |BCOL
342|722 59 40 |-1 976) 051|- 09 |5.32 $ |BCO7
348|723 49 40 |-1 463| 048|= 55 | .66 8 |BCL3
558 | xxaxxSxnSTATION PROBLEMSX<SxN<rXxxnnk NG |BC23
366| 05 42 40 |-1 113} .133| .29 l 26 3 |BC31
022 | ¥=x*x%NQ FRINGES, NO TONES DSSI4kx¥=% NG |blze
D29 | ¥<nrnxxnnxPASS CANCELLED******i*k** NS |B129
035 | Xxxxx=xXxINCOMPLETE IDRSXxxx*ka%k*X NG |B204
042| 05 08-40 | 084 070| .63 | .49 3 |B2il
850] 00 08 a1l I 098] .205| 83 H 28 8 |B21S
060} 18 42 40 % 203| .073|- 55 { 27 8 {B301
068 0% 21 42 { 164| .093} &89 } 80 & |B309
076 | F<x¥XxXxx¥PASS CANCELLEDX=XaXxnx®¥xn¥ NS |B317
087 | *»xxx=NO FRINGES, NO TONES DSSG;kkka NG |B328
095 | x<%*xNO FRINGcS, NO TONES DSS63%n¥nx NG |B405
102|705 09.30 |- 842| 130|-1 22 |T 52 7 |B%12
107| 06 4% 36 688} .188|-2 26 |0 55 7 |b%17
TI6 | xxx%%x%x~DSS 14 ANTENNA FATUURENXXx%nn NS |B42

123712 11.39 .%26| 075 &7 .19 9 |B503
130] 03 5%4.41 %03] 095 2% 6% 7 |3510
136 | ~»%¥x¥xBS OSCILLATOR FATLUREx#ARX»%x NG [B516
144 |*xX<x¥xD5S 14 ANTENNA FAILURE==<xxx¥ NS 15524
151| 03.48-35 |  6:8| .153 06 .22 7 |B531




9ie

Table 2 (contd)

BLOCK 1 SYSTEM

REPORT DATE 11/09/81

COVERING JUN THRU AUG 1531

——=>

RELATIVE CLOCK PARAMETERS DSS543-DSS14

>
~
[~
[3¥)

|
~
|
0

b4
~
ry
o

I
o
(=]
—

25|
oo
—
—

>
o
)
(7]

>
[
a%}
Bl

REFERENCE TIME[CLOCK OFFSET[RATE X E-12

COMMENTS,NOTES,OR
SIGNIFICANT EVENTS

[w]

OYTHH MM SS | VALUE] ERR | VALUE] ERR

|

—
wn

Gl XANXXNNNR<XXXIDRS LOSTRXR¥NNnhxX¥XRhxxX

]
05 37 43 | 3786 056 01 | 34

p—
O
wv

|

-
-~
[N

YxxXexnxwxPASS CANCELLED®Xxx¥xxxxx¥x

|
Xx<%xFRINGES CHARNELS 3 & 6 ONLYxx<x

—
~
3

-
[
o~

xxx%¥xNOQ FRINGES, ABNORMAL TONE?***K\

|

6 079] .101] 12 .18

[
0
w

03 47-44

r
o
o

.21

l
03 20.36 { 6.356] 065] 25
|

6 684 035 .81 22

rn
o
~

13 55 4¢

|
13 31.40 | 7 079] 055| 74 21

N
|
w

N

N<SxaxRxRXPASS CANCELLED®KXRNRXNNRXNRRX

n
[
w

N
w
%]

XX R X R XK RXXNOT SCHEDULED® XXk x¥ XX nx XXX

Axx R XXX XX XNOT SCHEDULEDX X% XX %X ¥xxx¥=<

n
-+
[

NS=NOT SCHEDULED
NG=K0 BLK1 DATA
x=BLK 1 BACKLOG
%=UT1-PM PAIR
-=CLOCK RESETS

%

%<==X-BAND ONLY-->X%

S=BAND ONLY-->
%

RELATIVE CLOCK PARAIIETERS DS563-D5514 <o--==
REFERENCE TIMEJICLOCK OFFSET|RATE X E-12 N0 |SET
DOYTHH i1 S5 VALUE| ERR | VALUE[] ERR Sgén o
159 |**xxNO FRINGES DSS 14 TONES HEAKA=%xX dG |B608
165{702 59 03 | 0 456 .112 07 26 7 18514
T7Z2 | R nman Xk <xxPASS CANCELLEDX¥XxxxXxXnxxx NS |Bo21
179|781 57 39 | 0 175| 097|= 36 | .70 6 |B628
186 | *»x*~nNO FRINGES, ABNORMAL TONESXx»xxx NG |3705
153|701 16.57 | 1 0Z6] .193 21 13 7 {B712
200|700 22 47 | 1 265| 086 34 21 & |5719
207]760 00 39 | 1 275| .0562|- 36 o8 4 |S720
214} 06 06 43 | 1 619| .136(-1 05 | .32 6 |B302
204 | RSNARXRXKXPASS CANCELLEDA®SXxhkrkaX¥kx NS |B&12
235 | RRXx<kXkxxXPASS CANCELLEDXﬁx*kxl**k%x NS |E823
*AxxxxxxRXPASS CANCELLEDX¥RxxxxxxXxxXx NS 8g29

EEEEEEENEENE:




DATA ACQUISITION

PAPER PAPER
TAPE TAPE
DIS —»| APS DSS A DSS B APS |e——=o DIS |
MASER MASER
DISC RECEIVER FTS FTS RECEIVER
VLBI/BWS VLBI/BWS
» MDA
HSD PREDICT EQUIPMENT EQUIPMENT
CONTROL [ |
(RECORDED
ODA ODA a DATA)
(RECORDED @
DATA) ‘ (ANCILLARY
DATA)
‘ (ANCILLARY
MDA
@ DATA) (PREDICT
CONTROL)
HSD
DEEP SPACE STATIONS IN U S.A , SPAIN, AUSTRALIA NETWORK OPERATIONS
NETWORK CONTROL CENTER AT JPL
SIGMAS ]
NETWORK g
SUPPORT PREDICTS RTM = | )| MoNITOR
COMPUTER .
DIS - DIGITAL INSTRUMENTATION SYSTEM MDA - METRIC DATA ASSEMBLY
PLAYBACK AND PROCESSING
DSS A DSS B
@ (ANCILLARY DATA) @ (ANCILLARY DATA)
ODA TAPE (DATA) ODA TAPE (DATA)
DsS's WIDEBAND LINE WIDEBAND LINE
NOCC i
_ VPS
HARDWARE (VAX) DATA
CORRELATOR PLAYBACK RECEIPT | Disc

CORRELATION
POST-CORRELATION S/W
PHASE TRACKING
OBSERVABLE COMPUTATION
UT1 PM FITTING

Fig. 1. VLBl system overview
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Synthesizer Stability Evaluation

E N Sosaand D A Tyner

Radio Frequency and Microwave Subsystems Section

An accurate and simple technique for measuring rms phase noise as a function of
integration time for offset frequencies (103 Hz) close to the carner 1s described The
accuracy of this method 1s verified by Allan Varance measurements in the time domain
and through the use of Hadamard Varance for generating high-resolution spectral density
measurements Two different synthesizers are evaluated and the results are presented

. Introduction

Direct measurements of phase noise below 10 Hz from the
carrier are not commonplace 1n industry Special instrumenta-
tion and methods do exist for making close-in measurements
well below 10 Hz, but these are costly as well as very time
consuming A recent need called for a simple but accurate
technique that could be used by JPL and the synthesizer
manufacturing industry The need arose from a twofold
requirement of the Phase 4 Receivers for VLBI One aspect of
the requirement called for cost-effective synthesizers because
each receiver requires 12 synthesizers to provide a controlled
selection of highly stable signals to be used for the second
local oscillator signal The other part of the requirement was
related to an accurate in-house evaluation of close-in phase
noise of a dozen potential candidate synthesizers Thus, an
accurate techmque would assure the proper selection of the
candidate synthesizer, and a simple test technique would be 1n
keeping with lower cost units since this technique could be
used for the acceptance testing of the production synthesizers
This report describes a method that 1s both accurate and
amenable to production testing

Typically, synthesizer manufacturers measure and state the
stability of their units in terms of noise spectral density to

within 10 Hz of the carrier System requirements, on the other
hand, are stated in user terms, for example, phase error as a
function of sampling or integration time The test method
described below measures the synthesizer stability as phase
error 1n the time domamn Allan Variance measurements (in the
ttme domain) were used to venfy the phase error measure-
ments In addition, the same Allan Vanance measurements
were transformed to the frequency domain and thus character-
1zed the synthesizer’s nose spectral density to withun 1073 Hz
from the carnier The accuracy of the transformed data was
verified via high-resolution spectral density measurements
using the Hadamard Varnance The sections below describe the
vartious measurement techniques, the time domain to fre-
quency doman transformations, and the range of
apphcability.

ll. Frequency Domain
A. Noise Spectral Density

To speafy stability, synthesizer manufacturers’ data sheets
typically speafy Z(f,), the ratio of the single sideband
power of phase noise n a 1-Hz bandwidth £, Hertz away from
the carner frequency to the total signal power The usual range
for f,, 1s from 10 to 10% Hz, with no data relating to the
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extremely close-in phase noise, which 1s of interest to those
concerned with medium-to-long-term stability

The customary method for generating £(f,) curves
utilizes spectrum analyzers, and the measurement techniques
are straightforward and well-understood To cover a wide
range of £, , several types of spectrum analyzers must be used
and the typical measurement technique 1s shown in Fig 1 The
different configurations (A and B) displayed in Fig 1 repre-
sent the method used to compensate for the limited offset
range capability of typical spectrum analyzers The newest
generation of spectrum analyzers, like the HP 8568, provide
most of the required range from offsets of 80 Hz to greater
than 1 MHz away from the carner, at the actual carrier
frequency (Configuration A f, = 100 MHz) Older analyzer
models require more overlap with lower offset frequency
domain analyzers such as the HP 3581 Wave Analyzer (max
f,<50 kHz) or the HP 3585 low-frequency spectrum
analyzer (f, < 40 MHz These mstruments measure f,, > 3 Hz
and 25 Hz respectively, but require the measurement setup of
configuration B, which adds an external mixer pnor to the
low-frequency spectrum analyzer, and thus extends 1ts upper-
frequency limit These techmques provide a direct measure of
the noise power at different offset frequencies, and require the
corrections delineated i the Appendix to denve the SSB noise
in 1 Hz Configurations A and B were used to generate the
L(f,,) curve depicted in Fig 2 for the laboratory model
synthesizer built by JPL, similar in design to the Mark
III-Haystack Digitally Controlled Synthesizer (DCS) Spectral
densities generated with the different instruments agree well
where data overlap existed, and furthermore, data connect
smoothly between different regions where measurements were
not taken. The accuracy of the spectral density measurements
1s esttmated to be within +3 dB The other £(f,,) curve, also
in Fig. 2, was obtained from the data sheet of a commercially
available synthesizer Both of these curves illustrate the
frequency range that can be normally covered, but which does
not get into the close-1n range

To extend the nowise spectral density curves nto the
extremely close-in range, use was made of the Allan Varance
method Medium-to-long term stability performance in the
time domain can be practically and meaningfully measured by
fractional-frequency dewiations (the square root of Allan
Vanance) The testing requires a statistical evaluation of the
sampled synthesizer frequency, as 1t deviates from a reference
standard In general, fractional-frequency deviation does not
provide a precise esttmate of spectral density for offsets, f,,,
far away from the carrier. However, for close-in phase noise,
sufficient accuracy 1s obtainable, as shown later by the direct
ms phase jitter measurements Fractional-frequency deviation
data were obtamned for the two synthesizers whose noise
spectral densities are gven in Fig 2 The measurement
techmque 1s 1llustrated by the block diagram in Fig 3, with
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the HP 5390 Frequency Stability Analyzer shown used to
sample the beat note between the reference and synthesizer
under test and to calculate the fractional-frequency deviation,
0,(r) Narrow noise bandwidths (£,), corresponding to small
beat notes (v,), were needed for measurement of close-n
spectral density components of the continuous noise distribu-
tions. A wider f,, measurement 1s described 1n a later section to
supplement this close-in data base with the muddle to far-out
offset frequency components The measured stability perfor-
mance for the two synthesizers 1s depicted 1n Fig 4 for v, =
1 Hz Medium-to-long-term stability performance 1s covered by
the ntegration times, , from 10 to 10® seconds Different
noise processes 1n the synthesizers give nise to the slopes of the
fractional-frequency deviation, oy(r) plots in Fig 4 The noise
process can be identified by 1ts slope, and, by knowing the
noise process, a time-to-frequency transformation can be made
thus translating the accurate long-term stability measurements
mnto close-1n noise spectral density data

B. Time-to-Frequency Transformations

Transformations from the time domain to the frequency
domain have been descnibed (Refs 1 and 2), and have been
applied by Sward (Ref 3) to the highly stable hydrogen maser
over the same offset frequency range of interest (10~3 to 106
Hz) A method similar to Sward’s was used in this evaluation
except that more exact formuli (Ref 4) were used here for
calculating the f,, corresponding to a particular integration
time 7. A simple reciprocal conversion can lead to up to an
order of magnitude error from the exact value The more exact
method 1nvolves calculating the £, at the intersection points
where the dominant noise process changes and gives nise to a
different slope For example, in Fig 4 the o,(7) plot for the
commercial synthesizer shows a break point (a change in
slope) at 7=40s The simple reciprocal conversion leads to
fm = 0025 Hz, while the more exact formula results in f,, =
0007 Hz

The extension of the nowise spectral density plots were
generated by approximating the experimental oy(r) data with
slopes corresponding to well-known noise processes In the
plots of Fig. 4, both units were considered to be composed of
two noise processes The commercial umt consisted of white
frequency (slope = -1/2) and random walk frequency (+1/2),
while the JPL-built unit exhibited flicker phase (slope =-1)
and white frequency (-1/2)

The transformations used for the 3 different noise processes
are

(0,0, 7 2.565)?
T 2184+l(f,n) ™

!l’(fm ) flicker phase )



Z(,) = (@, f, ' 12 white frequency  (2)

£(,) = (o,(0f, 712 0.276)* f_* random walk frequency
(3)

m which f, denotes the carner frequency and f, 1s the
measurement bandwidth The exact values for f,, were found
by solving simultaneously for f,, and 7 with pairs of the above
equations whose corresponding noise processes intersect The 7
at the intersection point 1s known from the experimental
fractional-frequency dewiation data and the corresponding f,,,
1s determined.

The transformed time domamn data are shown plotted in
Fig. 5 as extensions of the noise spectral density plots
previously discussed. The transformed o (7) data “lines-up”
well with the measured Z(f,,) curves However, to ascertain
the accuracy of the transformations, close-in phase noise
spectral density measurements were made with the HP5390
Frequency Stability Analyzer as configured in Fig 3 This
instrument also makes use of the Hadamard Vanance, which
was developed for making high-resolution spectral analysis
Frequency doman data 1s calculated from the time doman
data provided by digital counters The data obtained with the
HP5390 1s also plotted 1in Fig 5, and support the simpler
transformations used above

[il. Phase Noise in the Time Domain

It was previously mentioned that from a system’s point of
view, the desired stability parameter 1s phase noise 1n the time
domain. In this section several techmques are described to
measure phase nose or jitter as a function of integration time
with conventional instrumentation Also described below are
how these measurements compare to the stability measured via
the fractional-frequency deviation techmique Direct calorn-
metric phase jitter measurements were made and these were
compared with the corresponding transformed o,,(r) measure-
ments. Good agreement was obtamed Additional phase error
data as a function of time was obtamned by measuring
temperature stability of several synthesizers A further use of
the phase pjtter data involves the calculation of the relative
power between noise and carrier 1n order to supply another
frequency domain representation of synthesizer stability

Using readily available instrumentation, a method was
developed to measure phase error at selected ntegration times
The measurement block diagram for calorimetric true rms
phase jtter 1s shown i Fig 6 The techmque involves
heterodyning the phase noise spectra to baseband and calibrat-
ing the phase fluctuations to the measured rms voltage
(Ref 5) To generate phase jitter data as a function of

integration tume, 1t was necessary to alternate true rms
detectors. Each detector had a different (99%) response time
and, with six detectors, integration times from 60 ms to 45's
were covered 1n six points The integration time span 1s due to
several different implementations of a true rms converter,
utthized mm the calornimetric detectors listed in Fig 6. The
shorter taus are obtained in high-speed monolithic circuits that
can effectively integrate the hgh peak-to-rms-noise voltages
mto thetr equivalent root mean square values Longer sampling
times require more massive heat generating and detecting
hardware and usually operate over much larger bandwidths
Sensitivity also degrades substantially for the longest 7
detector (45 s) requiring a larger gain to measure the equiv-
alent rms phase jitter (a dynamic range constramnt for high
spectral purity signal measurement)

Phase jiter 1s calculated from the measured raw noise and
stnusoidal voltages by

14
(57 296 deg/rad) nouse
A = 4
8s(T) VA “

where Ag_ (7) 1s the rms jitter n degrees of a synthesizer at
f,, 7 15 the 99% response time of digital voltmeter (DVM),
V,ose 15 the true rms voltage of the noise fluctuations, and
V pear 18 the true rms voltage of the calibration beat note This
assumes that the reference synthesizer 1s 10 dB more stable
than the synthesizer under test If the synthesizers are nearly
the same, another 14/2 factor must be added to ascertain the
individual synthesizer performance The data obtained for the
two synthesizers are plotted in Fig 7 for a carrier frequency of

100 MHz

The JPL-built synthesizer exlibited between 07 and 10
degrees rms of ptter for 7 <45 s at 100 MHz With the same
setup, 1n the short integration times the commercial synthe-
sizer manifested a hundredfold lower noise, but also dnfted
relatively more 1n the longer integration times The fourfold
degradation at 7=45s, compared to the ptter for 1<2s,
demonstrates the type of phase dnfts that can occur in some
synthesizers, probably due to environmental factors.

It 1s interesting to note the nearly flat phase ptter slope at
the low taus, for all of the curves depicted in Fig. 7. The
dashed lLines connecting the open symbols represent the
corresponding phase jptter values obtained by applying a
stmple transformation of the o, (7) data given for both
synthesizers 1n Fig. 8 These fractional-frequency dewviations,
measured with v, = 10 kHz and 1n a 25-kHz bandwidth (f},),
offer an excellent methodology comparison to the calorimetric
data where f,, = 15 kHz The transformation converts 0,,(7) vs
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Tto A9, vs T by a straightforward scaling of the Af/f,
values. The equation used,

a¢,. (1) = g, () f, - 7360 5)

also clanfies the observed short-term 1/7 relation of the 0,,(7)
data and the independently measured constant A¢,, . slope
Obwviously as 7 increases, the ay('r) values must decrease
equally 1n proportion to maintain a constant phase ptter slope
Thus a 1/7 fractional-frequency deviation slope translates mto
a constant phase ptter. Furthermore, as the phase errors
become larger for longer sampling times, the oy(r) curves must
flatten out and then eventually turn upward, typically beyond
722 1000 s (as observed in Fig. 8)

Equation 5 can also be applied to the Uy(T) data shown 1n
Fig 4, but due to the much smaller measurement bandwidth
(f, = 1 Hz) and v, = 1 0 Hz, no meaningful relation exists to
the measured calorimetric jitter taken 1n a 15-kHz bandwidth
The 0,,() values of Fig- 4 would essentially relate to only the
close-1n noise spectral density as previously demonstrated, and
thus exclude the predomimant nose pedestal of the JPL-built
DCS at offset frequencies between 0 1 and 10 kHz away from
the carnter An mdication of this 1s found by companng the
ay(r) values of Figs 4 and 8, at 7=1s The JPL-bult DCS
suffers a 42-fold loss 1n stability, while the commercial unit
degrades by only a factor of 3, for the increased measurement
bandwidth from 1 Hz to 25 kHz, thus showing the importance
of measurement bandwidth Corroboration of the time and
frequency domain data 1s enhanced by the observed downward
trend of the transformed A¢,,,. of Fig 7, for the short
integration times of the commercial synthesizer This type of
behavior 15 expected due to the observed rapid drop 1n noise
spectral density, for f,, = 100 Hz found in Fig 5

The empinical data base established to generate the curves
of Fig. 7 can also be used directly 1n the frequency domain, to
generate another set of spectral densities This 1s because the
calonnmetric method 1s basically a hybrid of the conventional
&(f,,) measurement scheme and several varable 7 detectors
The formula to generate £(f,,) 1s

VnOI.S‘
L(f,,) = 20log [—=—

beat

) - 101og (f,) - 3 dB

(6)
where V, ... 1s the true rms voltage at offset f,, Hz from f,,
Vbear 15 the true rms voltage of the v, = f, beat note, £, 1s
the wave analyzer’s tuned frequency, f, 1s the noise band-
width, and the (-6 dB or -3 dB) factor 1s for SSB noise with
equivalent sources or for a reference with 10-dB lower noise
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This measurement also utilizes the test configuration imn
Fig. 6 (see Ref 6), and n Table 1 typical phase jitter 1s listed
for each synthesizer tested and their related calculated spectral
densities The offset frequency, f,,,, mn this case was a dis-
tributed parameter due to the wideband low-pass filter used
(Fig. 6 f;, = 15 kHz) and thus the calculated value represents
an integration of the noise sidebands normalized to a 1-Hz
bandwidth without a specific f,, (1e, DC <f, <15 kHz)
Even so, the calculated results match well with the measured
L(f,,) displayed n Table 1 orin Fig 5 Additional ptter data
were taken as a function of f,, by utihzing the wave analyzer
as a vaniable tuned filter, as shown beneath the dotted line 1n
Fig 6 Results taken in this manner demonstrated the relation-
ship of wider resolution bandwidths and vanable offset
frequency f,,, and confirmed the curves of Fig 2 It 1s thus
practical to measure spectral densities of noise sidebands by
the apparatus used to measure phase jitter as a function of
integration time

IV. Temperature Stability

Phase stability as a function of time also becomes tempera-
ture related, due to the susceptibiity of synthesizers to
environmental changes The temperature coefficient of output
phase was measured and can be related to long-term phase
mnstabilities The measurement block diagram used 1s found 1n
Fig 9 The data were taken by applying a temperature step
(AT =20°C) to the synthesizers under test and watching their
phase change with respect to the reference synthesizer, at
ambient (Ref 7) An exponential phase response resulted from
the applied step temperature change, and the phase stabilized
at a new value after 20 or 30 mun. By dividing the phase step
by the temperature step, one arrives at 2 number that indicates
the susceptibility of phase changes in the expected recerver
environment The equation 1s simply

A(b _ ¢lmt(T= Tl)_ ¢ﬁnal(T= T2)
aT - T,- T, @)

where A¢/AT 1s the change in output phase per degree
centigrade change mn temperature, ¢, and ® finar are steady-
state values displayed on the vector voltmeter before and after
the applied thermal step AT=T, - T,.

Results of this test are tabulated in Table 2 for each
synthesizer and these data indicate that a synthesizer such as
the JPL-built DCS, with a lower parts count, 1s about 5 times
less sensitive to environmental vanations than the commercial
unit tested

Another attribute of the temperature stability measurement
scheme 1s the ability to generate a frequency stability value,



Af/fo, for the equivalent thermal time constant of the
synthesizer tested. The same exponential phase vs time curve
discussed above 1s used to calculate the Af/f, (7 y.p )- The
1/e (or 63% of the final phase value) time interval, and the
actual A¢, has been normalized to the operation frequency and
recorded in Table 2 These numbers represent nonstatistical
phase dnft susceptibilities found at longer integration times
(7> 1 mn), and thus further buttress the long-term stability
analysis. The expression used to compute the temperature
stability displayed in Table 2 and Fig 8 1s

_4[ - ¢tmt (t = 0) - ¢63% (t = Ttherm)
3607

f 0 (Ttherm therm * f o (7)

where ¢ .. (t=0) 1s the mmtial steady phase, prior to applied
step AT, ¢g30, (1= T pepy) 15 the phase shift incurred after
Tthenn S€CONAS, and Ty, 18 63% OF §p,y (8 = 3 74,,,,,) mea-
sured 1n seconds

The long-term o), (r) values seem to connect fauly well to
these indirectly generated Af/f,’s as the expected up turn in
the two curves occurs at their respective thermal time
constants

V. Conclusion

In the absence of conventional instrumentation for measur-
ing close-in noise, a method has been developed that not only
utihizes readily available equipment, but that can be used for
production testing The measurement technique utilizes the
different time constants inherent in the different types of true
rms meters. Two different synthesizers were measured, and the
results were 1n very good agreement with stability data
obtamned by more sophisticated methods and instruments
Allan Vanance was used to establish that, via transforms,
fractional-frequency dewviations gave a good representation of
close-in phase nowise. This was also supported by spectral

density measurements using the HP5390 Frequency Stability
Analyzer Allan Vanance measurements were subsequently
transformed to phase noise as a function of time and
compared to the phase ptter measurements made by the
method heremn descibed Good agreement was obtained up to
7= 45 seconds, which corresponds to 6 X 10-3 Hz Knowl-
edge of the noise process for the particular synthesizer
determines the slope beyond 45 seconds. More accurate
determination of A¢,, (1) beyond 45 seconds can still be
accomplished by ay(r) measurements except that these take
longer test time. Other production-oriented measurement
techniques that offer potential are digital spectrum analyzers
that utilize the FFT (Fast Fourier Transform) to transform
time domain samples 1n parallel into the frequency domain
with a mumimal delay, or a new class of (digital) video chart
recorders that can provide statistical averaging of the phase
dnfts as a function of integration time A few major
synthesizer vendors currently utihize the HP 3582 FFT
Spectrum Analyzer for their production testing of close-in
(f,, > 1Hz) noise spectral densities for their top lne,
low-nowse synthesizers The instrumentation just mentioned 1s
capable of measuring considerably closer to the carrier, within
1072 Hz, but hittle need typically has been expressed for such
information It turns out that VLBI recewvers also require
measurements of phase error as a function of integration time,
and any frequency domamn method would necessitate accu-
rate transformations from the frequency to the time domain
to assure compliance with the overall system design

While the results of the measurement techniques herein
described agreed well with transformed data, the overall limuts
of applicability were not established Ewidently the measure-
ment techmque 1s valid for the case of synthesizers locked to a
spectrally pure hydrogen reference source, and for the
integration times apphed Further investigation into the
nonstationary (random walk) noise phenomenon may establish
limuts to the application, and may offer the optimal method of
measuring long-term 1nstabilities of phase
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Table 1. Calculated average noise spectral density derived from
phase jitter data

Synthesizer Actual Calculated Measured
Mool A¢ mms, 2(f) 2(100 Hz),
° deg rms dBc/Hz dBc/Hz
JPL-built DCS 0381 -82 =175
Commercial unit 00083 -122 -131

afm, the offset frequency, 1s now a distributed parameter, somewhere
between 1 and 15,000 Hz

Table 2, Temperature coefficient of output phase and frequency
deviation test results

a¢/°C, Ttherm’
Synthesizer deg peak/°C Aflfo Giherm) 5
JPL-built DCS
(vanation of 3) 2221 56x4)x 10713 720+ 300
Commencalumt  102x1 51x 10713 3000+ 100
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CONFIGURATION A
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+ Vv
b
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ANALOG SPECTRUM ANALYZERS £, Hz CONFIGURATION
HP 8568 80 A
HP 8555 800 A
HP 8554 800 A
HP 8553 100 A
HP 3585 25 B
WAVE ANALYZERP
HP 3581 30 B

“WHERE X(f) < -80dBc/Hz AND vy =f_

bMAX OFFSET LIMITED HERE TO f < 50 kHz

Fig. 1. Noise spectral density, Z (fm), measurement block diagram
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Appendix
Power Spectral Density Calculations

I. Spectrum Analyzer (Fig. 1)

2(,) = -, P, - 6dB+25dB- 10log(f,)- 3 dB))

noise
where

Q(fm) 15 1n dBc/Hz, or dB below f,, the carner, measured at the offset f, ,
in 1-Hz equivalent noise bandwidth

P are measured powers 1n dBm
carrier ° noise

-6 dB 1s a factor for SSB and the displayed carrier power 1n rms, rather
than peak power

+2 5dB corrects for log amp at IF

fh 1s noise bandwidth, 22 1 15 X resolution BW

(-3dBor-0dB) 1s for two equivalent sources or if reference 1s 10-dB lower noise

ll. Wave Analyzer (Fig. 1, Configuration B; Fig. 6)
LE,) =@ per @

carrier noise 6dB+105dB- 10 IOg (fh)" 3 dB))

where

+1 05 dB 15 the correction factor for white nose as average responsing detector 1s
calibrated to read true rms, for a discrete signal

f, 1s equivalent noise bandwidth, = 110 X resolution BW, as typical wave
analyzers utilize narrower IF filters
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Investigation of Digitally Controlled Oscillator
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In order to provide adequate levels of flight project support, the elimination of proce-
dural errors by Deep Space Network personnel is an important consideration This article
describes an nvestigation designed to identify and correct procedural errors involving

digitally controlled oscillator operations

l. Introduction

The digitally controlled oscillator (DCO) 1s a microproces-
sor-based exciter frequency controller that serves as the pnime
uplink control unit on the 64-meter and 34-meter subnets The
DCO 1s controlled by a Deep Space Station (DSS) operator
through either the Metric Data Assembly (MDA) 1n automatic
mode, or a dedicated terminal 1n manual mode

The DCO has been the source of numerous support prob-
lems since 1ts implementation in July 1980 These problems
can be categorized as either hardware, software, or operational
problems The identification and correction of operational
problems 1s the responsibility of the Operations Control
Group, Control Center Operations Section. These problems are
documented, through the DSN Discrepancy Reporting System,
as procedural discrepancy reports (DR’s) The large number of
procedural DR’s wnvolving the DCO indicate that the DCO
suffers from poor operability The term ‘‘operability” refers to
the relative ease or difficulty encountered by an operator in
attempting to operate a system correctly

The methods used for identifying and correcting hardware
and software problems are fundamentally different from the

methods used to identify and correct operability problems
Hardware and software problems can be dealt with through
the use of step-by-step troubleshooting procedures, which lead
directly to 1dentification of a bad component or an incorrect
line of code Operability problems, however, are less tangible
m nature because they originate at the interface between the
DCO and 1ts human operator This person/machine interface 1s
therefore the area that must be investigated when attempting
to 1dentify and correct operabiity problems The methods
used to investigate operability of a system are provided by the
fields of behavioral science and human engineering,

li. Investigation
A. Investigative Strategy

Operability n a complex system 1s the result of the inter-
action of many variables These varables provided a frame-
work for analysis of the data The vanables deemed most
relevant to DCO operability were.

(1) The person/machine interface

(a) Physical operations environment.
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(b) Complexity and comprehension of mput and
output

(c) Time constraints
(d) Personality factors
(2) Information transfer procedures

(a) Information transfer medwum (voice, hard copy,
CRT).

(b) Memonzation requirements
(3) Procedural documentation

(a) Metric Data Assembly Software Operator’s Manual
(MDA-SOM).

(b) Other documentation (Synthesizer Controller
Technical Manual, DCO Procedures, TWX’s)

B. Data

The data for this investigation were extracted from 45 pro-
cedural DR’s mvolving the DCO over a period of 14 months
from August 1980 to September 1981 Additional information
regarding DCO operability was provided by interviews with
station operators, reviews of DCO procedural documentation,
and observations of DCO operations at DSS 14. Analysis of
the data attempted to answer three major questions

(1) Were procedural errors distributed evenly throughout
all DCO-equipped stations?

(2) Did the procedural error rate for DCO operations
remain steady over time, or did 1t fluctuate 1n response
to external events?

(3) What types of errors occurred most often?

C. Results

No evidence was found to indicate that any DCO-equipped
station was more prone to operability problems than any other
DCO-equipped station. Within the 14-month penod, the mean
number of procedural DR’s per station was 6 4, with a stan-
dard deviation of 2 87

Several interesting phenomena were evident when the DR’s
were examined over time (see Fig 1) The gradually decreasing
error rate seen between August 1980 and February 1981 indi-
cated that leaming and familianty over time aided station
operators 1n reducing the procedural error rate to near zero
This gradually decreasing error rate 1s what one would expect
to see following mtroduction of a new system. The dramatic
increase 1n procedural errors seen in March, Aprl, and May of
1981 was due to the implementation of new MDA software,
which the station operators also needed time to become accus-
tomed to
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The procedural DR’s were also categorized by type of error
The following list indicates the most prevalent types of errors

(1) Incorrect command

(2) Incorrect command syntax

(3) Commands entered 1n wrong sequence
(4) Wrong predicts selected.

(5) Incorrect frequency entered

The last category, imncorrect frequency entered, accounted
for more than 25% of all procedural errors mnvolving the DCO
No other problem category accounted for more than 10% of
the total errors.

Interviews with station operators and observations of DCO
operations pointed out several contributory factors to poor
operability Many errors occurred during high-activity periods
at the station, especially during tune-in shortly after acquiring
the downlink At least two procedural errors also occurred
durning shift changes Another factor 1s the time constrant
assoctated with several DCO commands, which must be
entered at least 4 minutes prior to the start of tuning

A review of procedural documentation indicated that com-
plete procedures did not extst for all possible modes of opera-
tion and that the MDA-SOM did not contain adequate uplink
tuning procedures Station operators also noted that proce-
dural documentation was often not timely and not formatted
so as to be easily usable.,

Most of the problems regarding procedural documentation
have recently been alleviated, as described below.

D. Discussion

The 1nvestigation results indicated that entering frequencies
was the most error-prone aspect of DCO operations These
frequencies are large numbers, typically contamning from 9 to
14 digits. The types of errors occurring most often mvolve
transposition of digits or substitution of incorrect digits for
correct digits These errors are due to the memortzation
requirements of mformation transfer procedures, especially
when information 1s being transferred via voice net The capac-
1ty of human short-term memory 1s generally limited to about
7 discrete 1tems of information These 1tems can be kept active
mdefinitely in memory by internal rehearsal, however, the po-
tential for incorrect memorization increases as the number of
items to be remembered increases Multidigit numbers, there-
fore, become progressively harder to remember correctly as
the number of digits 1s increased



Another important feature of human memory 1s that even
visually presented information 1s stored in acoustic form For
example, 1f a person 1s given a list of letters of the alphabet to
memorize, and makes an error 1n recalling the letter “F”, he 15
much® more likely to report 1t as an “X” than an “E” Al-
though “F” and “E” share common visual features, “F” and
“X” share a common initial sound This phenomenon 1s
known as acoustic confusion When memonzing large num-
bers, therefore, 2°s are confused with 3’s, 4’s with 5’s, and 6°s
with 7’s

Based on these findings, recommendations were made 1n
June 1981 to carefully double-check frequencies, especially
when they are passed to the station operator via voice net
Since this recommendation was implemented, only one pro-
cedural error mnvolving entering a wrong frequency into the
DCO has occurred

Another possible source of error in DCO operations 1s the
nonstandardization of delumiters For example, certain MDA

commands for entering the date and time use spaces as delim-
iters, while equivalent DCO commands use colons as delimiters.
This lack of standardization was the cause of at least one
procedural error.

Procedural documentation was often mentioned by station
operators as contributing to poor operability. Procedural docu-
mentation must accommodate both heunstic thinkers, who
reason 1n global or system terms, and analytic thinkers, who
reason in linear terms

In May 1981 a special team was formed to rewrite the then-
current DCO operations procedures These new procedures
were mmplemented 1n early June and were largely responsible
for the reduction 1n procedural errors since then As of this
writing, only one procedural DR 1nvolving the DCO has been
written 1n Qctober
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Often an emergency telemetry mode 1s automatically selected by a spacecraft dunng
emergencies Dunng such emergencies the DSN must acquire the spacecraft telemetry as
rapudly as possible under weak fluctuating signal conditions Test data herein show the bit
error properties of one emergency telemetry mode candidate with a very low bit rate of
4 BPS Analysis reveals the E_ [N, necessary to obtan the performance BER threshold

and associated acquisition times.

I. Introduction

Recetving telemetry duning a spacecraft emergency 1s far
from optimal The spacecraft may be experiencing an RF
power failure or loss of antenna pomnt under dynamic condi-
tions to produce weak intermittent downlink RF and telem-
etry signals

Such a problem was presented in support of the NASA
ISPM mission design The search for a low bat rate to increase
the chances of receiving emergency telemetry began, and
telemetry tests were performed to demonstrate the capability
of the DSN to support 3.93 BPS, coded and uncoded. Coding
options include Reed-Solomon (255,223) outer code concate-
nated with a convolutional (7,1/2,3) mnner code. The
uncoded case 1s a contender since acquisition 1s more rapid.

The objectives of the tests reported herein are to examine
the BER performance and signal acquisition time for both
coded and uncoded links around the specified BER threshold
of 1073. The nput £, /N, needed for the threshold 1s to be
established.

ll. Test Configuration and Test Techniques

All tests were performed in Compatibility Test Area 21
(CTA-21) at JPL. A block diagram of the test setup 1s depicted
mm Fig 1. RF and telemetry subsystems include SCA, an
S-band transmutter, a Block-III RF receiver, a Block-III SDA,
SSA and MCD. The test configuration included the convolu-
tional coding for portions of the tests and uncoded for the
remaining. CTA-21 had no capabihty for Reed-Solomon
coding-decoding, therefore, no concatenated code tests were
performed. Modulation included biphase modulation of sym-
bols upon a 40 kHz squarewave subcarrier. Then this spectrum
18 phase modulated at 37 degrees mod index upon the S-Band
carrier All SNR levels were set by the standard Y-Factor
technmique.

Two problems impede progress when running telemetry
tests at very low bit rates and with efficient codes. The first 15
test time Sufficient test time 1s needed to accrue enough bt
errors (V,) for a lugh confidence interval and accuracy. With a
given bit error rate BER (P,) and bit rate (R), test time may be
calculated by the following relation
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N /P

4

R 60

Te = minutes

To accrue 100 errors at a P, = 1 X 1073 takes 6 hours and
11 minutes at 4.49 BPS Ths length of time represents a large
expenditure of manpower and test area ttme. The difficulty in
making test setups 1s compounded by the use of the efficient
convolutional code Efficient codes result in a very “steep”
BER curve If the E,/N, 1s set too high, an msufficient num-
ber of errors occur and the BER result 1s inaccurate If the
E, [N, 1s set too low the MCD will lose node synchronization

When telemetry tests are performed at CTA-21, burst errors
accumulate within high speed blocks There are 960 bits per
block. If the BER 1s plotted as the bit errors occur, as in
Fig 2, the BER will start high and approach the correct BER
asymptotically. Not until about 108 errors (or 7 bursts averag-
g 15% errors) have occurred does the BER approach within
30% (or 0.1 dB) of the asymptotic BER value Further work 1s
needed to develop this technique analytically and empirncally
For the testing analysis, a goal of 100 errors was established 1n
the planning phase but due to the logistics of scheduling the
test area and making long test runs, this was not found to be
practical

Testing for the uncoded 4 0 BPS proceeded uneventfully
except for the large amount of test time needed

lil. Interpretation of Test Data

Test data in Table 1 1s presented graphically i Fig 3. The
convolutionally encoded telemetry test results are compared
against Linkabit baseband simulation data, also plotted in
Fig. 3, to obtain total modulation-demodulation loss At the
performance threshold of P, = 10~3 the total system loss 1s
40 dB. This 15 equivalent to a baseband performance of
Ey /Ny = 30 dB. Note that with Reed-Solomon concatena-
tion the system would be essentially errorless at 3 0 dB

For mput E, /N, levels less than 7 0 dB, the BER perfor-
mance 1s erratic. Erratic performance 1s qualitatively described
as momentary and/or permanent data mversion, loss of MCD
node synchronization, and very large data bursts beyond the
ability of the Reed-Solomon concatenation to correct

The uncoded test results in Fig 3 are extrapolated down to
a BER of 103, showing that an mput E, /N, of 92 dB 1s
necessary to obtain threshold performance. Tests 1, 2, and 3
(of Table 1) experienced 59, 7, and 128 bit errors respectively
To estimate the range of accuracy for these tests about 100 bit
errors are needed to obtamn a 90% confidence interval of being
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within 0.1 dB Approximately 10 points are needed for an
80% confidence to be within 0.5 dB (Ref. 1) No adverse
behavior of the uncoded BER performance was apparent even
though the RF carrier tracking margin ranged from 3 6 dB to
56dB, which 1s well mto the cycle slip region Uncoded
system loss 1s shown to be about 2.4 dB when the BER test
data are compared to the theoretical curve.

IV. Acquisition Behavior

Due to the nature of the spacecraft emergency mode, quick
acquisttion time may be more desirable than a low bit error
rate If the spacecraft has a weak fluctuating SNR level that
occastonally exceeds threshold, the acquisition time should be
short by comparison to the time above threshold

The RF and telemetry string acquisition-time calculations
are broken down by subsystems and recorded in Table 2.
Notable 1s the large percentage of time needed for Block III
SDA to acquire Also, the Reed-Solomon frame sync requires a
very large percentage of the total acquisition time.

RF acquisition times of 5 and 10 minutes were assumed for
E, [N, levels of 7.0 and 9.0 dB, respectively SDA, SSA, and
MCD acquisition times were calculated from the instructions
given 1n the DSN-Flight Project Interface Design Handbook
Reed-Solomon acquisition time 1s based on acquining a
10080-bit frame within a range between 1/2 frame to 4 frames
at 3.93 BPS.

V. Summary

Table 3 summanzes the BER and acquisition performance
with use of three coding schemes* uncoded, convolutional, and
Reed-Solomon convolutional concatenation The uncoded
telemetry needs a 9.2 dB mput E,/N, level for threshold
performance but has the least acquisition time 28 munutes
and 18 seconds The next best performer 1s the convolu-
tionally code telemetry, which requires an tnput £, /N, of
only 70 dB, but the acquisition time has increased to 1 hour
and 49 minutes The Reed-Solomon concatenation only adds
acquisition time. Since the required BER performance of 10 ~3
18 met and the MCD will not maintain lock below 7.0 dB, the
added Reed-Solomon coding gain cannot be utihized to
enhance threshold performance

The total system modulation-demodulation loss for con-
volutionally encoded telemetry at 4 49 BPS 15 4.0 dB. System
loss for the uncoded 4 0 BPS 1s 2.4 dB. Noting that the carrier
tracking margin 1s between 5.5 and 4.6 dB these losses appear
reasonable.



A closing note should be made about the Block-IV SDA  reduce acquisition time. No calculations have been submitted
now 1n operation at DSS-14 and DSS-43 These advanced  at this time, the question has been left open for a potential
SDAs have third-order tracking loops which can sigmificantly  future effort.

Reference

1. Rollins, W. W., “Confidence Level 1n Bit Error Rate Measurement,” Telecommunica-
tion and Data, December 1977.

Abbreviations

BER  bat error rate

BPS bits per second

CTA-21 Compatibility Test Area-21 at JPL
dB decibel

DSN  Deep Space Network

E » /N o Cmergy per bit per spectral noise density
ISPM  International Solar Polar Mission
JPL Jet Propulsion Laboratory

kHz kilohertz

MCD  maximum likelihood detector

P probabihity of error

PN pseudo noise

RF radio frequency

R-S Reed-Solomon code

SCA simulation conversion assembly
SDA  subcarnier demodulation assembly
SNR  signal to noise ratio

SPT system performance test

SSA symbol synchromizer assembly
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Table 1. Bit error rate tabulated test data

Input Bit Bit error System Carner
Testno E b/NO, dB  rate, BPS Codng tate, P, No of bits loss, dB margin, dB
1 {65 400 Uc® 11x10°2 52 24 46
65 400 uc 11x 1072 7 24 46
2 55 4,00 uc 22x1072 128 26 36
3 75 400 uc so0x103 5 24 56
4 80 449 c® 12x10% 11 4.2 6.5
5 85 449 c 25x%x 105 94 42 70
6 7.0 449 cC 10x103 95 40 55
3UC = uncoded

b ¢ = convolutional (7, 1/2, 3)

Table 2. Calculated threshold acquisition times for the RF and telemetry string

Subeystem E/N, = 70dB E/N,=92dB
Uncoded Coded Uncoded Coded

RF (assumed) 00 10 00> 00 10 00 - 00 0500 00 05 00 -
SDA 003640 013320 - 002050 004640 -
SsA 000228 000212 - 000228 000212 -
MCD - 00.03 34 - - 00 03 34 -

Subtotal 01 49 06 00 57 26
R-S (1/2 frame) - 00 20 50 - - 00 20 50 -
R-S (4 frames) - - 00 42 00 - - 00 42 00

Total 00 49 08° 020956 023106 002818 011816 013926

3Hours minutes seconds

PBER performance 1s above specified threshold P, > 1073

Table 3. Summary of acquisition time and BER performance for convolutionally coded and
uncoded threshold E, /N, input levels

E,/N, = 70dB E/N,=92dB
Code conditions
Acquisition time BER Acquisition time BER
Uncoded 00 49 08* 8x 1073 00 28 18 1x1073
Convolutional 01 49 06 1x 103 00 57 26 7x 1076
Concatenated Reed-Solomon 02 09 56 “Errorless” 01 18 26 “Errorless™
and convolutional to to
02 31 06 01 39 26

2Hours minutes seconds
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Goldstone STDN 9-Meter Radiation Test

J R Blain

Deep Space Network Support Section

The GSTDN 9-meter tests were conducted from February through July 1981 to
charactenize the near-field radwation patterns of the S-band and fourth harmonic fre-
quency emussions. The test configurations and results are presented, with graphs of the
antenna patterns The tests indicated that X-band leakage may be suppressed to levels of

approximately - 190 dBm/em? at 200 meters

. Introduction

The Mark IVA configuration of the Deep Space Network
(DSN) will require that the antennas of each Deep Space
Communications Complex (DSCC) be colocated close to the
64-meter antenna, except for Deep Space Station (DSS) 12 at
Goldstone This colocation of antennas within line-of-sight of
each other and some as close as 200 meters from each other
greatly increases the requirements for electromagnetic compat-
ibiity withun the DSCC to insure continued mission support
Each of the antennas to be colocated represents a potential
source of electromagnetic interference.

The DSN 34- and 64-meter antennas are presently colo-
cated in Australia and Spain and have been engineered to
suppress electromagnetic interference. However, the Mark IVA
configuration also requires the colocation of a Spaceflight
Tracking and Data Network (STDN) 9-meter antenna with
transmit and receive capabihty for supporting near-earth mis-
sions. The 9-meter antenna has a diverse S-band operating
frequency range, with a fourth harmonic that falls within the
DSN X-band receiver operational frequency range. Further,

the 9-meter antenna tracks earth satellites at relatively fast
tracking speeds, which substantially increases the opportunity
for a transmitting antenna to radiate into the front of a
recetving antenna This made the 9-meter antenna the most
likely antenna to cause electromagnetic interference (EMI)
Existing data on the 9-meter antenna did not provide adequate
information on 1ts near-field radiation charactenstics at funda-
mental and harmonic frequencies. The RF signature of this
antenna was rtequired to develop an antenna interference
model Therefore, actual near-field measurements of the STDN
9-meter’s fundamental frequency and fourth harmonic radia-
tions were required.

The STDN 9-meter facility normally operates in one of two
modes exciter bypass or power amplifier mode. In the exciter
bypass mode, the output of the exciter bypasses the power
amplifier (klystron) and 1s connected to the antenna through
most of the same waveguide as the output of the power
amphfier Our nitial concerns for these tests related only to
the power amphfier mode, however later we had to include the
exciter bypass mode tn our test plan \
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Il. Test Criteria
Test criterta were as follows

(1) Measure the maximum continucus wave (CW), radio
frequency (RF) radiation from the 9-meter antenna,
with the transmutter set for the frequency of 2105 MHz
and the antenna radiating 10 kW, from a distance of
less than 500 meters Measurements were to be made at
2105 and 8420 MHz with the receiving antenna on
boresight of the 9-meter antenna.

(2) Measure the CW RF radiation levels of frequencies
2105 and 8420 MHz, as recewved from the 9-meter
antenna, as a function of the antenna elevation in
degrees relative to the boresight of the receive antenna
Transmut frequency 2105 MHz.

(3) Measure the CW RF radiation levels of frequencies
2105 and 8420 MHz, as received from the 9-meter
antenna, as a function of antenna azimuth 1n degrees
relative to the boresight of the receive antenna Trans-
mut frequency 2105 MHz

lll. Test Configurations
A. 500-Meter Test Configuration

(1) Test site 476 meters from the 9-meter antenna
(2) Equipment configuration 1 (see Appendix).
(3) Test system’s signal measurable threshold !
(a) -134 5 dBm/cm? at frequency 2105 MHz
(b) -176 8 dBm/cm? at frequency 8420 MHz
(4) Pathloss 2
(a) S-band estimated to be 92 45 dB
(b) X-band estimated to be 104.49 dB

B. 200-Meter Test Configuration
(1) Test site 200 meters from 9-meter antenna
(2) Equipment configuration 2 (see Appendix).
(3) Test system’s signal measurable threshold.
(a) -172.0 dBm/cm? at frequency 8420 MHz

1z preamplifier was locally fabricated to increase the sensitivity of the
Hewlett-Packard, HP-8566 A, that was used as the recetver

2 All test locations are considered to be m the near field of the antenna
radiation pattern Therefore, the distance loss applies to signals in
directions out of the main antenna beam
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(b) S-band measurements were not required.

(4) Path loss at X-band estimated to be 96 67 dB.

C. 70-Meter Test Configuration
(1) Test site 70 meters from 9-meter antenna
(2) Equipment configuration 3 (see Appendix).

(3) Test system’s signal measurable threshold was -172
dBm/cm? at frequency 8420 MHz

(4) Path loss at X-band estimated to be 87.72 dB.

D. Equipment Leakage Test Configuration
(1) Test site inside 9-meter transmatter equipment room.
(2) Test system’s signal measurable threshold
(2) -135 dBm at frequency 2105 MHz.
(b) -133 dBm at frequency 8420 MHz

IV. Test Resuits
A. 500-Meter Test Results

The S-band tests were performed and adequate information
was obtamned to predict the RF radiation pattern of the
9-meter antenna See Figs. 1 and 2 for the radiation patterns
No further S-band testing was performed due to time restric-
tions.

The X-band tests were not completed due to time restric-
tions. However, the highest fourth harmonic power flux den-
sity levels were -122 dBm/cm? at 476 meters from the
9-meter antenna Confirmation testing was conducted at the
STDN 9-meter antenna facility in Spain with similar results
Investigations there concluded that the high level of radiation
from the STDN antennas was due to a zero delay device3
(ZDD) that was bolted onto the side of the STDN antenna.
When the device was removed, in Spain, from the 9-meter
STDN antenna, the fourth harmonic signal level dropped
below the detecting equipment threshold The Goldstone
fourth harmonic preliminary test results are depicted in Figs 3
and 4

B. 200-Meter Test Results

The primary test location was 200 meters from the Gold-
stone 9-meter STDN antenna Fourth harmonic measurements

3The zero delay device 1s a small parabolic antenna, with a crystal

detector, that 1s pointed at the subreflector of the 9-meter antenna It
1s used for calibrating transmit and receive delay times to zero
distance.



were conducted with the zero delay device (ZDD) installed
and with the device removed. The difference in fourth har-
montc signal level was dramatic, the maximum X-band signal
level recerved with the ZDD installed was -110.5 dBm/cm?
and maximum without ZDD was -1522 dBm/cm? (see
Fig 6) A total of four azimuth and four elevation tests were
conducted with good repeatabiity. The test results are
depicted in Figs. 5 and 6. The results of these tests indicated
that, when the ZDD was removed, there was no discernible
antenna pattern for fourth harmonic radiation.

After the last elevation test, the transmitter was terminated
into a dummy load and a level of -159 5 dBm/cm? was
received at the test site. Therefore we concluded that the
fourth harmonic radiation signature measured when the ZDD
was not 1nstalled was distorted by X-band leakage from within
the 9-meter facility and/or reradiation. These distortions had
to be reduced to measure the fourth harmonic antenna radia-
tion signature Therefore, additional tests were scheduled and
the test site was moved to a location 70 meters from the
9-meter antenna. We wanted to find out whether the leakage
could be eliminated by temporary fixes

C. 70-Meter Test Results

A location approximately 70 meters from the 9-meter
antenna was selected to enable continued illumination of the
recetve antenna by the entire 9-meter antenna facility, while
mmimizing adjacent reradiating surfaces. In conjunction with
this test the spectrum analyzer was also used in the 9-meter
transmitter facility to measure the exciter’s output. Additional
tests were made with the spectrum analyzer and a small
X-band horn for detection of X-band radiation leaks in the
transmitter system. See Table 1 for test data

(1) These tests validated the distance related model as the
fourth harmonic signal levels imtially measured at the
70-meter location were consistent with the previous
measurements,

(2) Almost equal levels of fourth harmonic signals were
recewved at the 70-meter site, with transmitter termi-
nated into the antenna or a dummy load. This venfied
that X-band leakage was distorting our ability to mea-
sure the X-band signature of the 9-meter antenna.
Therefore, we conducted tests 1n the transmatter facil-
1ty to 1solate the leakage.

(3) In the transmitter room, the main source of fourth
harmonic generation was the exciter The exciter had
X-band components 1n its output and the exciter was
radiating X-band RF signals from its power output
stage

(a) The X-band components 1n the exciter’s output
varied 40 dB, while the S-band output remained
within established parameters Measured X-band
levels varied from -98 to -58 dBm over the test
period

(b) The X-band radiation from the exciter cabinet was
- 77 dBm/cm?. The main radiator was the output
stage which radiated -57 dBm/cm?2, with exciter
drawer open and output assembly exposed. There-
fore, the exciter cabinet assembly only provided
approximately 20 dB shielding

(c) A notch filter (2100-2150 MHz, 50-dB attenua-
tion) was used to determine the effect the exciter
X-band output had on the X-band output of the
klystron These tests indicated that X-band input
levels below -100 dBm had httle effect on the
klystron X-band output, while input levels of -100
to -70 dBm seemed to pass through the klystron
mncreasing the X-band output by close to a one to
one ratio.

(4) The following was determined by leak detection test-
ng.

(a) The transmisston waveguide was leaking X-band
signals at most flanges, and at the waveguide
switch.

(b) The klystron was generating X-band signals

(c) The hghest detectable level of X-band radiation on
the surface of the dish was - 144 3 dBm/cm?2, with
10 kW, S-band power output.

V. Temporary Fixes and the Differential
Effects (see Table 1)

Trial fix Dafferential effect Test configuration

Reduced X-band leak- 6-26-81
age 13 dB from -163.3 70-m site, antenna at
t0 176 9 dBm/cm?  zemith, 10 KW output

(1) Sealed a wave-
guide flange

Reduced X-band leak- 7-2-81

age by 15 dB from 70-m site, antenna at
-1424t0-1571 zenith, 10 kW output
dBm/cm?

(2) Sealed exciter
cabinet

Reduced X-band leak- 7-2-81

age by 25 dB from 70-m site, TX antenna

~-146 6 to -174 dBm/ pointed at RX antenna,
2 exciter bypass mode

(3) Sealed exciter
cabinet and
filtered exciter
X-band compo- cm
nents
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VI. Conclusions

The tests charactenzed the S-band and fourth harmonic
radiations of the 9-m antenna 1n 1ts current operational con-
figuration The temporary fixes indicated that the X-band
radiation levels may be suppressed to a satisfactory level

A. Exciter Bypass Mode

By the use of temporary fixes we were able to reduce the
level of fourth harmonic emisston from the 9-meter antenna to
a level below -172 dBm/cm? at 70 meters from the antenna
Also the X-band leakage was reduced to a level below -177
dBm/cm?

The X-band output of the exciter varied more than 40 dB
duning these tests, while the S-band output was within toler-
ance.

B. 10-kW Power Amplifier Mode

The changes in the X-band components of the exciter’s
output caused variances in the level of fourth harmonic signals
recetved at the test locations. The best case test results indi-
cated a level of -168 5 dBm/cm? at antenna boresight and
~176.9 dBm/cm? with antenna at zenith Therefore, if the
exciter X-band outputs can be controlled, the fourth harmonic
power flux density will be below -170 dBm/cm? at 200
meters
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Table 1. 70-meter site test results data

Exciter bypass mode TX antenna pointed at RX antenna

Date, 1981  X-band PFD, dBm/cm2 Test conditions
6-26 ~163 4 WG flange “sealed”
6-30 -1504 WG flange “sealed”
72 -1740 WG flange and the exciter
cabinet “sealed™, exciter
output filtered

Exciter bypass mode TX antenna pointed at zenith

6-26 -168 WG flange “sealed”

6-30 -1508 WG flange “sealed”

72 -146.6 WG flange “sealed”

72 =175 8 WG flange and the exciter
cabinet “‘sealed”

7-2 >=177 WG flange and the exciter
cabinet “sealed,” exciter
output filtered

10-kW power amplifier mode TX antenna pointed at RX antenna

6-26 ~-168.5 WG flange “sealed”
6-30 -1504 WG flange “sealed”
72 -154.5 WG flange and the exciter

cabinet “sealed”

10-kW power amphifier mode TX antenna pointed at zenith

6-26 -163.3 Inital check

6-26 -176 9 WG flange “sealed”

6-30 ~-1508 WG flange “sealed”

7-2 -142 4 WG flange “sealed”

7-2 -1571 WG flange and the exciter

cabinet “sealed™

Exaciter RF power outputs

Exciter 1
Date, 1981 S-band,dBm X-band,dBm Remarks
6-17 Equipment inoperative
6-19 43 -74 Equipment repaired
6-30 43 -61 Equipment tuned
7-2 42 -581 No maintenance
Exciter 2
Date, 1981 S-band X-band Remarks
6-17 43 =71 Operating
6-19 43 -984 Equipment tuned
6-30 42 -83 Equipment tuned
72 42 -79 No maintenance

NOTES 1. Exciter output power was measured directly with spec-
trum analyzer using a band-pass filter.
2. The remarks reflect actions taken by GSTDN personnel
for their normal operation. No maintenance was per-
formed dunng tests.
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Appendix

The S-band radiation detection equipment configuration 1s
depicted 1n Fig. A-1. The S-band mmimum measurable signal,
with 5 dB signal-to-noise ratio was -134.5 dBm/cm? The
X-band radiation detection equipment configuration 1s
depicted 1n Fig A-2,

To determimne the mmimum measurable signal of the
X-band RF detection system employed for this project, we
must first determine the temperature of the system. This RF
detection system consists of

(1) Antenna X-band, DSN standard gan, horn

(2) Low noise front end Locally engineered X-band pre-
amplifier.

(3) Receiver
analyzer

Hewlett-Packard, HP-8566A, spectrum

System parameters are depicted in Fig A-2. The loss L-3
was a vartable due to different cable lengths required for
specific measurement setups. The theoretical system tempera-
ture calculations are

System temperature
TS = Tt t Tr
where

T, = mput temperature

T, = recewve system temperature

7 =220 290 (1- -1} = 290 kelvn
Ll Ll

(Fz - 1)290

G,*L,

(Fa B 1)290
G,,GyL5Ly

= 290 +(F- 1) 290 +

The cable length between the preamplifier and the spec-
trum analyzer resulted m the following values for L

I

Test Configuration 1 L, ~5.6 dB

Test Configuration2 L, -30dB

Using the above formula and the parameters from Fig. A-2,
we can denve the system temperature in kelvin. Once Tg 15

denved we can determine the receive threshold by

Noise threshold = No = KT
= -1986dBM/Hz - K + 10 log (Ts)

and

Recewver threshold = N, BW = N +log (RX bandwidth)

Therefore
Test Configuration  System Temperature  Recewver Threshold
1 4738K -161 8 dBm
2 1,387.4K -157.2 dBm

To determine the minimum measurable input signal level,
the RF detection system was set up 1n a certified screen room
at the JPL Compatibility Test Area (CTA-21). An external,
calibrated, X-band RF signal source (DSN X-band translator)
was routed through precision attenuators and mput to the
screen room. By experimentation 1t was determmed that, by
employing 20 video averages, a signal-to-noise ratio of 5 dB
could accurately measure the signal level.

As the RF detection system was to be used 1n the field, we
assumed that mmor antenna pointing errors may occur. There-
fore we adjusted our antenna gain figure to 21 dB.

In view of the above, we concluded that, conservatively
speaking, our thresholds including antenna gain were

Test Setu Measurable Observable
P Signal Threshold Signal Threshold
1 -176 8 dBm/cm? -181 8 dBm/cm?
2 ~172 0 dBm/cm? ~177.0 dBm/cm?

Thresholds 1n terms of field strength and power flux den-
sity are as follows

The field strength values may be determined by:
E=V, +K
where

E = dBm = dB referenced to 1 uv
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r

1}

recewved signal in dBm =PFD

K antenna factor in dB/m =201log (F)- G- 29 8 dB
Thus K = 27 70624183, F = 8420 MHz
(Note For 50 ochm input 0 dBm = 107 dBuV )

The power flux density = PFD =Py - A

where
)\2
Ag =G dB, +3 —(dB) =G dB, ~ 39 95 dB/m’
or
A = 21-40 = -19 dB/m?
PFD = threshold in dBm -(-19)
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Therefore

(1) PFD at thresholds are

Test Setup Measurable Observable
Signal Threshold Signal Threshold
1 -137 8 dBm/m? -141 8 dBm/m?
2 -132 0 dBm/m? -137 0 dBm/m?

(2) Field strengths at thresholds are

Test Setu Measurable Observable
P Signal Threshold Signal Threshold
1 —42 09 dBuV -47 09 dBuV
2 -37 29 dBuV —42 29 dBuV
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A Solar Powered Water Purification System at Goldstone
(DSS 13)

F.J Menninger and R J Elder
DSS Engineering Section

The present energy intenswve electrically powered still at the Venus Deep Space Station
(DSS 13) has reached its end-of-life The electric still has been producing the pure water
required for cooling the 400-kW klystron tube of the Venus 26-m antenna at Goldstone,
Califorma A new passwe solar still, umque to the Goldstone complex, has been designed
to replace the electric still This new system will deliver 100% of the pure water require-
ment for cooling the klystron tube and will consume an insignificant amount of electrical
energy Construction will be completed by the end of 1981, followed by a one-year test
and evaluation period to gather data on performance characteristics.

l. Introduction

At the Venus station (DSS 13) of the Deep Space Network
(DSN) Tracking Complex at Goldstone, Califormia, distilled
water of a high electrical resistivity quality 1s required as a
cooling medium 1n the microwave tube generator (klystron
tube) An electrically powered distillation system to provide
this pure water has been 1n service for over 15 years and as a
result has reached 1ts end-of-life Although the electnc still 15
currently 1n operation, the dramatic increases in energy and
maintenance costs have led to the investigation of alternative
configurations and sources of supply Examples of alternate
systems studied for technical feasibility and cost effectiveness
mnclude dehivery from an independent commerctal supplier of
pure water to the geographcally remote tracking facility,
trucking 1n pure water from Los Angeles using a truck avail-
able from nearby Yermo, imnstallation of a new electric stil;
a reverse osmosis system; and construction of a solar still

After careful examunation of the realiability and hife cycle
costs of the alternate approaches, a passive solar powered still
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was found to be the most viable solution due to the high
quality of water produced, low installation, maintenance and
operating costs, and minumal energy consumption

Solar water punfication units have been utilized for many
years tn and areas as an efficient and inexpensive method for
the production of drnnking water from salty or brackish
sources The basic principles by which a solar still operates
are straightforward The sun’s rays enter through a sloping
cover glass, warming the water and producing a vapor which
condenses on the mnner surface of the sloping cover The water
droplets coalesce and flow down the slope into a discharge
trough as distilled product water (Fig 1)

ll. Design Requirements

To satisfy the requirements of quantity and quality of the
pure water produced, the new solar still system has been
designed to deliver distilled pure water with a resistivity of at
least 50 k2 per cm at the underground storage tank This



system will be composed of eight 1 85-m? (20-ft2) solar still
panels producing a total annual yield in excess of 22.7 m3
(6000 gal) of pure water The system will also incorporate a
time clock and a solenoid valve for totally automatic opera-
tion of the flush and fill functions The system 1s gravity feed,
utihzing a temporary holding tank to store pure water for
release to the underground storage tank

lll. System Configuration and Operation

Each solar still panel 1s a molded fiberglass tray with glass
glazing sealed with silicone rubber (RTV) as illustrated in
Fig 1. The bottom of the panel is insulated with ngid foam
and remforced with manne plywood The base of the wetted
tray 1s colored black to help accelerate the evaporation, and
the balance 1s colored white The eight solar stil panels,
ortented to present a south facing slope as shown i Fig 2,
are attached to umstrut and held down with steel clamps
that are mounted to a welded steel frame All piping inter-
connections are polyvinyl chloride (PVC) and stainless steel
The complete system 1s elevated 3 35 m (11 ft) above ground
level to facihtate the gravity feed, eliminate shadowing, and
place panels above excessive traffic flow

Local well water (with a igh mineral content) 1s supplied
to the solar still system by gravity as shown in Fig 3 from the
existing elevated raw water storage tank The storage tank
outlet 1s 91 m (300 ft) above the inlet to the solar stills
Solar radiation produces distilled pure water in the solar
panels which 1s then gravity fed to a 322-iter (85-gal) tempor-
ary holding tank for a period of two to four days This water
1s then released to the exasting 5.7-1n 3 (1500-gal) underground
pure water storage tank An automatic once-a-day cycle puts
the stil 1n a flush mode to remove accumulated muneral con-
centrations and provides fresh fill water for the next day’s
pure water production Previous studies and operation indicate

that the efficiency of operation does not decrease if the pan
1s contaminated or the top glass becomes dirty This eliminates
any type of routine maintenance or cleaning

IV. System Environment

The Goldstone NASA tracking station 1n the Mojave desert
with an elevation of 914 m (3000 ft) has abundant solar
radiation, clear sky and clean air, which prowvides for an 1deal
solar application There are 2591 heating degree days per year
and an average annual honzontal insolation of 5 81 kWh/m?
day (1843 Bth/ft3 day)

V. Costs

The solar still 1s a totally passive system that does not use
any significant electrical power The occasional use of elec-
trical control power for a supply line solenoid, timer, and
mndicator hight 1s the only power required

The 1981 annual maintenance and operatton (M&O) costs
for the existing electric still, including the electrical energy
consumption, are $5.1K Based on a 1981 M&O cost of
$20/1000 gallons for a solar still, the annual savings over
operation of the electric still would amount to $4 9K With a
10% per year escalation factor in labor and electrical costs,
the payback period for the $24K construction and 1nstallation
costs of the solar still will be 3 5 years The rapid payback
penod with improved reliabihity and reduced M&O costs were
dniving points to size the system for 100% solar.

The project will be operational in October 1981 Twelve
months of testing will follow to develop data pertamning to
weather conditions relative to pure water production quantity,
temperature, punty, etc
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This article presents an analysis of the energy consumption for the Echo Station (DSS
12) HVAC equipment 1s shown to be the largest consumer of electrical energy The
energy consumption for the buildings at this station 1s itenuzed and compared to the
electnical meter data. The figures for energy consumption as predicted by the ECP
computer program are found to agree well with the meter data

I. Introduction

At the end of 1973, the Goldstone Deep Space Communi-
cation Complex (GDSCC) itiated an energy management
program, following NASA guidelines, towards energy con-
sumption reduction and self-suffictency The program objec-
tives, formally started in 1975, were to reduce the consump-
tion of purchased energy by 50% by the end of 1985, using
the consumption level 1n 1973 as a base In 1977, a simular
program was formally started for the overseas Deep Space
Stations

A rehable model for the simulation of energy consumption
mn buldings 1s necessary 1n order to implement this reduction
of purchased energy A computerized model for energy
consumption 1n buildings 1s developed for this purpose, the
ECP Program (described in Refs 1, 2, and 3), using the
description of bwlding construction, weather data, and me-
chanical and electrical systems The ECP calculation of energy
requirements for heating or cooling 1n any building nvolves
three major consecutive steps First, the heat loss or heat gain
to the space that 1s heated or cooled 1s computed Second, the

heating or cooling loads imposed on the heating or cooling
cols inside the atr-handlers are determuned Third, the energy
mput to all of the pnmary equipment or components
constituting the air-conditioning system, such as compressors,
heat pumps, boilers, and engnes 1s calculated Given these
calculations, ECP can then provide an economic analysis to
evaluate the payback period of money spent on a specific
modification.

Inttzal venfication of the computer model 1s done by
companng the results of the computer simulation to the
measured meter data The venification yields data pertaiming to
the two types of energy consumption electnical and thermal,
as well as daily, monthly, and yearly total buillding or site
consumption.

The GDSCC 1s divided 1nto a number of sites. In this article
we present the verification analysis for the Deep Space Station
Echo (DSS 12) This 1s the largest site and includes a 26-m
antenna and 22 support, storage, and control buldings as
histed in Table 1.
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Il. Energy Consumption

The ECP Program output provides a detailed simulation of
the total energy consumption, dividing the energy consumers
mto the following groups HVAC equipment, accessories,
electronics, and lights The HVAC equipment group includes
vapor compression refrigeration units, absorption chillers, and
heating umts such as boilers and heat pumps The accessories
include the equipment that 1s necessary for building operation
but does not affect heating and cooling load calculations The
accessories are subdivided into thermal and electrnical Included
in the electric accessories are air-handler fans, condenser fans
(air-cooled), condenser pumps (water-cooled), and boiler
pumps Thermal accessories equipment includes fuel consum-
ing devices that are not located within any air-conditioned
zones such as domestic hot-water boilers The electrical and
electronic equipment includes computers, electronic racks, and
electronic equipment not related to air-conditioning and/or
accessories The lighting equipment 1s classified into incandes-
cent and fluorescent types Table 2 summarizes the simulated
energy consumption for the entire Echo Station on a monthly
basis

A. Electrical Consumption Analysis

The distrbution of energy between HVAC equipment,
accessornes, electronics, and lights s 1llustrated in Fig 1 From
Fig 1, 1t can be seen that the largest consumers of electrical
energy are the HVAC equipment (29 1%), electnical and
electronics equipment (29 0%), and accessories (27 6%) The
smallest consumers are the lights (10 1%) and machinery
(4 3%). Figure 2 gives a graphical representation of the electric
consumption for the entire Echo Station on a monthly basis
The pattern of the consumption shown in this figure 1s due
mainly to the heating and cooling loads of the station These
loads are shown on a monthly basis 1n Figs 3 and 4 The data
on which these two figures are based 1s given 1n Tables 3 and 4

In Table 5 the yearly electnic consumption for each
bwlding 1n the station i1s summanized Six buildings, G-29,
G-36, G-39, G40, G43, and G44, are not included 1n Table 5
because they are extremely small consumers of energy For
example, buillding G-29 has only two light bulbs and G43 has
been shut down Figures5, 6, 7, and 8 indicate which
bwldings are the largest consumers 1n each electncal category
G-26 1s the largest consumer for electric accessones, elec-
trontcs, and lights G-38 1s the largest consumer for electric
equipment Other large consumers in varnious categories are
buildings G-33, G-23, and G-34/35 The relative distribution of
building electrical consumption at the Echo Station 1s shown
m Fig 9
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B. Thermal Consumption Analysis

Table 6 shows the thermal consumption for the buildings
forming the Echo Station Thermal energy 1s obtained from
the burning of LPG As can be seen from Table 6 and Fig 10,
the largest thermal accessories consumer 1s buillding G-23 The
largest equipment consumers are buildings G-33 and G-38,
constituting over one-half the total consumption

C. Verification of Results

A number of watt-hour meters monitor the electrical
consumption at the Echo Station A diagram of the metering
system 18 shown in Fig 11 There are two types of meters on
the site those for Southern California Edison (SCE) generated
power and those for station generated power The latter are
meters 04 and 61, all others are SCE meters Meters 04 and 60
are connected to the major tracking bwildings Meter 59 1s
connected to the smaller “housekeeping” buildings All meters
are read once a month The meter readings are averaged for the
years 1977 to 1979. This averaging process 1s necessary
because of varniations 1n tracking hours and, therefore, con-
sumption These readings are compared with ECP values and
the results are given in Table 5 where mdividual and site
comparnsons between meter data and ECP values are made
Note that the largest difference between the two 1s about 10%,
and for the complete site the discrepancy 1s less than 5%

One meter monitors LPG consumption for the Echo
Station (meter 19, shown on Fig 11) Companng the ECP
thermal consumption of these buildings with the meter
readings, averaged for the years 1977 to 1979, we observe that
they agree within 6 64%

. Summary

It 1s important to realize that the GDSCC 1s a dynamic
system with programmatic and nonprogrammatic equipment
constantly being added, improved, and eliminated Changes in
building functions occur periodically, therefore, the present
venification report represents only a basis for future analysis of
the energy consumption of the Echo Station

Companson of the simulated consumption values with
actual measured values shows ECP to be an accurate program
when applied to energy consumption of the Echo Station The
program has identified the largest electrical consumers to be
G-26 and G-38 and the largest thermal consumers to be G-23,
G-33, and G-38 The venfication analysis for the other Deep
Space Stations at Goldstone will be presented in another TDA
progress report
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Table 1. Echo site bulldings

Building Building description
No
G-21 Administration and Cafeteria
G-22 Pump House
G-23 Dorm
G-24 New Power Plant
G-25 Transportation and Shop
G-26 Control Building
G-27 Generator Building
G-28 Machine Shop
G-29 Storage Building
G-30 HVAC
G-33 Engineening and Communications
G-34 Hydromec
G-35 26-m Antennae
G-36 Collimation Tower
G-37 Seismic Lab
G-38 Lab and Maintenance
G-39 Paint Shop
G-40 Flammable Storage Building
G-41 Shipping, Recewing, and Warehouse
G-42 Maintenance Office
G-43 Securnity
G-44 Drum Storage Building
G45 Carpenter Shop
G-46 Antennae Repair
G-47 Supply Warehouse

Table 2. Stmulated energy consumption for Echo site using ECP Program®

Accessories Lights Electrical and HVAC Equipment
Month electronic Machinery,
Thermal, Electric, Incandescent, Fluorescent, equipment, kWhe Thermal, Electric,
kWht kWhe kWhe kWhe kWhe kWht kWhe
January 70 99,291 9,334 28,757 109,852 12,969 169,206 57,937
February 66 90,351 8,450 26,346 99,512 11,854 124,696 69,690
March 70 98,166 9,334 28,757 109,852 12,969 128,868 81,887
April 70 95,715 9,059 28,100 106,529 12,644 113,722 91,888
May 70 100,797 9,334 28,757 109,852 12,969 114,302 103,457
June 70 109,899 9,059 28,100 106,529 12,644 82,557 142,108
July 70 115,513 9,284 28,626 109,632 12,963 86,602 152,822
August 70 116,563 9,383 28,887 109,971 12,750 88,230 150,510
September 70 107,988 8,960 27,839 106,199 12,632 88,375 134,940
QOctober 70 101,655 9,334 28,757 109,852 12,969 103,494 116,227
November 70 99,044 9,059 23,100 106,529 12,644 111,181 71,620
December 70 102,268 9,087 28,103 108,992 12,939 165,769 53,594
Year Total 836 1,237,250 109,677 339,129 1,293,301 152,870 1,411,390 1,226,680

aNumbers rounded to the nearest integer
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Table 3 Heating load in MWh(e) for the Echo site

N]Zu/lll\g;?ih Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Bltl;lg:lng
G-21 134 100 98 90 130 97 84 817 104 74 107 141 1246
G-23 85 65 64 55 54 40 32 34 45 46 70 88 678
G-24 13 03 02 - - - - - - - 02 16 35
G-25 07 02 01 -a 02 - - -a -a - 02 09 24
G-26 226 160 165 139 99 54 41 43 68 124 176 238 1533
G-27 49 28 28 22 16 10 05 05 12 15 32 53 276
G-28 04 02 02 01 03 01 - - 01 - 02 04 21
G-30 01 - - - - - - - - - - 01 01
G-33 369 287 304 273 292 228 208 212 242 253 310 381 3358
G-34/35 01 - - - - - - - - - - 02 02
G-37 15 06 05 03 01 - - - - - 06 17 53
G-38 554 474 519 505 561 449 539 542 459 561 506 552 6223
G-41 04 01 -a - 02 - - - -a - 01 05 13
G-42 01 -2 -2 - —a - - - - - -a 01 03
G-45 06 05 04 03 02 - - - -a 01 0S5 06 31
G-46 02 -a - - ~a - - - - - —a 03 06
G-47 05 03 02 01 02 - -8 - -a -a 04 07 26
Monthly
Total 1711 1036 1193 109 3 116 5 880 910 92.3 932 1076 1224 1521
3A value less than 0 1 MWhe
Table 4 Cooling load in MWh(e) for the Echo site
Nzu/lﬁzﬁh Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Bltlgz:ln 8
G-21 64 84 95 105 117 15.3 170 16 6 144 122 86 58 136 3
G-23 08 15 18 23 09 28 39 36 20 28 15 06 245
G-24 158 146 16 2 179 303 332 365 362 320 198 156 157 2839
G-25 -2 05 06 07 08 12 12 12 10 08 05 -a 86
G-26 76 8 7217 814 805 875 897 954 949 881 853 775 76 0 10060
G-27 - 07 10 12 18 27 33 33 23 14 06 - 183
G-28 23 24 28 28 28 31 34 34 30 31 25 22 339
G-30 -a 03 04 05 06 09 11 10 08 06 03 - 66
G-33 362 375 433 44 4 480 545 606 605 514 494 399 341 5597
G-34/35 27 40 51 74 153 246 304 299 222 108 39 25 1589
G-37 - 02 03 05 08 20 217 26 16 09 01 - 118
G-38 523 533 600 627 76 7 754 911 906 735 742 559 501 8156
G-41 - 13 19 28 13 37 46 43 27 35 10 - 271
G-42 01 02 02 03 02 04 05 05 03 04 02 -a 33
G-45 - - - - -a 05 07 07 04 01 - - 24
G-46 - 01 03 04 03 06 08 07 05 04 01 - 42
G-47 - - - 02 02 08 10 10 06 05 -3 - 43
Monthly
Total 1935 1977 2249 2352 2791 3112 354.3 3510 296 9 266 3 2082 1871

3A value less than 0 1 MWhe
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Table 5 Total yearly electric consumption for Echo site buildings

Building Electrical consumption,

no kWhe

G-21 224,673
G-23 30,860
G-24 628,664
G-25 48,388
G-26 1,109,720
G-27 38,870
G-28 93,899
G-30 8,694
G-33 705,700
G-34 473,659
G-37 15,571
G-38 941,875
G-41 53,453
G-42 27,917
G4S5 23,528
G-46 11,363
G417 30,796

Table 6. Thermal consumption for buildings at Echo site

Accessories HVAC equipment

Percent Percent

Building kWht of site kWht of site
total total

G-21 155,758 110
G-22 15,245 11
G-23 836 100 84,879 60
G-24
G-25 3,805 03
G-26 195,454 138
G-27
G-28 2,807 02
G-30 350 0025
G-33 419,786 297
G-34/35
G-37
G-38 521,750 374
G41 1,594 01
G-42
G45 3,961 03
G-46
G417
Total 836 100 1,411,390 1000
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Fig 1 Itemization of annual electrical consumption at Echo Station
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Fig. 4. Monthly variations in the cooling load of Echo Station
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Fig. 5. HVAC electrical consumption for buildings at Echo Station
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Fig. 6. Electrical and electronics equipment consumption for
buildings at Echo Station
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ALL OTHERS

Fig. 7. Electric accessories consumption for buildings at
Echo Station
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Fig 8. Light consumption for buildings at Echo Station
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Fig 9 Total electrical consumption for buildings at Echo Station
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Fig. 10. Thermal equipment consumption for buildings at
Echo Station
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