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Preface

This quarterly publication provides archival reports on developments in programs
~ managed by JPL’s Office of Telecommunications and Data Acquisition (TDA). In space
communications, radio navigation, radio science, and ground-based radio astronomy, it
reports on activities of the Deep Space Network (DSN) and its associated Ground Com-
munications Facility (GCF) in planning, in supporting research and technology, in imple-
mentation, and in operations. Also included is TDA-funded activity at JPL on data and
information systems and reimbursable DSN work performed for other space agencies
through NASA. The preceding work is all performed for NASA’s Office of Space Track-
ing and Data Systems (OSTDS).

In geodynamics, the publication reports on the application of radio interferometry
at microwave frequencies for geodynamic measurements. In the search for extraterrestrial
intelligence (SETI), it reports on implementation and operations for searching the micro-
wave spectrum. The latter two programs are performed for NASA’s Office of Space
. Science and Applications (OSSA).

Finally, tasks funded under the JPL Director’s Discretionary Fund and the Caltech
President’s Fund which involve the TDA Office are included.

This and each succeeding issue of the TDA Progress Report will present material in
some, but not necessarily all, of the following categories:

OSTDS Tasks:

DSN Advanced Systems
Tracking and Ground-Based Navigation
Communications, Spacecraft-Ground
Station Control and System Technology
Network Data Processing and Productivity
DSN Systems Implementation
Capabilities for New Projects
Networks Consolidation Program
New Initiatives =
Network Sustaining
DSN Operations
Network Operations and Operations Support
Mission Interface and Support
TDA Program Management and Analysis
GCF,Implementation and Operations
Data and Information Systems

OSSA Tasks:

Search for Extraterrestrial Intelligence
Geodynamics
Geodetic Instrument Development
Geodynamic Science

Discretionary Funded Tasks
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Submilliarcsecond VLBI Using Compact Close Pairs

of Radio Sources: Error Analysis

D. D. Morabito
Tracking Systems and Applications Section

The potential accuracy attainable for AVLBI positional measurements (submilliarc-
second level) can be reached by simultaneously observing pairs of compact radio sources
whose angular separations are smaller than the beamwidth of each antenna. Simultaneous
AVLBI (SVLBI) enables significant cancellation of measurement errors. Solar plasma is
the dominant fluctuating error source in SVLBI positional measurements since there is
enhanced cancellation of the troposphere and ionosphere, and complete cancellation of
oscillator instabilities. Of the nonfluctuating error sources, errors due to universal time
predominate.

By performing SVLBI experiments over several years with many different close pairs
of radio sources, limits can be placed on reference-frame stability. Intrinsic properties of
the sources, such as source structure and proper motion, will limit measurements. The
SVLBI differential phase and corruptive noise sources will be discussed here along with

estimated results.

I. Introduction

The advent of phase-stable atomic clocks and digital tech-
nology enabled the development of Very Long Baseline Inter-
ferometry (VLBI), which offers two orders of magnitude
improvement in position determination over what was previ-
ously realized by ground-based optical systems. Conventional
VLBI is used to measure crustal motion, earth rotation param-
eters, and relative source positions. The source positions have
been measured to milliarcsecond accuracy and rely on the
reference frame, defined by the extragalactic radio sources,
being stable at the milliarcsecond level.

VLBI is being used by the Deep Space Network for space-
craft navigation (Refs. 1 through 4). By using a technique by

which the spacecraft and an angularly nearby quasar are
alternately obgerved, the differential position of the spacecraft
can be determined to the milliarcsecond level relative to the
quasar reference frame. Quasars from these reference frames
have served as reference beacons in AVLBI experiments with
the Voyager spacecraft (Ref. 2), the Pioneer Venus Orbiter
(Ref. 4), and the Viking Orbiter (X X Newhall, private com-
munication). Future applications of this technique will involve
performing AVLBI between multiple spacecraft associated
with a single planet. Such spacecraft include orbiters, landers,
flybys, rovers, and balloons.

The potential accuracy' attainable for AVLBI positional
measurements can be reached by simultaneously observing
source pairs with small angular separations. The angular sepa-



ration of such a pair must be smaller than the beamwidth of
each antenna, so that it can be simultaneously tracked, greatly
enhancing cancellation of measurement errors. By using the
technique of simultaneous AVLBI (denoted SVLBI), there is
significant cancellation of errors due to media, baseline, earth
rotation parameters, and instrumentation, leaving attributes of
the radio sources themselves to dominate (Ref. 5). Such intrin-
sic source properties include effects due to source structure
and perhaps proper motion. By performing SVLBI on selected
close pairs of radio sources, limits can be placed on the stabil-
ity of the celestial reference frame to-a precisely determined
level. Figure 1 illustrates a comparison of differential position
accuracies using conventional VLBI, time-multiplexed AVLBI,
and SVLBIL. ‘

The relative proper motion of close pairs of radio sources
can be determined to the several warcsecond level using
SVLBI. Repetitions of such measurements over a period of
years will yield values or bounds on proper motions. Esti-
mates of possible proper motion limits run about several
uarcseconds/year, which is comparable to the estimated mea-
surement accuracy of SVLBI. The detection of proper motion
between two indepentlent quasars would be of great scientific
interest to the astronomy community and may have profound
implications concerning standard interpretations of cosmologi-
cal expansion theory. The absence of any detectable proper
motion would support the apparent rigidity of the quasar
reference frame, and would benefit the spacecraft navigation
community.

Previous work using time-multiplexed AVLBI and SVLBI
on close pairs of radio sources will be addressed here. Shapiro
et al. (Ref. 6) estimated the relative position of the radio
sources 3C 345 and NRAO 512 with an accuracy of 500 uarc-
seconds using time-multiplexed AVLBIL. The relative proper
motion of this source pair was bounded to 500 uarcseconds/
year. Observations of the close pair 1038+528 have been con-
ducted by Reid et al. (Ref. 7), Marcaide and Shapiro (Ref. 5)
and Owen et al. (Ref. 8). Marcaide and Shapiro have measured
the angular separation of 1038+528 using SVLBI to accuracies
of 3 parcseconds at X-band and 9 uarcseconds at S-band. The
discrepancy found between their S-band and X-band measure-
ments was significant (800 uarcseconds) and was attributed to
the wavelength dependent opacity of one component. Goren-
stein et al. (Ref. 9) monitored the ‘“double” quasar 0957+56,
which is thought to be multiple images caused by an interven-
ing galaxy acting as a gravitational lens. The angular separation
‘between the two components was measured to an accuracy of
about 50 marcseconds. Porcas et al..(Ref. 10) discussed the
structure of this double quasar, which was found to be sym-
metrical and of similar core jet types. Morabito (Ref. 11)
demonstrated 30-uarcsecond repeatability in the angular
separation of GC 1342+662 and GC 1342+663 in two experi-

_ments conducted 4% months apart using SVLBI with the DSN

network.

The differential phase observable in SVLBI measurements
will be defined and formulated in Section II. The nonfluctuat-
ing error sources will be discussed in Section III, and include
errors due to UT1 - UTC, polar motion, baseline, and refer-
ence source position. The fluctuating or random noise sources
that corrupt the differential phase observable will be discussed
in Section IV. These noise sources include solar plasma, the
ionosphere, the troposphere, system ‘noise, and the interstellar
medium. Source structure will be discussed separately in
Section V. The expected accuracy of SVLBI measurements
will be discussed in Section VL

ll. Differential Phase Observable

The VLBI instrument is used to simultaneously track two
angularly close compact radio sources (see Fig. 2). The ob-
served VLBI phase of source i/ as a function of time ¢ is
expressed by:

¢(6) = (2nf/c) [B, cos (H (1)) cos &, + B, sin §,]
+ Y[ 8 + 2mn, ¢y
where
H() = ozg(t) + X~ ools the hour angle between base-
line and source i :
fis the observing frequency in Hz
c is the speed of light in m/s
n, is an integer
B, is the equatorial component of the baseline in m
B, is the spin-axis component of the baseline in m
o, is the right ascension ?f source I v
8,is the declination of source i
ag(t) is the right ascension of Greenwich at time ¢
A, is the baseline longitude
Y, represents all dispersive and systematic noise contribu- |

tions in the phase for source i

The data are recorded on magnetic tapes at each station and
brought to a central processing site for cross-correlation. The.
VLBI software generates a model phase that is differenced

" from the observed phase (Eq. (1)), yielding a residual phase for

source i. The residual phases of the two sources are then differ-



~enced. By assuming that source 1 serves as a reference source,
the resulting differential VLBI phase between sources 1 and 2
at sample time ¢ is expressed by:

A¢(t’.) = (2nffc) [B, sin H, (tl.) cos b, Aa
- B, cosH, (1)) [Aa®[2cos§, + sin 8, AS]
+ B, cosd, Ad]
+ F(Aa, AS) + AW(I‘,-) + 2n(n, ~ n,) )
where H,(2;) = a,(2)): + 2, - ay;a, and 8, are the right ascen-

sion and dechnatlon respectively, of source 2; Aa and Ab are
the differential position offsets of nght ascension and declina-
tion, respectively, for source 2 relative to source 1; F(*)
denotes functional dependence on higher order terms of Aa
" and A8. The differential noise term is expressed as:

A\[/(ti) = Vlz(t,-) - ‘1’.1 (t,)

The differential phases (Eq. (2)) are input to a weighted-
least-squares algorithm where Aa and A$ are determined. The
presence of data gaps in the pass may allow integer cycle
ambiguities that must be corrected using standard phase
connection techniques prior to least-squares fitting. The
integer number of cycles, n, -~ n;, can be determined from a
preliminary, fit and then subtracted from each differential
phase measurement. A two-parameter fit can be performed
yielding accurate estimates of Aa and A$.

The noise on each measurement of differential phase, Ay,
is assumed to be uncorrelated with the noise on any other
measurement of differential phase Ay, k #j, with each mea-
surement having variance ¢7. The noise fluctuates from mea-
surement to measurement because of irregular fluctuations in
the noncancelling part of the differential propagation delay
" and variations in the system noise (thermal conditions). The
variance o]? includes random contributions due to the inter-
stellar medium, solar plasma, the ionosphere, the troposphere,
system noise, and perhaps source structure. Because the obser-
vations are simultaneous, any oscillator instabilities in the
VLBI phase of one source will also manifest itself in the VLBI
phase of the other source, and therefore cancel out com-
" pletely. Most systematic noise sources are expected to signifi-
cantly cancel, leaving those intrinsic to the radio sources to

dominate along with the dispersive noise sources. Nonfluctu-.

ating and fluctuating noise sources will be dlscussed in the
following sections.

lll. Nonfluctuating Error Sources

This section discusses the propagation of errors in the right
ascension and declination components of relative position
due to errors in our knowledge of the rotation of the earth
(UT1 - UTC), the position of the pole, the baseline, and the
coordinates of the reference source. These error sources are
considered nonfluctuating in that they do not contribute
stochastically within an experiment but do contribute sys-
tematically. For this analysis, it is assumed that the observa-
tions are performed on the Goldstone-to-Madrid baseline and
that the measurements are equally spaced over a diurnal peri-
od. The estimated errors presented may vary depending upon
the hour angle range covered by the pass. However, they
should be representative of errors incurred during actual exper-
iments.. A similar analysis is presented by Shapiro et al.
(Ref. 6). '

A. UT1-UTC and Polar Motion Errors

Using equation (2) and the above assumptions, errors in
universal time, dt,,, and etrors in polar motion parallel to the
equatorial basehne component, dP,, and perpendicular to the
equatorial baseline component, dPt, map into errors of esti-
mated differential right ascension and differential declination
as follows:

dAa ~ AaB /B, dP
e q
- (A8 tand, + Ad?/2)(w,dt, - BB, dP)’
das ~ A8 B/B, dP,
+ Aacotd, (w,dt, - B,/B,dP)

For sources near the celestial equator, dAx becomes negli-
gible while dAS becomes significant. For sources near the pole,
dAa becomes significant while dAS becomes negligible. One
millisecond is the typical BIH uncertainty of dt,, but excur-
sions of 4 milliseconds from quoted BIH values occasionally
occur (Ref. 12). For BIH uncertainties of UT1 - UTC, posi-
tional errors can run up to 200 parcseconds in right ascension
at 80 degrees declination. Errors in positional measurements
due to errors in UT1 ~ UTC can be reduced by solving for
UT1 - UTC using VLBI. VLBI determined values of UT1 -
UTC are accurate to 0.2 milliseconds.

The error in differential right ascension or declination due
to BIH polar motion uncertainties of 0.015 arcseconds in each
component is very small (2 parcseconds). For the Goldstone-
to-Madrid baseline, error contributions due to UT1 - UTC
clearly dominate over those of polar motion and, (as shown



below), the other nonfluctuating error sources. Baselines with
larger ratios of north-south to equatorial components will have
larger relative source position errors due to errors in polar
motion.

B. Baseline Errors

The errors in right ascension and declination due to the
errors in the baseline are given by:

dAa = -Aa dBe/Be

dAs = -(A8 + Ad?/2cotb,)dB,/B,

Typical DSN baseline errors of 0.1 to 1.0 m will limit errors
in angular separation to <10 warcseconds for passes involving
intercontinental baselines.

C. Reference Source Position Errors

The errors in relative right ascension and declination due to
errors in the reference source position (deo,, d8,) can be ex-
pressed by:

dAa = Aatand, ds, + (AStand, + Ad?/[2)da,

dAS

2
(~Ad cots, + Aa®/2)ds, + (Aacotd,)da,

For sources near the pole, dAa becomes éigniﬁcant and .

dA$ insignificant, while for sources near the celestial equator,
dAa becomes insignificant with dAS becoming significant.
Errors in angular separation due to errors in reference source
position (1 milliarcsecond) are limited to <10 uarcseconds for
reasonable source declinations.

IV. Fluctuating Error Sources
A. Solar Plasma

The scatter in the differential phase (Eq. (2)) due to solar
plasma (in radians) is shown by Callahan (Ref. 13) to be:

0,y = 1L1ANHEM®T® FE) 3)

where f is the observing frequency in GHz, v is the propaga-
tion velocity of the solar plasma (400 km/s), L is the plasma
scale size in km and F(€) is given by:

[10sine]™ 13  0<e < 90°
F(e) =

10-13 € >90°

where € is the elongation angle between sun and source pair.

Figure 3 illustrates the ray-path geometry between stations
and sources at the solar plasma scale height. The separation of
ray paths at the 1 AU (1.5 X 108 km) scale height between the
two sources as seen from one station is § = (1.5 X 108) A8 km
where A@ is the angular separation in radians between the two
sources. If B, the projected baseline length perpendicular to
the source direction, is greater than S, then cancellation is
between ray paths of the sources as seen from one station;
hence, L = 5 in Eq. (3). When B < S, then cancellation is across
ray paths between stations as seen from each source; hence,
L =Bin Eq. (3).

The effects of the solar plasma on the SVLBI phase for
B < § are the same as for time-multiplexed AVLBI or conven-
tional VLBIL The solar plasma becomes a dominant error
source for SVLBI because of the enhanced cancellation of
other error sources that dominate in the other VLBI systems.
The contribution of the solar plasma to the differential phase
error is about 0.23 radians at S-band for the Goldstone-to-
Madrid baseline under nighttime conditions with source pairs
having A8 > 0.2 arcminutes. For source pairs with A9 < 0.2
arcminutes, the solar plasma contribution to the phase error
decreases as A9 decreases. Solar plasma effects take place over
time scales of 0.1 to 100 seconds depending upon solar elonga-
tion angle.

B. lonosphere

For two sources separated by Af radians in the sky, we esti-
mate the ionospheric effect on the differential phase. At the
ionospheric scale height of 350 km, the separation between
ray paths is 350 A9 km. From Ref. 14, the relative fluctua-
tions in electron density are given by:

dn/n = 5.9 X 107* (35048)%-83 )
The ionosphere path delay I, in meters, is related to the
observing frequency f in GHz, and the total electron content .
TEC, in 1017 electrons/m?, by:
I = (4.03/f?) TEC (5)

TEC is typically between 1 and 2 at night and as high as 10
during the day.

The fractional fluctuation in plasma density is assumed to
be approximately equal to the fractional fluctuation in path
delay:

8I/I =~ bn/n )

where 61 is the delay fluctuation corresponding to the ray-path
separation between the two sources at the ionospheric scale



height as seen by one station. By substituting Eqs. (4) and (5)
into Eq. (6), we get:

8I = (0.307/f%) TEC (A8)%83

The differential phase scatter in radians due to ionosphere
is expressed by:

0, = 64If V/(TEC)* + (TEC,)® £6%%
where TEC, is the total electron content present at station 7.

The ray-path separations between sources are much smaller
for SVLBI than the effective scale sizes present for time-
multiplexed AVLBI or conventional VLBI. For these conven-
tional VLBI systems, cancellation is over scale sizes on the

order of 100 km. Typical ionospheric phase fluctuations can

run about four radians over 600 s of observation time at
S-band. Conventional VLBI is usually limited by the iono-
sphere at S-band. For SVLBI, the ionospheric contribution to
the differential phase error is about 0.04 radians at S-band for
a source separation of 7 arcminutes assuming nighttime condi-
tions. Ionospheric effects are expected to take place over time
scales of 1 second and above.

C. Troposphere

From power-law fits to the phase structure function at
5 GHz (Ref. 15), the tropospheric contribution to the phase
uncertainty, in radians, can be approximated by:

~ 0.7
Opy ™ 0.44 A8
where Af is the source separation in radians. All parameter
dependence is neglected except for source separation. The ray-
path separation at the 6000-m scale height defines the appro-
priate scale sizes for the troposphere.

The troposphere contributes about ~ 0.4 radians of phase
noise in conventional VLBI systems. Because of the very small
separation of the ray paths between the two sources, the
troposphere effectively cancels out along with the ionosphere,
leaving other noise sources to dominate in SVLBI experiments.
The ray-path separation is ~ 14 m for source pairs separated
by 8 arcminutes using SVLBI, corresponding to a phase uncer-
tainty of about 0.006 radians.

D. System Noise

The error on differential phase due to system noise is now
discussed. Let Ar be the differential delay between the corre-
lator outputs of the two sources and W be the recording band-
‘width., The signal of one component is uncorrelated with the
signal of the other component when the source separation is

sufficient such that Ar > 1/W. The signals are therefore sepa-
rable in delay and reside on different bits. The differential
phase uncertainty is the RSS of the individual source VLBI
phase uncertainties and is given by (in radians):

0y, = VSNR)? + (SNR,)

where the signal-to-noise ratio for source j is estimated as
follows:

SNR, = 0.25,D, D, \/ (¢, €,/T, T,) WT

. ' 2 192 2 g2
Vexp (-0.69 [42, /62 +242,/62])

where S is the correlated flux density in Janskys of source j;-
D;, e, T, and 6, are the diameter (m), efficiency, system
noise temperature (K), and half-power beamwidth, respec-
tively, of antenna 7; W is the system bandwidth (MHz); T is the
total observation time (sec); and 4A;; is the angular separation
between source j and the pointing center for antenna i. It is
usually appropriate to use the centroid of the two sources
to point each antenna in order to minimize complication

(Ay; =499 '

The contribution to the differential phase noise due to the
system noise ranges from negligible to significant depending
on source strengths, system parameters, and observation time.
System noise effects are characterized by rapid fluctuations
as opposed to media-induced noise effects, which fluctuate
more slowly. The system noise effects for reasonably small
pointing offsets are the same for both conventional VLBI
and SVLBL

E. Interstellar Medium

The effects of the interstellar medium (ISM) are the least
understood of all medium-related error sources affecting the
differential phase observable. Scale sizes on the order of the
baseline length are assumed. 6 is assumed to be the scattered
angular size of a source caused by diffractive interference of
the ISM. A circular Gaussian source of half-power width 8 in
radians yields the fringe visibility given by:

VB, 0,) = exp (-0.5(4.45f 6 B)*) 7

where B is the baseline projected against the source in meters;
and f is the observing frequency in GHz. The structure func-
tion, Dw, of the fringe phase, {/, can be determined from Eq.
(7) using the relation:

Y(B, 6, 1) = exp .(-0.51) Ne e,'f)) (8)



For galactic latitudes b greater than 5 degrees away from
the galactic plane, the angle 8 in radians has been estimated by
Cordes (private communication) to be:

 ~ 041X 1078 22 [sinp[™®¢  (9)

Assuming similar effects in the VLBI phase for both
"sources, the differential VLBI phase uncertainty due to the
ISM is approximated using Egs. (7) through (9) by:
~ 190X 1078 Bf 12 [sin b| %6

9 (b>5 deg)

v (10
For galactic latitudes below 5 degrees, the scatter size 6 be-
comes more complicated and more strongly a function of
galactic longitude.

Ay

Equation (10) with the Goldstone-Madrid baseline (B =
8.4 X 10% km) and b = 90 deg yields 0.058 radians of phase
noise at S-band, and 0.012 radians of phase noise at X-band.
ISM effects relate to fluctuation times of 100 to 1000 s and
above, which are higher than those of the other error sources
discussed. For low galactic latitudes, the ISM may dominate
the differential phase noise. At higher galactic latitudes, the
ISM is dominated by the solar plasma. Because the baseline
defines the scale size, the effects of the ISM are the same for
both conventional VLBI and SVLBI

V. Structure Effects

Complex structure in one or both components of a close
pair can contribute to erroneous angular separation measure-
ments. Structure effects typically manifest themselves as posi-
tion offsets due to the apparent motion of the brightness
_center of a source. Brightness distributions could change de-
tectably at different epochs and lead to different relative posi-
tion measurements resulting in the erroneous detection of
proper motion. Marcaide and Shapiro (Ref. 5) have demon-
strated that astrometry can be perfected down to the limits
placed only by the brightness distribution of the sources. The
milliarcsecond dimensions of the sources to which the VLBI
~ observations are sensitive can be contrasted to the submilliarc-
second precision of SVLBI.

The magnitude of source structure effects on SVLBI mea-
surements are expected to: (1) be zero for two perfect point
sources, (2) be bounded by the fringe spacing of the inter-
ferometer for unresolved sources, and (3) possibly exceed the
fringe spacing for resolved sources.

Prospective source pairs to be used for test_ingvreference -
frame stability should be known unresolved sources. SVLBI
estimates of the differential source position over a many year

period using several such source pairs will yield statistical
bounds on reference-frame stability. Significant movement
of the differential position measurements outside of the sta-
tistical uncertainties could be interpreted as detectable proper
motion over that time period. Present estimates on the bounds
of proper motion assuming current cosmological theories
range upwards to several uarcseconds per year. '

Time scales of structure effects can be estimated by com-
paring measurements between segments of an experiment and
between different experiments over different time epochs. By
performing several experiments over many years, these time
scales can be statistically determined and cross-compared for
different source pairs. Structure effects and proper motion can
be sorted out more accurately using this data.

VI. Expected SVLBI Accuracy

To study limits of positional measurement accuracy, a given
close pair should be monitored over a continuous several-hour
pass and at regular intervals. A several-hour pass will insure
high accuracy measurements while continuity will provide less
difficulty in solving for cycle ambiguities. By repeating mea-
surements over time, reference-frame stability can be tested
and limits inferred. Cancellation of systematic error sources is
expected to be sufficiently complete, so that any mismodeling
may not perceptably bias the results. Structure effects can be
minimized by producing radio brightness maps of both sources
using a network of several antennas.

Six known angularly close pairs of radio sources appear in
Table 1 along with the 1950.0 source positions, correlated flux
densities, angular separations, and galactic latitudes. In all six
cases, the angular separation between components is less than
7 arcminutes. These source pairs can be simultaneously ob-
served at S-band using DSN baselines. The VLBI sensitivity of
a pair of 64-m antennas using the MARK I recording system
(4 Mb/s) is ~20 mly for integration times of 100 s. Therefore,
all source pairs listed in Table I, except 053205, can be
observed using S-band with this configuration.

Table 2 displays estimated S-band (2.29 GHz) fluctuating
phase noise contributions for the source pairs listed in Table 1,
0532-05 is not included here since it is probably self-absorbed
at S-band. The Goldstone-to-Madrid baseline is assumed using
a 6-hour pass at nighttime. The flux densities used to estimate
the system noise effects at S-band are assumed to be those

" given in Table 1. The sensitivity of an interferometer consist-

ing of two 64-m antennas is sufficient to detect both compo-
nents of the source pairs listed. By performing SVLBI, the
ionosphere and troposphere significantly cancel leaving the
solar plasma to dominate. Note that the other noise contribu-
tions listed in the table are smaller by comparison, except



those for 20164112, which are dominated by the ISM. The

ISM is expected -to dominate for source pairs with smaller.

galactic latitudes. Figure 4 displays estimated differential
phase and source separation errors versus angular source
separation for S-band using the above configuration.

Table 3 displays the corresponding estimates of fluctuat-
ing phase noise for X-band observations (8.42 GHz). 3C 66 is
not included here since the source separation is larger than the
X-band beamwidths of the available DSN antennas. Since GC
1342+66 has an angular separation greater than a 64-m an-
tenna beamwidth, a pair of 34-m antennas has been assumed
in order to accommodate simultaneous observations. The flux
densities used to estimate the system noise effects at X-band
are assumed to be those given in Table 1. From Table 3, the
solar plasma is shown to be the dominating error source at
X band (=~ 0.064 radians), except for the cases of 0532-05,
where the system noise (0.082 radians) dominates, and
2016+112, where the ISM dominates. The system noise con-
tribution for 0532-05 can be reduced to 0.022 radians using

- Mark IHI recording. Figure S displays estimated differential
phase and source separation errors versus angular source
separations for X-band using the above configuration.

An advantage of using X-band is that the plasma media
contributions are significantly reduced compared to the
S-band case. It is obviously more advantageous to observe at
X-band if antenna beamwidths and source strengths permit.
A disadvantage of using X-band is that the antenna beam-
width may be smaller than the angular separations of some
source pairs. Thus simultaneous observations are not possible
without resorting to smaller antennas (larger beamwidths) at
the cost of lower sensitivity.

Esiimated uncertainties for observing the source pair

GC 1342+66 under the conditions of Tables 2 and 3, are 0.24

radians (=22 parcseconds) at S-band, and 0.066 radians
(=5 parcseconds) at X-band. The estimated S-band values of
random phase uncertainty (0.24 radians) are in agreement with

measured values (0.17 radians) (Ref. 11). Figure 6 displays
the S-band error budget for observing GC 1342+66. The
random errors (ie., solar plasma) clearly dominate over the
systematic errors. Figure 7 is the corresponding X-band error
budget for observing GC 1342+66. Here the random errors
are dominated by those due to UT1 - UTC. It is therefore
advisable to solve for UT1 - UTC using VLBI so that angular
separation errors can be further reduced.

VIl. Conclusion

By performing SVLBI on an angularly close source pair,
the source separation can be estimated to the submilliarsecond
level (and approach the wparcsecond level) because of the
enhanced cancellation of error sources. This is a great improve-
ment over conventional VLBI methods. The differential phase
observable and the error sources affecting angular separation
measurements have been discussed. The nonfluctuating error
sources include errors due UT1 - UTC, polar motion, baseline,
and reference source position. The fluctuating error sources
include the interstellar media, solar plasma, ionosphere, tropo-
sphere, and system noise. Source structure effects have been
discussed along with the expected accuracies using this
technique.

Solar plasma is the dominant error source for SVLBI
measurements because of the enhanced cancellation of the
troposphere and ionosphere. For weaker source pairs, the sys-
tem noise may start to dominate. For sources with low galactic
latitudes, the ISM may start to dominate.

By performing SVLBI experiments over several years with
many different close pairs of radio sources, limits can. be
placed on reference-frame stability. Intrinsic properties of the
sources, such as source structure and proper motion which
limit measurements, can then be more fully understood.
SVLBI will therefore provide a useful tool for testing long-

. term reference-frame stability.
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Table 1. Six known angularly close source pairs

Right Declination Correlated Angular Galactic
Source ascension, a ination, flux density,? separation, latitude,
eg m s X
hm s Jy arcmin deg
3C66A 02 19 29.99 424829.6 0.27 +/-0.05 6.4 .17
3C66B 02 2001.73 4245 54.6 0.09 0.01 )
0532-05A 053246.65 -052416.5 0.008° 0.0007 0.2 19
0532-05B 05324743 -052418.9 0.004® 0.0007 ’
0957+561A 09 57 57.3 56 08 22.9 0.026¢ 0.005 0.1 48
0957+561B 0957574 56 08 16.9 0.020° 0.005 )
1038+528A 10 38 43.16 5249 09.64 0.26 0.03 06 55
1038+528B 1038 45.27 524937.6 0.154 0.01 ’
GC 13424662 1342 17.90 66 17 27.8 0.34  0.04 44 50
GC 1342+663 1342 41.03 66 21 12.9 0.65 0.07 ’
2016+112A 2016 55.47 11 17 46.56 0.056° 0.003 0.057 _14
2016+112B 20 16 55.27 1117 45.07 0.062° 0.003 )

2411 measurements are at'13—cm wavelengths from Ref. 16, except where otherwise noted.

bReference 17,at 2 cm.
CReference 10, at 18 cm.
dReference 8, at 13 cm.
®Reference 18, at 20 cm.




Table 2. S-band estimated phase uncertainties (radians)®

Soufce Solar Ionosphere Troposphere Sys.t em ISM RSS
pair plasma noise .

3C 66 0.23 0.04 0.005 0.003 0.12 0.26

0957+561 0.14 0.0014 0.0003 0.018 0.069 0.16

1038+528 0.23 0.006 0.001 0.002 0.065 0.24

GC 1342+66 0.23 0.032 0.004 0.001 0.068 0.24

2016+112 0.094 0.0008s 0.0002 0.007 0.14 0.17

8These estimates assume the Goldstone-to-Madrid baseline, an observing time of 6 hours, and night-
time conditions. The system noise contribution assumes two 64-m antennas with 0.5 efficiencies,
25-K system temperatures, and Mark II recording. All estimates are based on the data found in
Table 1; source structure effects neglected.

Table 3. X-band estimated phase uncertainties (radians)®

Sou;ce Solar Ionosphere Troposphere Sys.t em ISM RSS
pair . plasma noise
0532-05 0.064 0.001 0.0005 0.082 0.024 0.11
0957+561 0.039 0.0004 0.0003 0.018 0.014 0.045
1038+528 0.064 0.002 : 0.001 0.002 0.014 0.066
GC 1342+66 0.064 0.008 0.004 0.0035 0.014 0.066
2016+112 0.026 0.00023 0.0002 0.007 0.029 0.040

8These estimates assume the Goldstone-to-Madrid baseline, an observing time of 6 hours, and night-
time conditions. The system noise contribution assumes two 64-m antennas with 0.5 efficiencies,
25-K system temperatures, and Mark II recording, except for GC 1342+66 where we assume two
34-m antennas in order to accommodate simultaneous observations. All estimates are based on the
data found in Table 1; source structure effects neglected.

11
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On Estimating the Phase of a Periodic Waveform
in Additive Gaussian Noise —
Part I

L. L. Rauch

Telecommunications Science and Engineering Division

Motivated by advances in signal processing technology that support more complex
algorithms, a new look is taken at the problem of estimating the phase and other param-
eters of a periodic waveform in additive Gaussian noise. In Part I, the general problem
was introduced and the maximum a posteriori probability criterion with signal space
interpretation was used to obtain the structures of optimum and some suboptimum
pPhase estimators for known constant frequency and unknown constant phase with an
a priori distribution. In Part II, optimal algorithms are obtained for some cases where
the frequency is a parameterized function of time with the unknown parameters and
phase having a joint a priori distribution. In the last section, the intrinsic and extrinsic
geometry of hypersurfaces is introduced to provide insight to the estimation problem

for the small noise and large noise cases.

l. Introduction

The results of Part 1 (Ref. 1) are limited to the single-
parameter estimation of phase with frequency f, exactly
known, based on an observation of duration T = ¢, - ¢,. The
maximum a posteriori probability (MAP) estimator X, is the
value of the phase x that maximizes

2 fzz(r)y(fc7'+x)d'r+lnfx(x) an?
N, ‘)

1Equation number from Part I.

where NV, is the one-sided power spectral density of the addi-
tive Gaussian noise, z(*) is the observed noisy signal, y(*) is the
periodic waveform, and f,.(*) is the a priori probability density
of the random phase. Appropriate signal space geometry is
introduced and phase estimation results obtained for general
periodic waveforms including, in particular, the squarewave
case.

In what follows, the estimation model is extended to in-
clude phase, which is a polynomial function of time of given
degree with coefficients to be estimated. The first-degree two-
dimensional case (unknown frequency) is solved for small and
large noise, and concepts of differential geometry are intro-
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duced to better understand and solve higher dimensional cases.
The section and equation numbers continue from Part I

VII.2 Estimation of Phase and Frequency
When the Frequency is Unknown
but Constant

Using Eq. (13b)! we have, instead of Eq. (17),
2 (2 2
JV(; f z@) y(ft +x)dr + lnff(f) +tinf (x) (79
t

as the quantity to be max1mlzed w1th respect to fand x to
provide the MAP estimators f and x . Then Eq. (21) is re-
placed by

2ZIE AN Inf(N+NyInf(x)  (80)

where

Z=Y(f,, %) +7 (81)
and

y(ft +x)=A_ cos 2n(ft +x) (82)

for the present. In the previous cases of known frequency, T
could be chosen_> to make fT an integer and therefore make
IIy(f x)|l and {|z[i not functions of x In the present case of
unknown f, this is not possible and y(f x) lies on a closed
hypersurface which is in effect the surface of a hypersphere
with ripples. However, if we assume fT > 1, as is often the case
of interest, then the fractional variation in IIJ’(f x| ap-
proaches zero and

lim 1. 11m 1 T/ 2 2
Py H‘,V(f N= T A2 cos” 2n(ft +x) dt
-T/2
2
= Ac
) (83)

The vector ;(ﬁ x) describes a two-dimensional curved sur-
face parameterized by fand x. For fixed f, the cross section of
the surface is a circle lying in a plane through the origin. The

?Section and equation numbers continue from Part I.
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f.x coordinate system on the surface is locally orthogonal and
the surface is embedded in an infinite-dimensional linear space.
Some feeling for the curvature of the surface is given by Fig. 1.
Calculation shows that

<}’(f, x), ¥ (f+ -’;’:,x)> =0 (84a)
for n any nonzero integer and
<}*(f, x), ¥ (f,x + %)> =0 (84b)

Flgure 1 indicates that in going from y(f x) to y(f +1/T, x),
Y(f + 1/2T, x) leaves the plane of}’(f x) and y(f+ YT, x) by
an angle of 25.8° while making angles of 50.5° with y(f x)
and y(f + 1/T, x). (In this signal space there are many direc-
tions normal to the above plane and the normal N dropped
from J(f + 1/2T, x) to the plane is only one of them.)

Takmg the hint from Eqs (84), a convenient orthonormal
basis ul vl for the infinite dimensional flat (euclidean) space
L y spanned by the two-dimensional curved surface described

by }*(f, x) is given by

ui(t) = \/2; cos 2w (fc + :;,) t (85a)
v = /3; sin 2m (fc + ’T) t (85b)

with 7 running over all integers, the time interval is t = -T/2,
t,=T[2,and f, T > 1. For the case of Eq. (82),

y(f x) = Z (yui i vt+t) (86)
where

T sinn[(fc-f)T+i]

ym.(f, x)=4, / 3(cos 2mx) 77, - DT 1]
(87a)

_ \/? . sin n[(f, - )T +i]

yw.(f, x) =4, 3 (sin 27x) 77, - DT+ i

(87b)



If we define

T/2
Ii =f z(f) cos 27 (f + )t dt (88a)
-T/2
T/2 ;
0, f z(¢) sin 27w (fc + —7-,) tdt (88b)
-T/2
then the coordinates'z, , z , of Z are given by
=gih= /21 89
Zul Z, ui - i ( a)
=G% = /20 (89b)
Zvi % vi T ~i
Now
->
(Z y(, %) = E (zuiyux vi vz) (90)

j=—c0

Substituting from Egs. (87) and (89) gives

(?, 7@ x)) = i A (I, cos 2mx + Q, sin 2mx)
sin n{(f, - T + i]
717, - AT +1] ©D

for substltu’uon in Eq (80) This is then maximized to find the
MAP estimate of X, X, and f

For the case of small noise, the a priori probability terms in

Eq. (80) generally become neghglble and the MAP estimator

7, x is obtained by maximizing (z y(f x)) in Eq. (91). Fol-
.lowmg the argument on page 159 of Part I, Eq. (54) is re-
placed by

Ny
P E,) = 22 (92)
(&)
il
=== 93)
{57

Now

&)

and by Eq. (82),

y(f x)

2 =J-T/z [%y(fﬁx)]zdt

/2
(94)

ds\ 2 ' T/ '
(—) =4n2Ajf sin? 2n(ft +x) dt = 2n* A2 T

ox
-T/2
: (9%)
since T> 1/f. Then by Eq. (92),

ﬂ N

~ 2 1 0
o*(%,) = — = — (96)

AT 4n® A2 T

which is the same as the result in Eq. (54) for a sinusoid of

“known frequency. Thus for the small noise case, the phase

error is not increased if the frequency is unknown (but
constant).

Proceeding with the estimate f; of the frequency f, we

have
2 T/2 [y ' 2
=f [a—fy(ft+x)] dt
-T/2
(97)

_S)2 =2
ar 7V
and by Eq. (82),

382_422 T/22.2 _m o
o) = 4m A t* sin 21r(ft+x)dt——6—AcT

of -T2
(98)
since T'> 1/f. Then by Eq. (93),
N
27N 3 0
o“(fy) == (99)
0 7 AzT?’
From Egs. (96) and (99),
o7) (100)
A2 1 o(fy)
NN = . (101)
0 o 16+/3 7 03(5?0)
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For example, with a(.;o) =0.01 cycles (3.6°) and 0(?0) =1Hz
we have T = 0.0346 s and P/N, = 3656 (35.6 dB). The fre-
quency spacing 1/T of the correlators in Eq. (88) would then
be 28.87 Hz. Both the frequency spacing and the required
P/No are directly proportional to o(fo).

Returning now to the general case, let us consider the maxi-
mization of Eq. (80). For the initial estimate, we generally
have fx(-) =1 and f(*) constant over some interval and zero
elsewhere. Thus let us consider the maximization of Eq. (91).
Define

a=(f,-AT (102)
and
- - sin w(a - i)
I@) = Y, I, =" T (103a)
0() = E 0, sin m(a +1) (103b)

T e ti)

j=—o00

so that Eq. (91) becomes
@ 3, %) = A_[I(@) cos 2mx + O(a) sin 2nx] (104)

I(e) and Q(c) are simply the cardinal series (minimum band-
width) interpolations of the samples I, and Q, respectively,
with a sampling rate of unity in the a coordinate. Now by
Eqgs. (81), (82), (86), (89), and (68) the I, and Q, are simply
VT2 yg; and VT2 Vovis respectxvely, plus mdependent
Gaussian random variables of mean zero and variance IV, T/4.
By Eq. (87)

sin (o, +17)
AY T/2yom = ——2—‘ (COS 27rx0) W (1053.)
AT _sin m(ey, +1)
\/myovz B m(a, + 1) (105b)
Thus, I, and Q, are samples of
c sin m(a - «,)
5 (cos 27rxo) (- ao) (106a)
and
J sin m(e - o)
T (s1n 27Tx0) W (106b)
(i}
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respectively, taken at integer values of « plus the random vari-
ables described above. Now the function of a in Eq. (106) is
band limited at half the sampling rate and so the interpolated
functions of Eq. (103) are simply the functions of Eq. (106)
plus Gaussian band-limited white noise of bandwidth 1/2 and
variance N T/4. Thus

T » sin m(o - ao)
I(@) = 5|4 (cos 2nx,) o) TH@| (1072
n .

sin m(o - o)

Q@ =+ [A (sin 2mx,) —W +nQ(a)] (107b)

where n,(a) and n (a) are independent Gaussian band-limited
white random processes with

P @] = Al @] = 2 (108)
7 0 )

Returning now to Eq. (104) we observe that , ;(f, X)) can
be maximized in two steps. In the first step we choose x(e) to

. maximize the expression for each . A necessary condition is

0
s s ;(f, x))=2nd [~ I(e) sin 2mx + Q(a) cos 2mx] = 0
(109)
which gives
tan 27x = %:)) (110)

This has two solutions for x, -one giving the absolute maximum
and the other the absolute minimum of Eq. (104) with respect
to x. The value of x in Eq. (110) giving the maximum is that
which causes cos 2mx to have the same sign as /{a) and sin 27x
to have the same sign as Q(e). From Eq. (110) and the above,

_ Mﬂ.
L= sgn [/(o)]
/ 1+<?((0‘[1)))

Substitution in Eq. (104) gives

A, NP@+0*@

sin 27X (111a)

cos 2mx (111b)

ERTANE (112)



Thus, by Eq. (102) f; =f,~ (@,/T) where & is the value of «
which maximizes
> 2

@,z

0)> 2 2
T = I"(a0)+Q0°(0) (113)

The large noise behavior of 6?0 may be studied by using
Eq. (107) to substitute for I(a) and Q(a) in Eq. (113). The
actual estimator must use Eqs. (103), (113), and (111). Even
in the absence of noise, Eq. (113) has many stationary points
(relative maxima and minima) and so an indirect estimator is
a problem. Since the maxima and minima of Eq. (113) are
always stationary points (n I(a) and n Q(oz) have all derivatives),
one approach would be to solve

d

@+’ @)=0 (114)
for all of the stationary points in the a priori interval deter-
mined by ff(a) and then evaluate Eq. (113) at these points to
locate the absolute maximum. For a particular noise realiza-
tion, Eq. (112) will generally not be an even function about its
maximum and so the MAP estimator is generally not the mini-
mum mean square error (MSE) or mean absolute error (MAE)
estimator. In the case of a general a priori distribution ff(') on
f and noise which is not small, it is necessary to substitute
Eq. (112) in Eq. (80} and seek the maximum of

24 VP (@) +Q*(@) + Ny In [, () (115)

where f, (*) is easily obtained from ff(-) in the usual way.

VIIl. Some Geometrical Aspects
In the more general case where Eq. (82) is replaced by

.2 -1
y(x + ft + f% +o0 + fN-2) é;VV—l)!) (116)

then the terminal points of

Y@L f e f ) (117)
form an N-dimensional subspace (generally nonlinear) that is
coordinatized by the NV parameters to be estimated and that is
imbedded in the infinite dimensional linear space3 in which
the observed signal plus noise is represented. As we have seen,
the estimation problem involves such questions as the point in

3An N-dimensional noneuclidean space can always be imbedded in
euclidean space of not more than N (V + 1)/2 dimensions (Ref. 2).

the parameter subspace that is at minimum distance from an
arbitrary point in the imbedding linear signal (plus noise) space
and the effect of the noise on the location of the point in the
parameter subspace. The solution of the estimation problem
depends on both the intrinsic (Ref. 3) and extrinsic geometri-
cal properties of the nonlinear parameter space with the small
noise results depending only on the intrinsic geometry. To gain
insight, we examine several cases.

First case: Phase estimation only with known frequency
f. (V= 1). This was treated analytically in Section VI (Part I)
with the periodic waveform given by Eq. (55). The geo-
metrical situation is illustrated in Fig. 2. The one-dimensional
parameter space (path) lies on the surface of a 2n dimen-
sional hypersphere (and is therefore nonlinear). For this
one-dimensional case, the intrinsic geometry of the path is
completely described by the single scalar ds/dx, given by
Eq. (56), with the small noise result given by the second term
of Eq. (54). If y(*) has one or more discontinuities, such as a
square wave, then ds/dx — ¢ and the small-noise performance
becomes arbitrarily good (the closed path, while continuous,
has no derivative and is infinite in length).

For large noise, the extrinsic geometry of the path becomes
important. The radius of curvature (ROC) (Ref. 4) is given by
(see Eq. 55, Part I)

ROC = \/%- (118)

(d} +27)

which vanishes if there is a discontinuity in y (*) or its dgriva-
tives. The distance between any two points on the path, y(xl)
and}*(x2), is given by

||;(x1) - ;_V)(xz)ll2 = TZ(aJ?+ bjz) [1 - cos 2 (x, - x,)]
i=1
(119)

which, of course, never exceeds twice the radius of the hyper-
sphere in whose surface the path'is imbedded. Note that the
above extrinsic properties are invariant over the path.

Second case: Phase and frequency estimation with un-
known constant frequency-(V = 2) and sinusoidal waveform.
This was treated analytically in Section VII. The two-
dimensional parameter space (surface) is nonlinear as indicated
by Fig. 1. Even for the special case of y (+) sinusoidal, the two-
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dimensional surface spans (must be imbedded in) an infinite
dimensional signal space. It is something like a tube extending
through all of the dimensions of the signal space as f runs over
its range. The intrinsic geometry of the surface is completely
described by (Ref. 5)

2
as? = Z gijdu’du’
ij=1

(120)

where s is the distance in the surface, u = x and u? = f are the

contravariant coordinate values in the surface, and g, is the
second-order covariant metric tensor of the surface. Calcu-
lation gives

g, =2 AT
7’ Az Y
= — 121
£, p (121)
81, = 8,; =0

Thus the f, x coordinate system in the surface is everywhere
orthogonal (g, = £,, = 0) and uniform (g,, and g, are con-
stant). Also the surface is developable, that is, it has no intrin-
sic curvature. Now

(&)

and the small noise result has been given in Eqs. (96) and (99).

=2, (g_;)z =g, (122)

‘The extrinsic geometry of the surface is given by Egs. (86)
and (87) and the large noise estimation case has been consid-
ered begining with Eq. (102).

Third case: Phase, frequency, and frequency-rate estima-
tion with unknown constant frequency rate (N = 3). The sur-
face of the second case now becomes a three-dimensional
volume by the coordinate f, which turns out not to be ortho-
gonal to the surface coordinatized by x and f. For small noise,
the intrinsic geometry is determined by

3
ds* = Z gilduiduf
1j=1

(123)

with u! =x, u2 =fu3=fg,,, g,,, &, andg,, have the
same values as in the second case. Calculation gives

72 AZ 75
33 T 160
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&3 = &3 =0
n? A2 13
¢

g13 B g31 = 12

(124)

Thus the f coordinate is orthogonal to the f coordinate and the
angle 6 between the f and x coordinates is given by

4 .
cos § = —= _ = §= 0.745
V833 '
° . 2
0 =42 sin 0 =3 (125)

So in the small noise case, the errors in the estimates fo and 550
have a correlation of 0.745 and the errors in the other two
pairs of estimates are uncorrelated. As in the two-dimensional
case, the intrinsic geometry of the three-dimensional manifold
has no curvature (gi]. components are constants).

For the small noise case

s N2 N2

o? f,) = - (126)

0 ds\ 833
df
giving

~ N
P 80 0

a* (fy) =— (127)
MEPCVLY &

For the example following Eq. (101), where it was found that
o(®,) = 0.01 cycles and o(f;) = 1 He, with 7 = 0.0346 s

N

and P/N, = 3656, the result for £ is
o(f,) = 149.5 Hz/s

If T is increased by a factor of 10 to 0.346 s, the above
becomes

o(fo) = 0.47 Hz/s
The above results can be extended in a straightforward way

to the estimation of the higher derivatives of frequency
(N > 3)if a priori knowledge indicates they are significant.

IX. Algorithms

Computational algorithms based on the preceding results

-such as Egs. (88), (103), (113), (111), and (102) are feasible

with current digital signal processing technology and would



provide a sequence of MAP estimates at arate 1/T. Such algo-  The phase-locked loop, like any real feedback system, has its
rithms are quite different from phase-locked loops, which are own dynamics and stability considerations, which are not really
frequently used for phase and frequency- estimation. The a part of the estimation problem. The stability considerations
phase-locked loop is an invented causal dynamical system that of third- and higher-order phase-locked loops are not present
does not provide an optimum estimate based on a criterion.  in algorithms based on-the results of this paper.
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VLBI Solutions for the Time Variation of
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Very Long Baseline Interferometry (VLBI) results are presented for the two baseline
vectors between the Goldstone DSN antenna complex and the overseas sites at Canberra,
Australia and Madrid, Spain. Results from solutions using data taken between 1978
September and 1983 May show an apparent California-Spain baseline length increase of
21 cm during this time span, while the California-Australia length has remained constant.
Statistical investigations of the integrity of the data are discussed along with dominant
systematic error sources and their effect on baseline length determination. Results and
interpretation of the time behavior of the angle between DSN baselines are also described.

I. Introduction

Three principal concerns motivate the study of changes in
intercontinental baseline vectors. Navigational demands, which
require the location of the DSN stations in an inertial radio
reference frame, necessitate modeling relative motion of points
on the Earth. Secondly, because DSN baselines span the North
American, Pacific, Indian, and Eurasian plates, detection of
their motion will aid in the understanding of continental drift,
which is of geophysical interest. Finally, since VLBI solutions
entail the adjustment of hundreds of correlated parameters,
the plausibility of any changes in the estimated baselines sup-
ports the integrity of the entire solution.

This article focuses on the two baseline lengths and the
single angle (inner angle) between the baselines because, for
any two vectors, these three quantities are invariant under
rotations of the coordinate system in which they are pre-
sented. Rotational invariance is an important criterion for
parameters studied in baseline time-behavior analyses because,
in VLBI, the orientation of a baseline is determined with
respect to an inertial reference frame defined by extragalactic

radio sources (EGRS), and we wish to measure the baselines in
an Earth-fixed reference frame. Since translations relative to
the EGRS can be ignored, transforming a baseline from the
EGRS frame to the Earth-fixed frame requires only a rotation.
The necessary rotations are monitored regularly by services
such as the Bureau International de 'Heure (BIH), TEMPO at
the Jet Propulsion Laboratory, and POLARIS at the National
Geodetic Survey (Ref. 1).

To study the baseline variations in an Earth-fixed frame, we
could (1) use the Earth orientation measurements of the above
services to transform the EGRS-referenced VLBI results to the
Earth-fixed frame, and/or (2) consider the variations of base-
line parameters which are unchanged in the transformation be-
tween the two reference frames. Since the errors in the Earth
orientation measurements are often larger than the intrinsic
VLBI errors for the data set considered! (Ref. 2), we choose

1Treuhaf‘t, R. N., “The Time Variation of Intercontinental Baselines

using VLBI,” IOM 335.1-113, June 1983, private communication to
Tracking Systems and Applications Section, Jet Propulsion
Laboratory.
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to study the rotationally invariant lengths and inner angle. The
inner angle, as measured, is actually quasi-rotationally invari-
ant as will be discussed later. Future studies of this type will
also include rotationally sensitive quantities as the accuracy
of Earth orientation measurements improves.

The parameter estimates which are discussed in this article
were obtained from multiparameter adjustments using dual-
frequency VLBI data. The data were taken between 1978 Sep-
tember and 1983 May on the California-Australia (C-A) and
California-Spain (C-S) baselines. 3090 delay and delay rate

observations of 132 extragalactic sources comprise the data set’

analyzed. A general description of the 1971 to 1980 VLBI
observation and fitting procedure is given in Ref. 3. The base-
line results in this article are estimated independently for each
experiment, as opposed to estimating a single baseline for the
entire span of data; in Ref, 3, results from both methods of
estimation are reported. Three requirements placed on the
data currently analyzed force the exclusion of experiments
reported in Ref. 3 which were performed before 1978 Septem-
ber: (1) All experiments considered here contain delay and
delay rate data (as opposed to delay rate only); (2) All the
data were taken at S- and X-band simultaneously for charged-
particle calibration; and (3) Hydrogen maser time standards
were used at both stations of each baseline. Comparison of the
estimated global parameters (e.g., source positions) of Ref. 3
with those derived here yields agreement within quoted errors.
In addition to solving for baseline components and source
positions, the fit to the VLBI data includes solutions for sta-
tion clock parameters and total (dry + wet) zenith troposphere
delays for each session.

In section II of this article, we present baseline length
results and interpretation. Section III contains a disgussion of
dominant systematic errors affecting the length measurements;
troposphere mismodeling is given special attention. Section IV
contains inner angle results, and section V, the conclusions.

Il. Baseline Length Results and
Interpretation

The solutions for baseline components and lengths obtained
from each experiment are given in Table 1. As mentioned
above, for single-baseline VLBI solutions, Earth orientation
transformations must be applied to the VLBI results. The BIH
transformations were used for the components presented in
Table 1. This Table also gives the DSS 13-DSS 14 short-
baseline tie used to refer all measurements to the 64-meter
antenna at Goldstone (DSS 14). The results for the baseline
lengths plotted as a function of time are shown in Figs. 1(a)
and (b) for C-A and C-S, respectively. The linear fit to the data
was pertormed by including all the correlations between the
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baseline coordinate parameters in the global fit from which the
lengths were derived. From Fig. 1, the baseline time rate of
change for C-A is statistically insignificant and, from the chi-
square per degree of freedom (x2/DF) of 0.97, the time varia-
tion of the C-A baseline is consistent with a linear fit, or
indeed with no motion at all. For C-S, the baseline rate is six
times its formal error, and is therefore significant with regard
to that measure of error, However the large x2/DF means that
there may be problems with the linear parameterization of the
data. The probability of getting a x2/DF of 1.98 or greater
with twelve degrees of freedom is about 2%, assuming that the
measured length variation results from a pure linear drift
degraded only by Gaussian noise. Below, we assess the validity
of this assumption and interpret the result of the chi-square
test.

A linear model for intercontinental baseline motion is
potentially applicable because points in the interior of conti-
nental plates are not expected to respond to high frequency
driving forces applied at the boundaries (Ref, 4). Of the DSN
stations, the Goldstone complex is the only one very close to a
known plate boundary — the San Andreas Fault. In addition
to any tectonic motion, local, small-scale phenomena far from
plate boundaries near either station of a baseline could pro-
duce abrupt changes in the long baseline results. Therefore, the
quality of linear fits over the five-year data span may not be a
good indicator of the integrity of the data, and we must
explore the possibility of abrupt changes in baseline length,
Table 2 shows the lengths of Fig. 1 averaged for the 1978 to
79, 1979 to 80, and 1982 to 83 obseivation clusters, or
epochs. Note that the Table shows a statistically significant
change in baseline length between the second and third epochs
for C-S, while the C-A lengths are remarkably constant over
the three epochs.

Concentrating on the more controversial C-S results, it is
possible that abrupt motion near Goldstone or Madrid pro-
duced the 21-cm change in the C-S baseline length between the
last two epochs in the Table. However, the Crustal Dynamics
Project (CDP) regional VLBI data show no such significant
motion on any of the baselines containing Goldstone over the
same time span (Ref. 5). It should be noted that since the CDP
data do not preclude large (20-cm) changes in the Goldstone
vertical, and since the Goldstone vertical has a 66% projection
onto the C-S length, the CDP data alone do not exclude the
possibility that much of the 21-cm jump was due to Goldstone
local vertical motion. However, the Goldstone vertical also has
an 83% projection onto the C-A length, which is relatively con-
stant over the same three-year span. Considering bottrthe CDP
and the C-A data, it is unlikely that Goldstone local motion
could be responsible for the 21-cm shift observed in the C-S
data. We do not have a firm case for excluding the local
motion possibility at Madrid, since we do not have available



any measurements to local reference points for the Spain com-
plex. A geophysical phenomenen as large as a 21-cm change
over three years would probably call attention to itself via
ground survey techniques. The frequency of past measure-
mehts by survey as well as VLBI techniques must be investi-
gated. The appropriateness of the linear model for.the C-§
baseline variation is therefore contingent upon evidence ex-
cluding the possibility of local, abrupt motion near the Madrid
complex.

If such evidence finally does exclude the possibility of
abrupt motion, the 2% probability quoted above for the chi-
square test is an indication of a problem in the error analysis:
namely that it is highly improbable that the actual length
errors are Gaussian with standard deviations given by the error
estimates of Table 1. The error estimates could be incorrect
due to unmodeled systematic errors, or due to underestima-
tion of the statistical errors. If the apparent change in the C-S
baseline is due to faulty error analysis, the step-function pat-
tern in Fig. 1(b) suggests that unmodeled systematic effects
are part of the problem. Further, a comparison of Figs. 1(a)
and 1(b) indicates systematic problems may affect different
parameters in different ways; for example, in this case, the
C-S linear fit is suspect, and the C-A fit is acceptable.

lll. Systematic Errors in
Baseline Length

The baseline length is principally derived from observations
of the interferometric time delay, between two ends of a base-
line, of the arrival of an electromagnetic signal from a distant
radio source. Uncalibrated phenomena affecting the measured
delay can cause errors in baseline length estimates. If, for a
group of measurements, the observation-to-observation delay
errors are correlated with the sequence of partial derivatives of
time delay with respect to baseline length, the error in the esti-
mated length may be large. Since the partial derivative of delay
with respect to baseline length parameters will be largest for
low elevation angle observations, and since unmodeled tropo-
sphere delay errors are also likely to be large at low elevation
angles, the errors will track the partials for many observation
strategies. :

Studies of the effect of troposphere mismodeling show that
dry troposphere elevation mapping function fluctuations can
cause 12-cm errors in C-S baseline and up to 25-cm errors in
the C-A baseline. These mapping fluctuations are caused by
changes in local meteorology at the two ends of the baseline
and should be seasonally variable (Ref. 6). Wet troposphere
fluctuations can also cause 5 to 10 ¢cm of baseline length error
and would be expected to vary from experiment to experi-
ment (Ref. 7). Neither the wet nor the dry effect should
exhibit the qualitative temporal behavior of the C-S baseline

lengths shown in Table 2. The magnitude of these systematic

effects is, however, within a factor of two of the C-S length
changes observed, and, therefore, more extensive calibrations
will be attempted before conclusions are drawn concerning the
statistical significance of length changes. Acquiring surface
meteorology and water vapor radiometer data should help to
reduce the errors contributed by both of these tropospheric
effects.

Another potentially important systematic effect which
could contribute to baseline length errors can arise from
instrumental effects which depend on time or elevation angle.
Phase calibration of the data (Ref. 8) can help to remove such
effects, but the results shown in Fig. 1 do not include phase
calibration. For some experiments, phase calibration was
impossible due to instrumentation failures, but calibration
may be possible for a subset of the data. Preliminary tests
show that instrumental miscalibration might also contribute as
much as 10 cm to the baseline length error. The effects of
changes in the data acquisition hardware between 1980 and
1982 have not been thoroughly investigated, and instrumental
effects cannot be discounted.

IV. Inner Angle Results

Along with the baseline lengths, the inner angle between
simultaneously measured C-A and C-S baseline vectors
(approximately 82 degrees) is a rotational invariant, and its
time behavior could be another good measure of station move-
ment. In Fig. 2 the inner angle () between the two baseline
vectors is shown in the standard Earth-fixed coordinate
system, with the x-axis passing near the Prime Meridian.
Since the C-S and C-A baselines are not measured simultane-
ously, but are typically observed within one to three days of
each other, the Earth’s short-term orientation changes must be
calibrated in order to avoid interpreting global rotations as
relative station motion. Because the inner angle measurement
is sensitive to short-term Earth rotations, but is insensitive to
rotations with periods longer than the time between experi-
ments, the inner angle is quasi-rotationally invariant and its
time variation might yield information on continential motion
in one direction perpendicular to the baseline vectors. Fig. 3
shows the inner angle as a function of time after applying
corrections based on the BIH Earth orientation data. The large
x2/DF for the linear fit is mostly due to the problematic sec-
ond to last point on the plot. This point represents data taken
on 23 January 1983 and 25 January 1983 for C-A and C-S,
respectively.

To investigate whether that point’s severe departure from
the line could be due to high-frequency orientation errors,
Fig. 4, reproduced from Ref. 9, shows the Kalman filtered BIH
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Length of Day (LOD) data, which is a measure of the differ-
- ‘ence between the rate of change of the actual global rotation
about the pole (UTl) and a universally accepted standard rate
used in VLBI analysis (IAT) Predictable tidal changes in UT1
were removed before estimating the LOD. The peak of this
plot is near the dates of the experiments determining the inner
angle for the questionable point in 1983 January. An arrow
points to the date of the problematic inner angle measure-
ment. The peak in Fig. 4 is believed to result from the El Nifio
phenomenon (Ref. 9). To see if better high-frequency (UT1-
TAT) data would track this peak more faithfully, the inner
angle was recalculated with Kalman filtered POLARIS data for
1982 to 83 and lunar laser ranging data for the rest of the time
span by T. M. Eubanks (personal communication), and the
results are plotted in Fig. 5(a). The decreased x2/DF suggests
that the fit is improving, but the best fit by far is that in
Fig. 5(b) where the 1983 January point is eliminated com-
pletely. It is possible that the actual angular rate peak of Fig. 4
was beyond the high-frequency detection capability of any
external service, since the typical sampling interval of the
external services, such as BIH or POLARIS, is one week. For
the 1983 January point our two experiments were 2.3 days
apart, and it is possible that our measurements were more
sensitive to high-frequency global orientation changes than any
others. To investigate this possibility, we are currently study-
ing the apparent angular rate of the baselines within each
experiment of the suspect inner-angle pair. If Earth orientation
changes are large between the experiments, they may also be
large within a single experiment. A complete explanation of
the behavior of the 1983 January point will require further
analysis, but for now, the data suggest that poor high-
frequency Earth orientation determination may plague the use
of the inner angle to measure real continental motion.

It should be pointed out that the inner angle errors as well
as the linear fit parameters were calculated including all the
relevant correlations among the baseline coordinates in the
global fit from which the inner angles were extracted. If corre-
lations are ignored, the parameter estimates and errors change
only at the 10 to 20% level, but the x2/DF values change
enough to substantially alter the conclusions of hypothesis
tests. This comment applies to the baseline length analyses as
well,

V. Conclusions and Discussion

The baseline length results can be summarized as follows:
based on formal baseline errors, there is a statistically signifi-
cant change in the C-S length over the time spanned by the
data. The change in the baseline is only twice the possible con-
tribution of either of our two biggest known systematic error
sources, the troposphere and instrumental calibration. Al-
though the time variation of troposphere errors is not ex-
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pected to induce the sort of time variation observed on the
C-S baseline, the magnitude of the possible length error is suf-
ficiently close to the observed length change that skepticism
about the significance of that change seems appropriate for
now. Instrumental effects, on the other hand, could conceiv-
ably cause the step-function behavior of the observed C-S base-
line length, although we know of no major changes in the
instrumentation between 1980 and 1982. The large x2/DF of -
the linear fit indicates the presence of unmodeled error sources
or the possibility that the actual motion is not linear. Verifica-
tion of the possibility of a nonlinear length change would
require external evidence of local motion near the  Spain
complex.

The C-A length results are in good statistical agreement
with no motion. It should be noted that until the above-
mentioned systematic problems are resolved, the C-A baseline
length results should also be suspected. The formal errors of
the C-A baseline are, however, on the average larger than those
of the C-S baseline and may dwarf the relevant systematics,
perhaps explaining why the x2/DF for the C-A length linear fit
is so close to 1.

The next step in the analysis of the length results is to ex-
amine further the consequences of unmodeled effects in the
data. Current efforts include estimating the effect of errors in
spin-axis orientation (precession and nutation) on baseline
length estimates. We have also investigated the possibility of
allowing the VLBI data to determine new troposphere map-
ping function parameters, which include station-to-station vari-
ations. Results from such studies show that indeed there is
enough strength in the data to determine statistically signifi-
cant changes to both the standard Chao (Ref. 10) and the new
Lanyi (Ref. 6) mapping functions, both developed at JPL. The
details of the new mapping function parameters, as well as the
results, will be reported in the near future. Also to be reported
are the effects on baseline lengths and source positions of the
time-varying wet component of the troposphere.

Length rate analyses will soon depend critically on our
ability to determine short baseline intracomplex ties to 1 cm,
because the availability of the DSN stations changes from year
to year. For example, DSS 14, the 64-meter antenna at Gold-
stone used for most of the data of Fig. 1, has been unavailable

- from 1983 July to 1984 August. In the int;i-im, we are using

DSS 12. Also, when DSS 14 becomes operational again, it may
be displaced by a few centimeters, and its position relative to
the other antennas will have to be redetermined. That short-
baseline ties may be a problem is evident from the fact that
the first two points of the C-S 1982 to 83 epoch were mea-
sured with DSS 13 and a DSS 13-DSS 14 tie. They, as well as
the single C-A DSS 13 point in 1982 July, are systemat1ca11y
above the line.



The local vertical at Goldstone, which is poorly determined
by short baseline experiments without accurate dry and wet
. troposphere calibration, has large projections on both the C-A
a'nd C-S baseline vectors, as noted in section II. Consequently,
improved troposphere calibration might be necessary. We have
therefore performed experiments, currently being analyzed,
involving long and short baselines simultaneously, to check our
procedure for determining the intracomplex ties. To improve
the precision of the short-baseline ties, phase-delay results,
which are now being analyzed, will supplement the bandwidth-
synthesis result shown in Table 1. In addition, ground survey
results will be investigated. In the absence of accurate short-
baseline ties, the baseline length time behavior could still be
parameterized with one slope and several intercepts, one for
each Goldstone antenna. This least desirable alternative would
weaken the determination of slope by introducing more
parameters, but is always available as a last resort.

" From the inner angle results in the most plausible case of
Fig. 5(b), there is a statistically insignificant slope over the
time span of the data. Studying the individual baseline compo-
nent time behavior may explain the problem with the inconsis-
tent point of 1983 January. If we can explain this point’s
behavior without resorting to the inadequacy of external high-
frequency Earth rotation measurements, then there is hope
that inner-angle studies may be useful. There is only a remote
possibility of making regular, nearly-simultaneous measure-
ments of the C-A and C-S baselines, in order to exclude any
contribution from the short-term Earth orientation error. One
solution to this dilemma is to measure a third baseline to
monitor rapid changes in earth orientation. The time behavior
of the inner angle would then complement the station move-
ment results obtained from the length measurements. The
possibility of using facilities in Japan to form triangles with
both C-A and C-S is being explored.
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Table 1. DSS 14-DSS 43 (California—Australia)

Date x y z L
yt/mo/day  +2107200, m Error 4323700, m Error 17351800, m Error -10588900;m 1O
78/9/3 -72.23 0.26 335 . 024 -1.56 0.27 66.58 0.35
78/10/28 ~72.98 0.11 3.41 0.08 -1.14 0.12 66.48 0.12
78/11/4 ~73.27 0.11 3.31 0.10 -0.99 0.14 66.37 0.15
78/12/31 ~73.87 0.10 2.39 0.07 -1.70 0.12 66.34 0.12
79/11/23 -73.78 0.27 3.06 0.23 -1.14 0.24 66.39 0.31
79/12/20 -73.07 0.10 2.93 0.07 -1.44 0.11 66.37 0.1
79/12/29 ~73.50 0.14 2.56 0.10 -1.30 0.13 66.10 0.14
80/1/12 -73.58 0.10 2.68 0.09 -1.60 0.13 66.41 0.13
80/1/27 ~72.90 0.15 2.94 0.12 -1.79 0.14 66.59 0.16
80/2/14 ~75.05 0.12 251 0.11 ~1.60 0.14 66.59 0.16
80/2/23 —74.12 0.10 2.73 0.08 -1.50 0.12 66.48 0.12
82/7/12 -71.31 0.09 3.76 0.06 -1.26 0.11 66.47 0.10
82/11/30 -72.79 0.14 3.30 0.10 ~1.24 0.14 66.44 0.15
83/1/23 ~71.84 0.10 3.66 0.06 -1.19 0.10 66.46 0.10
83/5/20 ~73.69 0.08 3.29 0.04 ~091 0.09 66.38 0.07

3Experiment was performed with DSS 13 referred to DSS 14 with the tie given below.

DSS 14-DSS 63 (California—Spain)

Date * . Error Y Error z Error L Error
yr/mo/day -7202700, m -4281100, m -438000, m -8390400, m
78/10/30 13.73 0.22 60.24 0.32 57.05 0.32 29.79 0.20
78/11/6 13.65 0.18 60.62 0.19 56.89 0.25 29.91 0.19
79/11/26 13.00 0.08 61.81 0.10 56.57 0.11 29.94 0.06
79/12/21 13.46 0.16 60.71 0.29 57.12 0.25 29.80 0.13
79/12/27 13.02 0.09 61.66 0.15 56.83 0.17 29.89 0.09
80/1/26 13.32 0.16 61.22 0.17 57.06 0.22 29.93 0.14
80/2/14 12.30 0.07 62.86 0.08 56.58 0.11 29.87 0.05
80/2/24 12.98 0.08 * 61.60 0.14 56.46 0.15 29.80 0.08
82/7/4b 14.87 0.11 59.10 0.11 56.51 0.13 30.16 0.09 -
82/8/17Y 14.42 0.10 59.98 0.11 56.40 0.13 30.22 0.08
82/11/28 13.50 . 0.05 61.06 0.06 56.96 0.08 30.01 0.03
83/1/25 14.85 0.05 59.05 0.06 56.89 0.08 30.14 0.04
83/4/8 13.81 0.05 60.83 0.06 56.66 0.08 30.14 0.04
83/5/22 13.27 0.04 61.55 0.06 - 56.99 0.08 30.06 0.03
l:‘Experiment was performed with DSS 13 referred to DSS 14 with the tie given below,

DSS 14-DSS 13

Date )

yr/mo/day x(m) Error y(m) Error z{(m) . Error L(m) Error

79/8/15 2492.10 0.01 -14135.49 0.02 ~16095.48 0.02 21565.88 0.01
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Table 2. Baseline lengths per epoch.

Epoch C-A CS
(year) (m) (m)
78.84 66.40 = 0.07 29.85 + 0.14
80.03 66.41 £ 0.05 29.88 + 0.03
82.97 66.42 + 0.05 30.09 £ 0.02
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Fig. 1. The baseline length as a function of time:

(a) California— Australia; (b) California—Spain

Fig. 2. The California—Australia and California—-Spain vectors
shown in the standard, Earth-fixed frame. 0 is the angle between the
two vectors, called the “inner angle” in the text
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The Performance of Differential VLBI Delay
During Interplanetary Cruise
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Project Voyager radio metric data are used to evaluate the orbit determination abilities
of several data strategies during spacecraft interplanetary cruise. Benchmark performance
is established with an operational data strategy of conventional coherent Doppler, coher-
ent range, and explicitly differenced range data from two intercontinental baselines to
ameliorate the low declination singularity of the Doppler data. Employing a Voyager
operations trajectory as a reference, the performance of the operational data strategy is
compared to the performances of data strategies using differential VLBI delay data (space-
craft delay minus quasar delay) in combinations with the aforementioned conventional
data types. The comparison of strategy performances indicates that high-accuracy cruise
orbit determination can be achieved with a data strategy employing differential VLBI
delay data, where the quantity of coherent radio metric data has been reduced by over
95% with a concurrent 90% reduction in the DSN time allocated to radio metric data

July-September 1984

acquisition.

l. Introduction

Interplanetary missions of the future will impose increas-
ingly stringent requirements on navigational systems for pre-
cision, accuracy, and overall economy, Chief amongst the
radio metric systems developed to meet these demands is
NASA’s Deep Space Network (DSN) operational Very Long
Baseline Interferometry (VLBI) system. A primary product of
this system is the differential VLBI (DVLBI) delay data type,
which is used in spacecraft orbit determination.

DVLBI delay offers performance that is currently unex-
celled by any other radio metric data type in the determina-
tion of spacecraft angular position. (Data precision has been
demonstrated at 70 nanoradians — approximately 10.5 km/

AU, where 1.0 AU ~ 149.6 X 106km.) An (implicit) accuracy
of 50 nanoradians is anticipated by 1986 in support of Project
Galileo. An extensive discussion of the data type and the
associated VLBI system accuracies and attributes is provided
by Border et. al. (Ref. 1).

The applicability of DVLBI delay to differental naviga-
tional situations has been a topic of great interest (Refs. 1
through 9). This article serves to solidify knowledge in this
area by validating the significant contributions that DVLBI
delay can make to spacecraft orbit determination during
interplanetary cruise. Results are given that demonstrate that
the addition of DVLBI delay to a cruise data strategy simpli-
fies and economizes the determination of spacecraft state with
retained or enhanced precision and accuracy.
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The main text of this article begins with a discussion of the
salient facts concerning the Voyager 2 Jupiter-to-Saturn cruise
geometry. This discussion is followed by a description of the

radio metric data and spacecraft tracking strategies used in the.

study. Then the study’s assumptions and data filter structure
are detailed. Thereafter, an assessment is made of the abilities
of the competing data strategies to determine spacecraft state.
This assessment is followed by a summary and presentation
of conclusions.

ll. Geometry

A segment of Voyager 2’s 1981 Jupiter-to-Saturn cruise is
employed for the study. Radio metric data coverage is from
March 26th, the trajectory’s epoch, to June 13th.

Voyager 2 maintained an absolute declination (DEC) of
less than 1.4 degrees during the time of data coverage with a
right ascension (RA) of approximately 183 degrees. A low
DEC environment greatly reduces the spacecraft DEC sensi-
tivity of coherent Doppler data, which are the traditional
mainstay of radio metric tracking.

The sun-earth-spacecraft angle was greater than 100 degrees
during the time of data coverage. A large angular separation
between the sun and the spacecraft minimizes the dispersive
effect that space plasma has on radio metric data.

lll. Data Arc and Data Strategies

The investigated tracking data strategies are developed from
eleven weeks of Voyager Navigation S-band radio metric data
consisting of three coherent data types (Doppler, range, and
differenced range) and DVLBI delay data acquired in a ground-
station receive-only spacecraft tracking mode. Data from Deep
Space Stations where the spacecraft’s elevation angles are less
than fifteen degrees are not used in the study. All radio metric
data are calibrated with operationally employed seasonal
models to account for radio signal delay due to the tropo-
sphere, and models developed from Faraday rotation data to
account for signal delay due to the ionosphere.

Four tracks of Doppler data, each containing one range
point, are included in each week of data. These data directly
measure the spacecraft’s line-of-sight velocity and distance,
and, over a period of weeks, the combination of Doppler and
range data determine spacecraft angular velocities. Hamilton
and Melbourne (Ref. 10) have shown that each track of Dop-
pler indirectly determines the spacecraft’s RA and DEC.
However, the accuracy of the DEC determination deteriorates
rapidly as the spacecraft’s DEC approaches zero.
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Differenced range data measure spacecraft angular position
and provide a means for amelioration of the low DEC singu-
larity of Doppler data (Refs. 2, 11, and 12). This differenced
data type is obtained by explicitly differencing two range

- points from two Deep Space Stations that define a “baseline.”

The Deep Space Station combination of Goldstone-Madrid
(G-M) defines an east-west baseline; Goldstone-Canberra
(G-C) defines a north-south baseline, (Data from the G-C
baseline measure spacecraft DEC, while data from the G-M
baseline measure spacecraft RA.) This differencing of range
points reduces sensitivity to errors that are common to base-
line stations, e.g., unmodeled spacecraft accelerations. Mea-
surement accuracy is limited by errors that are not common
to both stations such ‘as station location errors, transmission
media errors, and station instrumental effects.

The study data arc includes twenty G-M differenced range
measurements and sixteen G-C differenced range measure-
ments. Due to geometry constraints and coherency require-
ments, range points differenced in this study are offset in time
from eleven minutes to over three hours. The resulting differ-
enced range points are clustered at the beginning, middle, and
end of the data arc.

Navigational DVLBI delay is a data type developed by
differencing the VLBI delay measurements from a spacecraft
and an angularly nearby natural radio source (typically a
quasar), where each delay is determined as differential range
obtained from simultaneous observation of each radio source
by two widely separated Deep Space Stations. The result is a
data type that measures the angular offset of the spacecraft
from a known position in the sky (the quasar’s angular posi-
tion), whereas differenced range measures the spacecraft’s
total angular position in the sky. During the time frame of the
study, the angular separation between Voyager 2 and the
reference quasar (3C 273) varied between zero and three
degrees. For the study, DVLBI delay data are included at the
rate of one point from each of the G-M and G-C baselines per
week.

For DVLBI delay data, the simultaneous observation of a
radio source by two stations and the subsequent differencing
over a baseline as well as the differencing between sources
that are angularly close results in a data type that is highly
self-calibrating. (The double differencing greatly reduces the
effects of station common errors as well as the effects of errors
that are common to each delay.) Inclusion of the quasar delay
in the differencing process introduces an error in the DVLBI
delay due to imperfect knowledge of the quasar’s location
(as determined from radio interferometry) with respect to the
optically determined planetary ephemerides. This error is
referred to as a “frame tie” error.



In a previous analysis of these data (Ref. 2), biases between
differenced range and DVLBI delay were observed (-8 m on
the G-C baseline and -4 m on the G-M baseline). Substantial
contributions to the magnitudes of these biases can be credited
to a frame tie error. In the current study, G-C and G-M biases
have been reduced to -1.19 m and -0.85 m, respectively. The
reductions in the biases are achieved by the determination of
quasar positions with respect to Voyager models and values
for Deep Space Station locations, earth orientation param-
eters, precession, and nutation (Border, J.S., and Sovers, 0.J.,
“Radio Source Position Catalog for Delta DOR,” Tracking
Systems and Applications Section internal document,Qctober 6,
1982). ’

The frame tie error is expected to be limited to 100 nano-
radians in the near future. For the purpose of future applica-
bility, a 1-sigma (one standard deviation) uncertainty or
100 nanoradians is assumed for each component of quasar
position in this study.

The data strategies examined are outlined in Table 1. The
nominal operational data mix is reflected in strategy A. This
strategy involves least squares fitting to all available tracks of
Doppler data where these data have been augmented by
occasional range points, and differenced range data (particu-
larly from the G-C baseline for DEC sensitivity) under low
DEC conditions. This approach typically results in a data set
that contains hundreds if not thousands of points. In strategy
B, all of the available Doppler, range, and DVLBI delay data
are combined. The total number of points in this strategy is
comparable to the total number in strategy A. In strategy C,
the DVLBI data are combined with one Doppler point and one
range point per week, Strategy D combines one Doppler point
and one range point per week with one DVLBI delay point
every two weeks from each baseline. Strategy E combines the
delay data with one range point per week.

Examination of Fig. 1 reveals that strategies C, D, and E,
when compared to strategy A, achieved reductions in data
volume greater than 95% and reductions in station tracking
time that approach 90%.

IV. Filter Structure and Assumptions

Covariances for each data strategy are generated and propa-
gated by a (least squares) Square Root Information Consider
Filter (Ref. 13). These covariances are derived from the esti-

‘mation of the spacecraft’s state, impulsive maneuvers, and
nongravitational accelerations due to gas leaks in the space-
craft’s attitude control system. These accelerations are treated
as biases and as white process noise in a four-day batch struc-
ture, The effects of errors in quasar RA and DEC are con-
sidered as are the effects of errors in station longitudes,

distances off the earth spin axis, and distances above the
equatorial plane. Nominal a priori sigmas and assumed corre-
lations between station coordinates are listed in Table 2.

For each data strategy, 1-sigma a priori uncertainties for the

data types are 1 mm/s for Doppler (for a 60-s count time),

10 km for range, 5 m for differenced range, and 2 m for
DVLBI delay. A relatively large uncertainty is assumed for
range data to allow for the range’s noisier quality and vulner-
ability to unknown accelerations in the spacecraft’s line-of-

_sight direction with respect to DSN stations (Ref. 14).

V. Performance of Data Strategies

The nominal spacecraft trajectory employed in this study
is developed from Voyager force and ephemeris models, and
Doppler, range, and differenced range data that were opera-
tionally acquired prior to the start of the study data arc.
Each data strategy is used to correct the initial spacecraft
state” and to derive associated error covariances, These covari-
ances and corrected states are examined in a plane-of-sky
frame at the end of the data arc.

The magnitudes of postfit data residuals provide indications
of how effective data strategies are in eliminating systematic
signatures in the data. Figure 2 displays the reductions in
root-mean-square residual values realized for each data type in
the respective strategies. It can be observed that strategies B,
C, and D, which involve DVLBI delay data, achieved reduc-
tions in data scatters varying from 40% for delay and dif-
ferenced range data to 96% for range data. These reductions
in scatters are very close to the reductions obtained with
strategy A, which utilized only the coherent data types.
Reductions in scatters obtained with strategy E, which relies
on infrequent range points and DVLBI delay data, are less
dramatic by only a factor or two. Thus, the DVLBI strategies
are nearly as effective as the conventional strategy in removing
signatures from the data.

As summarized in Table 3, the DVLBI strategies provide
estimates of state that are in close agreement with the conven-
tional state estimate at the end of the data arc. In particular,
RA and DEC estimates differ by maximums of 36 km and
125 km (27 nanoradians and 92 nanoradians), respectively,
at 9.035 AU.

Figures 3 and 4 show the geocentric plane-of-sky uncer-
tainties at the end of the data arc. The effects that the con-
sidered parameters have on state uncertainty are shown in
Figs. 5 through 10.

For conventional tracking, station longitudes and spin axis
distances are the dominant error sources. It can be seen from
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Figs. 5 and 6 that, for strategy A, 1-sigma errors in these
station parameters contribute uncertainties of nearly 600 km
to RA and 200 km to DEC compared to total uncertainties of
roughly 650 km and 420 km, respectively (Figs. 3 and 4).

In the DVLBI strategies, total uncertainties in RA and DEC
are under 230 km and 375 km, respectively. Inspections of
Figs. 5 and 6 reveal that the DVLBI strategies reduce the
effects of errors in longitudes and spin axis distances by more
than an order of magnitude. In particular, for strategies C,
D, and E, the components of quasar position are the dominant
error sources in the determination of spacecraft RA and DEC.
A 1-sigma error in quasar RA contributes 125 km to uncer-
tainty in spacecraft RA. Similarly, a 1-sigma error in quasar
DEC contributes 125 km to uncertainty in spacecraft DEC.
Note that Fig. 4 shows that the DVLBI strategies also reduce
the uncertainties in the rates for RA and DEC by 10% to 15%.

In the DVLBI strategies, the effects of errors in the con-
sidered parameters are subkilometer for radial distance (Fig. 7),
and less than 0.7 mm/s for radial velocity (Fig. 10). The
uncertainties in these components of state increase in strate-
gies C and E, for which the quantities of Doppler and range
data are reduced. The increase in these uncertainties is to be
expected since Doppler and range data are strongest in deter-
mining the radial components of state.

Comparable uncertainties in the radial components are
obtained with the strategies that include Doppler data. Uncer-
tainties in the position component are approximately 1.7 km
for strategies A and B, and 3.2 km for strategies C and D. The
position uncertainty increases to 13 km in strategy E, which
does not include Doppler. Radial velocity uncertainty is
4.5 mm/s for strategy A, and less than 2 mm/s for strategies
B, C, and D. The lower uncertainty in radial velocity for
DVLBI strategies B, C, and D results primarily from the
decoupling of radial velocity from station longitudes. In
strategy E, velocity uncertainty increases to 9 mm/s. This
increase in uncertainty is due to the lack of a direct measure
of radial velocity and the high correlation between radial
velocity and a loosely determined radial component of
position.

The performances of the above DVLBI strategies demon-

strate that improved orbit determination accuracy can be .
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achieved, with a concurrent reduction in the requirement for
navigation and tracking system resources, if DVLBI delay data
are added to a cruise tracking strategy.

VI. Summary and Conclusiohs

Results have been presented that are believed to be realis-
tic indications of the cruise orbit determination enhancements
achievable when DVLBI data are included in radio metric
data strategies. These enhancements are reflected in the
ability of DVLBI strategies to satisfy the increasing demands
placed on navigation systems to develop methods for the
determination of spacecraft state with greater economy with-
out compromising state accuracy requirements.

DVLBI strategies were shown to provide estimates of
spacecraft state that closely agree with the conventional
state estimate and are generally less uncertain than the conven-
tional state estimate. The most accurate estimates of state
were obtained with the DVLBI strategies, which included
infrequent coherent Doppler and range data. The high level of
accuracy achieved with the DVLBI strategies is partially due
to the relative immunity of DVLBI strategies to conditions
and error sources that are significant accuracy constraints in
conventional tracking. In DVLBI strategies, sensitivity to
spacecraft declination is retained in low declination environ-
ments and quasar RA and DEC replace station-location param-
eters as dominant error sources, although at substantially
lower levels. As the uncertainty in the tie between the plane-
tary ephemeris frame and quasar reference frame decreases
below 100 nanoradians (a level expected to be a achieved in
the near future), the effects of errors in quasar RA and DEC
will be diminished.

DVLBI strategies were shown to economize orbit determi-
nation. The maximum reduction in data volume exceeded 95%
of the conventional benchmark, while the maximum reduction
in station tracking time approached 90%. These savings imply
reduced requirements for data management and processing
resources. '

The above contributions of high-level accuracy and economy
cast DVLBI strategies as compelling alternatives to the conven-
tional coherent data strategy for cruise orbit determination.
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Table 1. Data strategies

A B C D E
Data Type (Conventional)
Doppler Four 5-h passes Four 5-h passes One observation One observation -
per week per week per week per week
Range Four observatibns Four observations One observation One observation One observation
per week per week ) per week per week per week
Differenced 20 E-W observations — - — —~
Range 16 N-S observations
DVLBI — One E-W observation One E-W observation 1/2 E-W observation One E-W observation
per week per week per week per week
One N-S observation One N-S observation 1/2 N-S observation One N-S observation
per week per week per week per week

Table 2. 1-sigma a priori uncertainties for estimated and

considered parameters

Intercontinental
Parameters Uncertainties station-pair Table 3. Maximum difference between the conventional estimate of
correlations state and the DVLBI estimates of state and the DVLBI estimates
Spacecraft position  10® km® - Position Velocity
Spacecraft velocity 1 km/s? _ Parameter components, components,
_5 a km mmy/s
Maneuvers 10 km/s -
. _ a
Nongravitational 5% 10712 km/s2 - RA 36 39
accelerations
DE 125 25
Station spin axis 1.5m 0.778 ¢ _
distance Radial 1 1
Station longitude 3% 1075 deg 0.955
Station equatorial © 15m 0.998
height
Quasar position 100 nrad®

3Each component.
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Development and Testing of a 20-kW X-Band Transmitter
With High Phase Stability

R. Cormier and T. Tesarek
Radio Frequency and Microwave Subsystems Section

A new 20-kW X-band transmitter has been built and installed on the antenna at
DSS 13. A description of the hardware and operation are presented. This transmitter is
the prototype for the new X-band uplink to be added to the DSN to support Galileo and

Juture missions.

l. Introduction

The design for an X-band uplink transmitter began in June
1979 to provide uplink capability in the frequency range of
7145 to 7235 MHz. By June 1982, a model of this transmitter
was installed at DSS 13. Since then it has been operated inter-
mittently for the purpose of evatuation before incorporating
subsequent units into the Deep Space Network.

Some of the significant results obtained were the testing of
the S-X feedcone assembly, distributed control, and phase
stability. The S-X Feed test results have been reported (Ref. 1).

The klystron tube selected is a Varian Associates Model
VA-876. Extensive testing and evaluation were made and the
results reported earlier (Ref. 2).

The Exciter and Control systems have been reported on
by R. Hartop, et al. (Ref. 3). The Control system has been

changed since and the modifications will be covered in this-

report.

This report contains a -description of the transmitter as
configured at DSS 13. Operational results, modifications, and
possible changes or alternatives for the transmitters to be
placed into the Deep Space Network will be presented, as
well as early results of its phase stability.

il. Hardware

The transmitter hardware at DSS 13 is distributed with
parts or assemblies located on the ground, and other parts
located in and around the antenna deckhouse and feedcone
assembly. The motor-generator set and its controls, the beam
power supply, and the controller are located at ground level,
while the klystron assembly along with its input and output
RF assemblies, the associated low voltage supplies, and some
signal processing equipment are located in the feedcone. The
heat exchanger is located just outside the deckhouse on the
antenna. Fig, 1 is a block diagram of this transmitter. A brief
description of the most important features of each of the
major assemblies along with possible alternatives is presented.
The operating parameters are summarized in Table 1.

A. Power Amplifier Assembly

The power amplifier (PA) enclosure is a compact unit mea-
suring 61 ¢cm wide, 53 cm deep, and 97 cm in height (Fig. 2)
with all the joints and removable panels made to have metal
contact for best RF shielding integrity. Three of the enclo-
sure’s sides and the top are removable for ease of maintenance
and klystron removal. The fourth side serves as a mounting
surface for the output waveguide structure and buffer ampli-
fier assembly (Fig. 3). Klystron coolant connections are
located on the top panel and consist of AN-type flare bulk-
head fittings.
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The enclosure is divided into three compartments. The
upper compartment contains the Varian VA-876 klystron,
the focus magnet, and the RF power monitoring circuits. One
of the lower compartments contains the filament transformer,
cathode cooling fan, and high voltage connection. The other
lower compartment contains filament control circuits and
interfacing terminal boards. The filament control circuit
includes a “step start” sequence. During the first 5 minutes of
filament “warm-up,” a series resistor is inserted into the fila-
ment primary circuit to limit inrush current. When the initial
5 minute time delay is complete, the series resistor is switched
out and a second 5 minute time delay begins to complete
filament warm-up. Final filament voltage is set by an adjus-
table autotransformer in the primary circuit.

The output waveguide structure (Fig. 4) consists of a har-
monic filter, arc detector, directional coupler, waveguide
switch, and water load. The entire assembly is water cooled
and was fabricated as one unit. This has the advantage that all
waveguide flanges have been eliminated except for the input
and output. It has the disadvantage that it must be completely
replaced if a problem develops with any part of this assembly.

The buffer amplifier, mounted on the back panel of the PA
cabinet, receives a low level drive signal (7145 to 7235 MHz)
which is amplified by a two-watt solid-state intermediate
amplifier. Drive on/off, drive level, and RF-path switching
commands are received from the buffer control chassis located
in the instrumentation rack. Drive level and switch position
indications are also sent to the buffer control chassis. Another
feature of this unit is a local oscillator and RF test port for
independent transmitter testing, or for use when the receiver/
exciter drive signal is not available.

B. Instrumentation Cabinet

The four-foot instrumentation rack, mounted next to the
PA enclosure in the feedcone, contains a control/monitor
interface chassis (Fig. 5), buffer control chassis (Fig. 6), and
focus magnet and system DC power supplies (Fig. 7). The
front panel has indicators and controls associated with the
operation of the power amplifier only. In the original design
an Intel ICS-80 microprocessor assembly did the signal condi-
tioning and cpntrol functions for the power amplifier and heat
exchanger. The distributed control approach was abandoned
in October 1982 for the use of a central processor control
located at ground level. A multiconductor cable was added
for communication between the antenna and the ground
equipment.

The control/interface chassis provides signal conditioning,
interlock summing logic, and command control interface. Also
included are optical isolator PC boards to isolate antenna
mounted equipment from ground-based units when multi-
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conductor interconnect cables are used. Signal condifioning is
required for turbine flow meter and analog indications since
the microprocessor accepts only 0 to 5 VDC full scale analog
signals.

All protective interlocks associated with antenna-mounted
equipment are logically summed at this point and a single
“PA ready” indication is sent to the high voltage power supply
via a “hard wire” interlock (I/L) cable. At the high voltage
power supply, the PA ready is summed with ground-based
interlocks and an absence of this indication will prevent the
beam voltage from being activated.

The command control interface PC board serves the pur-
pose of isolating commands from different points of origin,
such as microprocessor, local control, or remote control. The
buffer control chassis contains control/monitoring circuits and
DC power supplies required for the operation of the buffer
amplifier.

C. Heat Exchanger

Since the azimuth wrap-up at DSS 13 could not accommo-
date an extra set of coolant lines required for a ground-based
unit, the heat exchanger (HE) was installed (Fig. 8) on one of
the platforms above the azimuth bearing. Individual compo-
nents of the heat exchanger were mounted on the platform in
such a way as to provide easy access for service and mainte-
nance. The radiator core and direct drive fan/motor are
mounted vertically on the edge of the platform providing a
side-discharge air flow away from the antenna structure. The
radiator has been successfully tested with a 100-kW heat
load. Coolant temperature during this July weather test was
maintained within 15°C above ambient. Since coolant temper-
ature fluctuations affect the phase stability of the klystron,
the following features were incorporated into the heat
exchanger:

(1) A 200-gallon surge tank reduces rapid temperature
fluctuations. :

(2) Two 18kW tank heaters provide for cold weather
operation,

(3) A three-way modulating valve bypasses the radiator
to maintain a set temperature,

(4) A temperature controlled louver on output side of the
radiator core is provided.

(5) The direct drive fan/motor is temperature controlled.

The cycle of items 2 through 5 provide coolant stability about
a preset, fixed temperature setting.



D. High Voltage Power Supply

The high voltage power supply assembly (Fig. 9) consists
of a metal enclosure with two compartments. One compart-
ment contains the high voltage unit, the other contains the
crowbar unit and beam voltage monitoring circuits. Attached
to one end of the enclosure is a six-foot instrumentation rack
which houses control panels, a high voltage control chassis,
a computer, and motor-generator field power supplies. Separa-
tion of the control and monitoring circuits from the main
high voltage section provides necessary shielding of EMI radi-
ation generated by the high voltage section and the crowbar
assembly. In addition, all wiring within the crowbar and high
voltage sections is run through conduit to further minimize
false triggering of control logic and interlock circuits. The high
voltage section (Fig. 10) of the power supply contains a high
voltage transformer, choke, rectifier stacks, and filtering net-
works. Input power of three phase 0 to 480 Vac, 400 Hz is
applied to the high voltage transformer and stepped up, recti-
fied, and filtered with an output of 20.0 kV at 3 amperes DC.
A standard 20-kW S-band high voltage supply was used with
only the step-up transformer being changed because an induc-
trol was not used.

The present S-band 20-kW transmitters in the DSN have
fixed output voltage 400-Hz generators. The beam voltage is
adjusted by the use of an inductrol, but it is not regulated.
" The inductrol is set by the operator and no adjustment of
beam voltage is made automatically. The regulation is better
‘than 1%. For the developmental X-band transmitter, a field
variable generator is used which is part of a closed-loop regula-
tor. The regulation is maintained to 0.1%. A similar means of
adjusting the beam voltage is also used by Spacecraft Tracking
Data Network’s version of the S-band transmitters, except
that the regulator controlling the field current of the generator
is operated open loop.

An alternative is the use of thyristor phase control at the
input to the high voltage transformer. The advantages are:
(1) a closed-loop regulator can be implemented with better
regulation than can be obtained with a field control generator,
(2) the use of thyristors is more reliable and requires less
maintenance than a generator, and (3) the fast turn-off capa-
bility of thyristors would make it possible to eliminate the
crowbar. This alternative is being investigated for the X-band
transmitters for implementation into the DSN.

The crowbar section (Fig. 11) contains a dual ignitron
crowbar assembly, body current detector, and high voltage
dividers for beam voltage monitoring. In the event of a
klystron-beam intercept, the crowbar will remove beam volt-
age from the klystron within 10 microseconds.

The instrumentation rack (Fig. 12) contains all necessary
manual transmitter controls and indications. The high voltage
control chassis monitors beam voltage levels and provides
drive to the motor-generator field power supplies.

E. Motor Generator Set

The motor-generator (Fig. 13) set is a 75-kW unit with a
separate start/stop and protection circuit J-box. The generator
field is controlled by the high voltage control chassis. This
provides a closed-loop system and a regulated high voltage
power supply.

Ill. Software Development

The control system planned for the X-band uplink trans-
mitter was to consist of a microprocessor controller for each
major subassembly, namely, one for the power amplifier,
another for the heat exchanger and a third for the power
supply. In addition, a central master controller was to inter-
face the transmitter with either local operator (or maintenance
terminal) or with an interface controller for automatic opera-
tion. This arrangement is described in Ref. 3.

However, the use of a controller at the heat exchanger
would have been difficult because the heat exchanger is
unsheltered and no controller capable of operating in the
outside environment was readily available. The heat exchanger
was located in close proximity to the power amplifier. A
multi-conductor control cable from the heat exchanger to the
power amplifier was therefore used to control the heat ex-
changer directly by the power amplifier microprocessor.

Development of a distributed microprocessor control
system with four controllers, (1) the interface controller for
station control, (2) the master controller to coordinate the
total transmitter operation, (3) the power supply controller
to provide high voltage supply signal and fault processing,
and (4) the power amplifier to provide the klystron’s signal
and fault processing, proved to be unwieldy. Three factors led
to the abandonment of this arrangement.

Firstly, this system is over-complicated. The program and
signal information were duplicated in three microprocessors.
In order for the power amplifier controller to perform its
function it was necessary to obtain real time status informa-
tion from the power supply controller.

Second, communication between the various processors
caused unacceptable delays. This problem was further aggra-
vated by failures in the optic cable utilized for communication

49



between the power supply and the power amplifier control-
lers. After multiple breaks and splicing of the optic cable the
losses required the addition of amplifiers.

The third factor was compatibility with the S-band trans-
mitter,- namely, the requirement to include both S- and X-
band transmit capability. The S-band transmitter power
supply, heat exchanger, and cables were to be utilized with
two power amplifiers, one at X-band and one at S-band. In
the S-band a central controller had been developed with all
controls hand-wired between the various subassemblies.

Because of these factors and because of schedule and bud-
get constraints a central processor control was therefore imple-
mented. The central processor control had been operating the
high-pewer S-band transmitter at DSS 13 and it was relatively
easy to adapt to this transmitter.

An X-band transmitter simulator was designed and assem-
bled. The simulator is a hardware type and provides the same
functions as the X-band transmitter when connected to the
controller. This allows the testing of software without any
risks of damaging equipment or the expense of operating a
full transmitter subsystem.

IV. Software Description

The Local Transmitter Controller (LTC) operates the Trans-
mitter Subsystem (TXR) (see Fig. 14) in an unattended
sequence of operations, beginning with system turnon through
calibration and culminating in a tracking pass. The LTC moni-
tors the operations of the TXR and submits progress, status,
and operational data to display terminals at the Local Control
Console (LCC) and the Remote Control Console (RCC). The
LTC does not override the internal protection circuitry of the
TXR, nor does it prohibit manual intervention by mainte-
nance personnel. If difficulties arise during operation the LTC
will alert the operator; then, if the problem is corrected within
the operational parameters of the TXR, the LTC will continue
to provide automatic control. Otherwise, the operator elects
to use the LTC to return the TXR to the off state or to con-
trol the TXR manually via the LCC. A brief description of the
monitor and control functions of the LTC follows.

Transmitter performance and parameters reported to the
operator includes, but is not limited to:

(1) Power output: XX.X kW,
(2) Drive status: on/off.
(3) RF load: antenna/waterload.

(4) Interlocks: reports I/L name if active.

50

(5) Configuration: transmitter or simulator.
(6) Beam voltage and current: XX.X kV and XX.X A.
(7) Drive power: XX.XMW.
(8) Filament voltage and current: XX.X V and XXX A,
(9) Magnet current: XXX A.

(10) Reflected power: XX.XW.

(11) Vacuum current: XX.X pA.

(12) Body current: XX.X MA.

These parameters are sampled at approximately 1 second

intervals and displayed on both the local and remote terminals.

Either terminal accepts the following high level command
and performs the associated functions without operator
intervention.

(1) WAR.
(2) CAL.
(3) PWR XX.X.
(4) STB.
(5) OPR.
(6) OFF.

The WAR command causes the LTC to: turn on the control
power supply, MG set, magnet, and filament supplies; wait for
the filament time delay to be completed; and, inform the
operator when the TXR is ready for calibration. '

The CAL command causes the LTC to perform a crowbar
test; perveance test; and to saturate the transmitter at the
default or requested power level. Following completion of the
calibration phase, the LTC removes beam voltage, enters the
standby state, and announces that it is ready to operate.

The OPR command causes the LTC to raise the beam volt-
age to the value settled upon during the calibration phase.
Then, following a short delay to allow beam voltage to raise,
the LTC informs the operator the status of the following
operating parameters:

(1) Output power level.
" (2) Saturated or unsaturated mode.
(3) Antenna or waterload.
The STB command causes the LTC to go from the operate

to the standby state. The beam voltage is lowered and the
LTC announces that the TXR is in the standby state.



The OFF command causes the LTC to begin a shutdown
sequence that returns the TXR to the pre-warm-up state. The
beam voltage, then drive power, filament voltage and magnet
voltage are removed in that order. Finally, the MG set and
control power are turned off and the displays are re-drawn.

The PWR XX.X command causes the LTC to use the value
XX.X in kW, as the target value for output power during the
calibration phase; or, following a request to “SEND CAL,”
to recalibrate the output power at the new value provided by
XX.X while in the operate state.

The LTC interfaces with the TXR via a junction panel as
shown in Fig. 15. The firmware needed to perform the func-
tions discussed above is resident on the BLC 8432 prom board.
It consists of about 20K bytes of code that was developed
using an Intel MDS 800 system, with ISIS operating software,
and Intel’s PLM80 compiler. Digital interfacing with the many
interlock, etc., indicators was provided via the I/O Expansion
Board BLC 519. Analog interfaces were provided via a 12-bit
analog to a digital, differential input, converter. Including
spares, a total of 24-analog and 72-digital input signals are
accommodated. Local storage for the status of these signals,
along with other variables, is provided by a core memory MCM
8080 board. Twenty-four output signals required to activate
relays and motors involved in the control of the TXR are
provided on the system CPU board. Signal conditioning and
isolation for the interface signals is provided by the computer
interface chassis. An RC pi-filter is used in each pair of analog
input lines and opto-isolation is provided for all digital input
and output lines.

V. Tests

The X-band transmitter has provided the means to perform
system tests with associated equipment and, as a consequence,
make modifications to various uplink subsystems. The trans-
mitter contributed to the development of S-X band feed
assembly, of the diplexer, of the phase correction loop, and of
the software. The S-X feed assembly and diplexer develop-
ment was reported in Ref. 1. Since that report the two-cavity
band stop filter has been reworked and the design goal for the
receive band isolation/rejection ratio of 73 dB has been met.
Simultaneous S- and X-band has been operationally tested. A
future report will discuss system noise temperature effects
and intermodulation product investigations.

A problem encountered with the phase correction loop
forced a decrease in loop gain from 100 to 40. (This has since
been analyzed and a new design is now possible with a gain of
100.) The phase loop, consisting of a single pole transfer

function, tracks the carrier and has two bandwidths. The
120-Hz wide bandwidth is utilized to correct for 60-Hz modu-
lation. The narrow bandwidth of 3 Hz is utilized to correct
for drifts. This phase correction loop does not affect the phase
modulation.

The Allan Variance stability of the uplink carrier was mea-
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