LAS= R AT L DTAEY
COMMUINIC AT ON /

= >X Béi)ﬁgi:[§§2 1] EQ?[][E%;I}Q{]CTID

NASA-CE-132804) LASER COMHUNICATION 173-31470
DESIGH STUDY

Frda 1 £XPERINENT. VOLUHE 1:
§§§¥t* .~ )REPORT: SPACECRAFT TRANSCEIVER. PART
adgEr - 22 APPERDICLS (Actojet—General COTP., unclas
£17.75 CSCL 205 G3/16 14723 - o

azusa, Calif. )2 BT p HC




RECEIVED
84 ST FEILITY
460 BRANGH




Report No. 4033, Vol. I, Part 2

FOREWORD

This report was prepared in conformance with the requirements of
NASA Specification S-460-ATS-19, GSFC's specification pertaining to the
ATS-F experiments, design study, and fabrication. Additional requirements
are conbained in GSFC specification §-524-P-4C, "10.6 Micron Laser
Communications Systems Experiment for ATS-F." 'This is Part 2 of the three-
part Volume T of the Design Study Report pariaining to the ILCE spacecreft
transceiver. It contains the appendices referenced in Part 1, a self-
contained report of the transceiver design. Part 3 contains the LCE design

specifications.

Volume II, to be delivered in late fall of 1970, will cover the
remeining elements of the LCE, including the Operational Ground Equipment,

Data Acquisition Plan, and Data Processing, Reduction, and Analysis Plen.
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APPENDTY A

COMMUNICATIONS SYSTEM DESIGN AND ANATLYSIS

1.0 INTRCDUCETON

Attainmment of a satisfactory transmission of information via a

commmications link requires consideration of the following:

a. Predetection carrier-to-noise ratio [(calculated in

para. 5.1.3 in main text under the Link Analysis).

b. Information spectrum, nodulation technigue, and the
required system filter bandwidth with its amplitude

and phase linearity.

Implementation of the design for such a communications link must, necessarily,
consider the system constraints such as limited electrical power and weight,
and technology constraints such as those imposed by the need to use in-cavity

GaeAs modulator to frequency-modulate the 10.6-micron carrier.

In this analysis, first the communicst ions system block diagram
will be established and its configuration justified. This will be followed
by the analysis of the required vestigial sideband filter characteristics,
the determination of the required bandwidth Tor various baseband signal
spectral structures, the analysis and the trade-off of FM modulation index
(and the required bandwidth) versus FM modulator power required, derivation of
the post-detection signal-to-noise ratio as a function of modulation index,
end an analysis of the required filter amplitude and phase linearity to keep
distortion products at an acceptable level. The analysis will be completed
with a summary of the technical requirements of the 10.6-micron communications
link.

To assist In keeping track of the mathematics in the sections that

follow a summary of the nobation used is given.
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To distinguish {in the frequency domain) between voltage trans-
forms and power transforms, the voltage transforms are made functions of
radian frequency (w), ané the power transforms are made functions of cyelieal
frequency (f). All lower-case symbols are time-domsin Ffunctions, and upper-

case symbols are the corresponding frequency domain functlons. Thus

g (t) = input signal
Wg (r) = input signal auto-correlation function
-2 {e (1) g (v + 7))
G (@) = input signal (voltage) spectrum
?g (£) = input signel (power) spectrum
H (w) = filter transfer function (complex)
[H (f)|2 = filter power transfer function

Further, the notation of input/output signals assoclated with varicus elements

of the LCE communications link ig shown in Figure A-1.

2.0 COMMUNICATIONS SYSTEM BLOCK DIAGRAM

The simplest approach to implement the commmications link is to
directly FM the Galds crystel with the baseband signal in the frequency band-
width from 30 Hz To 5.0 MHz. However, there are difficulties associated with

this approcach:

a. The GaAs electro-optic modulators exhibi+t selective frequency
interference arising from resonances within the electro-opbic crystal. These
resonences occur (Ref. 1) at a frequency of

i
H

f = (1)

Bl

vhere V is the velocity of sound in the crystal (V= 3 x 10° in./sec) and D
is the crystal dimension parallel to the direction of sound propagation. The
ICE crystal dimensions are 5 mm, 9.9 mm, and 30 mm, with .corresponding trans-

verse resonances at 500 kHz, 150 KkHz, and 50 kHz. Therefore, spectral

A-2
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components of the baseband signal in the vieinity of The cyystal ¥esonant
frequencies will produce carrier frequency deviation out of proportion with
the response to all other baseband spectral components resulting in a distorted

signal.

b. The laser carrier freguency stability is highly dependent
on the effective laser cavity lengbh. Any mechanical vibration causing mirror
separation will result in freguency shift given by

AP = oF ‘%L— (2)
where £ is the carrier frequency (3 x lO13 Hz) and L is the effective laser
cavity length (LCE laser transmitier cavity length is approximately 25 cm).

It is easy to see that a change of 1 microinch will result in a frequency
shift of 2.5 Miz. Although the laser cavities are designed to be extremely
rigid, they are more susceptible to low-frequency FM noise since the spectral
distribution of mechanical vibration is predominantely at low freguencies.
Figure A-2 shows a fypical FM noise spectrum. The secornd source of low-
frequency FM noise is due to the laser current ripple with a scale factor of
1 MHz/ma (Ref. 2).

These factors, especially the lack of & proven approach to dampen
the crystal plezoelectric resanances, led Aerojet to conclude that direct

frequency modulat;on should not be considered,

What is required is to up-translate the baseband spectrum to cccupy
a frequency regime cbove the plezoelectric resonances of the crystal. The
1.0-MHz frequency has been selected to be the lower frequency of the up-
converted.basebandasignal to ensure that poténtial erystal resonant frequencies

are bypassed.

One approach to accomplish the up-translation is to amplitude-modulate
a carrier at 6 Mz with the resulting bandwidth of 10 MHz and then dvive the
frequency modulator.. However, this imposes impractical bandwidth and power

requirements on the laser transmitter, modulator, and optical receiyer. To

A=3
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conserve the bandwidth, either single sideband or VSB are the only remaining
practical approaches. Ideally, SSB would require least bandwidth covering a
range from 1 to 6 MHz. The design of such a modulator is exbremely difficult
due to the necessity to pass the TV field frequency spectral lines only 60 Hz
from the carrier. To completely eliminate energy from the lower sideband (at
1 MHz minus 60 Hz), & high-pass Tilter would be required which.would be ex-
tremely difficult fo design and costly to implement.

Therefore, our choice is to use V8B modulation to up-translate the
bageband spectrum. This is the reason that conventionsl television transmitiers
use V8B carrier modulation. In this method, the entire upper sideband and a
small segment, or "vestige", of the lower sideband is transmitted. By proper

VSB design, it is possible to reconstruct the baseband signal guite readily.

The overall communications block diagrsam is shown in Figure A-l.

It consists of the following segments:

VSB up-transliator

50 modulator/laser transmitter
Receiver mixer & preamplifier
M demodulator

VSB dowm~translator

Low-pass filter

Tne key filters, detsils of which are discussed in subsequent

sections, are

VSB up-translator

Receiver noise-limiting filter
V8B down-translator

LPF

3.0 UP-TRANSLATOR/DOWN-TRANSLATOR

This section covers the analysis and specification for the up-
translator/down-translator. In order to anelyze the FM segment of the

communications link, the characteristics of the up-translated baseband signal
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mest be known, which in turn dictates the need to establish the transfer

functions of the up-translator/down-translator stages.

In the analysis, the requirements are examined from the point of
view of minimizing the necessary bandwidth, subject to the constraints of
maintaining signal distortion at a reasonable level, realizability of modulator

design, and ease of VSB (vestigial-sideband) filter design.

The ease with which the baseband signal ig recovered depends upon the

amount of lower sideband which is btransmitted along with the upper sideband.

In commercial TV, approximately 17.5% of the lower sideband is transmitted at

a modulation of 100%. This has been empirically determined as providing an
unobjectionable amcunt of distortion when demodulgted.with a conventional
envelope detector. This distorbion may be reduced by either reducing the
percentage modulation or by increasing the width of the V8B. For the ICE,
reduction in the.percentage modulation is undesirable since it represents a
waste of transmitter power, while an increase in the VBB represents a waste

of ‘bandwidth and increases modulator driving power.

It is desired %o reduce the VSE more than that presently used in
commercial TV applications so that a maximum Information bandwidth may be
obtained in the desired spectral region of 1 to 6 MHz. This can be done by
increasing the filter complexity and by requiring that the VSB demodulator be
a cdherent‘demodulatof, rather than a conventional envelope detector., This is

the approach taken in this analysis.
5.1 PEAK~TO-AVERAGE POWER

One of the effects produced by not transmitting one of the side~ '
bands is the increase in the peek-to-average power ratio required for sync
signals. To transmit a theoretically perfect square wave using SSB would
require a theoretically infinite increase in peak-to-average power over that
required to btransmit the same square wave using AM. TPransmilting a perfect
square wave using a 17.5% VSB requires sbout 7.7 db greater peak-to-average
than the same square wave in an AM system. However, the TV sync pulses are

not perfect sguare waves but have a finite rise and fall time. As showm in
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Figure A-3, the commercial TV VB transmission of TV sync pulses requires
about 3.5 db greater peak-~to-average power than would be reguired in an AM
system. As can be seen from Figure A-3, decreasing the percent of the lower
sideband to be transmitted increases the requirsd peak-to-average power for
the TV sync pulses, although not appreciably. The problem with the decreasing
percent of the transmitted lower sideband is more a factor of tremendously
increasing the complexity of the filte; design. Therefore, for this applica-~
tion, it id recommended that only a l-db degradation in peak-to-average power
requirement be allowed relative to commercial TV, which would require a VSB
of gbout 4.2% to be transmitted. In this case the peak-to-average power
increase of the VSB over the AM is then k:5 db. -

. t
3.2’ TRANSMITTED SPECTRUM

The recommendation'for a 4.2% lower sideband transmission results
in the transmitted spectrum shown in Figure A-k. Here, the 3 db points of the
up-translated oﬁtput are at 1 Mz and 5 MAz. In order to maintain the un-
attenuated lover sideband at 4.2% of ‘the upper sideband, it is required that
about 200 kHz of lower sideband be transmitted unattenuated. This then results
in having the picture carrier placed at 1.4t MHz. In this manner, the region
from 1.2 to 1.6 MHz can be kept unatbenuated in the transmission characteristic,
and the vestigial filtering required to reconstruct the signal wi%hout distor-
tion accomplished in the veceiver, as.is standard practice. This results in a
total 3~db bandwidth of 5 MHz and an "information"” bandwidth (Ffrom the carrier
frequency to the upper 3-db point) of 4.6 MHz. This information banawidth is
more than sufficient to transmit high quality TV signals, although it is some-
what less than the desired 5 Miz. In Figure A-L, the points where the spectrum
goes to zmero are assumed to be the 20 db points, as is conventional. Therefore,
the information bandwidth with this system is approximately 4.8 Miz between the
carrier and the éO»db point.

3.3 VESTIGIAL-SIDEBAND FILTERS

A VSB signal (upper-sideband transmitted) may be writben as

A-6
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s(t) = Lg(t) + gd(t)J cos ®t - gq(t) sin o b (3)
where
g(t) = the modulation
gd(t) = an in-~phase distortion term
gq(t) = a quadrature term
® = the carrier freguency

The distortion and gquadrature terms depend on the filter used to eliminate the
major portion of the lower sideband. Broadly speaking, as the filter widens
to include the entive lower sideband, gd(t) —=0 and g (t) —= 0, and as the
filter narrows to eliminate’ the entire lower sideband 8y (t) ~ﬂ—-g(n), the
Hilbert transform of g(t), a pure single-sideband 51gnal is generated provided
gd(t) is kept at zero. The requirements to maintain gd(t) at zero are dis-
cussed in a subsequent paragraph.

Tt is seen from the discussion above that if a perfect reference is
used (i.e. » & local oscillator at o, ) and the Ffilter does nct produce distor-
tlon, then g(t) nay be recovered exactly On the other hand, an envelope
detector will produce a term proportional to

A £0) + g 2(0) (i)

where the residual effects of g (t) are a source of distortion. Investigation

of the distortion caused by a non-ldeal V8B filter is requlred to debermine
the Tilter specifications.

Referring to Figure A-5, showing the VSB modulator and demodulator,
it may be written as, (to within a constant)

5, @) = o} [z (0 -0) +x @sro)] (5)
{

A-T
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where
s,(®w) = the output spectrum [signal portion of vo(t)]
G¢{w) = the input (baseband) spectrum
H () = the positive'frequency portion of the total
T (transmitbér and receiver)VSB filter
H‘(w) = the negative freguency portion of the filter
Then
5 (t) = g(t) + gy(t) (6)
and 00
1 jwt
8d(t) = 57 ,[ - (o) [#_(w o)t I (wrw )~ %} ed" " gw (7)
~00

The distortion will therefore be zero if

Il
=

H (w - wc) + H+(w + wc) =

for all w of interest. Bearing in mind that H(w) is complex, it is possible
then to estimate the amplitude and phase vequivements of the VSB Ffilter, H{w).

The best approximation to use expands the filter in a Fourier series
around the (positive and negative) carriers. This expansion is valid only in
the region around the carrier and will therefore define these requirements for

the receiver filter since the transmitter filter will be Fflat over this region.-

The analysis shows that the major filter amplitude requirement in
the vestige region.is not for linearity bubt rather for odd symmetry around the
cgrrier. This requires that the filter be 6 db down at the carrier., It may
be shown that the signal distortion is related to the peak deviation, 5Pk’
from odd symmetry by

(85),.
dfrms -~ 5 épk (8)
& rms | Ampl.
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Therefore, to keep the distortion below about -26 db, the peak error in
symmetry muast be less than 0.3 db, and for -30 db max distortion, the peak

error must not exceed 0.2 d&b.

The error caused by phase ncnlinearibies in the region around the

carrier may be shown to be

(83 ) ms

(&)

mis

i

l¢pk| (radians) (9)
p

Therefore, for -26 db distortion, 20, and for -30 db distortion,

|¢

O

.

In the area ocutside the carrier region, the amplitude deviation
from a flat transmission charascteristic may be specified as a maximum gain-
slope. Approximating the baseband TV signal as a triangular power spectrum

gives Tor the relaticnship bebween gain-siope and distortlon:

- (84) s

Hwy = z per MHz (10)

rms

For -26 db disbortion, the gain-slope must be less than .035 dbeHz, and for
-30 db the gain-siope should be less than .02 db/MHz.

The phase characteristic outside the carrier region may be shown

to provide a relationship between phase linearity and distortion of

(85 ) s

@ 10.0 degrees 11
ok ’ (—j—"“" & (11}
Therefo:reJ for -26 db distortion,

e

¢ | < 5%, and for -30 db distortion,

< 5

Summary specificatiéns for the filters are given in later sections.
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3.4 UP-TRANSLATTON EQUIPMENT

The up~translator block diagram is shown in Figure A-6. Double
conversion is required bo retain the spectral distribution in the 1.kh- to
6.0-Mhz band identical to spectral distribution in the 30-Hz to 4.6-MAz band.
This is important since most signals (such as TV) contain most of this energy
in the lower spectral region. With one conversion, the inversion of such a
spectrum would result in a considerable increase in modulator pdwer regquire-

mends.
The choice of the two conversion frequencies depends on

a. The necessary frequency separation so that haymonic
distortion products fall outside the desired band

. The ease with which the two freguencies may track to
eliminate frequency uncertainty

Ce Tradeoffs between the weight and the ease of implemen-
tation of the VBB filter which favor higher
frequencies while b. (above) decreases at high fre-
guencies.

A 1h-MHz local oscillator has been selected. The tracking VCO is
then 15.% MHz, and tracking is accomplished throuvgh dividing by 10 and dividing
by 11 networks to derive the 1.4-MHz carrier.

If it presents an implementation problem to provide the VSB filter-
ing at 1k MHz, the circuit can easily be redesigned for operation at a highexr:

frequency, such as at 70 MHz, as shown in Figure A-T.

This freguency selection is also sufficient to keep the distortion
introduced by the sidebands of the harmonics negligible.

The summary specifications of the 9- to 1h-MHz filter are
Atteruation;

3 db down at 9.4 MHz

3 db.down at 1h.h Mz
20 db dovm at 9.2 Miz
'20 db dovm at 14.6 Mz

A-10
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The gain-slope and phase linearity requirements are specified in Section 6.5.
3.5 DOWW-TRANSLATION EQUIPMENT

The down-translator block diagram for the 1h-MHz VSB filter is
shown in Figure A-8. The first VCO is at 15.4 MHz and the second at 1k.0 Miz.
The summary specifications for the VSB filter are

Abttenvation:

0dd symmetry within +0.3 db around 14 +0.2 MHz
6 db down at 14 Miz
0 +0.1 db at 13.8 MHz

-20 +0.1 db at 1k.2 Miz

-20 db at 9.2 MHz

Again, the gain-slope and phase linearity regquirements are specified in
Section 6.5.

4.0 REQUIRED SPECTRAT, BANDWIDTH

In this section, the regquired spectral cccupancy of a single
modiulating frequency, an average btelevision signal which is vestigial-sideband
modulated and then frequency-modulated, and finally a signal having a uniform
spectral distribubion are derived. ’

k.1 SINGLE FREQUENCY MODUIATTON SPECTRUM

For a given peak frequency deviation, the highest modulating fre-
guency determines the bandwidth. This is because as the modulating freguency
decreases, even if the index of modulation increases thexeby increasing the
number of sidebands, the sideband spacing on both of the gides of the carrier
decreages at a higher rate than the increase of the significant sidebands
(1 percent or higher amplitude}. Tn Figure A-2, the amplitudes of the second
and third sidebands are plotted for a 6-Miz modulating sinugoid as a function

of peak freguency deviation.

A-11
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b2 VIDEQO SPECTRUM

The video spectrum of an interlaced TV signal has been shown by
many authors to consist of lines at harmonics of the line-scan Irequency
(15,750 Hz )} with each of these harmonics modulated by the harmonics of the
field repetition frequency (60 Hz). The width of each of these lines is
related to the line-to-line and Fframe-to-frame picture correlation. The ampli-
tude of the lines rolls off with an’amplitude characteristic which depends on

the element-to~element correlation along each scan line.

Following the analysis of ¥Franks (Ref. 1) the 3-db line widths of
the 60-Hz line harmonics were computed as functions of the frame-to-frame
correlation (pt) and the line-to-line correlation (Qv)5 The results are
plotted in Figure A-10. TFrom the figure it is seen that Ffor the expected high
correlations (pt > 0.8 and Py > 0.8) the lines are very narrow and may there-
fore be thought of as representing sine waves with soame degree of phase ran-
domness to account for the non-zero line widbth. This significantly simplifies
the analysis to follow.

The remaining question has to do with the characteristic of the
envelope rolloff. Franks'! model considers a random video signal and derives
a single-~pole rolloff characteristic which appears to be quite representative
of actual spectra. A plot of the 3-db and 10-db bandwidiths of the envelope
as a functlon of element-to-element correlabtion is shown in Figure A-11. Tt
then remains to choose a representative value for the correlation bh to
complete the video spectrum representation. Using empirical data from
Kretzmer (Ref. 2} we find that ph is between 0.75 and 0.99. We use the worst
case value of 0.75, which gives a %-db bandwidth of 570 kHz, a 10=db bandwidth
of 1.7 MHz, and a 20-db bandwidth of 5.7 MHz. This TV spectral envelope is
plotited as-?i(f) in (a) of Figukre A-12,

Before proceeding further we must consider the nature of the line
spectrum. Ignoring the field lines (the 60-Hz harmonics at multiples of
15.75 kHz ), which we will consider as contributing to the phase randomess of
the scan harmonics, it is seen that the envelope in (2) of Figure A-12 will

contain some 360 harmonics of 15.T5 kHz.

A-1g
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h,2.1 VSB Spectrum

E As seen in (b) of Figure A-12, the original TV spectrun is shifted
1.4 Mz and then filtered by the VSB transmit fillter Ht-(w).' This leaves the
new signal spechbrum (to be FM-modulated}, shown in Figure A-13. Note that
there are some 390 -spectral lines within this envelope. This large muber

of lines is the basis for the approximate apalysis which follows.

h.2.2 Rendom Signal Model

It is well known that the amplitude of the sui of a large number
of randomly phased sine waves approaches a Gaussian distribution. Although
the envelope of Figure A-13 shows that the amplitudes of the sine waves are
not equal, we will consider the nmmmber of spectral components to be so large
that the Gaussian condition is sufficiently met. This allows us to operate

on the envelope of Figure A-13 to derive the regquired transmitted spectrum:

Congider the transmitted signal

v(t) = A, cos Evct + 9(1:)] (11)
with o(%) =hf s(t) at
and . 6(t) =1b s(t)
and whexe b = constant

s{t) = signal of spectrum 'i’s(f) (Figure A-13)

Then the following may be derived.

:9— = ‘Pe(o) = ‘Pe(f) af (12)
J.
—— 00 o SN
(0)% 2 (w)® = j’ Yo(£) af = ™ f 2 1, (f) af
Elee] -0
- b2 ¥ () af (13)
.5
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Note that Aw = 2rAT is the rms frequency deviation of w, due to o(t). We

also define the rms frequency bandwidth, Bé , as

[o.8) ¢ 0]
f £° vy (£) ar f 2%y _(£) at
()" = =2 - (1)
v, (£) ar v (1) a
J x /.

and the rms phase bandwidth, Be, as

oo o
2y () ar  »° v_(£) af
(Bg)" =22 bl o () (25)
¥, (0] ¥4 (0)
Y (£) af
-2
It is then possible to define the rms modulation index, B, as
[==]
v _(£) af
2 2
240 [ AF b - .
52 2 (g_) _p e - (26)
e Y o
£ ?S(i’) ar

We are interested in the spectrum Wv(f) of the transmitted signal, v(t),

which may be derived as follows.

ot 3o(t)

v(t) = Re A, e e

Jw 't
Re |V(8) e (1)

Il
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where
V(t) = A 90(%)

The autocorrelation function of V(t) is then

* ~Jw,T
Y (r) =E qv{e) v(t + 1)y =Re E V(L) V(t + 7 e
: 2 ‘. ,
~dw T . .
= _%" Re {e ° FE %Je(t) g~dolt + T)il} (18)
3
But, letting (%) =0, and 6 (t + 1) = 9,
38.X, 30X (°” jxe +x0.)

i [e Tl 2 2] - J e 1L T2 p(0, ,6,)a0,d0,

= My (3%, 3%,) (19)

Mé =.2=-dimensional moment generating function of @.

For the Gaussian distribution of @ it is known that

. 1 2 2
g (3%, §%p) = exp l:' 5 (b X7t X+ Bup Xy Xe)]

J

where T the moments of 8 and are

i3
R A A
ko = Yolr)
Hence . -
B [ejgl e~392'l =M, (1, -1) = e I:ye(o) " Yot )] (20)
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and Equation (18) evaluates to be
a

A ~¢.(0) ¥, (r)
c e 8
Y i) =—5-e e cos w7 (21)
The desired spectrum of v(t) is
v (£) =7 3¥ (v) -y &-f)+lw (£ + 1) (22)
v v 270 ¢ 2 0 ¢
where ACE _?e(o) _ ‘FQ(T)
‘f"o(f) = —"é— e i e (25)

Bauation (23) cannot be evaluated Ffor a general YG(T), but for the special
condition of low modnlation index used in the LCE, evaluation is stralght-

forward.

From Equations (14) ard (15) we vrite

o 2
5 £ ?g(f) ar
Bg -0 -
% )T : =
o ¥o(f) ar Ye(f) af
~53 E -]

Which, by the Schwartz inequality may be shown to give

.
%o ) .
(Bé) <1 (25)

But, from Equations (12), (1), (15), (16) and (25)

2 2
2 27 B B:
NT FAN 2] 2 2] 2
v.(0) =<—) =<,——) (—-) -8 (———-) > B
e B9 Bé BG BG
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Therefore, the low modulaticn index requirement for [32<< 1 is always satisfied
if Y9C0)<<1- The actual value of YG(O) to be used will be discussed in a
subsequent paragraph. Therefore, since ‘ife(-r )< ‘1’9(0) expanding the exponential -
in Bguation (23) and dropping all terms of order higher than one gives
AR o B
¥o(2) = 5|1 - wQ(O)j] £1+ YQ(T)J (26)

A% T RN §
.- {1 - er(o)l {a(f) + ?e(fil

Combining all the previous results gives, finally

o

2 .

AC | - 'b2 ‘FS (f - fo)
v(f) = 1 tl - Ye(O{I 5 (£-12))+

)-l-:n:2 (£ - fo)2

2 Y (f + fo)

+ 5 (£ + :E‘O) + {27)

2 o 2
4n=. (£ +:f‘o)

Figure A-14 shows the spectrum of Ys(f)/i‘g derived from Figure A-13, and
Figure A-15 shows the modulated spectrum of Egquation (27). From Figures A-1L
and A-15 it may be seen that the transmitted FM wave has a 3-db bandwidth of
3.4 MHz, a 10-3b bandwidth of 4.4 MHz and a 20-db bandwidth of about 8 MHz.

4.2.3 Frequency Deviation

To derive the required frequency deviation it is necessary first
to evaluate the constant b in Equation (13). This may be done by choosing the
maximum value of 1{IQ(O) which will not violate the constraint that YG(O)«J«
Choosing YQ'(O) =0.1l, gives

Tes

[ v (e
yQFo) = 0.1 = | v, (%) af =

e
2
A b

-TD f
which may be graphically integrated from Figure A-15 %o give

A-1T
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- &

A graphical integration of Figuxe A-1L gives

=t

= 0.3%

5[
\O

e,

‘Es(i‘) ar = 2.3

)

So that, from Eguation-(13)

=]
Af = g;' v_(£) af = 0.33 f\12.5 = 0.50 MHz ¥ms
0 frequency deviation

Since for a Gaussian process the peak-to-rms msy be taken as 4 (negligibly

small probability of exceeding L standsrd deviations), we have, approxi-~
nately

fo = peak frequency deviation

= 2.0 Miz.

Egquation (26)Trepresents only the First two terms of an expansion
-¥(T)
for the exponentidl e . If the third term is considered, so that a better
bound on YQ(O) mdy be obtained,: it will be seen in Section k.3 that the added
term will be less than -20 db at the 8 MHz bandwidth with ‘Ee(O) = 0.4, and

I, = h MHz. Under this circumstance, evaluation of Equation (16) shows that

v, (0) = 0.4
Ty = L MHz peak
Af =1 MHz rms
B = 0.L65
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Since an acceptable rule of thumb is to define low index fre-
quency modulatior. as B < 0.5, a peak frequency deviation of L MHz is seen

from all considerations to be acceptable and is chosen for system design.
4% UNIFORMLY DISTRTBUTED SPECTRIM

-Many baseband signals such as multiplgx telephony occupy essen-
tially a flat spectrum. Therefore, in this section, the bandwidth reguire-
ments for various frequency Jdeviations based upon a uniformiy distributed
signal spectrum between 1 and 6 MHz are examined. The results show that for
peak frequency deviations as great as U Miz, the required IF bandwidth does
not exceed 12 MH=m. :

Using the results of Section L.2.2, we have for.a uniform spectrum,

® b
\ys(f)df=2jdf=10

- 1

) 6

J..a.) 1
Ty -
v (£
Se df:e{ 2 ar =5/3

The rms frequency deviabtion from Equation (13) is

(ar)® =(1§;)'2 j y_(£) af =(g§)2 (10)
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Fron Section 4.2.3 wé have

¥,(0) —(m) j ¥ (f)i"lg 5-(—;——)

2

[\)

Therefore
v,(0) = (a£)°/6

and since f ~ L AF (i.e., the peak deviation ~ 4 times the rms deviation)
2
() -
YQ(O) = 5% 28)
The low frequency equivalent of the transmitted autocorrelation can be

written as

v, (1)

qro(nr)=eg =1+Y9(T)+%"§'Y92(T)'*‘%.T’YGS(T)+---
(29)
giving a low-frequency spectrum of
1o(0) = 5(8) + 1(8) + 21,2 e) + v, By + . o)

where Yg(n)(f) = n-fold convolution of Ye(f). The first and second order
spectra are shown in Figure A-16.

It ?Q(O)‘<<].then the higher order terms ¥On(T) may be neglected,
and the IF bandwidth is just twice the bandwidth of ‘fo(f), or

BW =2 wyo(f) =2 ‘i’e(f) = 12 MiAz

The conditions under which this is valid, and an approximate

evalnation of the full bandwidth is the subject of what follows:.
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The higher order terms are insignificant Ffor

Yo (r)  vglr)

= << 1
2‘}'9(7’ ) 2

Hence, for wg(o) < 0.2, the sensible bandwidth is 12 MHz. From Equation (28)

this corresponds to

) < \'96 \ye(o)

or
£ = L3 MHZ

Hence, the approximation of 12 MHz bandwidth holds out to the 4.0
MHz peak frequency deviation chosen before. The actual spread beyond i6 Mz

may he computed by performing the convolution.

It may be shown that __

2 - L
= (7% = (£-1) 5sf<7
22 (_i‘—-l) o
8 = _L(le“f)+l—*—zn(6 T<f <12
22 =52 (8 7 3 £-8 _
0 T>»12
L

The relative contribubion of -]2; 1i"@(‘e)('f) may be determined by comparing it to

the peak of 1ifg(f) for several values of frequency and frequency deviation.

Relative Contribution = 2
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vhich is plotted in Figure A-1l7, for £, = 3 MHz, i = 4 Mz and fD =5 Mz,

The figure shows that even for fD as great at 5 Milz the contribution from the

+6 MHz is more than 20 db below the peak value

second-order term at T .
carrier —

of the spectrum.

It is also seen thet at T .+ MHz the contribution of the
earyriey —

second~-order term is less than 20 db below the peak signal, which validates
the use of & MHz for peak freguency deviation of the TV signal.

kL MODULATOR POWER BEQUIREMENTS

In order to make the decision on the peak frequency deviation %o
be used in the system, the modulator power must be considered. The modulator
equivalent circult is showm in Figure A-18. Normally

Bﬁ > Rz and
Ct = C’e + Cm

The total lcad impedance is then

%R ; R,” X,
eq 2 .2 2
Rﬂ + Xc Rﬂ + Xc
it R£<< Xc
R,
Z =R j -
eq A *d Xc

Wormally Rg is chosen to equal Xc at the maximum modulating freguency,
therefore, —
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and

_Eg._]_'}fg_
eq 2 473
or
e | 1
eq ~ 2 ME__ G

The power consumed in the moduwlator driver amplifier may be

expressed as

1 (V§)2 1 aF, c
P-Zxk x-2 +Pq=ﬁKl<23ifmod ct) = ) + 2,
eq m 2
when
Pq = guiescent power

average power Lo peak power factor

e

M = amplifier efficiency
K, =F -
2 Tp VP
A‘E‘p = peak frequency deviation in Miz
Vp = peak modulator voltage

In Figure A-19 the computed average power is given Tor a
uniformly distributed spectrum of random phase as a function of peak frequency

deviation. The following constants are used:

P =2 watis

q

G, =20 x 1072 faraas

! M f - @-9

L2

K, = 1.87 x 1 © MHz/volt

£ = 6.0 Miz

mod,

mazx
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From Figure A-19, it is to be noted that at .peak frequency deviation of 4 MiHz

the power consumption is computed at 11.0 watts.
4.5 POSE-DETECTION PEAK SIGNAL-TO-~-NOISE RATIO

In order to asnalyze the post-detection peak signal-to-noise ratio
for the LCE, it :s neacessary tc consider the full double-modulation (VSB/EM)
system, rather than merely the FM portion. Thus, this summary analysis
derives deviation requirements, bandwidth utilimation requirements, and pre-

emphasis/de-emphasis gains based on the block diagram of Figure A-l(a) and (b).

L.,5.1 ™ Egquations

The M signsl may be written as

5 Jw t
vl(t') =Re (A, J0(t) e ©

where

o(t) =1 js (t) at

The noise may be written as:

nl(t) = Re { x(t) ejﬁ(t) ejwct}» = R E{(t) + jy(t)] ejmc;b

vhere
»(t) = noise envelope
$(t) = noise phase
x(%),y(%) = Low-pass equivalent in-phase and guadrature-phase

noise components
Therefore, the signal into the FM demodulator is

. iw b
vy () =v(6) + () = ReI (%) eJo(t) eJ ¢
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where

v, (%)

a(t)

composibte envelope

I

composite phase

The output of the FM demodulator, vz(t), is proportional to the
vate of change of ot). Thus, it may be shown that

vg(t) = ' (%) = N/D
N =Ae2 o' (t) + I:x(t) y'(t) - y(t) X'(tﬂ
+ ACQ'(t) [X(t) cos ©(t) + y(t) sin Q(t)]

+ A, [y‘(t) cos 6(t) - x'(t) sin Q(t)]
2 .2 ]
D =A" +r°(t) + 2r(t) A cos [9(1;) - ¢(t)J
Tor the high SNRs required foxr TV transmission, the texms in-

volving the signal and noise crosgs produets are insignificant, and the signal

end noise may be considered separately. Thus

se(t) =o' (%) 72 ©'(%) = b s(t) = signal portion of vg(t)
r(t}) =0
na(t) = a‘('fc) o(t) =xoy'(t)/AC = noise portion of v2(t)

Thus, the signal out of the M demodulator is equal to the 'signal into the

nodwlator, times a constant, the peak (xadian) frequency deviation.

For completeness, we add that the ouiput noise-autocorrelation
Tunction and spectral density are

A=25
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2
6,0 5 0 L - o)

2 o Ac ar
2 .2
v (0) =5 v (0) =By (2)
2 A A
c Cc
h.5.2 Overall Transfer Function

It has been shown in Section 3.0 that the sigral ocutput from the
VSB demodulator is equal to the input information, g(t). In the previous
section it was shown that the signsl btransmission through the M portion of

the system may be represented by a constant, b. Thus, as before

So(w) =b G(w) [H_:_(w o))+ H (0 - wo)}
= G{w) for proper choice of HT(w) HR(w)

To account for the pre—emphasis/de—emphasis characteristic, it is

only necessary to add the filter characteristics. Therefore,

5,(w) = Hy(®) By(w) clo) Hplw) (31)

- ‘i’so(f)- = b® £° 1}%(f)|EIHd(f)IE‘HIP(f)I ° ‘Pg(f)

For the noise we write

_ | 5
‘i’né(:[' + fo)lHR(i' 1))

2 2
ty () =[H_w(f)’ ‘Hd(f)

2
+ \;fne(f + fo)i HR(f - fo)l J
| )giﬂﬁ(f ¥ i‘o)[{— ¥ (2 1)

- z—“—z_ I{LP(f)|2|Hd(f)|'2 {:(f + £

2 2 .
£ (2-2) IHR(:E‘ - :f‘o)l v (1 - 2)
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Since all the vestizial Filtering in the 1.4k MHz carrier region is
accomplished on the ground,

Hﬁ(f + fo) ° = IH+(f + fo) y

and >

H(f - £)] =

H (£ -£)

Also, 1f the input noise may be considered white, the oubtput nolse spectral

density is also white, and

h)
¥ (f) =n_ = B watts /Hz
v R
Therefore ﬂgno 5 5 o 5
v, (€)= — |HIP(f)| EACTIRTCRE NN L ACEAEN
Q c . .
2 2
+(f-1) lH_(f - foﬂ
which may be shoawm to be
21:10 2 2 5 . D
v, () - — (7)) |Hd(f)l (£ £27) (32)
c
k.5 SIGUAL-TO-NOISE RATIO WLTHOUT PRE-EMPHASIS .

Without pre-emphasis/de~emphasis, Equation (31) gives

2
v, (2) =1 b7 ¥ (0)|mp ()]

e}

Taking the low-pass filter as being flat out to the required video bandwidth,
B, (=k.6 MHZ\), vhich will encompass the total signal, the output signal power

is
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& B
2.2 (7
5 = v (£) af =" D vy (£} at
o S, g
- -B
-
2.2
= bx™ D 2/,
" g=(%)
where
ge(t) = the mean-square input signal
The noise output is
- hsteno Bv 5 5
n = ‘Fno(:f‘)df= 52 (£% + 2 %) af
c
-0 (o]
I 3
T 13v 2
) R
A2
c
han 3 T, 2
= %C B’V’ 1+3 E—;

where

C = the total signal power
Note that the vestigial sideband conversion has offset the

Tfrequency of minimum noise from O to fo MHz, thereby increasing the output noise

power over ideal M by

£\ 2L \2
1+3 }—39) =1+5<ﬁz> = 1.278 = 1.07 b
v
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The output SNR is

o _3¢°(8) [B_\°/C 1 (33)
n_ - 3 2% (11 ) 2
o B/ 0o/ 1+3 (£ B)

) 3% (533;) 2( %)RE‘ <2?> 1+ 51(f0 ]3.v)2 GH)

Equation (34) is the generally recognized form for an FM system.
The output SNR is improved over the input CNR by an amount proportional to the
square of‘the modulation‘index and the bandwidth ratio (BIF/BV) so long as the
CNR exceeds the minimum {threshold) requirement, which is also a function of

the modulation index.

Based on the analysis of section 4.3%

Brp ™ 2 (:Bvdr_fo)aflau
for low index FM
where
B = an additional bandwidth required by frequency
instabilities, doppler spreads, etc.
The use of these parameters and tThelr effect on the choice of fre-
quency deviation may be seen by incorporating the above into Equation (34)

recognizing that

b \° A -
p = ér-> g(t) ={ =— = £ 7 for g(t) normalized to unity
o] T ok 21 D
2
b
and SO _<-2—T[> gQ(t)
®o
so that P = = peak output power
o] 2
g (%)
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Therefore

fl+3<_>< ) (D (%

Using the values

fo = l-ll' M{Z
B, = L.6 MHz
b

o]
el 25- db

8]

gives the curve shown in Figure A-20 for (CNR) versus f,» The spread of the
curve is due to the uncertainty bandwidth, Bu' This has the effect of

requiring somewhat less peak frequency deviation, f.,, for the same above-

DJ
threshold CNR. The plotted wvalue of threshold CNR is taken, with some changes

in notation, from Heitzman (Ref. 3).

From Figure A-18 it is seen that, for an output SHR of 23 db
(pk/rms), optimum'modulation efficiency (operation just above threshold) is
achieved with .a freqﬁency deviation of about 6 MHz, which approaches high
index FM and gives an RF bandwidth of greater than 12 MHz.

With a frequency deviation of & MAZ (BII‘H 12 MHz ), Figure A-18
shows that for a 2% db output SNR, 4.5 db greater carrier power is reguired
(operation at 4.5 db above threshold). Therefore, in order to maintain the
operation at somevhat above threshold, so that some signal loss will not drop
the output below threshold; the specified deviation of 4 MHz is a reasonable

chcice.

4.5.L4 Signal-to-Noise Ratio With Pre-emphasis

The rolloff of the envelope of a typical TV spectr?m at frequencies
gregter than about 200 kKHz is due to lack of high-~Trequency content in the

signal - i.e., slow transitions (over many data element widths) from black to
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white. This allows for the possibility of intecdueing pre-emphasis/defemphasis
to enhance the output SHR.

Standard TV pre-emphasis ("predistortion"”) characteristics are

2 1+ (:E‘/fl)g

)] -

1+ (f/fe)a
2
1
i (:E‘)I P S
a - 2
’ _ 1+ (I/fl)
where fl¢3 200 kHz, To coincide with the standard TV predistortion
characteristic
and £, 800 kHz
Taking 5
g (t)
v (f) = 1 Miz < [f ] < 6 MHz
g lOT .
so that

v (r) ar = g2 ()

it may be shown that

B %, l+3< ) _lB
7p = F ~ 11 db

O

fl v

1+

nna

Therefore, there is a theoretical improvement of 11 db. This is
the tobal noise-power improvement, averaged over the entire band, but achileved
through a reduction in the higher—frequenéy noise content. However, in
black-and-white TV, the high-frequency nolse is less objectionable ﬁhan the

noise at lower frequencies, so that the improvement in actual performance is
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much less than that given above. This is the reasson why pre-emphasis was
introduced only for color TV transmission, where the color carrier msy be
immersed in the high-frequency noise (Ref. 4). Thus, for the LCE system,

pre-~emphasis is not required.

4.6 \ DISTORTION ANALYSIS

Tn this section the transmission deviations, modulator/demodulator
linearity requirements, carrier drift effects, phase tracking error, and
up—tzanslator/down—translator filter requirements are analyzed to keep the
total distortion well below the specified post-detection peak signal-~to-noise
ratlo requirement of 25 db.

h.6.1 Pransmission Deviaticns - RF and IF Requirements

One of the prineciple sources of distorbtion in FM systems arises
Tfrom the generation of unwanted sideband energy through transmission.deviations
(nonlinear phase and nommiform gain). These deviations result in wanted
amplitude and phase modulation which interfere with the desired modulating
signal and produce signal distortions. Although in theory the resulting
amplitude modulation can be completely removed by limiting in the receiver, in
practice the phase characteristic of the receiver is always somewhat dependent
on the instantaneous signal amplitude. This AM-to-PM conversion converts some
of the amplitude distortion into phase distortion and the residual AM due to
fhe transmissicn deviations must be accounted for and held to a minimum. A
general analysis of these distortions is not possiblé, but an approximate
analysis may be used with excellent results to derive the RF eand IF require-

ments necessary to maintain the distortion within reasonable levels.

Figure A-21 shows the system to be analyzed, with s(t) being the
signal from the translator and so(t) the signal to the dowm-~translator. Using

com@lex notation we make the following observations:

. jw t
v () = a, %) T (558)

Vi(w) =% {v‘l(t )} (350)
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V,(w) = Ho) 7, (w) (35¢)
AORERI SRS (552)
soi(t) - axg [va(t‘)J - s(t) + 5_(t) (35¢)
where
o(s) = bj s(t) at
and

sD(t) = distortion term
Expanding H{w) in a power series around W, gives,
o) = |1+ &y (- 0y) + 8y (0~ )2+ 65 (0= 0+ -
w) = q W W, g5 \w - ow, 3 o .

. 2 5
eaﬁem-%>+bﬁm-%)+uj (36)
Note that the linear phase tern, bl’ has been omitted, since it may be shown

to introduce only delay, bub no distortion.
After some menipulation, it may be shown that
Jw © .
¢ ~=1 ~ e{t .
v(t) =4, e 3 H(w+w,) T Fe‘j ( )J (37)
FPor a narrow-band process, we méy ignore all components of H(w) which are
not in the vicinity of w = W, and use the zero frequency representation

. ‘ j(b2m2 + b3w3 Foaas)
H (o + W,/ = (1 + g wt gy + R I

Expanding the expénential and retaining cnly terms up to the

fourth power of w, gives
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b 2 wh
H((—U + (Dc) ~ (l + glw + 82(,02 + g3w5 + gll-wh‘) 1 - 2 D

. 2 b | . 2
- J(b2w + b3w3 + bl;‘” il: 1+ glw + (g2 + Jbe)w

+ l:g3 + ,j(b3 + glbg)—J m5 + [gh - —2—— +

Substituting Equation (38) into (37) results in

7o) = 2+ 2% 4 ¥o) cos [0t + ote) + a(0)] (39)
where
-1
op{t) = tan™ 1 Eg)t

and.

P(t) = glé + geée + b2§ + 3(‘ta5 + glbg) - g (93 -§)

b 2
+ (glF - —%—) (-5 & & - 352) + (blL + bygy bgge)(6é2 8§ - %8)

(k0)

q(t)

Il

e T S . ee
-g2g+b29 + ('b3+glb2) (6@ -8 ) -3g599

i . D b22 e 2D e
+(bl'_+b§gl+b2g2)(—ll-e @ ~ 38%) + g, - 5 (& -660)
(41)

For P(t) << 1 and Q(t) <« 1, which is the case, Eguation (39)

becdmes , approximately,

A-3h



Report No. 4033, Vol. I, Part 2

vg(t) A [1 + P(t):\ cos {w.b + o(t) + q(t) [1 - P(tl—J (k2)

Some of the distortion terms (linear terms such as ©, &, 8, ete.)
fall without frequency translation directly on the modulating signal causing
them. These are directly equalizable at baseband since their effect is only
to change baseband gain and not to cause interference by genersting new
Trequencies. This is becauseithe linearity introduces no new fregquencies,
but preferentially amplifies certain freguencies in a predictable manner.
However, the remaining tex;ms generate new Irequencies and Thevefore represent
nonequalizable distortion and hence must be considered in the specification

of the allowable transmission deviabions.

The analysis is quite cumbersome and tedious, and will not be
included here in all its detail, Instead, only an example of the deviation
of one of the terms of the result will be included as an illustration of the

technique.

Consider only the se¢cond term of Equation (41) as being the
phase distortion term. That is

0,(t) =1, [é(tg} °

Then, the distortion term is
. . a I 2 a -2
sp(t) = e (t) =b b, z= L@(t)] =b b, 3¢ [s(t)J

Tt is well known that the autocorrelation of sg(t) is {when s{t) -

iz Caussian)

¥ ,0r) =¥ (o) + 2 v B(r)

S

and thercfore its spectrum is

]

‘Pse(f) ¢, 5(0) 5(£) + 2 YS(Q)(f)
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Since the derivative in Equation (43) is eguivelent to multiplying
the ispectrum by w2 = hﬂgfg, we have, afber ignoring the dec term as not

conbributing to the distortion
Dy(£) = b= b22 (4n22°) ?8(2)(f) (k)

Performing the same type of analysis on the remsinder of the
non-equelizable distortion terms of Equations (40) and (hl) and retaining

only the most significant fterms to the third order gives

5
3
Dy(£) = b7 I:bee (4o T) +<§) (16#‘1‘”)} Ys(e)(f)

+ Bt b52 (Lrore) ‘i’s(5)(f) (5)

Before deriving the amplitude distortion spectrum, we must define
terminology regarding AM/PM conversion. From Equation (42) the amplitude

of the distorted carrier is 1 + P(%), approximately, or, in db,

20 log [1 + P(t)]g 8.686 P(t)- P{t) << 1

AM/PM conversion is usually expressed as a conversion constant &, in
degrees/db. Hence, the resulting phase distortion due to the conversion of the
amplitude dlstortion into phase variations and changing degrees to radians is

ey . (8) =02 x 8.686 P(4) = 0.1516 @ P(%) 46

Continuing as with the results of Eguation (45) for the amplitude

terms gives
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Dyg/py = (+1516 ) {2 l; &, (hn°T°) + g22 (hr"22)

2 —
b
4—(&25{) (l6ﬁuf4)

The approach taken to evaluaete 817 855 g5 B ‘o 5 > and & will be

v, @) s o* g2 et ¢ Pley ()

to (1) assume a spectrum for ¥ (£); (2) perform the req_u:}.red convolutions,

(2)(f) and ¥_ (3) (f), (3) evaluate Equation (%5) by integrating over the base-
band of 1nterest, (1-6 MHz), (&) choose an allowable distortion-to-signal ratio;
(5) evaluate by, gj; and b5 from Equation (46); and (6) evaluate g, and g,

from Equation (47) for several possible values of &.

To simplify the anelysis, we assume a £lat spectrum Tor ‘i’s(f),
vhich is the worst case of video transmission. This is shown in (a) of
Figure A-22, vhere 1) is the spectral density in wabts/Hz. Inset (b) of
Figure A-22 shows the spectrum of the convolution of ¥_ (£) with itself; and
Figure A~23 shows ¥ (5) (£f). The other needed spectra are

Figure A-24(a)

“y (2)(f)

Figure A-2L(b)

EASIE

i YS(B)(f) Figure A-25(a)

fl% ¥, (3)(f) Figure A-25(b)

Graph:u.cally integrati g the above over the desired baseband
region (l MHZ < [f] < 6 MHz} gives

6 MHz

2 ha YS(E)(:E') ar = 6 x 102

1 MHz
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6 MHz
2 j' £ ‘Ps(g)(f) af = 13.5 x 1077 112

1 MHz

f6 MHz

2 22 YSG)(:E‘) aF = 7.7 x 10707 P

i
J
1

MHZ

r6M‘IZ
2 / ;[‘ll- YS(B)(f)df=18xlO ']]3
Jl Mz

Since the peak frequency duration for the assumed Gaussian signal

is 4 bimes the yms frequency deviation, and since, from section 4.2.2
2 4ﬂ2(,_ﬁf)7j\ys(f) ar
we find that
x10 £2 (48)

Also,
- _1al
S —j‘fs(f) af =101

so that, finally
D 5 D

( g)gé = 12:° x 10%° b22 £ 2 4 ol3g® x 1077 g ° ¢

6,2 k4
o+ 11.55% b3 2N (49)
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and

Iz,L 12 k2

D 2
. = = (.1516 8)° 4{3x x= 100" g, £
<S )AM/PM l LoD

2 o5 . 2 2

12 4+ 230 x 10 bs" £

4 2 .
+ 12 n” x 1O g2 oD

11.55 x 1072 g§2 fD)'!' (50)

Note that in Equations {(49) and (50), the distorbion-to-signal
ratics are seen to increase with increasing frequency deviation. This is to
be expected, since the greater the deviation the mors the btransmitbed spectrum
is spread over the IF bandwidth, and the distorbion increases for constant

phase and gain parameters.

The evaluation of Equation (49) is straightforward. Ietting
( ‘) < - 36 db and apportioning the distortion equally among the three terms

gives
b2 = 0.6 . deg/MHz2 = 1.67 nsec/MAz
fD fD
. MHZ MHZ
by = L 25 deg/MHz = 5éhl nsec/Miz"
£ Ty
MH 7 MHz
1.48 x 107 -1
g5 = Ty (uz)
D

MHz

Using thesec values where applicablc in Equation (49), letting

(;{) / < - 56‘ﬁb, and apportioning the remaining distortion equally between
AM/PM

the first two terms shows that 8y and g2 are very dependent on &, the AM/FPM

conversion constant. For small §, 81> and &, may be relatively larpge, but as
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3 increases, 8 and gy must decrease. If & is too large (greaver than about
2.5 /db) = and g2 mrst vanish, and practical filter design becomes impossible.
Since good limiter design will 1imit & to less than 0.5 /db this should not

be a problem 1f the laser transmitter does not have a conversion factor greater

than 2 /db All the required parameter values for( ) ( ) = - 36 db
and for £y = 4 MAz are given below. AM/PYH

parabolic phase = O.lBO/MHz2 = 0.416 nsec/MHz

by =
. o} 3 2
b5 = cubic phase = 0.047 /MHz” = 0.213% nsec/MHz
0.12°/av 0.5%/ap 1.0%a 2.0°%ab
g, = eain slope (db/MHz ) 6.7 3.6 2.7 1.5
g, = parabollc gain 1.7 0.4 0.15 . 005
' (db/MHz
&5 = cubic gain {ab/MHz7) . 003 .00% . 00% . 003

Curve-fitting the 30-MHz filter design curves for delay shows that

the filter will easily neet the reguired delay performence.

k6,2 Modulator Linearity .

A nonlinear amplitude-to~-frequency or frequency-~to-ampliftude
conversiocn will result in a distorded owtput signal. The effechts of this
distortion may be analyzed by considering the first two nonlinear terms of

the conversion characteristic. Thus
orf(t) = 2n [Ds(t) + aeb_gse(t) - a5b555(t)] (51)

The error is then

-b) )(t)

f (t) = a b5 (t) + o

o)

A-10O
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with auvbocorrelation funcition

7,0 = o2 [y 2(0) + 2, 20)] + 0,38 [1,20) 1,00) + 22,20

with a spectrum of

v (1) =230 v 2(0) v (1) + 22,%% ¢ (B 4 2230 ¢ Be) (52)

Evaluating Equation (52) by a graphical convolution and making the same
substitution for b as in Equation (48) gives

L;2f6+§ﬁ fh
MOD ~ 32 %3 D 25 D

The signal power is

iy
Swop =% Ip (53)

so that
( ) 81( f 2 + T[l!‘ T J-}' a 2 (55)
— p %2 TF p %

Letting (gl\{OD < -~ 36 db and apportioning the distortion equally as before,
gives, at £ = b MHz

a, < .005 I~ﬁI;Tz./MH2;2

8y s .03k MHz /MHz
Thesga coefficients may be related Lo linearity by finding the
best (in the minimm mean-square sense) straight-line £it to Equation (51)
and evaluating the p'eak‘dev:'r.at:i%on over the bandwidt}:}. Perfomming the requircd
mathematics, assuming a Gaussian distributidn_ for s(t) gives a maximum
&ev:i_.ation from linearity of + 175 kHz over the input frequency deviation swing

of + 4 MHz, which is not a very stringent requirement.
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4.6.3 Effects of Carrier Drift

I

It may bé shown that the effect of a passband characteristic not

centered at the carrier will he an increase in linear envelcope delay distor-

tion. In a previous section the phase was written as
6o - 0) =) (0 - w) b, (0-u)%+ b (0=
w c 1 e 2 M@ e 3 W c

and the values of b2 and b5 were evaluated., Differentiating 6(y) with respect
to w gives the envelope delay distortion

de 2
EDD = o= bt 2b2 (g - wc) + 3b3 {w -,wc)

Using the values previously debtermined gives

linear FDD = 2b, = 0.83 nsec/Miz

2
parabolic EDD = 505 = 0.6k4 nsec/MHz2
If the expansion is not centered at W, but rather at
W = w, - 8w, then a new linear term emerges

EDD = by + 2b2: (0 - w,) + 6b3am(w - @) * b (w - wc)E

For the specified frequency stability, an r¥ms computation gives

'V (A:t‘)2 = 18.5 kHz

so ﬁhat

fb = .OT? MHZ = héi&ms

A-k2
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Hence, the added linear EDD is
6(.213)(.0Th) = .095 nsec/Miz

or about. an 11% increase over the perfectly stable carrier case.

h.6.h4 Effects of Phase Tracking Error Between Up and Down Converbers

It was shown previously that for the vestigial filter, properly
chosen so that the distorbtion part in the in-phase term is zero,  the signal

can be written as
s(t) = g(t) cos w t - gq(t)lsin W,

If the detector is ﬁerfectly in phase with the cosine term, then
no quadrature distortion will result. Due to imperfect tracking between
receiver and transmitter, there will be a random phase errcr the mean-square
value of which is inversely proportional to the signal-to-noise ratio in the

phase-lock loop. .Then,

so(t) s{t) {2 cos [?ct + ¢(tﬂ

Il

g(t) cos f(t) - g, (t) sin #(t)

For @(t) smell (ususlly the case vhen tracking)

2
s.(t) ~ g(t) {1 - M,}l] - P(t) g (%) (55)

The error is

[ ]

=N
—
ct
~—

1l

g(t) - s (%)

2
B58) 4(5) + g(s) g (v)
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The mean-sguare eryor is

C el 8) =F ) &6) 4 F8) 6 2() + P8) slt) g (6)

Although gq(t) and g(t) are correlated, for the zero mean-phase error generated

by a Llocked loop #(t) = 0, so that

e (6) = ') &) + ) g ()

Assuming a Gaussian distribution for @, which is normally the

case when the loop is in lock, we find

b
;E = 3¢
2
§ =
so that
) - ?
(3), ot &
track 2 2
g g
It may be shown that
o
¥, (£) =Yg(f) 'Hq(f)l
q
2
where o ll—2’H - (x-12,) lf]st
I (f =
e
1 [f|>Bv

A-hh
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Therefore, assuming & linear vestige characteristic between £ =0
and £ = 200 KHz, and a flat response from £ = 200 kHz to f = 4.6 MHz, gives

gqe(t) = 2g° [% (1x.2) + (bhx 1)] x1° = 9 x 10°

while

&2(t) = 9.2 x 10°

so that

(3), - -mat+ .00 (56)
V5B

The: value of 02 = {252(‘5) is related to the loop banowidth which
must be chosen not only for minimum phase jitter (02) but also with regard to
the dynamic performance requirements. With a loop at or necar lock the jitter

is inversely proportional to the signal-to-noise ratio in the loop,

rr—

552 2

! S
= o T EEMm), for(i\r')L>1°

B. .
and 5 = (ﬁ) =2 which is gignificantly greater than 10,
W)y TN \By
in

Therefore
8 0.2k A .188 .06
1'\1') 2 0/5 ) = M /8 Vo © 2
L VSB VSB  (D/s vsB
oxr

S 0.4k D
(vN)L = Tm = 30.1 fOI‘(S)VSB < - 56 db
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L.6.5 Vestigial Filter

Tt now remains necessaxy to examine the vestigial Tilter require-
ments in light of the overall distortion budget. Examining all the terms

previcusly considerkd gives

(g)TOTAL {]Sg),oj +(g)AM/PM +<]§)> MOD +<§)track

= -30 db for each term equal to ~36 db

Therefore the distorticn introduced by the vestigial filters
should be about -27 db, so that'the total distortion will be less than -25 &b.

Then, using Equation (%8), with g; =1y = } MHz, gives for the output signal-
to~noise vatio

2
3 T

D C 1
= = —~ = 28.9 db
fo) Bv3 (no> L +3 (fo/Bv)d

!Slf'd
@)

Hence the total signal-to-noise plus distortion will be

]

—E _10%% 1625 210 Csr @
total
which exceeds the 23 db requirement.

The -27 db VSB distortion is equally divided among the four con-
tributing terms so that each will be specified at -33 db.

Using the results of Task IIT gives as new specificabions (changes
only shown)

Up Converter

Gain Slope: =< 0.012 db/MHz for f - £, - 0.2 Miz
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Phase Linearity: =< + 0.7° deviation from linearity for

£ =1 & 0.2 Miz
< + 1.8° deviation from linearity for

:E'>:E‘0+O.2MH2.

Down Converber

Gain Slope: < .0l2 db/MHz for f > fo + 0.2 MHz
Attenuation: 0dd symmetry within + 0.1 db arcund
subcarrier

Phase Linearity: =< + 0.70 deviation from linearity for

£ =f_ + 0.2 Miz

< + 1.8° deviation from linearity for

f>fo + 0.2 Mz

b7 SUMMARY
h.7.1 Brror Budget
Signal-to-Distortion
Error Source _ {ab)
Random noise 32.7 (fD = b MAZ)
Transmission devietions 33 3L.6

Frequency effects 36
Amplitude effects 36

Modulator/demcdulator linearity 36

Phase tracking error . 36
. |
Vestigial filter o7
Total 25.7 db

A=bT
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h.7.2 Specifications

(2) RP/IF Characteristics

parabolic phase < 0.150/1\41-Iz2 (0.416 nsec/MHz)
cubic phase < O.Dlt.'To/lV[i-l'z3 (0.213 nsec/MHzg)

lineaxr EDD

carrier instability)

parabolic EDD 0.64 nsec/ Mz

It

0.8% nsec/Miz (+0.095 nsec/Mz due to

AM/PM [

Conv. o o o o
Requirement Factor 0.17"/ab 0.2°/db 1.0°/ab 2.0 /db
Gain Slope (db/MHz) 6.7 3.6 2.7 1.5
Parsbolic Gain (db/MHz2] 1.7 O.h 0.15 0.005
Cubic Gain (db/MHz>) 0.003 |

(b) Freguency Modulator Characteristic

parabolic < ,003 MHZ/MHzg

cubic < .0034 MHz /MI—IZ5

linearity: 4175 kHz maximum Geviation from linearity

for output frequency deviation of + 4 MHz

(¢) Phase Tracking (Up/Converter - Down/Converter)
Signal-to-noise ratio (tracking loop) » 39 db

{(d) Vestigial Filters

Up Converter
Gain Slope: < .012 db/Miz T>f + .2 Mz
Fhase: < +0.7° deviation from f<f + 0.2 Miz
linearity
<+ 1.8° @eviation from f>f +.2Mz
linearity
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APPENDIX B

ACQUISITICN AND TRACKING DESTIGN AND ANALYSIS

1.0 ACQUISITION DESIGN AND AWAIXSIS

A two-station spatial-scan technique is incorporated in the acquisi-
tion of the transmitter beam of one station by the receiver of the other station.
The transmitter beams of both stations are broadened, and the receivers of both
gtations are spatially scanned simltaneocusly. Both receivers are scanned in &
rectangular search pattern, with a scan retrace at the end of each horizontal
scan line. Acquisition is considered completed when both receivers have acquired
their respective transmitter beams and the acquisition and tracking subsystems

are ftracking the transmitter bheams.

The various system-design parameters were established by analyses.

The following major parameters were considered in the system-performance analysis.

Target-location uncertainty
Spacecraft-drift rate
Local-oscillator stability
Background noise

Acquigition probability
False-alarm probability
Carrier-to-noise ratvio
Signal-to-noise ratio (S/N)
Intermediate-frequency (IF) filter bandwidth
Pogt-detection filter bandwidth
Transmitter-beamwidith expansion
Search angle

Acquisition time

Design margin.
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i.l SYSTEM PERFORMANCE SUMMARY

Figure B-1 presents a functional block diagram cf the acquisition
subgystem. The system-parameter values were selected to optimize the acquisition
probability and the S/N of the acquiéition éignal. The methods used in evalu-

ating sysbem performance and in selecting the values for system parameterg are

described below.

Figure B-2 shows system performance in terms of acguisition time as
a function of spacecraft roll rafte, with the local-oscillator stability as a
parameter. It also specifies conditions under which the curves are generated.
Because the aﬁplitude stability of the local oseillstor ig critical in determining
acqguisition time, this parameter is used in generating the curves. The curves
indicate that for a given value of local-oscillator stebility, the acquisition
Tlme decreases as the spacecraft roll rate decreases. By specifying the local-
oscillabor stability of 0.3% (the present design goal ) and a maximum spacecraft
roll rate of 0.001°%/sec, the acquisition time is determined to be 220 sec. The

system performance is summarized as follows:

Target-location uwncertainty ip-?o

Acquigition probability 0.9

False-alarm time 1100 sec (one per five-gecan frame)
Acquisition time 220 sec

Design S/N margin 5.6 db

4.9 @b {including filter losses)

Po accomplish the performance objectives, the following operating

conditions and system design parameters are specified:

Maximum spacecraft-drift rate O.OOlO/sec
Local-oscillator amplitude stability 0.3% (5 to 45 Hz)
Carrier-to-noise ratio at IF-filter output -15.% db

IF-filter nolse-equivalent bandwidth 8.5 MHz
Post-detection filter bandwidth 2 to 14 Hz

Expanded transmitter beamwidth 0.177°

Receiver beamwidth- 30 arec sec

Search angle i9-208°

Bearch time 220 sec per scan frame
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Figure B-3 shows the relative position of the expanded transmitter
beam with respect to the posgition of the receilver besm at the time of acquisi-
tion. Acquisition is expected to occur at a point 4.36 db below the trans-
mitter's peak energy level and 1.0 db below the receiver's peak energy level.
The received energy is therefore reduced 5.36 db from the pesk energy level of

the expanded transmitter beam.
1.2 RECEIVED SIGNAL-TO-NOISE RATIO AT TIME OF ACQUISITION

During acquisition, the transmitters of both stations are broadened
and the resceivers are spabially scanned simultaneously. It is assumed that the
transmitbted enérgy and the receiver gain-are such that the received energy atb
the time of acquigition has a carrier-to-noige ratio of C/N at the IF-filter
output. Fubini and Johnson (Reference 1) have shown that for (C/N) << 1, the
post-detection S/N is given by

5 1/2
5 _ ¢ (L (1)
i) N EBa
where
%- = post-deftection signal-to-noise ratio at time of acquisition
%’ = carrier-to-noise ratio at IF-filter output
ﬁI = equivalent noise bandwidth of IF filter
ﬁa = post-detection or acquisition signal bandwidth

To determine S/N, two other noise sources are to be considered:
(a) background noises received from the sun or earth, as the recelver beam is
scanning across the sun or earth, and (b) variations in the local-oscillator
output energy falling in the acquisition-signal bandwidth, Ba. Detailed
analyses of these two noise sources are described in paragraph 1.6. Iet gy be

the background noise in watts received from the sun or earth falling in the
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acguisition-signal bandwidth, 5a' Expressed in fracticonal form, this noise
component is cb/N. It 0% is the percentage of local-oscillator (I0O) output-
power fluctuation in the bandwidth of AF, the LO output fluctuation, «, falling

in the acquigition signal bandwidth,;ﬁa, is
B
a
g = & =—
Favil (2)

Eguation (2) 1s formulated for a case of AT > 5& and the noise spectrum 1s con-
sidered to be pniformly distributed over the acquisition bandwidth of Ba. Taking

the two noise sources into consideration, Equation (1) becomes

=] |45}

= (391) ' 17 ()
EXERC)

The transmitter and recelver beamwidth and the search scanning rate are such
that the dwell time on a given search pogition in the scan is tp. The scan dwell

time, tp, can be related %0 the acguisition-signal bandwidth by
1 .
By = 3 (k)

Substituting Equations (2) and (%) into Equation (3);

5 C 1
ﬁ = ﬁ' 1/2 (5)
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1.3 SELECTION OF IF-FILTER DANDWIDTH

Equation (5) indicated that to optimize the acquisition-signal S/N,
the IF bandwidth, ﬁI, should be made as small as allowable by the frequency
uncertainty between the transmitter of one station and the local oscillator of
the other. To debtermine worst-case freguency uncertainty, the following fac-
tors are to be considered: (a) transmitter-frequency uncertainty, (b) LO-

frequency uncertainty, {(e¢) LO dithering-frequency deviation, and (d) Doppler
shift.

During the acquisition period, communication between the two stations
has not yet been established; therefore, the transmitter frequency of one
station and the IO frequency of the other are controlled independently. The
local oscillator performs a frequency dithering to locate its center line
frequency. The dithering amplitude produces a frequency deviation of ip.6 MHz
about its centber line. An additional frequency uncertainty of +1.1 Mz is
produced when the IO frequency is offset from its center line. The IF frequency

unéertainty with the varicus factors taken into congideration is as follows:

Mz
Transmitter-frequency uncertainty 0.2
IO frequency wncertainty 2.2
10 dithering-frequency deviation 1.2
Doppler sghift Q;E
k.0

The minimum IF bandwidth is selected to be 2.0 Mz about the
center IF frequency of 30 Miz. The IF-filter transfer characteristie, H(W), is

n
5(W) = X5 (6)
! (8-, )" (s-w,)"
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where
K = filfer constant
W1 = 2J'ffl
W2 = enf,
£, = filter's lower-cutoff frequency
f2 = filter's upper-cutoff frequency

= number of filter poles

The characteristics of a filter with n=l are shown in Figure B-4. This filter

provides an attenuation of not more than 0.5.db at +2.0 Miz.

The equivalent noise bandwidth of the filter, BI, is

e

J[ [H(w)]2 aw

BI = |H(W)|2 i (T)

A value of BI = 8.5 MHz is obtained by numerical integration of the filter
characteristics shown in Figure B-L.

i.h OPTIMIZATION OF RECEIVED POWER

Equation (5) indicates that the C/N of the received energy at the
time of acquisition must be optimized in order to optimize the acquisition-
signal S/N. Tet

P

¢ _
T imEPilaIi

or

P = (1%) (v ) (p,) (8)
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where
%- = carrier-?o~noise ?atio of ?eceived energy at IF-filter
cutput with a nominal carrier frequency, fc’ of 30 Miz
BI = equivalent noise bandwidth of IF filter
NEP = receiver NEP-
P = received energy, in watts

To meximize P, the following design parameters are to be considered:
(a) expanded transmitter beamwidth, (b) scanning angle, and (c) scan-line

overlap.

The optimum width of the expanded transmitter Beam as a function

of the target-uncertainty angle will now be determined. Iet

iﬁl = tLarget-uncertainty angle
P(6) = expanded-beam power density at off-axis angle 8
P(O) = on-axis power density (peak power density) of
expanded bheam
P_t = Hobal transmitted power
ed = angle defining the beamwidth
Then
92
P(e) = P{0) exp (- — (9)
284
Q0
P, = j 2nd, P(e) ae
o)

il

2P (0 )ea2 (10)
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Substituting P(0) from Equation (10) into Bquation (9),

P 2
t
P(e) = — 5 exp (i-i27%> (11)
Eﬂed 29d

To obtain a maximum value for P(8), Equabtion (11) is differentiated

with respect to 6, and i1s set equal to zero:

a
ae(e) _ _¢° L-o
ae 2
a 20,
6 = ,/2 6, (12)

The meximun value Ffor P(6) of Equations (9) and (11) occurs at 8 = JE-Qd.
Setting € = © =J§'ed, Equation (9) becomes

p(e,) = 29 (13)

Py ES

The power density at 9 = GO is dowm l/e or -4.36 @b from the on-axis

peak. The target uncertainty angle, 6., is now set to equal eD: i.e., el = 90.

1

During acqiisition, the receiver beams of both stations are scanning
in a rectangular pattern, with a scan retrace at the end of each horizontal scan
iine. To compensatbe for target motion, some overlapping of the scan line is
required. The ensuing analysis is undertaken to optimize the amount of over-
lapping, with the receiver scanning parameters and target motions considered.
The receiver-beam power gain, G(Q), as a function of the on-axis power gain,
@(0), is

(11)
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where {30 is the angle defining the receiver beamwldth. If the scanning rate is

1, the received energy, EN’ is

®
By = j ¢(0) exp —-2—6—5 at
Zoo o
- _\/.E_T.E.*EQ G(O) (]_5)

The dwell time relating to EN is

EN = Eﬁ‘?_ (16)

5= 30T

u

If the time for each scan line including line retrace is tL and the actlive scan

portion of the line is p,
W o= =L (17)

where 97 is the gearch angle. With respect to the target, the angular motion of

the receiver beam per scan line is

Tw = 7, vy = (5o 8) % (18)
where
'ym = angular motion of receiver beam per zcan line
7y, = angular motion due to frame-scaﬁ velocity of 7
S A ?
7, = sngular motion due to spacecraft rolling at a rate of 0
Y. o= &t

v L
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If § is the scan-line overlap, the overlap angle, 7111’ is

= 98, (19)
Setting Eqguation (18) equel to Bquation (19),
8B, = (7 + ) % (20)
let the search time eqtial Tf, which can be related to the search angle by
TpY = 28 (21)

Substituting t; from Equation (17) and ¥ from Equation (21 into Equation (20),

20 A\ 28
6B, = 7L + 9) ~Z (22)
f pa

Substituting G of Equation (16) into Eguation (22),

2
_ Jan T 8 B, P

+ .
P . -
28 26 + 8T
7’( 7 f)

(23)

From Equation (14), the receiver-beam power gain, G(6), as a function of the

on-axis power gain, G(0), is

e° |
G(G) = ¢{0) exp (— 2)
2:30
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The receiver power gain at the overlap angle, Y2 is

2
1(7,) = 5(0) exp ( B
P

5° ﬁoe
G(0) exp |- 5= |» for y, =8B, [ﬁquation (193

52
= 3{0) exp [~ ??) (2)
Assuming
o 2
5:i > o 2
Ip i)
the S/N of Bguation {5) beccmes
S _C (gt )2 (25)
N N YIp

Substituting C/N from Equation (8) into Equetion (25),

§'= K?(tp)l/e

where K is a system constant. Normalizing the received S/N at the overlap angle

7mJ

8
= = KP(tP)

g « Ky, (6, V2 (26)
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Substituting G(ym) from Equation (2%) and tp from Bguation {23) into Equation
(26),

2
£ =K, VF e ( '5*2-) (27)

where
5 1/2
JEE Te By P

26 (28 + 6T
7( 7 f)

K, =K a(o)

The opbtimum value for the overliap § to produce the maximum acquisi-
tion S/N can be determined by differentiating Equation (27) with respect to §
and setting the result equal to zero:

§ = —— (28)

The $/N of Eguation (27) has a maximum value at 6 = 1/ V2. Equation (24) becomes

&(r,) = 523 (29)

At the point of optimum overlapping, the receilver gsin ig dowm l/eo'25

or -1.0 db from the peak. FEquations (13%) and (29) indicate that the maximum
0.25

received power, P, is l/e-e or -5.36 db down from the on-axis power dengity

of the expanded transmitter peak, or

B-12
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P = B(e_) G(7,)

_ P(0) a(o)
= 55 (30)

. e
Normalizing Equation (30).by letting G(0) = 1,

P(0)

P =
125

P = 0.285 P(0)

If Pt is the carrier power (in watts ) present on the peak of the narrow trans-
mitter beam (vhich has a beamwidth of Gt) , the carrier power in watts for the

expanded transmitter beam of © is

0.285 P.0,°
O (31)
2]

P, can be related to (C/N)t by an expression similar to that of Equation (8):

P, = (%)t (wEP) (B;) . (32)

Substituting Pt of Bquation (32) into BEquation (31) and substituting the results
into Equation (8),

0.285 (%)t (et)2

= = (33)

=11’

The narrow transmitter beam and the expanded transmitter beam are

formed by different optical paths. A beam expander is used to form the expanded

B-13
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beam, thus bypassing the primary mirror and eliminating beam blockage by the
secondary mirror. To account for the difference in transmission efficiency

of the two optical paths, a consbant K is added to Equation (33):

0.285 K (9) 0.2
5] S
2 = 2 (34a)
] 5
5
1.5 FURTHER CONSIDERATION OF EXPANDED TRANSMITTER BEAMWIDTH,

SCAWNING ANGLE, AND ANGIE OF TARGET UNCERTAINTY

Results of the analysis in paragraph 1.t indicated that the received
carrier energy, P, and the acquisition-signal S/N are optimized when the target-
uncertainty angle, 61, is made equal %o the search scanning angle, 97. The

transmitber beam 1s expanded to an amount equal to the scanning angle.

During acquisition, transmitter beams of both stations are expanded
and receiver beams of both stations scan. Because acgquisition depends on having
both receivers cover the transmitters of other stations, advantage is achieved
by making the transmitter beam smaller than the scan angle. ILet the transmitter

beam, 90, decrease by a factor as:

8 =0.a (34b)

where

61 = target-uncertainty angle (3¢ value) associated with a standard
deviation at ep

For the case in which 8 = 6_ =€ =0_, the acquisition-signal S/N as a function

o ¥ 1’
of 9 and 9 can be determined by substituting t of Equation (23) and P of

Equatlon (31) into Equation (26):

5 5 i/2
c.285 P8, 1/21: T. & B, p"
3 2 "
e, 2@7 (2@7 + 8 Tﬂ'

(35)

=i
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Let

. o 1/2
K, =0.285 PO |far T, 68, ﬁ]

Equation (35) becomes

K
% Tk — 12 (36)
[eo 2, (e, + ér,)
. R s i - 6 L 2
Equation (36) indicates that » by maintaining the relationship el = eo O-y » an

S/N improvement can be achleved by letting 97 = Ql/ase. The derivation of
8 = Gl/ase is as follows:

Y
6 b _ 2
6" =8, ey
L6 1/2
1
0, = . (37)
[e]

Substituting 8, from Equation {(34b)} into EBquetion (37),

-8
1
0 = i 8
y "5 (38)

S

The optimum value of ccs is novw evaluated. TIf the angular uncertainty
is pointing, the station has a normal probability distribution with a standard
deviation of ep in two orthogonal directions and the probability density function

for the total angle off-axis is given by
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P(e) =

With the transmitter beam spread to 80,_the probability that it will illuminate

“the other transmitter is

2

8 exp (- -§—§ de o

)
j © 26 9,

. 3K = 5 =1 - exp |- e (32)
O

Similarly, if the receiver scans to Qy, the probability a receiver will scan the

other station is given by

e

=1 - exp (- -4125 — (ko)
20

ol

Fp

Acquisition will occur where one of the following three mutually exclusive

conditions exists:
a. Both stations are pointed within 60.

b. Station 1 is pointed within QO and Station 2 is pointed.
between eo and 67.

c. ‘Station 2 is pointed within 90 and Station 1 is pointed

between 6 and 6 .
o Y

The probability of Condition a is given by

P, =P,° (1)
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The probability of Conditions b and ¢ are

Pap = Pz = Py (B, - Py) (k2)
By = By *+ Bgp + Bog (43)

From Equations (hl), (42), and (45),

P, =R +2PR (PR-PX)=PX (2PR~PX) (4h)

Substituting from Equations {34b), (38), (39), and (40) intc Bquation (Lk),

o 2a32 eclgocs2 912
P, =11 - exp [~ 1 4+ exp |- -2 exp (- 5% (45)
A 9.ep2 eep2 aepgozs

The values of PA as a function of O% at various values of el/ep are
shown in Figure B-~5. It is seen that EA is maximum at o% = 0.8. The values of

PA as a function of el/e with 0% = 0.8 are shown in Figure B-6. BSubstituting

o = 0.8 into Equations (34b) ana (38),

o =06 =0.80 (46)
o
ey:;-e-=1.56 e (47)

8
Acquisition probability is vpbimized when the expanded transmitier beam is

0.8 times the target-uncertainty angle and the search angle is 1.56 times the

target-uncertainty angle.
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1.6 RECEIVED NOISE

Two major sourceg of noise recelved during acquisition are now
considered. These are internal nolse and background noise from the earth or
sun. With the local osecillator as a reference (whose amplitude is much greater
than thait of the input signal at acquisition), the internal noise is dominated
by the variations in the LO output. The amount of LO power fluctuation is

associated by the factor @ as shovn in Equation (2):

where 05 is the percentage of IO outpub-power variation in the bandwidth of Af.
For small Ba’ the noise spectrum iz assumed to be wniformly distributed over
the acquisition bandwidbth of 5&'

The background nolse from the sarth or sun is associated with the

term db/N in BEquation (3). The major factors in determining the value of cb/N
are discussed below.

1.6.1 Self-Fmitted Energy Fluctuation from Earth

Earth background energy is received by the detectcr as the recelver
beam is scanned across the earth. The amount of energy received at the IF filter

is a function of the earth spectral radiant emittance, E Ag the receiver beam

\
scans across the different portions of the earth having a temperature variation
of AT, about an average temperature of T, the emittance fluctuates by the amount

of dEk gbout an average value of Eh' From Planck's radiation eguation,

A =1
B, = C)) exXp 17 - (48)
where
EA = gpectral radiant emittance in Watt-mne—micron_l
Cl = 3.7 x 108 watt-micronh-mfe
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C_ =1.hip x 10” micron-K

A = radiation wavelength in microns

Because exp (Cg/kT) >> 1 for T = 300§K and A = 10.6 microns, Equation (48)

becones

-1

a
E, =) "7 pr X%) (49)

The varlabion in E?\ as a function of temperature change caun be

obtained by differentiating Eguation (11-9) with respect to T:

-1
dT . 1 AT kTE

B .C. 4T
4B, = 2 yattom S-micron™t (50)
A RTQ

With an optical filter having a bandwidth of 1 micron, Equation (50)
becomes '

E 02 4T -
aR = —— watt-m (51)
AT
The received powef fluectuation, oy is
(aE) &, A_ B
o, = & watts (52)
R2
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where
Ar = recelver aperture-
At = area seen by receiver aperture
R = distance from earth to receiver
. . Py
B = receiver IF bandwidth = 373
¢ = gpeed of light in meters/sec
d = radiation wavelength in meters
Since

o
A = aR

t A
T

substituting Equations (51) and (53) into Equation (52) yields

EC, a’ B, AT
% = 5
AeT
Since
%%
N~ (NEP §[

substituting Equation (54) into Equation (55) yields

B-20
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The maximum temperature variation as the receiver beam scans across
the earth with a scan angle of Gy is assumed to be 30%. For a worst-case
analysis, it is further assumed that all received energy, Ty 5 falls within the
acquisition-signal bandwidth. The rddiant emittance, E,, calculated by Equation
(4L9) for T = 300% and A = 10.6 microns is 30.2 watbt-m —micron_l. For an
optical filter of l-micron bandwidth, E = 30.2 watt—m_e. Substituting

NEP =1 x 10—19 and the various numerical values into Equation (56),

b

G-b _
=% = 5.0 x 10 (57)

Becanse the receiver is sensitive to only one polarization, this

reduces cb/N by a factor of 2, and Equations (56) and (57) become

3
o. EC, 4 ayv
+ = s (58)
2 % ¢ (NEP) T
- 5.7 x 1074 (59)
1.6.2 Direct Solar Energy

Solar background energy is received by the detector when the sun is
in the gcan angle. IFf the amount of energy reteived by the detector falling
within the IF-filter bandwidth is E, the received energy fluctuates from zero
t0 B as the receiver beam scans from the dark background to the bright solar
disgk. This is a probable condition, because the angular diameter of the sun and
the scan angle of the receiver beam are of the same order of magnitude. The
repeived—energy fluetuation, Oy can be now determined by a relationship similar
to that shown in Equation (52):

. =EAtAr pr @
b . 72
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Since

At =%
: r
Ep &
o, = S (60)
Combining Equations (55) and (60),
%G g
® T ¢ (BEP (61)

Because the receiver is sensitive to only one polarization, this

reduces o, /N by a factor of 2, and Equation (61) becomes

E a0

% _
N T 2c (NEP

(62)
For a worsi~cage analysis, it ls assumed that all recelved energy

Talls within the acquisition-signal bandwidth. The spectral radiant emittance

of a 6000% blackbody at 10.6 microns calculated from Bquation (8) is 1.10'x 10k

watt—m."2 for an optical bandwidth of 1 micron. Substituting the appropriate

values into Equation (62),

a.
b
- = 0.218 (63)

Acquigition in the presence of such high background energy reduces
the acqulsition probability to a low value. It is therefore considered
impractical to acquire a target in direct sunlight. Once the target is acquired
elsevhere, the tracking subsystem is capable of tracking the target in the

presence of the sun.
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Solar energy reflected from adjacent dbjects on the spacecraft
should also be kept to a minimum. A 0.12&% variation in reflected solar energy
received by the detector will produce & Ob/N having the same value as that
produced by the self-emitted earth background energy of cb/N =2.7Tx 107",

1.7 ACQUISITION PRUBABILITY, FALSE-ALARM FROBABILITY,
AND THRESHOID LEVEL
Statistical-noise theories are used below to obtain expressions for

acquisition probability, false-alarm probability, and threshold level.

Acquigition is based on establishing a threshold level at the output
of the subsysfem. If either the noise alone or the scquisition signal plus
noise exceeds the threshold level, the transmitter beam is sald to have acquired.
The threshold-to-noise ratio therefore determines the false-alarm probability
and the required acquisition-signal S/N determines the acquisition probability

gt a given false-alarm probsbility.

The probability of noise alone exceeds the thresheld as

P -—-exp(—E) (64)
Ta 2N2
where
Pfa = false-alarm probability
V& = threshold level

N = rms noise wvoltage

The false-alarm probability is related to the false-alarm time, Tfa’
and the acguisition-signal bandwid‘bil, ﬁa, by

P, =% (65)
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Iet the average time between false alarms be Tfa = 5 Tf. Then, combining
Equations (64) and (65) yields
v,
T ' 1/2
T = (240 5T 8) (66)

The probability that the acquisition signal plus noise exceeds the

threshold level, VT’ iz given in Reference 2 as

v,-8\ P |- 3 V-8 L+ (V.-8)2/°
1 T 208 T T
P, == {1 - erf + 1- + - (67)
a2 N 2 \Bx (g) 123 ay 2
i 8 (-)
i}
where
8 = acquisition-signal amplitude
% = acquisition signal-to-noige ratio required to produce an
acguisition probability of Pd with the threshold get at
VT volts
The overall acquisition probability of the subsystem, Ps’ is
P =P, P (68
where
P, = acquisition probability given by Equation (45)
Pd = acquisgition probability given by Equation (6?)
1.8 ACQUISITION-SUBSYSTEM DESIGN

The results of the design analysis are now utilized in the design of

the subsystem. For a target-uncertainty angle of ip.2° (20 value), the standard
derivation, ep, is L2 0.0667° (1o value). The acquisition-probability curve

3
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of Figure B-6 indicates that a ratio of el/ep = 2 is needed for an acquisition
probability, PA’ of 0.91. Therefore,

B, = zep = 2(0.066T)

]

0.133°

The width of the expanded transmitter beam, :!-_80 , can be determined by Equation
(L6 ):

@
I

o = .8 = (0.8)(0.133)

0 = 0.106° (68v)

The half-power beamwidth of the expanded transmitter beam, 46, is related to 60
by Equation (9):

2
B(e) _ e
E—,(B-S—-exp 2—05
28
a
& =1.188

)|

The energy received is optimized when 80 L/‘z‘ed [Equation (12):] :

. 11.188
- ——l

6 =
e}

It

0.833 8_ (69)

Substituting the value of € from Equation (68b) into Eguation (69):

@
I

0.833 0.8

0.0885° (10)
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The half-power beamwidth of the expanded transmitter beam is 28 = 0.177°.

The scan angle, i@y, according bto Equation (hT), is

Len]
I

It

The total scan angle is 26 = 0.416°.

From Bquation (23},

2
p T8 B, /21

t

0.208°

= 1.566; = (1.56)(0.133)

(T1)

(T2)

Iet
p=0.9
§ = 0707
B, =353 x 1077 degree
9 = 0.208°
Y
Tf = 220 sec

6 = 0.00lo/sec

P :
26 (26 +8T
, (28 ¢)

Corresponding to 90% of the active scan
time

Value taken from Equation (28)

Corregponding to the lg value of the
half-power receiver beamwidth of
8.33 x 1073 gegree (30 arc sec)

Value taken from Eguation (71)
Value taken from Figure B-2

Value taken from Figure B-2

Substituting numerical values into Equation (72),

2

t. = 3.290 x 107° sec (13)

D
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The corresponding equivalent bandwidth of the acquisition signal is

. - :
B, = 7% " 15.2 Bz (74)

The acquisition~signal S/N can now be determined from Eguation (5):

s ¢
FN°R 1/2 (75)
2 2
L %P %
Lf{0a) [
Bty AT ™
From Eguation {34),
0.285 K (9) 0.
= e (76)
S o= T
N 92
Let
(%) = 235 Corresponding to 23.7-db on-axis S/NZ
5 narrow transmitter beam with a 8.5-MHz
IF bandwidth.

0, = 1.665 x 10°2 degree  Narrow transmitber beamwidth 0.00333°
(12 arc sec) at half-power points

o = 0.088s5° Expanded transmitter beamwidth, value
taken from Eguation (TO)

BI = 8.5 Mz IF equivalent-ncise bandwidth, value taken

from Equation (7)
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Substituting numerical values into Equation (76),
¢ =287 x 2072 (77)

To evaluate the acquisition-signal S/N, the following numerical values are
established :

tp = 3.29 x 10™? sec Value taken from Bguation (73)

dﬁ N

7 = 2-Tx 107 Value taken Prom Bguation {59)

¢, = 0.003 Current estimate for the IO power varia-
‘tions in the bandwidth from de to 45 Hz,
AT = L5 Hg

Ba.
o= o il From Equation (2)
o= 1.02 x 1079 B, = 15-2 Hz [Equa‘bion ('Thil

Substituting the proper numerical valuss into Equation (75),

S
§ =131 (78)
From Equation (66),
v
T 1/2
w < (2 n 5 T, Ba)
With
Tf = 220 sec Acquisition time, value taken from Figure
B-2
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and

w
It

15.2 Acguigition-signal bandwidth, value taken
from Equation (Th4)

s
-ﬁﬂl [_'2 in 5(220)(15.2)]}/2

h.h

n

To produce an average time between false alarms of 1100 sec (or one per five
scan frames), the threshold required is L. times the rms-noise volbtage of the
subsystem.

The acquisition probability as a functiorn of signal-to-noise ratio
is shown in Equation (67). A family of curves of P, as functions of S/N and Te,
were plotted on page 34 of Reference 2 for

B, =0.99 Representing 99% probability of
acquiring the signal
Pfa = giﬁ;?;— . Palge-alarm probability with Tf = 220
f Fa sec and Ea = 15.2 Hz
P =6x 107

From curves of Reference 2, the value needed to meet these requirements is

6.9 (80)

=

Comparing Equations (78) and (80), the acquisition subsystem has a
design margin of 5.6 db, which is a gross syétem margin. Factors such as signal
attenvation of the filters will reduce the margin to a lower value. The analysis
in paragraph 1.9 includes the amount of attenuation due to imperfect matching of
the acquisition-signal gpectrum to the post-detection filter characteristics.
From Equation (68),
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Ps = PA Pd

il

(0.91)(0.99)
" =0.9

]

The subgystem has an overall acqguisition probability of 0.9.
N\

To illustrate the effects of the various parameters on subsystem
performance, curves based on BEquation (5) were generated using the acguisition
time as a function of the spacecraft roll rate with the I0 outpub stability as
a parameter. The curves are shown in Figure B-2. The operating point selected

for the subsystem is at T, = 220 sec, & = 0.001°%/sec, and o = 0.003.
1.9 POST-DETECTION MATCH FILTER

To extract the acquigition signal from the carrier, the signal is
demodulated by an AM deteckor. The wesk acquisition signal is then extracted
by meansg of a matched filﬁe¥. For a matched filter, the output 1s the correla-
tion between the received waveform and the response of the filter. The energy
distribution and waveform of the input signal are therefore important parameters
determining the ability to extract’the weak signal from a carrier having C/N =
-15.k db as calculated from Equation (77).

In the analysis of paragraph 1.4, the receiver beam is assumed to
have a Gaussian power-gain distribution. The acquisition signal is therefore
also assumed to have a Gaussian shape, with a half-amplitude width equel to

the dwell time, tP, given by Bauation (72).

Let the acquisition signal, £(%), have the form of

2
f(t) = ‘/_l exp |- ij-g)
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The gignal spectral distribution, F(jw), of £(t) is

o)
Fljw) = j £{t) exp (jwt) dat
-0
ao
1 £° .
= exp ( - -5 + jwi) dt
. 2% g 20
'y 4

= exp (- wo/2)

For a Gaussian signal,

0.5 % .
o = 1.2'9 %, =3.29 % 1077 sec
5 o2
F(jw) = exp [} (2nf) %;]
- exp [ (3.72 x 1073) fEJ (81)

The signal spectrum, F(jvw), as a function f is shown in Figure B-T,
as are the characteristics of the post-detection filter. For a singly-tuned,

two-stage filter, the equivalent noise bandwidth, Sa’ is

1.22 (3-db bandwidth)

It

B

a
1.22 (1k)

Il

I

17 Hg

Substituting Tf = E%— into Equation (5)1 the acquisition-signal S/N is found to
a

be 12.1. In comparison with the value in Bquation (78), there is a 0.7-db S/N
loss due to filter mismatch. With this loss taken into consideration, the

design margin of subsystem decreased from 5.6 db to 4.9 db.

B-31



Report No. b033, Vol. I, Part 2

2.0 TRACKING DESIGN AND AWALYSIS

To compensate for spacecraft mobtion and to maintain the proper
optical alignment between the transmitter of one station and the receiver of
another, target tracking is to be pernformed by both stations. A functional
block diagram of the tracking subsystem is presented in Figuré B-8. The sub-
systen performs position sampling by rotating the received beam over the de-
tector., When the beam is not centered on the detector, the 1F carrier signal
is amplitude-modulated and the phase and depth of the modulation indicate the
misalignment direction and magnitude. North-south and east-west axis error
signals are generated by (a) detecting the AM signal from the IF carrier, and
(b) phase-detecting the AM signal, with the two nutation-drive signals as ref-
erence. The two error éignals are then employed to actuate and control the

servo system in centering Tthe received beam on the detector.

The tracking subsystem has two modes of operation - acquisition

tracking and operational tracking.

Acquisition tracking is performed to maintain pointing during ac-
quisition after only one station has acquired the other station. Because the
transmitter beam is expanded, the power density is low. The radius of nuta-
tion for acquisition Tracking must be large enough to produce a tracking-error

signal of sufficiently high S/N to control the servo system.

3

An acquisition-confirm signal is produced during acguisition track-
ing. It is used to verify that the transmitter beam has acquired and the sub-
gsystem is tracking the beam; in its absence, the subsystem reverts to The
search operation. The acquisition~confirm signal is generated by driving the
nutator with an additional signal having a frequency approximately twice that
of the tracking-mrtation frequency. This driving signal will apply to one axis
of nmutation. The acquisition-confirm signal is synchronously detected from the

IF carrier, with the new mutator-drive signal as reference.

Operational tracking employs electronics used in the acgquisition
tracking. To compensgte for the difference in received power density, the
radius of nutation and the error-signal amplification are decreased for normal

oparation.
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Analyses were performed to establish the various system design
parameters. System performances were then analyzed with the following msjor

parameters taken into consideration:

Spacecraft roll rate

Radius of nutation

Wutating frequency

Carrier-to-noise ratio

Tracking-error signal-to-noise ratio
Tracking-subsystem bandwidth

Tracking error ’

Carrier attenuation at maximum tracking error
Acquisition-tracking confirm capability
Acguisibion~confirm signal-to-noise ratio.

2.1 SYSTEM PERFOBMANCE SUMMARY

The wvalues of the various system parameters were selected to achieve
good tracking accuracy and to minimize the amount of hardware regquired for im-
plementabion. Succeeding pages describe the methods used in parameter selec-

tion and system-performance evaluation. System performance is summarized as

follows:
Tracking 13 arc sec
Carrier attenuation at maxi- -0.9 db
mum tracking error
Tracking range iO.EOSO
Acquisition-confirm-signal S/N 6.1 db
margin )

To accomplish the performance objectives, the following oOperating

conditions and system design parameters are sgpecified:

Maximum spacecraft-roll rate . o.ooiojsec
Acguisition tracking nutating 8 arc sec
radius

Normal tracking-mutation radius 1.5 arc sec
Acguisition-confirm-signal nu- 8 arc sec
tating radius

Tracking-subsystem bandwidth 5.12 Hz
Tracking-subsystem response time C.112 sec
Acquisgition-confirm-signal band- 1.0 A=
width
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2.2 TRACKING SIGNAL-TO-NOISE RATIO

The tracking-error-signal S/N can be obtained by the modification
of Bquation (3):

s (§)ee] o) )

T 72 (82)

[2 (o, 2 (3]

= = carrier-to-noise ratio at TF oubtput

E(6) = carrier attenuation as a fumction of target off-axis angle, ©

M(0) = percentage of error-signal modulation as a function of @

K(y) = on-gxis carrier attenuation as a funciion of radius of nutation, ¥
ﬁI = equivalent-noise bandwidth of IF fiiter
B = tracking-subsystem bandwidth

a
05 = local-oscillator output-power fluctuations in bandwidths of Af-
2
%%
= rms fluctuation of background noise from earth

Figure B-O shows the relative signal amplitude from the detector
-ag a function of target off-axis angle, 8. The curve was obtained by numerieal
integration of the Gaussian receiver beaw on a 32-arc-sec round detector with
& uniform LO energy across the detector surface. For a given radius of nuta-
tion, ¥, the error-signal modnlation, M(Q), at various off-axis angles can be
determined from Figure B-9. This is done by finding the mweximum signal ampli-
tude (Emax)’ the minimum signal amplitude (Emih), and the carrier level BR(6)
at each value of 0. M(©) cen then be calculated from

B,
max min

(o) = =5 (83)

2

During acquisition, the transmitter beam is expanded from 12 arc

sec, or .003530, Lo O.lTTo. If the on-axis power deusity of the narrow
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transmitbter beam is assumed to be 23.7 db and acguisition occurs at 5.36 db
below the on-axis power density of the expanded transmitter beam as chown in

Figure B-3, the carrier-to-noise ratio is

1

2
C 0.177
T 25,7 = 10 log (5756333) - 5.36
(84)

-16.21 db or 2.39 x 1072

A beam expander is used to form the expanded beam, thus bypassing
the primar& mirror and eliminating beam blockage by the secondary mirror. To
account for the difference in the transmission efficiency of the two optical
paths, a constant K = 1.2 is introduced into Equation (8l):

% = (2.39 x 10°%) K = 2.87 x 1072 (85)

Tet .

B, = 5-12 Hz [value. taken from Equation (97))

Br = 8.5 mHz

o, = 0.003

Nf = U5 He

a

ﬁ}z = 2.7 x 10‘1‘

Substituting values into Bquation (82),

S = aht [5(0)] [100) [x(] ()

Equation (86) is used to calculate the error-signal S/N as a function of the
target off-axis angle at various mutation-radivs values. Figure B-10 ﬁlots S/N
as a function of @ for nubational radii of 6 and 8 arc sec. Acquisition track-
ing with a nutation radius of 8 arc sec provides a maxigum S/N of 6.8 when the
target is displaced 14 arc sec from the cenmter of the detector. At a displace~
ment of 1.5 arc sec, S/N = 1.0, This indicates a servo-gsystem inactive zone of
+1.5 arc sec withiw which no correction is provided.
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For operational tracking, the radius of nutation is reduced to
1.5 arc sec. The S/N as a function of © can be calculated by Equation (82),
with C/N representing the narrow transmitter-beam C/N value at the IF output.
Figure B-11 plots the normalized S/N'hs a function of @ for r = 1.5 arc sec.

The nubtation frequency is selected as 100 Hz, to ensure that the
bimorph-driven nutator is operating &t a frequency about twice the resonant

frequency of the nutator assembly.
2.3 ACQUISITION-CONFIRM SIGHATL

The acquisition-confirm signal is used during acquisition to verify
that the transmitter beam is acquired and the subsystem is tracking the -beam.
It is generated by driving the nutator with a 200-Hz signal and applies to
one axis of the nutator. The acquisition-confirm signal S/N can be calculated
from Equation (82):

£) [ree) o] ()

C
N

1/2
28 2
= (3]
P

(87)

=i,

N

K(7), E(0)}, and M(6) calculated on the basis of data obtalined from Figure B-9

have the following values for a radius of nutabtion of 8 arc sec:

K(y) = 0.8
E(e) = 0.8
- Poox ~ Fpan 2
R - ()
0.98 - 0.40. 1
- 27 0.8
= 0.362
Let
% = 2.87 x 10”2 [value taken from Equation (85)]
B, = 1.0 Hz
51 = 8.5 MHz

B-36



Report No. 4033, Vol. I, Part 2

a =0
o}

Bl

3

0.00% ﬁg

6.67 x 1077

for LO-output stability of o, = 0.5% in the Af = 45 Hz frequency range

o
j? = 2.7 x lO-h (value taken from Equation (59)]
Substituting mumerical values into Equation (87),
= 11.8 (88)

The S/N reguired to achieve a detection probability of Ri = 0.98 and a false-
alarm probability of Pfa =9g.1x lO'h, as calculated below, can be obtained
using Equation (67) and a curve genersted on page 34 of Reference 2:

1
P =
fa Tfa 68
where
Tfa = false-alarm time
= one for five.frames
= 5(220) = 1100 sec
Ba = gcguisition-confirm signal bandwidth
= 1 Hz
P, =9.1lx 1o'h
fa '
S _ 8
5= 5.9 (89)

Comparing Equations (88) and (89), the acquisition-confirm signal S/N margin is
6.1 db.

2,4 TRACKING -SERVO SYSTEM

The north-south and east-west axis error signals described in para-
graph 2.2 ars employed to activate and control the servo system to track the
received beam. The ensuling anslysis is aimed al determining tracking performance

and éstablishing and selecting numerical values for various servo-system parameters.
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o.h.1 Formulation of Mathematical Model

The servo-system configuration is shown in Figure B-12, which
represents either the north-south or the east-west axis servo loop: Figure B-13
shows the amplitude of the phase~dem6&ulated signal as a function of the re-
ceived-beam off-axis angle. Its curve is generated on the basis of data from
Figare B-11l. The elecbronic gains of -the AM and phase detectors are adjusted
t0 produce the proper signal amplitude. The off-axis angle shown in Figure B-13
is the internal angle or 10 times the externsl angle, to account for the ampli-
fication of the primary telescope. In the analysis, it was considered that
tracking is performed over a relatively small error angle arcund the origin,
and a line with a slope equal ©o Kb as shown in Figure B-13 is used to repre-
sent the transfer function of the phase-detected signal, Gl(S). GE(S) repre -~

sents the compensabion ampiifier at the output of the phase detector.

To provide the servo system with a suitable damping factor for
stable cperation, an inner;loop feedback assembly is incorporated to compen-
sate for the relatively low damping provided by the bimorph assembly. In the
inner lcop, G5(S) represents the biporph driver with a voltage gain of KA'
Gh(S) represents the transfer characteristics of the bimorp assembly, Hl(S)
represents a feedback bimorph attached to the driving bimorph, and HQ(S) repre-
sents the transfer characteristics of the feedback amplifier with a freqpencq-

coppensation filter.

2.h,2 Analysis of Bimorph Assembly with Feedback (Inner Loop)

The open-loop transfer characteristic of the bimorph assemwbly with
feedback, G(S) H(8), is given by

a{s) H(S)

1

GB(S)—GM(S)—H]_(S) —HE(S)

2
KyKyokp Wy, (T8 + 1)

(5 + oW+ jwn\fl-§2) (8 + 8W_ - jWn'\/l-SE) (a7 f+1) (T,8+1)

(90)
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Analyses and tests of the bimorph assembly indicated thst ite
resonance of frequency is 50 Hz and the damping factor is essentially zero.

The bimorph is considered to have an equivalent capacitance of 6000 picofarads.

Wn = 2xf = 31k rad/sec. for £ = 50 Hz
8 = bimorph-assembly damping factor
§=0
C = bimorph c:apaci't:,ance = 6000 picofarads
R = input impedance of feedback amplifier = 2.5 megohms
T, =RC = 15 x 107 sec
.%_ = 66.7
1
Let
Tl" = 66.7
2
Then
1
— = 667
a.T2
2
K {n 72} g, 1
W i ) 55
a(s) u(s) = . . 1 1
<S+an)<s-awn>(s+ 5@;)(s+ ﬁI)

KK KKK, [(31M)E (667)] S (8 + 66.7)

= {513 318) (s-3 31M)(s * B67) (5 + 86.7) (91)

The inner loop 1s chosen to have response of 5 Hz by selecting an

operating point at § = -32. Substituting 8 = -32 into Equation (91),

KFoke (5102 (667)(32) (5b.7))
(515)(315)(655) (34.7)

G(s) H(8) =

= 33.h KK KK, (92)
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The steady-state gain of the inner loop, Kﬁs’ cen be obtained by
making Equation (92) equal to unity:

51 Koy = 2
1
KﬁﬁﬂﬁﬁK? “ 334 T 0.05 = Kés (95)

The values of KM and Kﬁ are determined by the characteristics of
the bimorph. Applying 1%0 volss to the bimorph results in 2.0° deflection.
The feedback bimorph, when acting as a signal generator, produces 0.1h volt
vhen deflected 2.0°:

0
Ky = 1.%'golts = 1.h3 x 1072 degree /volt
Kﬁ = Qséﬁsgﬂlﬁ = 0.07 volt/degree

Substituting the values of K, and K, into Equation (93),
0.03 _ 0.03

K = =
A 0% (.33 x 1078)(0.07)

KpKp = 30

Let
G = 2
Ky, =30

The transfer characteristic of the inner loop, GO/Qe, is

O

6; = (5732)

K
=13 Kiii%égf

{(30)(1.435 x 10"21
1+ 0.0%

& KI(32)

0.415

1)
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2.b.3% Analysis of Servo System (OQuter ILoop)

The open-loop transfer characteristic of the system, G(S), is

KK (0.415)(32)
S (8 + 32)

The damping factor of the system can now be selected to provide

a(s) = (9k)

stable operation, good tracking accuracy, and relatively short response time.
Let the damping factor, &, be 0.5. Figure B-1U plots G(S) on the root-locus

plane. For & = 0.5, the system's operating points are
S =16+J 28
Substituting the § value into Equatiom (9k),

KK (0.416)(32)
(16 + 328) (16 - 328)

_ K%, (0.515)(32)
(32.2)°

G(s) =

(95)
The steady-state gain, Kss’ is obtained by setting Bquation (95) egual to unity:

_ _ (32.2)%
K. = KK, (0.415) = T

= 32.4
Since K = 306 volts/degree, as shown on Figure B-13
K = 32'l|'
C KD EO.E165
The closed-loop transfer characteristic of the system, eo/ei, can

now be written as

2
= K (96)

Y (S+sWadi V1-52) (S+8W-3W V1-5°)

®|0®
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W= |16 + 328| = 32.2 rad/sec

WwV1-5° = 32.2V1 - (.5)2 = 28

8W = 0.5 (32.2) = 16
W2 = (32.2)% = 10k
Tet K =1

Substituting values into Equation (96),

i _ 104
6, T (8 + 16 + j2B}(S + 16 ~ joB)

o}

2.5 TRACKING-SUBSYSTEM PERFORMANCE SUMMARY

2.5.1 Tracking Error, Qe

For a maximum spacecraft-roll rate of 0.00lo/sec

5 .
e K __ + gl + GE
58

a

Ql tracking error due to noise, offset, and drift of the
subsystem electronics

e 1.5 arc sec

optical and mechanieal misalignment

1
2
o 1.0 arc sec

e
2]

. 0.001°
Qew—?‘g—_—s—+ 1.5+ 1,0

Qe: 3 arc sec

2.5.2 Carrier Signal, E(@), at Maximum Tracking Error

Figure B-9 indicates that, with g radius of nutation, y, of 1.5 arc
sec and target displacement of 3 arc sec from the center of the detector, the
carrier signal is E(8) = 0.95, or 0.2 db. The attenuvation due to 3-arc-sec
misalignment of the receiver and transmitter beams is 0.7 db, according to the
optical-link analysis in Section 5.1.3 of Volume I, Part 1, Therefore, the

carrier-signal attenvation at maximum tracking error is 0.9 db.
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2.5.3 Subsystem Tracking Bandwidth
W 32.2
R
= 5.12 Hz (97}
2.5.4 Response Time

Rige time, 't;r ; In response to a uni'i:-:step input is determined as

follows:
~ o "1/2
6, = |1+ (1 ~57) exp (-gWt) sin B’c]
{1+ 1,16 e gipn 281-.]
o 01+ 2,26 700 G4 on (4,45)4:,}
§ =L cycle of 4.45 Hz
r 2 ’
1 /2 ~
t, =3 (4.#5) = 0,112 sec
REFERENCES
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2. M. I. Skolnik, Introduction to Radar Systems, New York, McCGraw-

Hill, 1962.



DETELTOR

|

f 42 AMPL\ FEeL

|

Po&T—
AMPMFIEL

ACRUISITION
IF
F:LTEL

|

A
DETECTOL.

|

Report No. 4033, Vol. 1, Part 2

PosT-

DETECTION
© PILTER.

Block Diagram

Figure B-1

Acquisition Subsystem Functional

Eeos wt
. o E S}N LUT
J E cos auwt
[ NUTATING |
| ceaa | HoR\26ATAL.
e o | 3 VERTICAL ScAn
| GERNELAOR. | SIENALS
___‘_f THeESHOLD
: £ SELECT
SEARCH THRE SHOLD COMMAND
PAT‘T‘ERN LENEL.
GeNeRATOR. GENELATOE.
4
ACHUIS I Tion )
Ace N
CIRCOITS, SiGNAL | DETECTOL



&
)

=

SPACECRAFT - LotL QAT

Report No. 4033, Vol, 1, Part 2

TARGET- UNCELTAINTY ANGLE, 1 5.2 peg

ACRUISITION  (ROBABILITY . 0-9
FALSE -ALARM TimE . 1100 Sec
DESIEN MAZG&IN . 5.6 db
DEG As= LOCAL. OSCILLATOR STABILITY
Sec
0.003 t
oL = O. t?a
0.003 | L = 0.370
6.00t I~
o ‘ N ' — ‘
foo 200 300 4oe Sop SEC.

ACQUISITION TIME , T

Acguisition-Subsysten Performance

Figure B-2



Report No. 4033, Vol. 1, Part 2

EXPANDED TRA SMIUTTER
EAM, O.L7T UB.'4ER

~m—— ACQLISTTICON POIWY
(-b.3¢dav FROM UE PEAv)

2 I0 (0 SEARCH

/"/("
< ACQUISITION
POTRY (-1.Udd
TROM THE PEAK)
'BCET'EX SEA2CI BEAM,
30 ARC SEC

Relative Positions of Transmitter and Receiver
Beams at Time of Acquisition

Figure B-3



s

FILTER ATTENLATION, H ()

Report Wo., 4033, Vel. 1, Part 2

20t ¢ MH%T
42dblect HrrenuATion

EQUIV Nowsg pw= gsmé _

\He)|
Ot 2N
|! | —ipeo IF FoTel
' /
0.3 t {
Il !
! r—l— ACRUISITION |F FiLTeER
0.0 { | 24dblest ATTEpATION
|
| j |
! ? '
o4 / )
| E
!‘
0.3 ¢ [ E
| i
| |
o] I j

20 20

Feequencey F

Acguisition IF-Filter Characteristics

Figure B~hL



l.o
L-4

03
-
F
2
&£

g 0.6
O
&
2
b

£ 04
v
=
g
<L

0.2

0

Report Wo. 4033, Vol. 1, Part 2

-

o

0.6 6.1 0.8 0-9 .0

BeAm fepueTioN FACTOR , o

Acquisition Probebility ag & Function
of Beam-Reduction Factor

Figure B~5



AcQuisiTion fﬂo&MﬁLxT‘[ ) f?A

o.b

0.4

Report No. 4033, Vol, 1, Part 2

Ag = beim-fEpueTion
Factol
O{:-, = D*g
0 \ 2 3
By

TARGET UNCERTANTY ANGLE, —

!9,9

Acguisition Probability as a FMuncbion
of Target-Uncertainty Angle

Pigure B-6



PELATWE  AMPLITUDE , F( )w)

o

o
>0

0.b

Do ¢

Report No. 4033, Vol. 1, Part 2

SoLID LINE -  ACQuisITioN -S16NAL.
SPECTRAL. CHARICTELISTICS

DasH LINE ¢ posT- DeTECTION, FiLTel
CHABALTERISTICS

Frequency , £

Acquisition Signal and Post-~detection Filter Characterisiics

Figure B-T



Q=g 9aInITA

INpOT
——

SIEHAL

DETECTOR

LocAL
0SCILLATOL
SENAL-

pee-
ANYLIFIEL

Fos'r-

Y

AMrLrﬁEf.

Acquisnon AM BAND-
> FF prss
AvrFiek PETECT. FiLTEL.
' E 0% wl
\ _[ 3
- peTECTOR &~ perrerop. [ E SINWE
{ y
tomPeENSATION ComperSATION
}\MfHF'tEE- AMPLIF) G
Holy2onTA L l’;
I VERTEAL. Copd
J J SENALS
FEERRACK, Brmor Py BitvolpH FEEDBACK
AMIL FIER,
'-'irP Fl'lfl%‘iﬂ. DRIVER. DENE < fm L{Elf_‘%z
8
FEEDBACK IMAGE MOTION FEED PACK,
Rimokput fmcbmfenégroz e 0 SImoﬁf'H

Tracking Subsystem, Functional Block Diagram

‘o arodey

g 1red ‘T *ToA ‘CCof



RELATIVE SIENAL- AmUTODE Flom DETECTOR

Report No. 4033, Vol. 1, Part 2

TARGET OFF-AMS ANGLE , D

Relative Signal Amplitude from Detector
vs Target Off-Axis Angle

Figure B-9

AE-SEC



i
N

BP0l SIENAL-- TO - NOISE RATIO

Report Wo. 4033, Vol. 1, Part 2

Yr—g Afe SEC

10 | do

TMGET oFF - AYIS ANGLE 8

Error-Signael /N vs Target Off-Axis Angle

Figure B-10

30

ARC SEC



Report Ho. M033, Vol. 1, Part 2

Lz;% 3
»Z 59 ¢
T
g
b 0.l 1}
ol ;
I
o .
fa MLT
nf H
B :
3 I
<« f
= .2
[=]
2 [{
...—!0 ? .
! 1 20
3 { pbe sic)
Ji-0% TARGET oFF-ANS ‘
| ANELE
'-604’
X . BaDws oF auTATION= 1.5 Séc
L _0:3L
...o,%
T
..;,,-o_

Error-Signal S/N vs Target Off-Axis Angle

Figure B-11



Report No. k033, Vol. 1, Part 2

DEMODULATED SiENAL-
(Nert)

Ois

Kp= ('4'35)C5L°°) 0.4 1
Zo6
= 300 V[peg
0.3

—100

0o 200
(ARC sEc.)
lEcewEeD Ream oOfFfF- AWML

ANGLE

gADIUS oF NUTATION = [.5 fr::‘a
InpuT ety = 23,74b

-0.5

IR Tracking-Servo System

Figure B-12



¢T1-d 2anStg

-_if_,;_-‘ + Ge | K Km Bo
S 2 A %’—;; #2254
6a(s) 639 &a(s)
Ke(Toty) | KeS
ATS+ | 1S+ |
Ha(s) H¢e)

Ko= 2ol \’/D&@ Km= 43R 10" peg. [V Wn = 314— RAO [sEL

¥eo= 250 Ko = ©.07 V/DEG'
Ka=s 30 Ke=1

Demodulsated Signal Amplitude vs Received-
Beam Off-Axis Angle

T = bl
A= be.

T L
—i?;:Lé7

“off axodey

2 ated ‘T "ToA ‘¢Con



HT~4 I3 T

6oy = Ko ks (2415) (32)

S(S+32) 130
S=b.

&j- S=0.5 \R o )
5‘= —!L‘P‘ZB ) '
Sz=_|é,)13 “AZo

.)'0
% %
~do ~30 -20 =0

System Open-Loop Characteristics G(8)

*ON qaodsyg

2 axed ‘T "ToA ‘¢Coy



Report No. 4033, Vol. I, Part 2

APPENDIX C

. LCE TELESCOPE COMPARTMENT/ATS SPACECRAFT
INTERFACE HEAT TRANSFER STUDY

This appendix Presents the results of a gtudy of the heat trans-
fer between the LCE telescope compartment and the ATS spacecraft. The purpose
of the study was to determine what is required in the telescope thermal design
in order to reduce the hest transfer across the LCE/ATS mechanical interface
throughout the complete orbit. The results of the preliminsyy transient
thermal analysis described by Misselhorn showed a maximm of 9 watts being
transferred to the spacecraft when the telescope opening faces the sungl)
Also, the results showed 51 watbs Deing bransferred from Lhe spacecraft when
the telescope opening is nob in the sun. This difference in heat input needs

to be reduced.

The study has shown that the interface heat transfer can be reduced
o +5 wabts ("-" indicating heat transfer from the spacecraft) by insulating
the interior of the telescope compartment with 0,2-1In.-thick [10 layers -
Table IV of Reference (1)) multilayer insulation. A1l surfaces, with the
excepbion of the mirrored optical surfaces were covered with insulation. Also
gffective in reduéing the interfaée transfer was the élimination of the earth
facing surface [Wodes 63 and 64 of Reference {1)] as a space radiator and in-
sulating it similar to the other internal sﬁrfaces. The thermal model used
in this analysis wasg the beryllium -telescope section of the LCE thermal model
reported in Reference {1). TFigure C-1 shows the orbital interface heat bransfer
variation for both orbit extremes: éélstice (¢ = 23.5°) and equinox (¢ = 0°).
Figures C-2 and C-3 sliow the primary and secondary mirror orbital bemperature
variations for solstice and equinox orbits, respectively. The coarse-pointing
mirror temperature varied between 61°F (16.1°C) and 96°F (55.700) for both
orbits. The maximum temperature gradients in each spider leg was h.SOF (E.SOC).

Removing the insulation from the struts (spider legs) will:
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) Increase thelr temperabture gradients
) Tricrease their temperature oscillations in the orbit
] Increase heat exchange of telezscope with spacecraft

All three of these consequences are undesirable for the LCE thermal design.

A constant boundary. (spacecraft) tempersture of 68°F was used in this anslysis.

In the énalysis, the outer surface of the insulation was coated
with white paint similar to that used on the interior surfaces in the Reference
(lj analysis: a = 0.25 and € = 0.85. The resulbing maximum temperature
excursion for the insulation was -150°F (-101°C) o +212%F (lOOOC). Actually
it is more desirable to have a lowercxs and €{ a low o to decrease the ab-
sorbed solar energy, and g low € to decrease the emitted energy when there is
no solar energy entering the opening. However, there will be a tradeoff,
since a low-€ surface could possibly give a higher insulation surface tempera-

ture., If the ouber layer of insulation is not coated at all, then the follow-
ing possibilities exist:

Kapton film out

*

° Half-mil Kapbton - @ = 0.33 and € = 0.49
*

® Three-mil Kapton - o, = 0.4l and € = 0.78

Aluminized surface out

. Half-mil Kapton, with aluminun over nylon.tulle -
@, = 0,15 and € = 0.20"

° Half-mil Kapton, without the nylon tulle -

o, = 0.15 and € = 0.04™

In all cases, the surface thermal properties are such as to yield
excessively high insulation temperatures. A desirable improvement over the
white paint would be second surface mirrors (as = 0.08 and € = 0.77 to 0.83).

However, these can only be incorporated with a penalty in both weight and cost.

*
As given in Reference (2)
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Actually, the desirability of the second surface mirrors over white paint
would be thg stability, and not necessarily the lower aé and € because of the
wany reflections (internal), the heat experiences before having been reflected
or emitted through the opening.

When the motors and encoders on the coarse—poiﬁting wirror are
turned on at some time duriﬁg the orbit, they will heat up. An analysis
should be made during the LCE design on these items to determine just where
the internal power dissipation is inside the motor. The analysis should also
determine how the power is dissipated within the motor, and whether insulating

will cause motoir overheating.

Thus, it is belleved by Aerojet tThat the white-painted multilayer
insulation on the interior surfaces of the telescope compartment will be best
sulted for minimizing the LCE/ATS interface heat transfer. Kapton as the £ilm
material for the insulation will easily withstand the -lSOQF 10 +212°F tempera -
turé extremes. The achbual insulation system design should be followed closely
by Thermal Design to meximize the effectiveness of the insulation in reducing
the absofbed solar heat. Another feature of the insulation should be to have
only sluminized (low-e€) surfaces facing the ATS spacecraft to minimize the
radiant interchange. Of the 15 watts transfér,_lo% is from radiation with
LCE walls (facing fhe'spacecraft) coated € = 0.05.

REFERENCES
1. J. B. Misselhorn, "Preliminary Transient Thermal Analysis of the 10.6
Micron Laser Communication Experiment Package,” Memo. No. TES69-17T0,

to W. F. Funnell, Dec. 1969.

2, E. BE. Leudke and W. D. Miller, "Kapton Base Thermal Control Costings,”
Paper presented at ASTM Symposium, Cincimmati, Ohio, Dec. 1969.
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APPENDIX D

ANALYSTS OF DISCRIMINATOR LINEARTTY

A typical balapced discriminator cireuit ig shown in Figure D-1. The

output voltage of the balanced discriminator is

e = (2|5, - S (1) .
by 2 J 2
1+ (x-0) 1+ ()
— ‘-J.
where
2 ANy
7R
Al = frequency deviation from the mean tuned-circuit frequency
BW = tuned circuit bandwidth in Hertz
EO = RM3 signal amplitude
2XBW = separation hetween the two resonant peaks

Kormalizing equgtion 1 yields

—

- L , 1 (2)

h o= _ :
JE;lEo, J1_+ (xacx)2 V1 +~(X}a)2

For small values of ¢, the discriminator curve in Figure D-2a is

obtained. For large values of ¢ the curve in Figure D-2h will resulbt. For small
values of ¢ the curve will be linear but only over a parrow bandwidth. For an
intermediate value of ¢ the curve will be very nearly a straight line in g

region between L=y and X, over a large bandwidth. Figure D-5‘shcws a discriminator
curve with a typical valile of & showing such a linear region between x and Hpye
To determine the optimum value of @ for the required discriminator linearity
between points x and X5 1t is helpful to examine the curve h for various values
of x and calculate the deviation from linearity. The slope of the curve as it
passes through zero is h*(0), and x*h'(0) is the equation of the tangent to the
curve at the origin. Thus, the deviation from linearity of the discriminghor

curve is:

D-1
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€ =1 - ¥h'(0) (3)
A plot of ¢ ag a function of x with ¢ ag a parameter appears in Figure D-4.

Figure D-4 shows the relation between discrimingtor linearity and
discriminator bandwidth and provides the design value of @ when both guantities

have been specified and inserted into the figure.

As an example, if one specifies that the discriminator linearity
should be no worse than iE% over as wide a bandwidth as possible, the best value
of @ for those shown in Figure D-b is 3/2.

The curves were plotted to display a good range of values for o, but
any number of curves could have been drawh in the figure. Iﬁ is quite possible;
that for a given linearity and discriminestor bandwidth, there is another value of
@ not plotted in the figure which will work as well or better. However, since the
design is cnly approximate and the accuracy with which we establish the optimum value

of O 1is not necessarily consistent with circuit tolerances, it is not necessary to

include more values of @ in the figure.

D-2
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APPENDTX E

CARBON DIOXITE LASER ANATYSES

1.0 €O, LASFR-SIGNATURE PROBLEM"

A carbon dioxide laser may oscillate at any one of many possible
lines. As its cavity length is varied over a distance of A/Q, a large number
of such lines oscillate one at a time in succession. The listing of the identi-

ties of such sequences of lines constitutes a '

'signature” of the laser and is
a matber of practical importance in operation in remocte-conbtrolled applicabtions
without the use of mode-selecting elements in the laser cavity. Reported here
is a rather remarkable result, namely that the lines P(20) and P(16) of the
10.6-micron transition compete so effectively relative to all the cother wmodes
that they can be relied to oscillate over a wide gain curvé and for a wide
range of operating conditions. These results are consistent with and support
tThe results of concurrent investigations of this same phenomencn carried out
by the National Aeronautics and Sbace Administration at its Goddard Space

Flight Center and by RCA,Canada.
1.1 GENERAT, DISCUSSION

The use of an appropriate frequency-selecting element (such as a
diffraction grating) in the laser cavity can cause any 002 laser with reason-~
able gain to oscillate at any one of & large number of possible rotational
transitions in the 9.6 and the 10.6-micron regions. However, such dispersing
elements are known t0 have high insertion losses and in some applications are
to be avoided in the interest of increased overall efficiency. For such cases,
it 1s of interest Lo know whether some lines always compete effecitively rela-
tive to other lines and whethexr the relstive domimance of such lines persists

over large ranges of operating condifions.

A Case Western Reserve University investigation of this matter was
conducted in support of parallel investigations at the NASA Goddard Space Flight
Center and by the RCA research staff in Montreal.

*
Paul C. Claspy and Yoh-Han Pao, Cagse Western Regerve University.
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Somewhat unexpected -but very fortunate results were obtained at
Case Western. They are consistent with and supported by the NASA and RCA re-

sults. The investigation is described below.
1.2 APPARATUS AND EXPERIMENTS

A regasonably stable 002 laser was constructed for these experi-
ments. Its cavity consisted of two stainless steel discs connected by three
23~in. Invar rods of 5/h~in. diameter. The mirrors were mounted on the discs
and the distance between mirrors was approximately 23 in. The outpub mirror
was a 1/8~in.-thick, flat, germanium disc that was antireflection-coated on
the outside and 80% reflecting on the inside. The other mirror was a lm gold-

coated surface attached to a piezoelectric crystal stack.

The laser tube was of 15-in.-long, S-mm-ID Pyrex with a nickel
cathode., It was supported by two clamps attached to one of the Invar spacer
rodé. Cooiing water and vacuum lines were connected by Tygon tubing to mini-
mize the transfer of vibrations to the cavity. The space between the mirrors
and Brewster windows on the laser tube was enclosed by Mylar drift tubes, one
on each end, to minimize the effect of convection currents. The_cutpul power

of The laser was in the range from about 0.75 to 1.2 wabis.

The oscilloscope traces noted in paragraph 1.3 present laser out-
put as a funection of laser-cavity length. Line identification was accomplished
with the experimental setup shown schematically in Figure E-1. The cavity
length was then swept over a half-wavelength distance for the following se-
guences oi parameter changes:

a. Signature or line sequence vs pressure with dis-

charge current adjusted to optimize laser output
at each pressure

b. Signature or line sequence vs current at constant
pressure

c. Effect of gross and arbitrary changes in cavity
lePgth

d. Effect of iné%rtion of laser-cavity loss in the

form of a rock-salt disc and also of an umevenly
heated rock-salt disc

e, Effect of gross changes in pressure.
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Although individual line sequences may seem to be wvery complicated
and confusing, it is nevertheless remarkable that, except in one or two ex-
treme cases, lines P{20) and P(16) of the (001)}-(100) CO,, band alvays compete
effectively relative to other lines and may be depended upon to appear if the

laser is swept over a distance of about A/2.
1.3 EXPERIMENTAL RESULTS

Figures E-2 through E-10 represent the changes in line sequence as
pressure was changed from 18 torr to 10 torr. In each case the current was ad-
justed to optimige the cutput. At 9 torr the laser did not oscillate. In all
cases the gas fill was 4.65% H,, 17.5% N, 16.9% CO,, and 6C.95% He by volums.

Figures E-2 through E-5 are not very informative because the volt-
age of the lansing sweep drive did not bring sbout a complete line sequence
with adeguate repetition. Consequently, it would not be entirely clear from
these four traces that P(20) and P(16) are indeed always present with wide gain
profiles. The lines are nevertheless present, and subsequent reruns Tor very

simjler conditions confirm this conclusion.

Figures E-11 through E-17 illustrate the effect of changes in dis-
charge current, with constant pressure. ILines P(20) and P(16) are always pres-

ent with satisfyingly well rounded gain curves.”

Figures E-18 through B-21 illustrate the effect of large and arbi-
trary changes in cavity length. It would seem that such changes drasbically
change the identity of the weaker lines and also the sequence in which all

three lines appear. However, P(20) and P(16) still survive marvelously well.

Figures E-22 and E-~-23 illustrate the changes in line sequence
brought upon by a new gas £ill. Although the optimum current is less than be-
fore refilling (about 6 ma vs about 10 ma), P(20) and P(16) again show up very
clearly.

*
Strietly speaking, these are not gain curves but are actually the variation
of output intensity vs oscillation frequency and are related to the gain
curve.
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Figures E-24, -25, and -26 show the e?fects of inserting a
S-mn-thick, polished, rock-salt fiat in the cavity to produce some loss.
In the cases of Figures E-25 and E-26 the flat was heated unevenly to produce
respectively moderate and severe temperature gradients in the rock-salt diéc.
P(EO) and P(16) Were‘essentially always present as long as there was laser

osc@llation.

Figures E-27 and E-28 illustrate the effects of operation at a
mich higher pressure range. P(20) is always present, but P(16) does not
appear until the pressure is lowered to about 26 torr, at which it appears in

a well rounded gain curve.
1.4 SUMMARY OF RESULTS

The results of this investigation indicate that operation should
be designed for oscillation at either the P(20) or the P(16) lines in applica-
tions'requiring the remote switching on and off of COp lasers. BSuch lasers
will operate effectively as long as additional features are provided for
recognizing that the laser is indeed oscillating on, say, the P(20) line and
if a feedback signal is availasble for locking on to line center or to a

passive absorption line in an independent molecular gas.

2.0 DEPENDENCE OF CO» LASER "SIGEATURES" ON HELTUM PARTIAT, PRESSURE
AND DISCHARGE CURRENT*

The expeliment described in this section was designed to determine
the dependence of CO, laser signatures on helium partial pressure and dis-

charge current.

The tests were performed on highly stable lasers constructed with
a low-expansion-material (cervit) mirror separator. While the piezoelectric
tuner (PET) used on the laser .can move only + 1.37 microns for + 2000 volts
applied, the long:term stability at the laser cavity was sufficient to
pr%vent this from being a problem. In four successive days of operation,
despite the laser pumpdown during the night and refilling with a new (and

different) gas mixture each morning, it was possible to merely set the PZT

*J. H. McElroy and H. E. Walker, NASA Goddard Space Flight Center
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voltage to 1650 + 150 volts and find that the P(20) line was in operation.
Fu}thermore, all significant lines were found to recur in the same positions
to either side of P(20).

1

The first experiments were performed on 25 February 1970 to test
the setup and prepare for the actual data runs. Figure E-29 presents four
photographs taken on that day. In each case, the gas mixture was at a total
pressure of 10 torr and was made up of 66.6% He, 16.7% CO,. The horizontal
scale was 11.1 MHz/qm and the vertical scale was uncalibrated. These photo-
graphs are included only to show the stability of the signature in day-to-day

operation.

The sloping line across the photographs is 2 to 2000- volt sweep
voltage applied to the PZT. The second spectral line from the right side of
the photographs (i.e. the smooth, symmetrical curve) is the P(20) line. Its
shape should be noted because it will be readily identifiable in subsequent

photographs. The peak occurs at a sweep voltage of nominally -1650 volts.

Purther calibration measurements were made on 26 February 1970.
A totally different gas mixture was used; in these tests, a total pressure of
15 torr was used with 80% He, 15% N, and 5% CO,. The horizontal scale is
again 11.1 MHz/cm and the vertical scale is uncalibrated. Figure E-30 presents
rour photographs taken during the calibration tests. Figures E-29 and E-30
show marked similarities, even though the measurements were made 24 hours
apart, with different gas mixtures, different total gas pressure, and different
discharge currents. Most important, the principal lines, such as P(20), are
least sensitive of all.

On 27 Februaxry 1970 the first deliberate data run wﬁs made. The
results are shown in Figures E-31a through E-3lo. The vertical scale is
300 mw/cm and the horizontal is 11.1 MHz/cm. The initial gas mixture was at
a total pressure of 14.5 torr with 11.6 torr He, 2.2 torr Né, and 0.7 torr
COo. The helium partial pressure was gradually reduced and the effect on the
signature was observed. In addition, the dependence on current was measured
after each reduction in the helium partial pressure. In Figure E-31, each

change in total pressure represents the reduction in the helium partial
i
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pressurc. In most photographs, the current was 8, 10, and 15 ma, but in

"E~31m, 1, and o was 8, 10, and 13 ma.

Figure E-32 shows details of the test setup for 1asér-signature
measurements. An essential feature is the very slow sweep employed and the
use of dec coupling throughout the measurement channel. The bolometer was
calibrated against a Coherent Radiation Iaboratories power meter. During
calibration, an interesting effect was observed. In the past, most experi-
menters with CO2 lasers have noted that the discharge current during lasing
action is different than it is if the beam is interrupted in the cavity or
the cavity is misaligned and lasing action is not occurring. It was cbserved
in this work that, even though the same voltage was applied %o the tube, the
current flowing in the tube varied as one line afier another was brought into
oscillabion by buning the PZT. This appears to be an effect related to, but
less than,; that previously observed. To avoid this problem all measurements
in with specified current were calibrated by adjusiing the current to the setb

value when the laser was operating at the peak of the P(20) line.
The conclusions drawn from these measurewents are as follows:

a. The gignature is not critically dependent on the helium
partial pressure. This is particularly true for the princil-
pal speciral lines

b. The signature is not critically dependent on the discharge
current. This is also particularly true for the principal
spectral lines

C. If a stable laser cavity is employed, the signature can be
regarded as essentially a constant in day-to-day overation.
Conversely, cavity parameters exert the greatest influence
on the laser signature.

3.0 DEPENDENCE OF CO, LASER STGNATURE ON DISCHARGE CURRENT AWD
COOLING-WATER TEMPERATURE*

The signatures of two sealed-off COp lasers (Sylvania, Honeywell)
were investigated as a function of cooling-water temperatures and discharge
current. The gignature repeats itself every half-wave length (within 5 half-

wavelengths) with minor changes, and a change of discharge current (e.g., 10

*¥G. Schiffner and C. J. Peruso, NASA Goddard Space Flight Center
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to 15 ma) has a relatively large effect as compared with a change in cooling-

water temperature (e.g.; 5°C to 20°C).
3.1 GENERAL DISCUSSION

When the mirror spacing of a COp laser is changed gradually over
a Hange of 5.3 microns {(a half~wavelength), a certain sequence of-transitions
comes into oscillation. The sequence depends critically on the mirror separa-
tion and other parameters and is more or less unigue for each laser; it is
thérefore called the signature of the laser.* The output power of the laser
as & function of the mirror spacing shows peaks when one of the resonance
fréquencies of the cavity coincides with the center frequency of one of the
COo laser transitions. The power profile as a function of mirror spacing is

also called "signature."

Succeeding paragraphs discuss oscilloscope photographs of
signatures obtained with two, stable, sealed-off, COp lasers manufactured
by Sylvania and Honeywell. The experiments were conducted for two different

currents and two different discharge-tube cooling-water temperatures.

One resonator mirror of each laser is mounted on a PZT element so
that the cavity length can be changed by an applied voltage. To display the
laser signature the PZT element is driven by a triangle generator and a high-
voltage d-c amplifier with a freguency of about 0.2 Hz. The attenuated cutput
beam is directed to a Philco-Ford GPC 216 gold-doped germanium detector
operating at TT°K. The detector output is connected %o the y-amplifier of an
oscilloscope; the x-amplifier is connected to the PZT drive over a voltage
divider. The laser beam is chopped with about 400 Hz to get a zero power

line in the oscilloécope traces.

3

*H. W. Mocker "Rotational Level Competition in COs lasers,”" IEEE J. Quantum
Blectronies, Vol. QE-L, pp 769-776 (1968).
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3.2 SYLVANTA LASER

The Sylvania laser® has a discharge tube with an active length of

about 64 cm, the inner diameter of the tube is T mm, and the Brewster angle

windows are made of gallium arsenide. The resonabtor consists of two mirrors
(within T9 cm) one gold-coated and with a 3.12-m radius of curvature, and the
second flat, with a transmission of 6%. The curved mirror is mounted on a
ceramic PZT element thet allows a travel of about 5 half-wavelengths. The
PZT element is designed for a negabtive applied woltage; the mirror spacing

is decreased with increasing voltage.

Becauge the laser sube has a relabively high gain, the laser
sonetimes oscillates on two frequeneies simultaneously. Another reason for
the observed competition effects is the relatively small free spectral range
due to the large mirror spacing. The  -filling pressure: of the tube is of the
order of 18 torr. The resonator strucbure is of Invar and aluminum and is

temperature~controlled.

Figure E-33 shows the signatures for 10 and 15-ma discharge
currents and for 5 and 20°¢ cooling-water temperatures. Figure E-34 shows
magnified-portions of these signatures; in one photograph the transitions
arer labeled. The range of PZT voltages is marked on each picture. Only the
P(20) transition (X = 10.6 microns) has a complete top that is usable for
line-center dither stabilization. The orxdinate is not calibrated in power,

but the scale is the same for Figures E-33 and E-3k.

These figures reveal that the signabure repeats itself every hali-
wavelength with minor changes. No significant difference can be seen beltween
5 and 20°C at 10 ma; at 20°¢ the signature is a little shifted and a little
simplified as comﬁared with 5°C. The latter is probably due to the reduced
gain at 20°C.

*.Final Report on Stabilized COo Gas laser, prepared by Sylvania Electronics
Systems, Western Division, Mounbain View, Californiz, for Goddaxrd Space
Flight Center under Contract No. NAS5-10309 (1 December 1966 - 30 Janmuary
1968)
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A change in discharge current from 10 ms to 15 ma remarkably
influences the shape of the trace, especially the relationship between the
amplitudes of the various transitions. (Probably a change in the rotational

temperature of 002 molecules occurs.)

With a Coherent Radiation Iaboratories (CRL) Model 201 power meter,
the output power was measured for the transitions P(20), P(2k), and R(18) as
a function of the discharge current (see Figure E~55). The power relabion-
ships are a lititle different from those observed in the oscilloscope traces,
pro%abiy because the gold-doped germanium detector is more sensitive for R
lines than for P 1lines (R lines have shorter wavelengths). Another possible
reagon ig that the curves in Figure E-35 were taken a few days after the
photographs in Figures E-33 and E-3l4; during this time the laser may have

changed its signhabure.

Ten days after the Figure E-33 and E-34 photographs were made, the
signature of the Sylvania laser was recorded again for a 20°% cooling-water
temperature {see Figure E-36). The shape of the trace has changed signifi-
cantly (i.e., is more complicated), but the P(20) transition is again the
line with the best top. In Figure E-36 the ordinate is calibrated in power;
the factor is 215 mw/cm for P920). The two upper photographs were made with
10 and 15-m& discharge currents, respectively; the two pictures on‘the bottom

represent magnified portions of the upper ones.

It is not clear what caused the difference in signature betweeq
Figure E-36 and Figures B-35/E-34. The Figures E-33/E-34 photographs were
made after the laser had been running for about 6 hours; those of Figure E-36
were made after an Operating period of only J. hour. In both cases the laser
was already stable. In former experiments it was observed that the signature

of, this laser simplifies after several hours of running time.
3.% HONEYWELL LASER¥
The discharge tube of this laser has an active length of 32.5 cm

and the ID is 1 em. One mirror (h-m radius of curvature) is attached directly

3 it

*H. W. Mocker "4 10.6 um Optical Heterodyne Communication System," Applied
Optics, Vol. 8, pp 6TT-68L (1969).
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o the tube; the cther end of the tube is sealed by means of & salt Brewster
angle window. The filling pressure is 18.5 torr and the laser has a modulator
compartment. The second resonator mirror is Tlat and hag 15 1_2% transmission;
the mirror spacing is 54 cm. The resonator structure is of quartz and is not

tempersbture-~controlled.

Without an element in the modulator compartment, the laser oscillated
simultaneously.on several trangverse modes and on several transitions. The
signature was photographed (see Figure E-37, left upper plcture) and was
irregular in shape. The travel of the PZT element for a zero to -2000 volt
sweep signal 1s less than a half.-wavelength. The element increases the

resonator length when a negative voliage is applied.

Subsequently, a 6-mm-diameter aperture was mounted in the modulator
compartment; it improved the shape of the signature considerably. In
Figure E~37, the upper right and the lower picture were taken 3 hours and
30 min. apart; in béth the P(20) transition produces a useful Top. {Zero
voltage on the PZT element corresponds to the left edge of the pictures; the

ordinate is not calibrated.)

Figure E-38 shows the signature for 5 and 20°C water temperatures
and 14 and 18 ma discharge currents after the 6-mm-diameter aperture was
removed and mounted again. The left edges correspond to -2000 volts at the
PZT element, and the zero-voltage point is on the right side. The ordinate
is calibrated; for the P(20) transition the factor is 400 mw/cm, and for
g.6-micron transitions is T2 mw/cm. This difference is due to the character-
istic of the GPC 216 Ge:Au detector.

Figure E-38 shows that an increase in current and a decrease in
temperature produce a shift of the trace to the right; the shape of the
signature is not changed significantly. Many of the lines have a complete
top. Among the P-transitioné, P(20) has the highest output power.

Figure E-39 plots output power as a function of discharge current
for P(EO), P(2h), and R(22). For these measurements the laser was tuned to
give maximum power at these transitions and the CRL Model 201 power meter was
used. These curves look completely different from Figure E-35; the cause is
unknown.

E-10
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3.4 CONCLUSIONS

Experiments with the Sylvania laser show that the signature
repeats itself with minor changes over at least 5 half-wavelengths and that
only the P(20) transition has a complete top usable for line-center dither
stabilization. A change in cooling-water temperature from 5% o 20°C has a
small effect as compared with a change in discharge current from 10 ma to
15 ma. Strong competition effects occur, probably because of the relatively
high gain of the tube, due to the low oubput coupling (6%) and to tae large

mirror separation (small free spectral range).

Experiments with the Honeywell laser indicate that the signature
will be disturbed if transverse modes of higher order occur. A change in
discharge current from 14 mwa to 18 ma and a change in cooling-water tempera-
ture from 5°C to 20°C produce only a shift of the signature, bubt no significant
change in shape. Many transitions show a complete top when an aperture is

used to suppress higher-order transverse modes.
4.0 SIGWATURE MEASUREMENTS*

Figure E-LO presents a sequence of pictures of signatures taken
so that each picture overlaps a small region of the previous one. The six
views represent 3 half-wavelengths of travel. TFigure BE-4l depiclts Lhe various
peaks that were identified. The P(lB) line is the broadest one and hardly
changes from half-wavelength to half-wavélength, while most other peaks change

in that interval.

* A. Waksbey, RCA Victor Company Ressarch Iaborateories, Montreal, Quebsc,
Canada
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5.0 COMPUTER CALCULATTONS OF CO> TASER STGNATURES ™

5.1 GEWERAL DISCUSSION

. For heteyodyne commihication systems, single-freguency 002
lapers should have &ome capability for tuning over the widbth of the transi-
tion and for line-cénter dither stabilization. Because of the many laser
lines in the active medium, competition effects occur that way restrict
the tuning range of a particular 1ine’0r even may prevent a particular line
from oseillating. One solution islthe use of an element in the resonstor
cavity, such ags & grabing, to select a particular line. This method works
well but has the fiisadvantage of inbroducing sdditional losses that reduce

laser efficiency.

When the laser resonator is tuned over 5.3% microns (a half-wave-
1ength), a certain gequence. of lines appears in the beam. This sequence and
the distributio% of lines over the tuning‘range depend cribtically on gross
resonator length and constitute a property, more or less unique for each

lager, called signature.¥x

An attempt is wade below o calculate the signature of a laser
for a given range of cavity lengths, with the aim of Ffinding a signature that
includes g particular Line separated clearly from adjacent lines and is

uncritical with respect to a gross cavity-length change in this regard.
5.2 THEORY
The resonance condition for a Fabry-Perot resonator with unlimited
wide plane mirrors is given by
A
d=qa3% (1)

where 4 is the optical-path length between the mirrors, q is a positive

integer, and A is the wavelength. For an actual laser resonabor with

% G. Schiffner, NASA Goddard Space Flight Center
¥*H, W. Mocker, "Rotational Ievel Competition in CO, Lasers,"” IEER J.
Quantum Electronics, Vol. QE-4, pp. T69-776 (1968%
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spherical mirrors,¥

d

o>

[q + 1 +-1-];- (m + n+ 1) arccos \I (1 - %l)(-l - %B)l] (2)

where g, m, and n are the longitudinal and transverse mode numbers (positive
integers), and Rl and R, are the radii of curvature of the mirrors. The ¢
in Equation (1) is not identical to the g in Equation (2). For the TEM

mode, which is used in the most cases, m = n = C.

Equation (1) is used for the compubter programs described below
because the difference between Equations (1) and (2) in the cavity length
d is less than 1 wavelength for a parficular transition and comparable values
of g. In the most cases it is not possible to measure the cavity length to
that accuracy, and one has the advantage that the computstion does not reguire
the radii of curvature of the cavity mirrors as an inpub. Because it is the
aim of this investigation to calculate the signature, the difference in
cavity lengths for resonance for various laser transitions should be obtained
with high accuracy. In this respect FEguation (1) is as accurate as Equation
(2), because the expression within the brackets in Equabion (2) can be assumed

as constant for a change in d of the order of a few microns.

Signature calculations require accurate data for the wavelengbhs
of the centers of the laser transitions; if such data are not available,
at Jeast the wavelength differences between various lines should be known
with high precision. A reasonable value for the accuracy required in cavity-
length differences (for resonance) for the lines seems to be 0.1 micron. This
is about one-fiftieth of the free‘spectral range; with this value and with
& = 50 eam, the accurscy of the wavelength differences must be better than

-1

2.1 x 10_6 micron, or 1.9 x lO"LF cm (for A = 10.6 microns). The accuracy

*H. Kogelnik and T. Ii, "Iaser Beams ané Resonators, 'Applied Optics,
Vol. 5, pp 1550 - 1567 (Oct. 1966).
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of the available values published in the open literabture¥ is assumed to be
about 4.5 x lO“h microns or 0.04 em & (i.e., the normalized accuracy is

k.2 x 10_5). This is about 200 times worse than reguired.

McCubbin** has published calculated numbers. He claims that the
dccuracy should be better than 0.005 cmfl. A comparison with more accurate
data discussed belpw shows that this is in general true, but in one case
P(32) an error of 0.006 em™t oceurred. With the latter value, the accuracy
in terms of wavelengths is 6.8 x lO"5 micron and the normalized accuracy is

6. x 10-6. Toble E-1 lists his data in terms of wavenumbers, v = /X

The data published in two papers {(Bridges and Chang*¥¥and Evenson,
et al¥%#%) were used to further improve the accuracy of the laser wavelengths.
Bridges and Chang measured beat frequencies between signals obtained from
line~center-stabilized CO, lasers with an accuracy of better than 1 MHz. By
taking, for example, the freguency of the P(20) Iine from Patel (op. cit.)
and by adding and/or subtracting the measured beat frequencies*¥¥, wglues
for the laser lines of the 10.6 micron P branch can be obtained that have
good accuracy relative to each other. Only for adjacent lines is the‘
accuracy of the frequency difference better than 1 MHz. Between P(16) and
P(20) or P(EO) and P(Eh), for example, the accuracy will only be better Lhan

* C.K.N. Patel, "Continuous Wave Laser Action on Vibrational-Rotational
Transitions of CO»," Phys. Rev., Vol. 136, pp A1187-A1193 (196k); N. N.
Sobolev and V. V. Sokovikov, "COo Lasers,” Soviet Physics, Vol. 10,
pp 153-170 (1967).

¥% T, K. McCubbin, Jr., Research in the Field of High Resolution Infrared
Spectroscopy, Report No. AFCRL-67-0L37 (AD-659-0k2, N6T-40361), Department
of Physics, The Pennsylvania State University, prepared for Air Force
Cambridge Research ILaboratories, 31 January 1967T.

¥%% T, J. Bridges and T. Y. Chang, "Accurate Rotational Constants of COo from
measurements of CW Beats in Bulk Gads Between Vibrational-Rotational Iaser
Iines," Phys. Rev. Ietters, Vol. 22, pp 811-81hk (1969).

¥#¥%¥ K. M. Evenson, J. S. Wells, and L. M. Matarrese, 'Absolute Frequency
Measurements of the COp CW Iaser,” Applied Phys. Letters, Vol. 16, pp 251-

253 (1970)-
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2 MHz and between P(14) and P(26) it will only be better than 6 Miz. In
terms of wavelengﬁhs, 1 Mz corresponds to an accuracy of 3.7 X lO"T micron.
This is about 5 times better than required and 6 MHz is only a little worse
than required. Because lines P{16) to P(24) have the highest gain, they are
of most interest for signature calculation; fortunately, their wavelengths
can be obtained with sufficient accuracy. The accuracy of the P(BO) line
wavelength that was used to start the calculation is not sc important for
determination of wavelength differences, and the value given by Patel is

sufficiently accurate.

Infortunately, no beat-frequency measurements were performed for
P and R transitions or for 10.6-micron and 9.hk-micron bands. Meaningful
signature calculations are only possible for sets connected by accurate beat-

frequency measurements.

EZvenson, et al.¥* recently accomplished absolute frequency measure-
ments of the P(18) and P(20) lipes in the 10.6-micron band with an accuracy
of 25 MHz. These data were combined with those given by Bridges and Chang.
The results are shown in Table &2 and represent values that are probably the
most accurabte known at present. For the conversion of frequencies to wave-
numbers and wavelengths, ¢ = 2:997926 lOlOcm/s was used for the speed of
light.

5.5 COMPUTER PROGRAMS

Several versions of computer programs were tried. In each case a
starting resonator length was assumed, and for this length the initial
g-values were calculated** bq Equabtion (1) for all given transitions. The
resulting g-values are not integers, but are changed to integers by the

program and are then used to calculate the cavity lengths.

The program organizes the data in such a way that the smallest
cavity lengbh is selected at first and is printed out together with some other
data. The g-value belonging to this transition is then increased by unity
¥¥B. G. Walker, private communicaﬁion}
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and the corresponding cavity length is calculated. The program again

gearches among the various cavity lengths for the smallest one, ete.

Table E-3 presents values obtained with the foregoing program.
For a starting length of about 500 mm, it includes cavity lemglbhs, gq-values,
and transitions. The wavenumbers of the transitions P{16) to P(24), as

given in Table E-2 were used as input.

Another version of the program was tried. Its printout was
divided in portions between P(20) resonances, because the P(20) transitions
are best visible in acbual oscilloscope traces of signatures. In addition,
the relative positions of resonances of various lines between two resonances
of the P(20) transition were calculated and displayed. The relative position
of the resonance of a particular line is characterized by the variable D,
which is defined as foll&ws:

D= f—l(dg - dy) (3)

where dl ig g cavity length for which the resonance condition for P(20) is
fulfilled, A1 is the wavelength of the P(20) %ransition, and do is the
cavity length associated with the resonance of the transition. In the

program, it holds that 0 = (dg-dl):sll_/E, and 4 therefore varies between O
and 1.

Table E-4 presents a program listing, and FORTRAN IV program.
Table E-5 provides explanations and additional information. Table E-6
presents a sample printoub, containing (from left to right) the cavity
lengths fox resonence, the values of g, the wavenumbers aﬁd the names of
the transitions,-the variable D, and a display of tﬁe signature. The display
starts always with P{20), for which D = O, and shows the positions of the
resonance within one half-wavelength interval according to the values of D.
The display field contains 51 elements; a letter printed in the Tfirst
element corresponds to D = 0, and a letter printed in the 5lst element

corresponds to D = 1.

The program in Table E-i prints all signatures between a given

starting cavily length and a terminating cavity length if the variable

B-16
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IC = 0. For IC # 0 (e.g., IC = 1), the signatures listed are those that
contain a sequence of transitions (counted with increasing cavity length)
corresponding to the sequence of transitions of the input cards. Therefore,
with IC = 1, the program searches a certain range of cavity lengths for a

cervain sequence of transitions in the signature.

Table E-T presents another version of a computer program. That
progran searches through a given range of cavity length; if the sequence of
transitions in the signature changes, the cavity length and the new seguence
are printed out. Table E-8 presents a sample of the printout. This program
provides for the printing of a list for the whole range of cavity lengths
normally used to build stable lasers. Such a list is helpful, for example,
in determining the cavity length of a laser (to about 0.1 mm) when only the
sequence of transitions in the signature and a coarse value for the cavity
length are known. In addition, if a laser is to be designed for operation at
a certain line, the list can be used to determine which lines are next to

this line in the signature at various cavity lengths.

Figure E-b42 presents a sample display of a result for this
program. The width of the cavity-length regions in which the P(20), P(26),
P(2k), P(18), and P(22) sequence is present is plotted against the cavity
length for the region from d = 700 mm to d = 800 mm.

It is planned to use an improved compuber program to search in
the signature for resonator spacings in which a certain transition is free
on both sides by more than a certain frequency (e.g., 50 MHz)}. Because the
free gpectral range of the laser resonator decreases with increasing cavity
1engtﬁ, good. separation between resonance is likelier at short resonator

lengths than at long ones.
5.4 . COMPARISON OF COMPUTED WITH EXPERIMENTALLY DETERMINED SIGNATURES

Difficulties occur when an attempt is made to compare a calculated
with an experimentally determined signature. It is sometimes not easy to
determine cavity length to an accuracy of a few tenths of a millimeter. The
optical path 1eﬁgtﬁ of the Friwster windows has to be considered, and the
mirror spacing must be measured accurately. In addition, the direction of

movement of some PZT elements is not knowm.
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Figure E-U3 presents a drawing of the signature of a CO, laser
that has Ll-cm mirror spacing (courtesy of RCA Victor Company, Research
Iaboratories, Mbntneal); the distance between the mirrors increases Lo the
rikht. The discharge tube is sealed with two salt Brewster windows, each
% mm thick; their index of refraction is n = 1.49. The opbical path length
of the cavity is therefore L120.77 mm. The calculated signsture shown in
Figure B-43 coincides well with the observed signature for a cavity length
of 421.42 mm. An error‘of‘0.65 mm is likely to occur in the course cof

cavity-length determination.

A second comparison was performed with the signature of a
Honeywell laser having a 350-mm-long cavity. If its PZT element is assumed
to increase the cavity length with increasing negative voltage, good coinci-
dence can be found (as in Figure B-43) for a length of 350.2 mm. Other
experiments seem.to indicate that the PAT element is moving in the opposite
direction with negatlve voltag:. No coincidence was found for this reversed
sequence. Further work is necessary to determine in which direction the PZT

elexent is moving.
5.5 CONCLUSIONS

It has been shown that, for the dominant CO, laser transitions
(lO.6—micr0n 1ines), data are available that should be accurate enough to
permit signature prediction. Accurate dabta are lacking for 10.6-micron R
lines and Q.h-micron lines, and these lines cannot yet be included in the
caleulation. Computer calculations show that the signature repeats itself
with minor changes over many half-wavelength intervals. Comparison between
an observed and a calculated slgnature shows good colncidence, but more
comparisons are regquired. With the compubter programs described above, a
given range of cavity lengths can be searched to find a length for which
s certain transition is clearly separated from adjacent ones. Such cavity
lengths exist, but improved programs might wake the search more systematic
and reduce the printout. Further experimental effort will be necessary to
determine if a 002 laser designed according to the results of one of these

computer programs works as equcted.
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TABLE E-1

VACUUM WAVENUMBERS OF 002 TRANSTITIONS

00°1 - 10° Bemd _ 00°1 - 02°0 Dana

J p(3) _R(3) 2(J) R(4)

8 95k 545 967 . 707 1057 .29h 1070.456
10 52.878 69.138 55.608 71.877
12 51.191 70.545 53 .91 73.271
1k Lo k77 7L.927 52.188 T4.639
i6 h7.738 73 .284 50.434 75.980
18 45.976 Th.6LT 48.653 “T7.294
20 hh.191 75.926 L6 .8h6 78.581
22 42,381 77 .210 45.013 79.842
2L 40.546 78.469 ha.i5h 81.077
26 38.687 79.703 la 269 82.285
28 %6.80L 80.912 39.359 83.467
30 3h..898 82.097 37.423 8h.622
22 32,967 83.268 55.&62 85.752

As calculated and reported by T. K. McCubbin , Jr. in Research in
the Field of High Resolution Infrared Spectroscopy, Report No.
AFCRL-67-0L37 (AD-659-0L2, No7-L0361), Department of Physics, The
Pennsylvania State University, prepared for Air Force Cambridge
Research Laboratories, '31 January 1967.

thble E-1
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TABTE E-2

FREQUENCIES, WAVENUMBERS, AND WAVELENGTHS
FOR
10.6 MICRON P-TRANSITIONS CALCULATED
FROM
FREGUENCY AND BEAT-FREQUENCY MEASUREMENTS *

0120162 LASER TRANSTETONS
£ (wHz ) v(em™t M{microns)
P(12) '28. 516 052 951. 192 67 10. 513 117
P(1ih) 28. L46L 700 949. 479 73 10. 5%2 084
P(16) 28. Lhi2 616 ok7. Th2e L0 10. 551 390
P(18) 28. 359 800 oLs5. 980 6k 10. 571 okl
P(20) 28. 306 251 okk. 194 Ly 10. 591 039
P(22) 28. 251 967 gh2, 383 T4 10. 611 389
P{2h) 28. 196 948 oko. 548 50 10. 632 09L
P(26) 28, 141 191 938. 688 66 10. 65% 160
P(28) 28. 08k 695 936. 80k 15 10, 67k 590
P(30) 28. 027 457 93k, 894 90 10. 696 389
P(32) 27. 969 475 932, 960 83 10. 718 56k
Accuracy sbsolute: 125 milz, 8.8 x 10-7, Av = 8. 10‘2 cm™t
AN= 9. ™ micron
Accuracy relative: <1 mHz, 3.5 x 10"8, Av = 3. 072 cmt
Ax = 3. O-7 micron

(between adjacent lines)

*Zources:

K. M. Evenson, J. S. Wells, and L. M. Matarrese, "Absolute Frequency

Measurements of the CO

251-253, (1970).

T. J. Bridges and T. Y. Chang, "Accurate Rotational Constants of C O
from Measurements of CW Beats in Bulk Gabs Between Vibrational-Robation

Laser Lines,"

2

Table E-2

CW Laser," Appl. Phys. Letters, Vol. 16, pp.

12 16

Phys. Rev. Lebbers, Vol. 22, p. 811-81k4 (1969).
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TABLE E-3
SAMPIE PRINTOUT OF A STGNATURE COMPUTER PROGRAM *

Cavity Length, mm _q Transition
500.000 796 ol0s5 P(24)
1002 930 Qik2o P(20)
.003 322 glipz9 P({22)
.00k 011 ok775 P(16)
.004 ok7 o599 P(18)
.006 113 9h056 P(2h)
.008 226 gl P(20)
.008 628 ool P(22)
.009 287 o776 P(16)
.010 232 94600 P{18)
L0111 L2g oko57 P(2k)
.013 521 ohloo P(20)

Wavenumbers of transitions taken from Table E-2.

Table E~3



Report No. 4033, Vol. L, FPart 2

TABLE B-L -
FORTRAW IV COMPUTER PROGRAM LISTING FOR CALCULATION
AND . DISELAY OF STGNATURE, —= . - SR —
p A
~— - - . ,__,_,_____.__"‘__:___
L SISNATUIE OROGRAM «- PRINTCUT F SIGRATIRE ) . ;
C . e o
< IF Lo = | A PRINTOUT IS5 ORTATHMED ALY FCR A S:.OUENCE FQUAL TO
r THF SEQUENCE OF THE I NPUT CARDS ————
L
GEMIMNSION cQ{1T3) oNNILIA) o NAME(EIS ), IE(52) T e
NALRLE PRIVIGCION ANU{IS) PLIIS) sRy,RN,D ,‘
NATA ¥7 /50 &0 - e
NE=T{1)
4 RFIfA{ E12) A1 1L ;LC . E—
12 EOARMOETT-T7, 50 BaVe0%,T1 ) N
IS0 Do) A0 f‘! 149 o e e
WRTTE{( A7) AL oFL L7
713 FsA T LI THETADTING LIRGTH = 4FD.3,8X, 20RTERM INAT ING L ENGTH-=-
15 9 2 TR T =g I 2/ 726X #2H S TX WA RMNANE, 10X » THC, 15Xy 2HLG,, 10X,
91 SRt c"‘, L‘:NG -rH) e
SL=Y Q. &G .
Qv =ML, - ¢ —
K=1 )
=2 e
La=2
A=0 e e
DD/ IS N
READTI Z+3) ARULIIY yMAME{TY JMA(T) . — e
10 FTORMATIT1? o s? XAl 312}
IZLANUITYIYE O 09 [
59 Mt =1
NPl »/ NI ) - - — —
La(I)y=0n
R PLLTY=TLONTOLCLYL )Y Z7 (200 =mANU({I}) - - - —
WEYTSE{HTTYARNULT) S NAMELTIY oNN(TI)Y o Qs 1LGQ{T)aRLL{I)
11 FARPMLE TP ORI 2 0008 X oAl 312 o3 X eF1 238X+ 110:5%X0F 1263 - L
3 CONTI N~ -
5 WRIF{G6.72) o
70 FARMATE £//73 23 OHRZSs LERNGTH o1 3X ,1HQ 17X, ZHNU, 13X 1 2FREL POSIT ICNe

~ 13 1HO»BXe3HCa2 37X o 3HO o4 97X 2 3HI 05 3 7N o THO o83 7X ¢ IHE o0 /S F com - vrmm s ol

373 M= ;
=2 [

40 IF{RLIMNY-FLI{M))Z20:203,+21

a9 IFEM=L )3 D53 931 e

20 A=y+3 ..

, 50 T 40 - e e o e————

21 TF(N=ML) 47,41 4ad 5

42 M=" . e
Ml .
GO T 40 - - c - [NV -

31 L =N .

e e s —=GO TQ-50 PR e e s -3-~-;~

anl =M . ;

50 P=i.D1lxRLIL) . e e e
=0 ;
AR=DAS S{AMU(LI=944.,19400) ’ — e T2
I{ADR~0+1) 83 o 84 +84 continued

B D=L - - — - = .- ——- = s e e L

TE6TE =i (Sheet L of 2)
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TABTE E-I (cont.)

FORTRAN IV COMPUTER PROGRAM LISTING FOR CALCULATTON
AND DISPLAY OF SIGNATURE

FeM=pL (L)

Ko=1_

L3 =1

IF(LC ol Do Y)Y L=V
L=n

LAa=n

NEe LY~

Lt =i 41

IZ{La0Q LY {AsLa+:
D=2l g 1)

P m€0, 41,5

DI =AR SO Pr Yy

IZ{NDGGF o506 Po=n2
ITmen

LB N MG 0 TE 56

IS0 )y =p T (1

IFIPL{L)alTot )50 TO =3

IS0 LDe2Cal} RRI TIZ(A 7R

FORmasT{+H )
WQ!T?(&«““)J,LQ{L)aAhU(L).Nﬂ“L(L}.hh(L).tu(lF(J3oJ11951)
FARMAT{ U N Fi4,.3, ?xgrﬁqzax,—'lz.fw}x.pz.12»5x,F?.Se3K, SEAIL LHE
LOC L) =L {1y +

P2 10y =nw

PL(L)=:L“&T(1Q(b})/(EoDGﬂANJ(L))

F{P=31 133,060,680

ZONTINUT )

G3J-T0 a
NN TINLE
=R (]2

N}

Table Eiﬁ’(Sheet 2 of 2)
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TABLE E-5

EXPLANATIONS FOR TABLE E-L

ANU (I)

NAME (I)

Ng (1)

I (1), Q

RL (T)

R

AL

BL

E(3)

Formula for determina-

tion of resonator
length:

Initial @ values

Wavenumbers of 002 transitions
Mumber of wavenumbers
Hgual to P or R

Number of the trensition {for example,
20 in P(20)

Tumber of half-wavelengths between resonator
mirrors

Resonator length, om
Resonator length, mm
Starting resonator length
Terminating resonator length

Field of literals for displaying signature

RL (I) = L.o(I)

2.0 ¥ AWU (I)

Q = 2.% AT ¥ ANU(I)

Table E-5
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TABLE E-6

SAMPLE OF PRINTOUT ORTAINED WITH COMPUTER PROGRAM
LISTED IN TABLE E-4

Covity Lengbh a Wavenumbers
e

CA2LGGRATINGS - - TGP . - - e OB L GAEBT « -
821,.42430675 TIRTA H 40, BAEB0L
SRy BABIIASG e T BT IZ ~ v v e e w085, GB066 1
621, 82599027 794290 042, 383734
—G5 kR P LEC 3 FORG f—— e G [T T B DT e

“

A215 82301500~ — — - THBHEZ. - cm e . —Q84. ] TAGHT [ )
42142962280 7275 G40, 54950 i

~42F7 43040008 v — T QF 33 e - - 048,9B0041 kHH—
421 .43120%°6 79430 GaR L 3B3T 35 i
—ARE b0 SRS —

S TGS e . QAT T ADICT - - ‘
—4 24w 43331052 — —— ——= ~TO5A T — - = 044.194467 -
421,43493885 79270 ‘ 240, 545501 ¥
R EeEBSEESE0—— -~ ——T 3734 T - = 045,980641 3
421043660160 79431 062,383738 1
AR BRI P PORRT s . e Q4T L TARIO T

ot

1

- . - - — . D P A

r

N L v i i et A B, BT

-
o

!_,.,_,._“.... i { et

A

S

Hames D DISPLAY

P20 D0 — e _p et el m e S —— ;___'_.._‘:.-_:__';,__.h;.:f'..';f:
‘P24 . 0.29974 ' P . : T
P18 B h52PBr — s e e e P S —%
P22 0.61765 _ - =
3 16 -0 D6 OF 3 . — 2 A S-S

L I e T ——— - S e R
P24 030352 P Rt

P18 0850 40— e e e e

"P22 0461957 i . p s L

P16~ GeI5699 o .

PR

PSRRI R T

D20 0O e P —— _
P24 0.30749 ° P )
P18 0644B51-- - - -P- e : %
P22 0062150 :

P16 -0 +B5324- - —

~
n

kY
¢

s

N

P

Table E-6
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TABLE E-T

FORTRAN IV COMPUTER PROGRAM LISTING FOR DETERMINATTION

OF SEQUENCE OF TRAWSITIONS IN SIGNATURE

Z SIGNATURL PROGIRAM — SEQUENCE AS A FUNCTION OF RESONATOR LENG G
{: - - -
DEMLI\.SIG M LO{IS) NMTII6) NAME(L1S) « D15} oKNAHE( 15} oK E\!( 153
- BOUGLT PRECISION ANUL16)oRL{15)4R - - - -
DATA BB olNa KNHaMAME s KNAMEZL15%0 5 1 650 150, 16 1H ¢ 15%IH /7
SRR el SNURY § LAY S SR IVIIL DI 3L e meem T e e e -
ia FLUHIMATIF 7 3.7 0o3:4X, 01}
TF{OLLLEB.0GY GO 70 100 Tt o -
WRETE (D T ALL s BL 4L C
Ti FRRMATI 2l A7HETARTING LENGTH = F2:3: 85X, 20HTERMINATING LENSTH =5 -
IF O 3+48Na3HLE=, I2//720Xs 2HMMNU 10X 5 4 HNAME 3
- ee— (L=10.9505L - S R e
=0
La=0 el
Lii=0
- Ka=0 - S e e e
LE=0
- v e — :;:2 - - - —— halh - Rt s wrrear . -
B0 5 I=zlei6
READI{S 03 ANMU{TII o NAME(I ) o NN{TJ - It -
10 FOMMATE "11aB5 1X02A1, 12} .
e TECANULE) L6299 T Mmoo
9‘:) M=%
e s e GER G MALMANG LT Y - - RN
talyi=e
- - L{Id=FiOATIL{I )2 AL 2.D0%ANU{I )} SRR R %
URITE(E .1 1IATG (I o NAKE( I) s NNLT)
Li— FORMAT{Z20XsFi2c6-,GX,A8,227) T e e
L3 CONT INUE
e UNITE{O 707 - - B e
TG FORMATI{// 30 1 O0HRESLENGTH,BXs BHSFQUENCE/ )
“BF oo Nl . - T S
—~4Q .- r,{RLiNJ“ﬁL!’M?)20920921 - S e s - T
20 TF{M-ML 330+ 315 31

S gttt

GO O 40 .
2% - ~IF{O-ML)43,4181 -o- - — L e e e
&3 = =i
- - . S TST NP U WP - — - - T e e = -
S8 TO 40
B T R S eI e i e
’ 50 TO S0
&1 S1=i - S, - - - e e -
50 Q=F o DIRRL (L)
coe AGEDADB IARUTLG ~O044 619400 ) B e e e -
IFENAB-0.13833,84084
N N - - - -
W =0
LLTLA- - e e . —_—ee ;
=0
[ Tl 2HUS - - S -
I G-nb i 22 2322
AL LT 74 0 70 R SN T 11 & RS L T
Teble E-T
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TABLE E-7, (cont.)

FORTRAN IV COMPUTER PROGRAM LISTING FOR DETERMINATION

)

[

60

100

OF SEQUENCE OF TRANSITIONS IN SIGWATURE

R L ) =OA

ifF=

: L-—-L:_,e 2‘ r e - - - . mme o o e e o amEe—— R Lt L
TE{KR{L )0 TQoLLJLASLALL
IFILB-ML) 56525:5% e

TR{LENELL)}3 TO 56

NG N LTl oML —_

EFERE & Wa .

WHAMEE J3=MNAMTILE)Y . .
Fidd{3Y=NN{LZY

R=l—-0.005%238516276 - - s
URITE G048 ) Re § KNAMEL JK 3, KNH{ JK ) » JK=1 ,3))

FORMATIIN G F 15,3+ 33X (51A1 120 1K2) - Rt
LE"‘O
Loiiy=t iyt - svmmn e et

RL&LJ—P—L‘JAT(LO(‘L 1V 2.00%ARU{L) Y
IF{N=-.133:60. 060
CONTINUET

"Gu TO 4

CORNTINUE
STOP
END

Table E-T
(Sheet 2 of 2)
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TABIE £-8
SAMPLE OF PRINTOUT OBTATNED WITH PROGRAM LISTED IN TABLE BE-T

Cavity Length SEQUENCE
mln i
4204470 P20 P26 P22 P14 P24 P16 P18
420,501 TR20 NZATDPR BL4A M1 eTP34 DR
AP0 o650 PP PR NPP D4 DIE D1] OP4
A20L.86% TTTIFN DogTEHE S22 TP eTR IS 2E
420 .724 P20 P14 PP6 P22 P16 PIB P24
AT Y TBYS P70 PIE PIG TT2F P22 PIR P2&
420 ARG P20 P14 P1e P22 P2E P18 P24
ZIDL.ORAR T P20 PLIC PR P2E PISTRIETDTY
420 .999 P20 @16 022 P2 NIR D14 D24
471,015 “P20 PPYTELIA PP D1g P DG
421.184 P20 PP4 P16 P22 P18 P14 P26
7T P00 PP P IR D24 PIR P27 TUTT PY6
421370 P20 P16 P24 PR ©14 P22 P16
T421,380777020 DAERDL DIF D14 R2DTDYET
42145465 DPO P26 ©2a Pla DIR P22 P16
421 .5A0 777 2 DPR DA “2&"'“18'9?2’ ISR NS
421,571 P20 W26 D14 PIB P24 P22 P16
R T BT TP OTa CPR PIR PI4 TrZOTH
421,703 nPO Pla ™18 P26 P24 PR2 PLE
TB21,7SY ORI P1A OIE P26 DXE PG TR
421 .889 P20 Pla P18 PPE P16 P24 P22,
TE21,9317TT B2 IR D16 PREP2E BITPILET
N22 074 P20 P12 P16 £26 P24 D14 D22
TP LOES 70 PIE PIn P24 P2E P14 P22
4224111 P20 PIR P16 Pi4 P24 D2E P22
G2A2,1RS TTR2D PIRTBIA Di4 DR OAPTOIE
4’2 .,7a6 D20 DR P/ PLE P14 P22 P24
522,387 D20 D24 D18 PREPLIETP1I4TP2RT
42?2 .48 opn DP2 P24 D19 P16 P2GE P14
pache g A, DPT D27 PIW D28 PIE Vs Pl
4228577 - P20 P22 218 D24 P16 D14 P26
422 JGBRRTTOZD MTRTR22 P& "4 PITTRIET
422,603 P20 PI1R P16 222 P14 P24 P26 -
"R22EBYTT PADTDIETO22 PIY C24TP2ETPTHT
" 422.7Ra P20 Pl1a P22 P24 DRE P18 P16
G S B T7Y DU O UTE WSS UIE STY P14
422,969 P2C P22 P24 F26 P1E P14 DR

TAPISU3ZTT WU VREZVPZETHFIGCOPIA P2t P

423.00¢ P20 P22 P24 P14 PLIE P1B P26
TA23IGIRTT O WEDTPZE P227P24 P14 BIE RPIET
423239 P20 PP6 P22 P14 P24 PI6 P18
I eS0T [0 M =4 ST == R Sl W TR S B G -0 R A )
423409 P20 P26 P22 P14 Ple PLIB P24

“ﬁ?3?433‘f“PEU"n2§jE}jjq?gf?T6“Pis“pg¢*

Tgble E-8
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Fig. -2, Sequence of Lines with 18-torr Pressure and 1l.ms Discharge Current

Fig. E-3. Sequence of Iines with 17-torr Pressure and 10-ma Discharge Cuxrrent

Figures E-2 and B-3



Report No. L4033, Vol. I Part 2

Fig. BE-h. Sequence of Iines with 16-torr Pressure and 10-ma Discharge Current

Fig. E-5. Sequence of ILines with 15-torr Pressure and 8-ma Discharge Current
* Indicates lines of the 9.L-micron band.

Figures E-It and E-5

~
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Fig. B6. Seaquence of Lines with lh-torr Pressure and T.8-ma Discharge Current

Fig. B-T. Sequence of Idnes with 13-torr Pressure and 6.8-ma Discharge Currenk
* Indicates lines of the 9.h-mieron band.

Figuves E-6 and E-T
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P18
P24
Plb
P12
P26
R12
iPl!o

Fig. E-8. Sequence of Iines with 12-torr Prespure and Gema Discharge Current

o R - IR T ' | T o
£ §338 9 3 73

P20
P22

Pig. E-9, Segquence of Iines with 1ll-torr Pressure and 5.ma, Discharge Current

Figures E-% and E.g
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P14
Plg
P20
P22
P18

Fig. B~10. Sequence of Iines with 10-torr Pressure and L. h-ma Discharge Current

Fig. B-11. Seguence of Iines vith 15-torr Pressure and 1lems Bischarge Curyent

Figures B-10 and E-11
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Fig. B«12. Sequence of ILinea

Fig. E-13. Sequence of Iines Wwith 15«torr Pressure and 9-ma Discharge Current

* Indicates linee of the 9.k-micron band.

Figures E-12 and B-13
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Fig. B-15. 8Sequence of Lines with 15-torr Pressure and (-ma Discharge Current
* Indicates lines of the 9.h-micron band.

Figures E-1L and E-15
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Fig. BE-16. Sequence of Iines

¥ig. E-17. Sequence of Iines with 15-torr Pressure and 5-mm Discharge Current

Figures E-16 and E-1T7
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3hoalsl 2lslglgy

Fig. B-18. Sequence of Iines with 15-torr Pressure and 10-ms, Current, Cavity Iength I,

Fig. E-19. Sequence of Iimnes with 15-torr Pressure snd 10w-nma, Current,
Cavity Length Tncresmsed to L + 100 Microng

Figures E-18 and E-19
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ol o] wle 0| of <hd w] o
a & @ % E % ¥ & @ #

Fig. E-20. Sequence of Lines with 15~torr Pressure and 10-ma Current,
Cavity Iength Increased to L + 200 Microns

¥Fig. BE-21. Sequence of Iines with 15-torr Pressure and 10-ma Current,
Cavity Length Decreased H0 L

Figures E-20 and E-21
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Fig. E-22. Sequence of Lines with 15-torr Pressure and T-ma Current

Fig. B-23. Sequence of lines with 15-torr Pressure and 6-ma, Fresh Gas Fill
¥ Indicates lines of the 9.lh-micron band.

Figures E-22 and E-23
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PE?
Pl6
P26 _
P20

E

Fig. E-24. Sequence of Lines with 15-torr Pressure and 6-ma,
Polished NaCl Flat in Cavity

Shar 38 2 S
'R 2'® B =2

Fig. B-25. Sequence of Iines with 15-torr Pressure and 6-ma,
Polished WaCl Flat in Cavity, Stiail Temperature Gradient in NaCl

Figures E-2L and E-25
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P16
R14
276
P20
R12 |

2

P20

N

Fig. BE-26. Sequence of Lines with 15-torr Pressure and G-ma,
Polished NaCl Flat,in Cavity, Iarge Temperature Gradient in NaCl

< <
o ]
&~

Fig. E-27. Sequence of ILines with 30-torr Pressure and 10-ma Current

Figures E-26 and E-27
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P20

S8 28
B mE

f2é

Sequence of Lines with 25-torr Pressure and 10-ma Current

Figure E-28
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A" T=8 ma

002 laser Signatures During Testing of Setup
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C I=8 ma

D I=9 ma

CO2 Iaser Signatures During Calibration Tests
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B I=10 ma, PT=.3'1’“5 tore

D I=8 ma, Pp=12.3 torr E I=10 ma, Pp=12.3 torr F I=15 ma, Pp=12.3 torr

CO, Laser Signatures with Variations in Heluim Partial Pressure and Discharge Current
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SYIVAK
RESONATOR: By = 3.12 m, R, = o0 (6% TRANSMISSION), d = T9 cm
TUEE: ID = 7 mm, achive length about 64 cm, Ga As Brewster angle windows.

10 na, , 500 15 ma,, 500

-

'-J_OOV

= N T

~000V 100V -900V 100V

Qutput of Sylvania ILaser vs PZT Voltage (Slgnature) Measured with a Phllco-Ford GPC 216
Ge:Au from -100V to -900V for 10 ma and 15 mz Pischarge Current and for 5 %c anda 20°c Temperature
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BYLVANTA LASER - STGNATURE

" 6007

Conditions as in Figure BE-33, but Range of PZT Volitages Reduced to -300V to -600V
Note: Powsr (Ordinate) Scale Same as in Figure BE-33
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QUTPUT POWER, MW

800

700

800

500

400

300

200

100

LASER D CURRENT, MA

OUTPUT OF SYLVANIA LASER VS DISCHARGE CURRENT
AS MEASURED WITH POWER METER FOR TRANSITIONS P20, P24, AND R18

2 aJed ‘T *TOA ‘€Lon *off rodey



o¢~H INBTE

SYLVANIA LASER SIGNATURE
215 mw/ cm

. Sylvamis, 20°¢ . Mar2, 70 Sylvania 20°¢ Mar 2, TO

8 8
B § 5
~C00V 10 ma -100V -900V l 15 ma =100V
- - 5O e _ O
Sylvania ‘E . 20°C Maxr 2, 70 lvania 70
I o 3 )
4l .
h P
| 5 ‘1
B B
i~ T
-600V 10 ma -300V ~600V 15 ma ~300V:

Sylvania ILaser (GPC 216) Signatures for 10 ma and 15 ms Discharge Current, 20°C Cooling Water
Temperature, and PZT Voltages of -100V to -900V (See Top) and -300 to -600V (See Bottom)

Note: Ordinate Secale: 215 mw/cm (P20)
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No Aperture

0 18 ma ~-2000V 0 18 ma ‘ 10:00

HOMEYWELL LASER
-Besonator length = 54 em, Long Radius Mirrors
Tube: ID = & , Active Iength = 32.5 cm, 6ne falt Brewster Angle Window

1 Feb 1970 & mm Apersure 970

-2000V
5 mm Aperture

20°¢

18 ma

0 1:30 -2000V

Honeywell Iaser (GPC 216) Signatures
Note: Upper Left Picture Taken Without Aperture Within the Resonator;
The Remaining Two were Taken
with a 6-mm dia Aperture, 3-hr, 30 min Apart
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HOMEYWELL [ASER (6 MM AFERTURE )
Ordinste scale: 400 mW/cm (10.6 pm) and 72 mi/em (9.6}11:!1)

Honeywell . 6 mma Feb 28 T0 Honeywell 6 mma. ¢ _Feb 28 70

~2000V 14 ma ov -2000V 18 ma ov
Honeywell 6 ome . 5000 oy of 70  Honeywell 6 amn 2000 “Feh 28 0

]

-2000V 14 ma ov -2000V 18 ma ov

Honeywell ILaser (GPC 216) From Aero to -2000V for 14 ma and 18 ma Discharge Current and
59C and 20°C Cooling Water Tempersture
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400

300

200
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LASER B C CURRENT, MA

Output of Honeywell Leser (Power Meter) vs Discharge Current
for Transitions P(20)}, P(2hk), snd P(22)
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RCA Iaser Signatures Representing 3 Half-Wavelengths of Travel

Figure E-4O
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Figure E-41

RCA Taser Signature Peaks
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Q
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0.1

700
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RESISTOR LENGTH, MM

WIDTH OF CAVITY LENGTH REGIONS WHERE SIGNATURE
0F SEQUENCE P20, P26, P24, P18, AND P22 OCCURS VS
CAVITY LENGTH FOR D = 700 MM TOD =800 MM
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Ch=3 SINSTH

Plée

CAVITY LENGTH LiNE
MM

421 422 P20

421 424 P24

421 425 P18

421 425 P22

421 427 Ple

¥

- A2

. R .
(4.6 R R R P18

P18 pz2 3 .33 P16 P24
P24 (9.6

“P20
" NOTE: THE TUNING RANGE OF THE P20 LINE !S DECREASED DUE TO THE NEARBY
RESONANCE OF P16. THE COMPUTER PRINTQUT INDICATES THAT AT ABOUT
421.75 MM CAVITY LENGTH MUCH BETTER CONDITIONS EXIST FOR P20, THE
PRINTOUT SHOWN ABOVE IS INDENTICAL WITH THAT IN TABLE E-6,
THE CAVITY LENGTH iNCREASES TO THE RIGHT,

COMPARISON OF AN OBSERVED AND A CALCULATED SIGNATURE
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APPENDTYX ¥
LASER FREQUENCY STABITIZATION

1.0 LASER FREQUENCY CATIBRATTON

In conjunction with two govermment-sponsored research programs and
several independent development programs, Sylvania has been studying for several
years techniques for obtaining & high degree of freguency callbration accuracy -
of CO2 laser sources. In the course of this work, a method of electronically
locking the 002 lager to the center of its galn profile has been successiully
demonstratedl. In addivlon, a sbtudy of schemes that will allow stabilization
of a 002 Jaser oscillator to the center of the gain or absorption profile of
an external amplifier cell is currently under way. Both of these techniques
nake use of a more or less ideal wmiversal frequency standard: +he center

Ifrequency of a duantum mechanical energy transition.

The results of these programs indicate that this standard can be
used to full advantage in the pr%sent design. The technique, whieh will allow
the required accuracy with minimum complexity in peripheral equipment, is im-
plemented by sinusoidally tuning the laser cavity freguency over a small range
at & low audio rate and observing the FM-to-AM conversion produced by the
dependence of laser power output on freguency. The error signal used for the
stabilization is dexived from the gain profile of the oscillating transition
by measuring the amplitude-modulﬁted signal produced on the laser output when
é sméll amount of freguency moduiation, which hag an anplitude of fd and a
frequency of w, is introduced on the laser signal. The component of AM at the
modulation frequency i1s given by

8ap f

d
Pl = 5

(fa - fc) cos wt (1)

(AfOSC )

where Pm is the maximum laser power output, Afos; is the freguency spread over

which laser oscillation abt a single btransition cen occur, and G is a factor

¥-1
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which depends on such parameters as modulation frequency, laser pumping rate,
cavity and upper lasing level decay rates. This factor becomes unity at low
modulation frequencies (as will be used in the proposed application), bub can

become important at modulation freguencies in the 100-KHz range.

The quantity ( £, - fc) in Bouation (1) is just the detuning of the
lasexr oscillation frequency fc from the center frequency of the transition fa'
The proportionality between P; and (fsL - -rc) results in the usefulness of P
as an indicabor of laser frequency offset from line center. The technique by
which P1 is generated is shown diagramatically in Figure F-1. Phase-gensitive
detection of the electrical signal produced by Pl then yields & typical dis-
crimingtor characteristics as a funection of detuning. This discriminant is
directly usable in a feed-back control loop .for frequency stabilization.

Figure P-2 1s a block diagram, showing the compcnents used in such a system

The limitation on frequency stability obtainable with this tech-
nigue is determined by the minimum signal detectable above the noise level of
the control loop. From Equation (1), the expression is obtained for the ampli-
tude of the voltage signal at the output of the detector terminals or the input
t0o the first amplifier:

8me

V'=———-g--(fa-—f) (2)

g (Af 2 c
osc

where Vm is the peak dc¢ volbtage produced at the detector by the laser oubput.
This eguation assumes that the dc responsivity of the detector 1s equal to the
responsivity at the auvdio modulation freguency. The minimum detectable detuning

(fa -, = fmin) will be determined by the condition when the signal is approxi-

mately equal to the input referred noise of the system (i.e., VS = vﬁoise)'
From this 1s obtained
AF 2
( osc)
£ = 2 . (3)
min 8 v f noise
m d
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The noise produced by the detector within a bandwidth, B, is given by
v, = (R) (WEP) (VB) ' (k)

Results of experiments show that frequency instabilities can be
kept well. within the required values. Figure F-3 shows the results obtained
from a hetqrodyne_experiment in which two independently stabilized lasers main-
tained a stable heterodyne beat frequency o better than +75 kHz over a period
of about 1 hcur. Of course, the long-berm accuracy, over weeks or months, of
this calibration technique requires that the center frequency of the gain pro-
file either does not change in time, or that any changes be known and predic-
table. FBarly analysfs indicates that a shift in center frequency will not be
a problem, Measurements verifying‘this have been made by Mbcker?, who observed
no change in the center freguency of the 002 laser gain curve as a function of
pressure,

2.0 THERMAT, FFFECTS ON TASER FREQUENCY

The operating frequency, £, of a single-mode laser is given Dby:

f = 2—%——5-3 (5)

c

where q is the number of half-wavelengths bebween the laser mirrors and EC is
the optical distance bebtween mirrors. The change in laser frequency due to
change in cavity length 'is givep by the expression:

FANY n
c

B A
- 1, =1 & (6)

c

wh?re Fn is the opbtical length:change due to the'various components which con-
tribute to ecavity length changes. Figure F-1 shows the elements that must be
considered. The mirrors are separated optically by the modulator, Brewster
angle windows, and gas discharge; they are also separated mechanically by the
frame, piezoelectric transducer, and mirror substrate. Table F-1 lists the

thermal pavameters of the materials in the laser cavity..

F-35
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TABLE F-1

THERMAL: EFFECTS ON LENGTH AND OPTICAL THICKWESS FOR SOME MATERTALS

dn ,0.~L
Material a (°ch ar (€ 7)

Aluminum oh.0 x 1070
Invar 1.0 x lO_6
Super Invar 1.8 x 1077
. "'J-I-*

Germanium +4.6 x 10

. . -6 T
Gallium arsenide 6.86 x 10 +2.05 x 10
PZT =5 x 107
Mirror substrate =5 % 10-6
%

|

L,o
3.30

As measured at Sylvania by interference technigues using a stabilized CO2 laser.

As 1s apparent from this table, the effect of physical length

changes with temperature in GaAs is small compared to optical length changes.

The major contributors to the laser thermal drifts are:

K - - -
lc A’?W:'Lndows + A Invar AQPZ'I‘ A"'?a.ll. A"?Iru'.rrox"

The expected physical lengths of each of the components are:

Length in Centimeters

tw lIN 1PZT lal ' pmirror
[ f N )
0.3 30 0.15 Varisble 0.5

Tobal
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Then:
I an - - -
AL = [Fc -‘?1-1 (dT)W N (‘qa)Inva:c' ua)PZT (ﬂa)al (ﬂa)mirror] (7)
and
[s) o]
AP = -2 MHz/ C win | 3t MHzZ/ C v
o) e a) )
+ .85 MHz/"C — P al + 5.7 MHz/ C S (8)
[

The aluminum thickness can be accurately chosen to work in conjunction with the
PZT gtack and grating to compensate for the Invar expansion. If Super Invar or
Cervit were chosen as the cavity spacer material, the aluminuvm would have to be
added in the other direction to compensate for the PZT and gratving expansions.
Since thermal compensation is deésirable as a general practice, standard Invar
can be just as effective as any other low-expansion cavity material., Sylvania
has demonstrated this compensation effect on several CO2 lagers, in which
thermal control alone was used to achieve good frequency stability. At leasd
ong order of magnitude reduction in the effective expansion coefficient of the
Invar can be achieved; with care, two orders of magnitude can be reached, using

aluminum compensating material.

Grouping the mechanical components of the cavity (assuming a factor
of 10 compensation by the aluminum), the expected frequency instabilities are:

_emiz/%c 3 wHa/%C

T = - Yindows  Max. for cavity (9)

To meet the stability requirements for the system, temperature
variations of the laser components (including the laser windows ) must be kept
0 L4 x 107 °¢/min.
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3.0 HETFRODYNE_DETECTION OF OPTTCAL-FREQUENCY FM COMMUNICATIONS
STGNATS TN THE PEESENCE OF FM NOISE

In an optical-frequency heterodyne receiver system using a squaxre-
Law (power) detector, the detector is illuminated by a signal from a loecal

(power) detector, the detector is illuminated by a signal from a local oscilla-
Tor given by

al(t) = A, sin Gblt + ¢l) (10)
and by some presunably narrow-band, received signal, expressed as
ag(t) = A, sin (mat + ¢2) (11)

The following sketch shows the essentials of such a receiver from
FM comunications.

1

LOCAL
OSCILLATOR  {® A
l )
VIDEQ
OUTPUT
SIGNAL BEAM | SQUARE Law : SCRIMINATOR bt
2R COvBINER - DETECTOR o [.F, AMPLIFIER LIMITER &1 DISCRI R
The voltage signal at the ouwbput terminals of the detector will be
given by

where R is the respon'sivity of the detector (vol'ts per watt) and P

Vyt) = R [Pl + P, + 24/P P 008 (wy-w) t+ ¢ - ¢2]

fhe powers of the two beams at the detector,

(12)

and P, are

1 2
In writing Equation (12), it is

asgumed that the debecbor has constant responsivity out to at least a frequency

G»l —-wé), but that there is no response at optical frequencies.
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However, Pl and P2 can thewselves vary in time if a relabtively
narrow-band amplifier and limiter are used following the detector; the resulting

output from the limiter will have a Ffundamental component given by
Vl(‘l:.) = A cos (ml —602) t + ngl - ¢2 (13)

Other components oceurring at odd harmomnics of (col - 02) produced by the limiter

can be Tiltered out and, therefore, are neglected.

The instantaneous frequency of Vl(t) may be written directly as
the time derivative of the rthase of'Vl(t):

) = (@, ~ay) + 4 - B, (1)

The (discriminator into which Vl(t) is fed will in general produce
an oubtput voltage of the Form

V8 =k (o - @)+ dy (@ me ) rig (@ me e - - ()

Wwhere mc is the center frequency of the discriminator. To the extent that k2 B

k2 » and higher-order terms are small, the discriminator is linear.

Assuming that the (cul - &’2) term in Equation (14%) is maintained
constant, then the information and noise will be contained in the fﬁl and 532
terms., To treat the effect of the FM-stabilization technique on the proposed -
sysbem, it is assumed that 5.25 = 0 and that ;52 equals the sum of some information

‘Term ‘da plus a term resulting from the FM stabilization modulation, ngb. Thus,

=0 (16)
by =9 +8

The discriminator output (neglecting dc terme) is then

_ ., . . .2 o + 3 ~
Vo) = %k 0, + 0) + k(8 + 8)" + kg (8, + 6,)° + --~  (17)
=k, (¢ + 3,) + k (éz + 20 0, + 62)
1YV a b 2\ a a b b
-3 -20 . '2 '3 8
+k3 (¢a+3¢a¢b+3¢a¢b+¢b)+-~- (18)

F-7
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The first term in Equation (18), ky (éa + éb) shows that the first-order linear
effect of the discriminator does not mix the information sigral with the stabili-
zation modulation and, therefore, because of the wide separation in frequency
(greater than 1 MHz compared to 75 Hz), the two signals are easily separated by
proper filtering. The second term with coefficient k2 is made up of three
additional terms. The first of these, kE ¢22, is the second harmonic distortion
due to discrimingtor non-linearity and occurs at twice the information signal
frequency. The second term is the mixing term between the stabilization M

and the information. Both of these signals can fall within the Information and,
thus, refuce the fidelity of the channel. The ratic of the amplitudes of these
two signals may be shown to be

Mixing term - Afb
2 d Harmenic term Afa

where fb and fa are the peek frequency deviations of the stabilization and
information signals respeciively. Since the stabilization FM uses a peak-
fregquency deviation which is nearly an order of magnitude less than that used
for the information, the mixing signal will always be smaller than the 2nd
harmonic signal. Thus discriminator linearity must be determined by the maxi-
mum allowable harmonic distortion in the channel, and the use of FM stabiliza-

tion will not impose a more stringent regquirement.

As a conseguence of the use of baseband conversion and a discrimi-
nator which is sufficiently linear to provide low harmonie distortion, At is
possible to use FM -stabilization of the transmitter conmbinuously while the
channel is open and thereby eliminate the reference cavity and associated
electronics which were thought to be required esrlier. Low-fregquency FM noise
on either of the laser oscillators similarly becomes unimportant as a noise
source in the informstion band. Finally, the problems of modulgtor resonances

occurring in the 100-KHz range are also eliminated.
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TRANSDUCER LASER TUBE BEAM SPLITTER
] AW /____{}____ e
)
i
i
¥
OSGILLATOR DETECTOR
L_'_HIG:H VOLTAGEL . © | INTEGRATING PRODUCT |,
-AMPLIFIER | AMPLIFIER DETECTOR AMPLIFIER

Fig. F-2 FM gtabilization System Block Diagram

Figures F-1 and F-2
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APPENDIX G

THEORETICAT, MODEL ¥OR LASER POWER OUTPUT COMPUTATION

It is important in the design of compact and efficient lasers thab
a mathematical model be available which can be used to accurately predict laser
output powér given thé available design parameters such as mirror transmitiance,
losses, active length, etc. In addition, for cases vhere active intra-cavity
elements are used in a laser, such a model forms an essential part of any
. tradeoff analysis performed to optimize the overall system. For example, in
the present LCE system, the transmitter laser uses an electro-optic phase modu-
lator within the optical cavity to produce an FM signal on the laser output.
The particular choice of modulator length and active tube length must be made
so as to minimize the power required by the entire transmitter system. The
choice of these lengths is, of course, subject to the constraint that laser
power must exceed some value. Tt is therefore necessary to be able to express

this output power amalytically.

In developing an expression for laser power output we have essen-
tially followed a derivation given by Rigrod(l) except that the case where
output occurs at one mirror only has been specifically analyzed and provision
has been made for including intra-cavity losses, in addition to those asso-
ciated with the mirrors. It is assumed that the laser transition line is
homogeneously broadensd so that the gain coefficient ai any point z along the

active region of the laser is given by

&
: =- f g{2) =775 75 (1)
+ -
Here B+ 1s the intensity of the forward traveling wave normalized to the satur-
' I X
ation intensity, B+ = fi , and likewise B = f: . Also, &, is the unsaturated
8 8

gain coefficient. Radial variations in gain are not considered and Equation (1)

(l)W. W. Rigrod, "Saturation Effects in High-Gain Lasers,” Jour. Appl. FPhys.,
36, pp. 2487-2400, August 1965.

G-1
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is, therefore, some average value over the diameter of the region. This is
not particularly serious since this is the quantity which is most easily
measured in a basic experiment and it can, therefore, be used directly here,

Since the gain is independent of direction,

e -5 5 - -5 5o (2)

This yields

B, B_ = constant = C (3)

Figure G-1 shows the laser schematically including mirrors with re-
flectances given by: Ty = 1- a1, r2 =1 - a2 - t where ay and a2 are the
digsipative losseg and t is the oubput transmittance. In addition, an element

»

with single pass loss A, is included in the region near mirror 1 so that the

laser medium sees an effective reflectivity 1:":L =1 - a) - oA, The oscilla-
tion will stabilize at a level such thab
B B
= ¥o T EE £ (%)
3 1
From Equation (3), ,
B, By =B,B,=¢C (5)

and therefore,
B r'
RPN (6)

From Eguations (1), (2), ard (3), the following identity for the

power flow in the positive direction can be written:

S D
Bidz 1 4.5.48
+ B+

After integrating, the following is obbtained

G-2
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: B
2 11
g L=f==+38, -B —c(—————) (8)
o BT 271 B, B

il

The same procedure for the negative direction gives
B, -
4 1 1y,
gOL—Qn—B;+Bu-B3—-C(B -35) (9)

Adding Equatione (8) and (9) gives

Y Ve
el

The normalized output intensity from the laser is then,

[go L+ Qn\/r'l Ty ] {10)

H

i = Bt (11)
To simplify this expression, it is assumed that the mirror losses
al,'a.2 are equal and define mirrvor efficiency K as K = 1 - a. Substituting
Bquation (10) into (11) and meking use of the expressions for r', emd r, given
prior to Equation (4) gives

1 Vr-2as[g 1+ eaV(x- a0)(x - 1) |

fs_-:[‘\/K—- 2A.+\/K-T]E.-\f(vK-2A)(K—T)j

This expression then allows direct computatlon of laser output power once data

(12)

is available on gain and saturation for the active medium and the mirror prop-
I .

erties are known. Plots of Tg-as a funciion of mirror transmittance for sev-
5

eral values of gala and loss are shown in Figures G-2 through G-6.

G-3
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MIRROR TRANSMISSION, T ( PERCENT)

lg/1g VS MIRROR TRANSMISSION FOR A
LASER GAIN OF 14 PERCENT

Figure G-~3

LEGEND: a = .0075 (LOSS PER MIRROR)
b = 0.14 (GoL)
¢ = ADDITIONAL SINGLE PASS LOSS
//"'—'—""“--.\
e >
/ ~NC = 01
- // ~
/
/ U
— / -~ T~ e =.02
/ -~ S
/ e ~
Y ~
/ / ~
-
-/
/ S
5 / - ““-‘._H__\c\= 04
/ // \\
/
e
/ e
. / — i T~ _ c=.08
// ‘ ~
-
| : | l | I
.02 .04 .06 .08 0.10 0.12



Report No. 4033, Vol, I, Part 2

LEGEND: a= 0073 (LOSS PER MIRROR)
b=0.16 (GoL)
c = ADDITIONAL SINGLE PASS LOSS

.08.
07 //’.——-_—-\\\ ¢c=.01
// ~
/ ~
/7
.06 /
/
/ -
/ //—-"'_""_""--..______ c=.02
/ S
.05 / pdd T~
/ i ~
/ /
/ /
.04
i/ 1 [/
[/
[ / e — c= .04
03 1= / /// -
/ o7 ~~
~
/ e
021 [/ /
// /_,..—--""—'-_"""'--..____HEH: 05
/ /// \'\
01— / ~
o~
/
| 1 2 | |
0 .02 .04 .06 .08 0.10 0.12

MIRROR TRANSMISSION, T ( PERCENT)

lo/1s VS MIRROR TRANSMISSION FOR A
LASER GAIN OF 16 PERCENT

Figure G-4



I/

.09

.08

.07

.06

.05

.04

.03

.02

.01

Report No. 4033, Vol. I, Part 2

///‘—- T~ -
L P =~ ~
e O~
/ ~ c=.01
/ ~
/ ™~
— ~
/ ~
—— N
/’-—‘ --.____\ \
- S~
- ™~ ™N
/ 7
/ 7/ ~
/ ~
/ ~
Ny / N,
| / N
/ / ~ - \"'\ c=.04
/ d =
/ e \\\
L v
/ 7 \\\
/ Y
T T T T T —
- / // T~ ~_C¢< .06
~ ~
/ e ~
// ~ LEGEND: a=0,0075(L0SS PER MIRROR) ™~ ~
/7 -
/ b=0.18 (GolL) ‘\\ )
— / ¢ = ADDITIONAL SINGLE PASS LOSS
/
! { | i ! l |
02 .04 .06 .08 0,10 0.12 0.14 0.16

MIRROR TRANSMISSION, T (PERCENT)

f1g VS MIRROR TRANSMISSION FOR A

LASER GAIN OF 18 PERCENT

lo

Figure G«5



]0/ IS

0.1

.0%

.08

07

.06

.05

.04

03

02

01

Report No. k033, Vol. I, Part 2

/// -__-—-\\\
e ™~ ~
i / ~
/7 ~S c=.01
\
/ ~
/ N
» // L \\
/.—-—- -—-..,.____~\
- S
/ - \\\ 02
e c=.
L .
/ - ;
/ / \\\
/ // ~J
] /
[y
I/
|/ / e —
—— e
/ / - T~ . c=.04
/ ~ ~
/ < ~
/ S/ -
=/ / 3
/
// g
/ - — T T —
_I / — T — ¢ =.06
f -~ ~
/ ~ ~
- ~
/ ~
|/ / LEGEND: 2 =0.0075 (LOSS PER MIRROR)
/ b=0.20 (Gol)
/s c = ADDITION SINGLE PASS LO0SS
/
4
| | ! ! | | 1
.02 .04 .06 .08 .10 0.12 0.14 0.16

MIRROR TRANSMISSION, T (PERCENT)

I,/ ¢ VS MIRROR TRANSMISSION FOR A
LASER GAIN OF 20 PERCENT

Figure G-6



Report No. 4033, Vol. I, Part 2

AFPENDTX H
PRELIMINARY STRUCTURAL ANATYSTS OF
RADIATOR/SUNSHADE AND SUPPORT
The differential coefficient of thermal expa.nsi;m, Ao, between the beryl~

lium support structure and the magnesivm.radiztor is

Aa= (1% -6.7) 10"6
Aa=T.3x 1076 in./in./°F

The maximpum temperature differential, AT, the spacecraft/or experiment will

experience is

AT

n

(95 - 1) (20°¢ +15°C) (2)
AT = 5L4°F
Therefore, the maximm strain imposed on the radiator wlll be

A o (AT) (3)
7.3 ® 107 (5k)

Il

€

€

]

€ = 394 x 10—6 ‘in./in.
and the compressive stress is
t,=Ec¢ ()
£, = 6.5 x 106 (394 x 10“6)
fc = 2560 psi

The allowable buckling stress, based on & factor of safety of 1.5 is then

Py ckling = & (F.8.) (5)
Fyuckling = 2560 (1.5)
F'buckling = 3840 psi

The thickness of the magnesium ra.dia.tor,l based on this allowable buckling

stress is then

1. Roark = Formulas for Stress and Strain

B-1
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2, .2
" - ‘/Fbuckling( (1 -4 ) * (6)
req KE

and where K = 0.35

. - %/3840 (- .32 3.8
req 0.35 (6.5 x 106)

0.153 inch

M

req

The approximate weight of the radiator and the detector/mixer is

Radiator 0.5 1b
Dete?tor/mixer 0.15 1b

The 1g static deflection normal to the surface of the radiator is then:

3%, (m - 1)(5m + 1) r2+3WD/M @M= 1)(3m + 1) =

s
167 E mo £ b or B+

- (7)

and substituting

3(5)(—--1)(——+1)39
16 ™ (6.5 x 10°) (% )(153)3

Sst

3 (-15)(-3 - l)(-;§ + 1) 3.5°

bow (6.5 x '106)(%)2(.153)3
P :

sst (72 + 54) 10

-6

i
S 126 x 10

i

st
The first mode natural frequency, aséuming single degree of freedom in the

transverse direction -of the radiator is then
1 g

st
s =1 ﬁ/ 386
a2 126 x 10~°
fn = 278 Hz

BH=2
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The differential coefficient of thermal expansion, Aw«, of the b%ryllium

support structure and the aluminum sunshade is

AN o= g = a’Be {9)

6

Aa= (13 ~ 6£.7) x 107

Aa=6.3x10° in./in./°F

As in the analysis of the radiator, the compressive strain from expansion
of the aluminum with respect to the beryllium, over the 54°F temperature
differential, will be

€ = 6.3 x 107

6 (51)-

€ =34 x 10'6 in.[in.

And the compressive stress in the mounting ring is conservatively

£,=10x 106 x 340 x 10'6

.fc

1l

3400 psi

The allowable buckling stress, with a factor of safety of 1.5 is then

]
Fbuckling = 3400 (1.5)
Ebuckling = 5100 psi

The minimum flange thickness of the sunshade support ring would then bel

2 2
4 = %/ Fbuckling (-7 r
- . KE

K =0.17

where

then

‘- %/5190 a-.3%3.F
' 0.17 (10 x 10%)

t = 0.203 in,

H-3
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This thickness is an approximate first-mode, single-degree of freedom,
natural sumshade frequency in the transverse direction, assuming a cylinder
‘7.8 inches in diameter, 7.l inches lc‘mg, 0.10 inches thick, and fixed at
‘the flange or support.

The approximate stabic deflecltion of the shade would then be

. 3
E 1 %l
Sst"3 "1 "F% TET (10)
where
W= (7.8)(.10)(7.4)(.10)
W, = 1.8 1b
W, = (15.56% = 9.56°) .7854 x .10 x .10
W, = 1.2 1b
T =7 (3.99)(.1)
T =18.6 in.*
then
_ 1.8 (7.4) . 2 (7.4)
st 6 6
3 (10 x 107)(18.6) 8 (10 x 107)(18.6)
B w6
SSJG = .03 x 10
and the natural frequency is _
PO | 386
no 2= .03 x lO"6
f = 18,000 Hz
n


http:7.8)(.0)(7.4)(.10
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APFENDIX T

PRELIMINARY THERMAL ANALYSIS OF THE LCE PASSIVE RADIATOR

1.0 SUMMARY

A thermal analysis was made on the passive radiator portion of the
Laser Cdmmunication'Experiment rackage described in Reference 1. The location
of the radlator 1s as shown in Figure I-1. It is necessary for the passive
radiasbor to maintain the surface on which the detector is mounted st a tempera-
ture of approximately 100°K in crder that the detector operabte with adequate
sensitivity. To obtain a surface at such a low temperature using passive means
it is ﬁeceSSary to isolate the suriface, to the maximum extent possible, from
all exbternal hga# sources while still allowing the surface t0 vliew space.
Therefore, the passive radistor design presented herein, was an attempt to
maximize ‘the heat loss from the cold surface by providing a ‘good wiew to space
while at the same time minimizing the heat gain from its surroundings by the

use of insulation and radlation barriers.

The purpoge of this analysis was to determine if the passive radiator
design concept for the 10.6-micron Laser Connunications Experiment package
suggested in Reference 1 could provide a cold surface temperature of lOOQK for
the detector, assuming its most severe thermal enviropment. A schematic of
this design is presented in Figure I-2 and consists of an 8-stage radiator

surrounded by a truncated conicsl shield.

This analysis showed that the cold surface would reach a pesk
temperature of 1300K and have a temperature fluctuation of thK during the
250 orbit using the radiator configuration suggested and a surface specularity
of 0.9% for the inside of the shield. If the specularity of the inside surface
of the shield could be increased to 0.99, then the maximum cold surface Tempera-
ture could be reduced to approximately IOSOK’and the température fluctuation of
that surface could be reduced to about lTQK.
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This report recommends that a comprehensive invesgtigation be
initiated to determine the highest specularity which can be practically cbtained
for the surfaces on the inside of the shield. It alsc suggests that it would
be possible to reduce the cold stage temperature fluctustion during an orbit
by removing a portion of the shield on the antenna side. Another approach to
jimproving performance would be to paint the radiator 'white or install second

gurface wmirrors to reduce absorption of incident energy.

The previous ana1y51s described in Reference 1 suggested that the
shleld be enlarged on “the side Tacing the antenns so that there would be no
direct view from the antenna to the inside of the shield and the radiator. It
was also recommended that the shield be divided intc a number of nodes to
account for circumferentizl and axial variations in shield temperature. These

suggestions were incorporated into this analysis.

The analysis just completéd shows that, in order to make a reslistiec
eveluation of the capabilities of the pasgive radiator for this application, it
is essential that the magnitude of the solar heat load on the cold stage of the
radiator be predicted with a high degree of confidence. Thié—requires an accu-
rate predlctlon of the final destination of sclar rays both specularly and
dlffusely reflected from the inside surface of the shield.

2.0 METHOD OF ANALYSIS

The Monte Carlo compuber program was used to provide infrared
radiation heat transfer information and to determine the solar heat load on
“the various surfaces. The CINDA computer program was used for the generél

heat transfer solution.

The passive radiator model used in this thermal analysis consisted
of an eighft-step radiator surrounded by a shield which acted as a radiation
barrier to the solar rays,‘and the infrared radiation from the antenna. The
thermal model used in the CINDA analysis is shown in Figure I-2. In order to
prevent the antenna (whose temperature was assumed to be 1500F) from geeing
the inside surfaces of the shield and the radiétor, the shield height was in-

creased on the side facing the antenna. Tn this configuration the shield was

I-2
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the second largest heat source for the radiator cold surface and, therefore,
fhe temperature gradient through the shield had to be determined if the magni -
tude of this heat source wds to be accurately represented in thé thermal model.
For this reason, the shield was axially divided 'into two nodes and circumferen-
tially dividedginté 8 nodes for the analjsis.' Axial and circumferential con-
duction in the shield were taken into account in the ana1151s. In addition,

corductlon between the radiator stages, as well as radlatlon between the stages,

was accounted for.

In determining the Bij’s for this aﬁalysis, it was assumed that
a symmetry plane could be establishéd which passed through the highest and

lowest points on ‘the shield and lay perpendicular to the wvehicle surface.

o]

Solarx Bij's were determined for five orbit positions, OO, 1800, 2250, 2707,

and 5150, and the remainder (i.e., ﬁBO, 900, and 1550) were derived by reversing
the shield nodes gbout the above mentioned symmetry plane. The size of the
fictitious sun was changed for the various orbit positions, inhorder o mini-
mize the number of rays which went directly tc space. It was assumed in the
analysis that the suﬁ rotated clockwise around the radiator shield, The line
joining the highest point on the shield with the shield center line was defined
as the zero degree orbit angle, see Figure I-2. The summer solstice condition

(with a sun angle of 23.5°) was used.

Albedo and earthshine effeets vere assumed to be negligible. The
solar constant, S, was assumed to be 4h2 Btu/hr—ftg. The solar heat loads on

the various surfaees were determined as follows (i.e., for surface j):
Qj = st AS-S
Where: . st is the graybody view from the sun to surface j
AS is the area of the fictiticus sun
S8 is the solar constant

. . (S I
The construction of the simulated sun at an orbit .angle of 180" is
shown in Figure I-3. It was assumed that the antenna did not obscure or parti-

ally block the view from the radiator assembly to the sun for any orbit angle.

I-3
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It was also assumed that 75% of the rays generated in the radiator assembly
passed through the antenna to space (i.e., three guarters of the antenna
cross-section perpendicular 0 the rays was occupied by space rather than the

antenna). The radiation properties of the surfaces used in this analysis are
presented in Tab}e I-1,

The vehicle skin temperature was assumed to be a constant TOQF.

The heat loaa on. the cold stage from the detector wire losses was assumed to be
1.9 T &

All radiant heat flow paths were taken into account in the analysis
regardless of how small ‘the magnitude of the hegt fiow to the cold surface
appeared to be. In the initial CINDA run the specularity of the inside shield
surface was assumed to be 0.95. Since the resulits of the initial run indi-
cated that this wvalue must be 0.99 or greater to approach s cold surface tem-

perature of 1OOOK, the specularity was increased to 0.99 for the remaining
CINDA run.

'_The unite used in the analysis were as Tollows:

Parameter Unit
- Time .Orbit angle (houwrs times 15)
Length Feet
Heat Btu
Temperature QF

In the CINPA output, some of the data was converted to other units.
When this was done it was so specified in the output label at the head of the
gonverted data. A periodic temperature convergence criteria was established
in the CINDA compubter program which terminabted the solubtion when all of the
node temperatures at the end Qf an orbit were within loE of their wvalues at

the end of the previous orbit. Convergence was obtained after the second orbit.
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3,0 RESULTS AND DISCUSSION

The results of this analysis are presented graphically in Figures

I-k, -5, and -6 and are summarized in Tables I-2, -3, and -k.

* “

Tt is clear from the results that the specularity of the surface
on thé.inside of.the shield must be 0.99, or greater, if a cold-surface tem-
perature of approximately 1OOOK is o be mainbtained. If the truncated cone
configuration for;the shield is used, a cold-stage temperature fluctuation of
lToK or greater can be expected during an orbit, depending upon the gpecularity
- of the inside surface oi: the ghield. If a surface with a'speculgrity of less
than 0.99 were used for the inside of the shield the values of these parameters
would incresse. For instance, a specularity of 0.95 would result in an in-
crease in the peak cold surface temperature to lBOOK and an increase in the

temperature fluctuation of that surface to hBOK.

By far the greatest heat load on the cold surface came from solax
energy which was diffusely reflected from the shield onto'the eold surfece.
" The raised portion of the shield, unfortunately, provided & larger target
area from which these rays could be diffusely reflected onto the cold surface
during a portion of the orbit. The conclusion from this analysis is that
raiging the shield height on the side facting the antenna did result in
eliminating the antenna as & heat scurce for the cold gurface but at the
expense of increasing the sun load through a portion of the orbit and this
resulted in a higher cold surface maximum Gemperature and also greatly in-
creased the cold surface tempergture fluctuations during an orbit. Shield
temperatures and circumferential and axial temperature differences are shown
in Table I-k. The differences between 95% and 99% specularity are negligible.
The highest shield temperatures are on the side toward the sun. No further
analysis of gradients was perfoymed.

U] RECOMMENDATIONS AND CONCLUSTONS

It appears that one way to obtain a cold~surface Femperature of
approximately lOO?K is to find a surface coating or material for the inside of

the shisld which has a specularity of 0.99 or greater. A spécularity of 0.99

-5
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on the ingide surface of The shield would reduce the maximum cold surface
temperature to aboutb lOSOK and the temperature fluctuations of that surface
to about lTQK. The cold surface bempersture fluctuation could be further
décreased @y reducing the shield cone truncation (by reducing the truncation

angle) thus equalizing the heat load on the cold surface during the orbit.

The temperature fluctuation in the cold stage during an orbit is
1
caused by the variation in the sun load around the orbit resulting from the
non-gymmetrical shape of the shield. It can be reddced by
-] Increasing the surface specularity of the inside of
the shield {since it appears that only surfaces using
the highest possible specularity can be used to keep
the cold surface temperature within the allowed limibs,

a reduction below 179K does not seem possible by this
method )

e Remove or reduce the degree to which the shield cone
is truncated, as suggested above, and thus decrease
the sun load variation during the orbit

] Significantly increase the capacitance of the cold
stage and thus dampen the cold sﬁage temperature,
fluctuation during an orbit
The second alternative is the most practical especially 1T swface
specularities of 0.99 or greater on the inside of the shield cannot be obtailned.
It will result in a heat load from the antenna but that heat load will be
nearly constant throughout the orbit. The peak solar heat load will be re-
duced while the minimum solar heat load will be increased thus more evenly
distributing the total heat load during the orbit, It is not suggested that
the raised portion of the shield te eliminated since that might reéult in too
high a cold-surface peak temperatufe. Tnstead, what is suggested is a tradeoff
be made between the increase in antenna heat load which would result from
taking away part -of the raised portion of the shield and the more even digtri-.
butions of the solar heat load during an orbit which would also result. The

following parameters would have to be taken into account in such a tradeoff::
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® Maximum allowed cold surface bemperature

@ Maximum allowed cold surface temperature
fluctuation during an orbit

© The maximmam specu;arity of the inside surface
of the ghield which could be practically
cbtained and mainbained

s The antenna tempefature, infrared emissivity
and effective surface area
The most influential factor in determining ccold-stage temperature,
found from this analysis, is the degree of surface specularity (i.e., a
practically achievable value). The sun load is the largest load on the cold

stage and is directly related to surface specularity.

At the present time, shield gradients are a secondary factor in
determining cold-gtage temperature. Conéequentiy, further analysis of gradients
is not suggested abt thls time.

Additional studies of passive radiator design showld consider
other approaches to improv;ng performance besides surface specularity. One
approach might be to reduce the absorption of incident energy on the cold
stage by replacing the black surface with a white pairt or secégagéurface
mirrors. Another area not to be forgotten pertains to ease of fabrication
(e.g., problems associated with mounting seéond surface mirrors on the outside
surface of the shield and on the stacked radistor surfaces, debector align-

ment and support, and fabrication of the shield and radiator).
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TABLE T-1

RADTATTON FROFERTIES OF THE SURFACES

Properties%

Surface Description Ods € 5] T

Radiator Step 0.95 0.95 - 0. 0.
(3M plack paint)

Radiator Side 0.15 0.0% 0.95 C.
(Gold plate)

Shield Inside Case I*% 0.15 0.03 0.95 0.

Bhield Inside Casge IT 0,15 0.03% 0.99 0.
(Gold plate)

Shield Outside™ 0.06 0.77 0.95 0.
(Second surface mirrors)

Vehicle Skin ) 0.06 0.T7 0.95 0.
(Becond surface nirrors)

Antenna 0.9 0. 0.75

Notes:

Oés ~i30lar absorptlivity
€ ~Infrared emissivity
S~S8pecularity

T ~Transmissivity

3 .
Shield material is 0.010 in. thick aluwminum

Table I-L



Report No. h033, Vol. I, Part 2

TABLE T-2

T %
COLD STAGE.TEMPERATURE SUMMARY

Inside Shield
Surface
Specularity

0.95
0.99

*
Sece Figure

Maximum
Cold~Stage
Tempverature

OK

130.h

104.5

Table T-2

Minimum
Cold-Stage
Tempersture

87.7
87.7

bold-Stage
Temperature
Fluctuation

OK diff.

ho,7
16.8
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TABRLE T~
COLD STAGE HEAT GATN AND LOSS SUMMARY

Heat Gain, milliwatbs

- Bias Radiation

Inside '
Shield and Radiator From Rest Space Heat
Case Surface Sun Shield Cond. Conduetion of Radiator , _Logs, mw

No. Specularity Max Min Max Min Loads Max Min Max Min Anbennd Max Min’

I 0.95 oz, 5 0 76.6 62.4 19 3.7 =~30.1 0.49 0.21 0O N, W5Ll.4 9.5

IIs 0.99 -8k.7 O 8.5 2.4 19 10.5 -0.49 049 0O.k5 -0 186.4  92.5

Circumferential~ -~

"Lower Portion

Circumferential ~
Upper Porition

Axial-~
Upper to Lower

T .
Results for 95% and

*
See Figures I-5 and I-6.

MABLE Tk
SHIELD TEMPERATURES™

Qrbit Position

180° 2709 2600
Max Min AT Max Min AT Max r Min AT

-11,6%F  ~78.3%F 66.7 4.9%F ~75.3%F L0.k AT°F -96.3°F 19.3
-40.2 ~100.5 6045‘ -68.6 -106.5 37.9 -89, -123.2 34,2

-3%.6 ~62.6 29,0 ~50, ~106. 56. ~h7. =121, 7&?

99% specularity are the same for engineering purposes.

2 2aBd ‘T *TOA “¢o% *oN 3Iodey
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APPENDIX J

TECHNICAL MEETING WITH PHILCO-FORD, PALO ALTO, ON 22 JANUARY 1970

On 22 January 1970, the writer made a trip to Philco~-Ford in Palo
Alto, California. The purpose of this trip was to learn more about the work
Philco-Ford was doing on their TTQK passive radiator design study and to ex-
change information that we had iearned from cur past experience with low tem-

1

perature passive radiator systems.

Philco-Ford ‘personnel were very open aboubt what they had learned
from their studies and willing to exchange information. Contact was wmade with

Richard H. Hullett (analyst for the design study) and Carl zierman {(Supervisor,
Thermal Technology Group). '

In Philco-Ford's design study, detail analyses were performed for
one particular orbital altitude; i.e., the lowest earth altitude. The other
altitudes were given a much more cursory look. The altitudes and vehicle

orientation of concern were:

1. A 200-nautical mile altitude, earth oriented satellite with

the longitudinal axis of the satellite always parallel to the sun throughout
the year.

2. A 600-nautical mile altitude, spin stabilized satellite, in-
clined 45° to the equatorial plane. Satellite is always 15° to the sun rays
throughout the year. ’

3. A synchronocus altitude, spin-stabilized satellite,
3
In all of the analyses no concern had to be given to spacecraft appendages.

The general design configuration they finally arrived at for the
200-nautical mile altitude is shown in Figure J-1. They used a low conduc-
tance shield (made out of fiberglass honeycomb) mounted with low conductance
mounts (fiberglass brackets). They were dissipating a 10-milliwatt heat load,
excluding IR and other heat loads from the shields on the radiator? they pre-
dicted a radiator temperature of 121°F (67.39°K) for the ideal case (i.e.,

J-1
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adiabatic walls and 100% specularity for the shields). Focus of each para-

bolic shield was outside the spacecraft boundary.

A parametric summary of their resulis for the 200-nautical mile

altitude, radiatof design is presented below:

10-mw Heat Twwad on Radiator

Parameter Temperature, °r
1. o shields (Q.le)(l)
006" - 0.16 145-152
2. ¢ shields (0.0W4)
0.02 - 0.06 148-153
%. ,Specularity (100%)
solar : 0.3°R/%) over the range
IR .0°R/%) of 90-100%
4, € radiator (0.9)
0.9 - 1.0 150-148
5. Insulation thickness (1.5")
0.5 - 3.0 in. 165-145

6. Unit conductaﬂce(g)
{.003 Btu/hr-r52-OR)
@ - 0.05 150-105

(1) The numbers in brackets are nominal values.
(2) Unit conductance is defined as area for chduction/area of
shield.

The Philco representatives expect no seasonal variations, only
orbital changes, Radistor temperature would vary i2OK and the first shield
would vary +12°K. They were obtaining 460°R (273°K) on the first shield and
280°R (156°K) on the second shield. They didn't have any details on detector
mounting. Detector wire under consideration ié constantan or stainless steel,
(No other details as to length or size.) They are using a stacked radiator
design as shown in Figure J-1. For this rédiator design, conduction became

the primary mode of heat transfer.

They didn't have much detail on the other two orbits, because they
Telt. the 200-nautical mile orbital altitude would be the most difficult. They
certainly agreed upon the double shield configuration as the most promising
gpproach to cbbtaining low temperatures.passivelyi
J=-2
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They said they were willing to talk about bidding' for the work on

the radiator, i.e., shield design and building.

We did talk to some extent on the Laser Communications Experiment
proposgal work theyjhad doné. Thelr design was very similar to oufs except
. that their stacked radiator acted as a multiple radiative shield:(as shown in
Figuré J-1) where our design isolated each radiator stage with TGL500 insula-
tion. They had a single shield design which was allowed Lo look at the antenna
"and solar panel. They were not able to achieve lOO?K during summer solstice,

they did obtain 125%K on the cold stage during this time of the year.
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APPENDIX K

ATATYSTS OF WIRE-GRATING-POLARIZER DUPLEXER

. Grating performanée can readily -be analyzed following the method
of Auton (Ref. 1). If the grids are assumed to form an infinitely exbended
plane grating of metallic strips of zero thickness and infinite conductivity
at the boundary between air and a transparent dielectric medium (Figure K-1),
the‘ equivalent impedance can be determined from equations given by Marcuvitz
(Ref. 2). For a grating of period d and strip width a, the eguivalent impe-
dance (reactive fc—:)r a high-conductivity grid) for incident radiation with an

E-field vector parallel to the grooves is given by

X
g - d cos @ ( na)
(Z ) — ¢n {csc 4

O

2
L @-8 [(1 %)(A++A)+ll{32A A]
) 3 | 2 .k ()
B 2 B 2] 6
(l‘T)+B (1+—2— —8-)(A +A)+2§AA
- na
£ = sin 53
o -1/2
_ 2d sin © d cos O
Ai = [1 + 3 - ( x ) ] -1
If the E-Tield vector is perpendicular to the strips,
Z
o hd cos © n (d-a)
(5(—) = gn (csc 5 a )
&/L
2 7 2
L1 (1-7)[ —E(A++A_)+1L7 A+A_] ()
2 pe! b
A 2 _2__ Y - 6
( ‘u)+7(1 5 %—)(A%.A_)-%-ey A A
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_ sin xn (d-a)
v = 24

A+ = same expression as above

The grating geometry and transmission-line equivalent circuit are
shown in Figure K-2. For a nonconducting substrate, the characteristic impe-
dance of the circuit is

A o=
s

Z
o]

5l

where Zo is the impedance of free space and n is the refractive index.
The transmittances of the grid on an interface can be shown to be

bn (X /z)2

) (x,/2.)

1 (1. 1)2 (Xg/Zo)f +1

(3)

and
2
L n (Xg/zo) |

n-
(1 +n)< (xg/zo)ﬁ + 1

t (%)

When a/d >>1, (Xg/Zo)l —= o0 while (Xg/ZO)” — 0, which results in

) _ 2
© (1)/t, (1) = ¥ /(1 + ) (5)

and, by successive application of L'Hospital's rule,
tli (n)/t” (1) = n (6)

The substrate has the doubly adverse effect of reducing the per-
pendicular transmittance and increasing the parallel transmittance. This ef-
Tect can be removed by the use of a quarter-wavelength impedance matching layer
{which also functions as an antireflection.coating), as shown in Figure K-3.
The transmittances in this case reduce to those of an unsupported grid. It is
not satisfactory to place the coating on top of the grid, because there is
still an impedance mismatch that can be shown to cause losses proportional to

2
n-,

K-2
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Equations (1) through (%) were evaluated as a function of A/d and
a/d for © = 0 and hSO,_with n=21, 2.5, and 4. The results are presented in
Figures K-4 to K-8.- The degree of polarization, P, is defined as (tl - tl[)/
CEL +'t'|), which from the requi?ements (paragraph 5.2.1.6 of Volume I, Part 1),
must be 0.7 or greater. Before discussing application of the theory to LCE
polarizer design, it is pertinens to point out some restrictions on the use of
the equivalent-civcuit equations. The wavelength and angle of incidence must

satisfy the following relationship:
a{l + sin ©)A< 1

or at 9 = h5o, A/d>1.71l. This reqguirement is eguivalent to the statement that
the Tirst-obder diffraction peak=does not leave the grating at a grazing angle
(n/2) - i.e., there are no diffraction losses. The accuracy claimed for the
equations is 5% or better for A/d>1 and 1% or better for R/dgzz. This claim
is essentially substantiated experimentally (Ref. 1).

Figures K-U and K-5 show results for @ = 0 and 0 = h50 for k/d be-
tween 2 and 16. The polarization efficiency is slightly higher for a 45° angle
of incidence, which helps the present experiment somewhat. The small effect of
angle of incidence has been verified by the detailed studies of Pursley (Ref. 3)
{provided, of course, that the requirement for no diffraction is fulfilled).

Tt appears that a R/d value as small as 2 would meet the present requirements.
However, the slope of the © curve is very large here and, as an added safety

margin, a value of A/d of & to 5 will be specified.

Figures K-k and K-5 apply to a valuve of a&/d = 0.5 - i.e., equal
wires and spaces. Figures K-6 and K-7 show how the performance varies with
a/d for A/d fixed at 1 and 10. The objective is to attain large t, and P.
While the performance is fairly insensitive to a/d for large h/d, there is
still wide latitude over which satisfactory performance results at k/d = bk,

An afd of 0.5 is selected for a nominal value. Figure K-8 shows the effect of
using uncoated substrates of index 2.5 (Irtran-type materials) and 4 (german-
ium). It is obviously necessary to coat Ge, and is desirable to coat lower-
index materials for added safety margin. Ge is the best choice optically and

mechanically.

K-35
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For coherent light, the substrate can act like a Fabry-Perot inter-
ferometer. For low reflectance, however, the finesse is swall and the trans-
mission peak of the interferometer is broad. Furthermore, the properties of
the polariger are such that the multiply reflected light that would result in
interference in the transmitted beam is efficiently coupled back through the
grating. It is not expected that interference effects will be harmful. Auton
(Ref. 1) observed no effects due to film thickﬁess, presumably because the
thinnest £ilm (0.2 micron) was almost an order of magnitude thicker than the
skin depth at the longest wavelength (100 microns). At 10 microns, there
should likewise be no problem with film thickness. Casey and Lewis (Ref. U4)
have shown that gbsorption in the wires is negligible in far-infrared one-

and two-dimensional grids.

REFERENCES

1. J. P. Auton, "Infrared Transmission Polarizers by Photolithography,”
Appl. Opt., 6, 1023 (1967).

2. N. Marcuvitz, MIT Waveguide Handbook, New York, McGraw-Hill, 1951,
p. 284,

3. W. K. Purgley, PhD Thesis, Universibty of Michigan, 1956.

h. J. P. Casey and E. A. Lewis, J. Opt. Soc. Am., 42, 971 (1952).



Report No. 4033, Vol. I, Part 2

WIRES, & = ©e
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Figure K-1
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APPENDTX T

LCE OPTICAL TRAIN ANATYSIS

1.0 QPTICS DESIGN

1.1 CRITTCAL QETICS

The LCE optical.-path schematic is shown in Figure 5.2.1-1 and the
function and reéuirements of the overall system are described in Section 5.2.1
(Paxrt I). In this seetion, the cribical optical components requiring detailed
design to opbimize experiment efficiency are discussed. These are the image-
Torming components which operate on collimated beams in the Hransmit and receive
optical paths: '

¢ Telescope-relay lens system
] Beam expandexr
o Mixer focusing element

Al other wirrors and beam splitters redirect a parallel beam and are only
required toc be fabricated to a flatness and surface Tinish which do not intro-
duce excessive distortion of the nominally plane wavefront. Geometrical aber-
rations should be reduced to a point at‘ﬁhich the image energy apnd phase distribu-

tions closely approach those of a nearly perfect system.
1.2 OPTIMIZATION PHILOSCPHY

In the optical design field, the texms "optimization” and "auto-
matic design" are frequently encountered in reference to certain types of computer
programs. More appropriate terminology would be “"lens design improvement,” for
the problem.involveé so many variable parameters (radii, thickness, spacings,
index of refraction) that one would be hard pressed to unequiveeally stated that
the «Final oubput is "the optimal solution.” The result of -the multidimensional
nature is that the mathematical surface invariably contains local minima which
can rapidly trap the computer, and prevent it from finding the lowest minimum.
Far iess subtle "traps" are created by such a program left to its own devices.

For example, it is not uncommon under such conditlons for a program to design a
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system with negative thicknesses, or with surfaces which cannot be Ffabricated.
Because of capacity limitations, it is not pcssible to inelude all possible
error sources, and even the most sophisticated optimizetion programs only begin
to pay lip service to practical items such as thermal and alignment tolerances.
Consequently, an opbimization program might design a fanbastic system which is
stable with respect to parameters Iin the program, but highly unstable with
respect to an infinitesimally swall misalignment.

The point here 1s that it is practically impossible to uneguivocally
call any system influenced by as many parameters as is the LCE optical system
an "optinal" system. ‘What is possible is to apply engineering experience and
Judgment, backed up by analysis, Go establish a basic configuration which meets
the experiment objectives within the physical constraints imposed by the space-
craft environment. This basic system can then be investigated in some detail,

again within practical limits of variation of experiment parameters.

This approach hes been followed in designing the LCE optics. The
basic system (i.e., image foyrming optice, as stated in 1.1) is described and
analyzed below, including the tradeoff reasoning applied in its selection.

Subgequent sections discuss in great detail optimization of this basic system.
1.3 TRADEQFF CONSIDERATIONS

The image forming optics are shown in Figure L-1. The telescope is
a standard Cassegrain system. (iens systems of the reguired size and operating
at 10 microns can be summarily dismissed from tradecff considerations.) A%
first glance, a potential two-way gain of 2.5 to 3 db appears possible by re-
ﬁoving the central obscuration and using an off-axis telescope. A number of

arguments can he raised against an off-axis telescope:

A, Practical experience has showm that fabrication of an off-
axis system of parameters similar to those on Figure L-1 o the required
accuracy of \/2 (green light - see the optical system specification) is a
formidable task not easily accomplished. The telescope paramete;s ére Imposed
by the space allotted to the LCE.
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B. The present placement of the telescope’ is qonvenient from the
point 6f view of heat dissipation when the sun is in the field of view of the
telescope. The off-axis angle required for the secondary to clear the coarse
pointing mirror is quite large, creating a severe requirement on fabrication
of the primary. 900 rotation of the telescope to reduce the off-axis angle

aggravates the thermal problem and requires ancther large 450 mirror.

C. Although ray traces have not been performed, it is suspected
that the system image quality detericrates rapidly as the beam goes 0.2° off-

axis.

Thus, the high probability of image deterioration, low probability
of satisfactory fabrication, and increased thermal, weight, and space problems
of the off-axis telescope suggest that the 3-db gain might not be realized, and

new problems are created which affect other aspects of the experiment.

Having selected the on~axis system, it is necessary to establish the
beam reduction ratio (power or ﬁagnification) between the primexry and the
collimated output of the relay lens. Higher powers mean smaller secoﬁdary'and
reduced obscuration loss. However, higher powers also mean increased fabrica-
tion dif:iculty (pafficularly with a hyperbolic secondary) and decreased
stability with respect to thermsl variations. Ray traces on the 10-power
telescope have shown that a 0.00L-in. spacing change hetween ﬁrimary and
secondary introduces a wavefront distortion of about a/h of 10.6 microms. Based
on elementary diffraction theory of aberrations, this distortion resulis in a
loss of about 25% of éhe signel energy, and possibly results in phase distortion
at the mixer, further reducing the heterodyne IF output. (Phase loss estimabes
are discussed later in this section.) Thus, the 10-power telescope is margin-
ally stable with respect Tto aliénment perburbations, and apparent gains by
feducing the céntral obscuration are either not practically achievable or can
be had only at the expense of incurring obfher serious problems. Also, the
angular excursion at the IMC increasés, complicating the mechanical design and
operation of that element. Examination of the thermal stability of the tele-
scope structure indictaes that 0.00l-inch spacing tolerance is barely attainable.
Therefore, an upper 1limit of 10 has been established for the beam reduction
retio.
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The relay lens configuration does not iunvolve a tradeoff, since the
IMC must be placed in a position 3t which the angular excursions of the beam
are compengaﬁed without introduction of lateral shift, which creates IF signal
loss at the mixer. The reiay lens forms a veduced image of the primary mirroxr
which is fixed in space irrespective df the angle of incident. The IMC is
placed in this Imege plane. The intermediate image of Ghe object is formed in

space, off the Newbonian mirror, to prevent overheating of components.’

A tw%-element beam expander is selected so that a single component
can accomnodate both the transmitter and backup lasers. A single lens could
achieve the beam expansion if the laser outpub is not recollimated at the end
ca ity mirror. However, it was not mechanically feasible to keep the same path
lengths between the two lasers which must share the beam expsnder. Therefore,

additional complexity in the mechanical design (flip lenses for the beam ex-

pandér) would result, with only 3 to 5% gain from removing & coated Ge lens.

The two-element mixer imaging lens shortens the lens-mixer physical
separation while maintaining the reguired focal length. Because of the
packaging constraints, a single-element imaging lens would be placed in a
position at which separate lenses would be required to focus the_signal and
local oscillator beams. The\dodblef configuration allcwé mixing of the two
signals in the parallel beams at a single component, ephancing alignment
stability at the mixer.

1.k DESIGN RESULTS: GEOMETRICAL, RAY TRACES

The three image Torming subsystems have been ray-traced independently
using the parameters given on Figure L-1l. Since wavefront qistortion has been
selected as the performance criterion for this coherent, hbterodyne systen,
the ray btrace program has:been set up to compube angular deviations between
marginal rays and the chief ray in the parallel beam. Such differences can be
related to the wavefiront distortion by a simple inbtegration process. For a
set of tangential and sagittel rays (upper and lower marginal, upper and lover
.7 x full aperture, and chief ray), the telescope/relay lens system wavefront
distortion has been evaluated in the parallel beam after the relay lens. The
results are shown in Table L-1 for the on-axis and 0.2° off-axis beams.

Abervations in the off-axis beam of s gingle lens system seem somevhat marginal
Y & 3

-k
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but can be reduced by use of the doublet. (Diffraction calculaticns, currently
being evaluated, may uwlbtimately show that the single lens is adequate. See
Section 1.5.3 ) _

The beam expander is a conventional 6.5 power telescope which, with
the 10 power telescope/relay lens, produces the optimized truncation of the
Gaussian shaped laser beam. Its performance has been evaluated by examining
the image produced by a focusing element (parabola) inserted after the output
beam. The geometrical aberrations in that image are essentially wmeasurable.
The doublet mixer imaging lens has been ray btraced, and it, too, produces an
essentially perfect geometric image of a collimsted beam.

1.5 DESIGN RESULTS: POINT SPREAD FUNCTION AND PHASE

The performance cof the telescope/relay system, which 1s the most
critical element, has been investigated with a ray trace program which calcu-
lates the system point spread function. This gives a direct evaluation of the
image energy distribution of the realistic system, including the total combina-
tion of all the abebrrations in the system. The problem is handled in the

following manner. The complex amplitude in the diffracted image is

a(x’,y) =IIA (g,7) exp [i % (ex + 'qy):l dgan

where

E,7 are coordinates In the exit pupil plane
X,y are coordinates in image plane
and the integration is over the exit pupil aperture. The quantity A(g,n) is

called the pupil functiocn and is

amplitude &istribution of wave over exit pupil
amplitude distribution of wave over entrance pupll

A (§:ﬂ) =

and

A (g,0) =4 (g, 227 W ()
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with
Al (e,m) = real amplitude distribution over exit pupil

and

W (g,1) = wavefront aberration in wavelength units

W(g,n) is calculated from the geometrical opbical paths through the system to
a reference spherical wave in the exit pupil. A numerical btwo-dimensional
Fourier transform gives a (x,y) of which the absolute value squared is the
point-spread function.

The system has been gimmlated as shown in Figure L-2, which is a
ecmputer cubput trace. Note that a single rslay lens has been used here., A
parabolic focusing surface is:placed in the c¢ollimsted bear to investigate the
image quality of the telescope. Also note the intersection of rays from on-
and off-axis incident beams, showing that the IMC can indeed be rotated at
this|pos;tion without lateral beam displacement. Since the system is centered,
the cffwaxis image spread function can be debermined withoub introducing a
dummy surface at the IMC position.

The ﬁoint spread Ifunction numerical outpubts are shown in
Figures L-3 and L-I for 0° and .2° angle of incidence. For the off-sxis beam,
the spread function is evaluated at the on-axils nominzl focal point where the
mixer is placed. The on-axis gpread function can be seen to co.;rrespond with
the theoretical diffraction pattern in terms of size of the rings and energy
distribution. More happily, the off-axis pattern is not greatlx disturbed,
showing the effects of slight astigmatism and coma. From the accuracy of the
compuber calculation, it appears that a loss of 5% or less is sustained. Vhen
the total system spread functlon is evaluated, it may be possible to specify
the single rather than double relay lens,

In the heterodyne system, the phase of both beams showld be con-
stant at the mixer, which 1s at the mixer lens image in the L{E. Therefore, an
attempt has been made to evaluate the phase of the signal beam in the image
plane of the real-life system with its combined aberrations. It can be shown
(Born and Wolf, Principles of Opties, lst Edition, Chapbers 8 and 9) that some

|

-6
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first-order aberrabions cause phase changes in the diffraction image, while
others do not. What happens .in a complex case of combined aberrations is a
problem not amenable to anslytical solution. However, the phase information
should be contained in the complex amplitude calculated to determine the point

spread function.

The theoretical phase behavior for a perfect diffraction image is:

® Constant across each ring (purely imaginary amplitude)
® Indeterminaté at ring boundaries. (amplitude = 0)
® "180° phase change between rings (amplitude changes sign)

The numerical resulis from the spread function calculations are:

] Constant phase gcross the diffraction xings, but 560
rather than 180° change Tfrom ring to ring, for the on-
axis image

9 Essentially constant phase over the central ring in the
off-axis imsge, with peculiar behavior at the houndary and
into the first ring

In order to atbtach some physical significance to the mathematical manipulations,

some test cases are being devised:
Case 1 A parabola forming a perfect image

Case 2 An off-axis image of a parabola with the stop
at the front focal plane (zero astigmatism, coma
only)

Case 3 An off-axis image of a parabola with the stop at
the mirror (coma + astigmatism)
Case 1 has been run and shows the 360O rhase flip between rings; Cases 2 and 3

have not been completed.

AT this time, it is not poasible to assess the phase condition at
the mixer gquantitatively. However, it appears qualitatively that there are no
drastic phases shifts in the signal beam image on and off-axis. This conclusion
is drawn from the quantitative behavior of the spread function, and gqualitative
(not yet fully understood), but constant behavior of the phase. No significant
I¥ signal loss should be experie?ced.

L7
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1.6 SUMMARY

The critical image forming components of the LCE optical system
transceiver are diffraction limited. This has been demonsitrated by geometrical
and numerical diffraction way traces. The phase behavior is qualitatively
gcceptable, but not completely understood due to mat@ematical peculiarities.
The component sPecifications are shown in Figure L-l. A single relay lens
might he acceptable, and this decision will be based on the image quaeliity of
the overall system.

2.0 TRANSMITTER SIGNAT. PATH OPTIMIZATTION

There are two parts to the optimization of the transmitter signal
path - the optimization of the far field on-axis intensity as determined by the
diffraction of the (aussian distributed laser beam through the telescope, and
the optimization of coupling the transmitter laser output to the telescope.

The fqllowing sectlions analyze hoth of these areas Tor thé presently derived
telescope design, and compare it by parameter variations with similar designs.
The graphs showing variation of telescope an@ laser beam parameters are also

interpreted as the tolerance requirements for desigh specifications of the

optical components. Other factors such as Thermal and mechanical design con-
tribute to determining the overall. telescope dimensions and design, so this

analysis is not self-contained in optimizing the complete belescope design.
2.1 FAR FIELD INTENSITY OF THE TRANSMITTED BEAM

If the receiving telescope is not at the center of the incoming
beam, the signal will be less than maximum. It is, Therefore, important to
determine the decrease in signal power received as a function of the anéle, e,
between the beam axis and a line joining the- receiver (RCVR) and transmitter
(XMTR) telescopes.

The far field amplitude, Ep

Gaussien, wniform-phase, diffraction-limited beam is given by

» of a Truncated, centrally blocked,
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‘ R
P P

ER(Q) = exp (—rg/hgia) I, (Qer) Tl

W

21‘(0‘1

Ry

where

P = power of beam if Ry =0, R =©

outer radius of beam at transmitter primary

inner radius of beam at transmitter primary

o o
I

standard deviation of beam intensity at transmitter primsry

op =

R = range bebtween transmiiter and receiver

k =21/

Tp = radial coordinate in plane of btransmitter primary

The far field intensity, I(0), at angle © is given by

2
1(8) = By (9), o
2 2
RB R
- — - B
Therefore, 2012 k2 h012 40i2
I(0) = 5 e - e
: 7R

The ratio of the off axis intensity to that at the center is given
by o o ~=20 o - 2
(o ko ko, 92

e = EGI e ome e JO (k@rl)rldrl

i

Figure L-5 shows how this ratio varies with @, when RP = 98.h2 mm,
By = 21.45 mm, and op = RP/2.10 = 46.1 mm which are the optimized design
parameters. BEach of these values has heen derived from other analyses such as

thermal /mechanical. analysis, link analysis and optical design analysis, and the
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interplay among the parameters considered here in the optical ftrain analysis.
The central blockage radius, for instance, arises from the physical limitations
of supporting the seccondary mirror along with aligmment zdjustments, and the
optical limitationé of telesqoje magnification and its constraints. From the
viewpoint of link analysis, the cenbral blockage should he as small as possible
in order to minimize the .telescope blockage loss and have & lO0-power telescope.
Hence, there is an interplay between the analyses for BB. For ot however, the
optimization is based solely on the analysis given in the next sections. For

the given values of RP and RB’ oy is optimized.

2.1.1 Qff-Axis Transmitter Blockage

An additional consideration of the far-Tield intensity is required
for this optical system, since it includes an image motion compensator (IMG) for
tracking received signals up to 0.2 degrees off of the telescope's optical axis.
The transmitted beam is also directed by the IMC, resulting‘in a radial movement
of the Gaussian distribution at the relay imaging lens, which redirects the beam
to the center of the primery mirror and offsets the transmitted beam in the
direction of the received beam. Since the center ray of the transmitted beam
is always directed at the center of the primary mirror, the Gaussian distribu-~
tion of transmitted power is always symmetric at the primary which determines
The diffraction limited far field dispersion.

The stabtionary secondary mirvor, however, does cause a slight
perturbation of the central blockage as shown in Figure L-6. The displacement,

d, for a maximum offset angle of 0.2 degrees is
d& = 176 x tan .2° = .6 mm

The transmitbed power remains the same, since the displacement of the blockage

also exposes an equal area of the telescope primary.

For the small perturbation of central blockage, the resultant
effect of asymmetrical power along bthe axis of displacement has been calculated
to be less than 1% change of the total distribution of energy. 'Accordingly,
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the far-field patbtern and on-axis gain will not have any noticeable variation
caused by off-axis IMC tracking.

2.1.2 " Effect of Varying Transmitter Beam Width

The effect of varying the heam width from the transmitier laser
must be considered. There is a variation of the far-field axial intensity, and
the far-field axial intensity can be maxiwized by the proper choice of the width
of the Gaussian transmitter beam at the telescope primary. Varying the beam
width from its opbimum value reduces the power collected at tile receiving tele-

scope.

The far-field axial intensity, I, normalized to the total laser

output power, P, is given by 2
2 R 2
- TS
2.2 2 2
T 20:9 k ’-I-GP LPG'P
'I-; = 5 e -2
R
Hence, .
o.. = standard deviation of transmitier beam intensity
P oat telescope primary
k = 21/3
R = range between XMIR and RCVR

radius of central blockage of the beam at the
telescope primary

®s

Rp = radius of telescope primary

The standard deviation at the primary mirvor, a2 can be related to
the radius, R, Je’ at the l/Ie intensity point at the exit of the bransmitter laser

(neglecting angular divergence) through the expression

O = Rl/e MT/ /{'—é—

where MI‘ is the product of the telescope power and beam expander power. Since
there esists an opbimm value of Sy which maximizes I/P for any given values
of RB and RP , there also exists an optimum value of MT if Bl /e is fixed.
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The procedure, then, is as follows: The optimum va_ue of p is

found Tor given values of BB and RP. This is done by using Newbon's method to

maximize the quantity RP2 Rp2 2
T2 T B2
2 hes by
x BT 2 e P, P

2 x%p P

With this value of S the total telescope power, MI » 1s Tound for a given
beam radius Rl /e' Using this value of MT;, the far-field axial intensity for

any arbitrary value of Bl /e is compared to the maximum intensity obtained with
o opbimized.

The resulting intensity decrease as Rl /e is varied from its opti-
mized velue is shown in Figure L-T. Here, the blockage radius is 21.b mm
because of the cecondary mirror within the telescope. With the radius of the
telescope primary being 98.425 mm, the optimum value of o, is 6.1 mm or-
RP/GP = 2.1, This leads to a value ofﬁ of 65.0 if the telescope is %o be
matched to a transmitter beam radius, |2 Rc = Ry /e for R = 0.71 mm. Note
thet R can be varied by 10% without degrading the axial intensity by more
than 0?5 db.

2,1.% "Bffect of Central Blockage of Transmitter

Much of the transmitter laser power is lost as a result of the
blockage of the central part of the transmitted beam. This cembral blockage -
whether caused by the secondary mirror, the hole in the coarse polnting mirror,

or by the 1{-50 coupling mirror - affects four parameters used in calculating the
signal to noise ratio:

6 The total power in the Gaussian beam exiting the transmitter
telescope is less than that enbering the telescope due not
only to the cenbral blockage but also to the truncation of
the beam by the telescope primary.

] ‘ The transmititer telescope gain (far-field intensity) depends
on the amount of central blockage and truncation of the
Gaussian transmitted beam.
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] The total power =xiting the receiving Ttelescope (on
its way to the mixer) is less than that conbtained in
the uniform beam collected by the receiver telescope
because of the central blockage within it.

-} The central blockage within the received beam also
affects the amount of energy intercepted by the mixer
in the focal plane of the mixer lens.

The first two effects will be analyzed here and the second two

will be discussed in the receiver path optimiéation , section 6.0.

2.1.3.1 Transmi_tﬁer Blockage

The power contained in the transmitted beam is less than that at
the input to the telescope because of the truncation of tﬁe ineident Ghussian
beam by the telescope primery and because of the central blockage. The optical
"field at the telescope primary, E, is represented by

E = E_ exp (—re/li—clz)

2 2
EO = PO/OQ}T o1 )

where
P, = power in incident (unblocked, untruncated) beam
= radial coordinate in plane of primary mirror
op = standard deviation of intensity at primary
The power transmitted, ]?T , 18 given by
R
? 2
PT = 2x E r dr
where

radius of primary

o

radius of blockage in beam of” radius RP
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Therefore, RBE . Rp2
P 20 2 2y 2
'—2 = & T =- e 1
B =

As discussed in the previocus section, oy can be chosen to maximize the far field

axial intensity for each value of RB and RP by maximizing the quantity

RBE R 2
- R
kg 2 ho 2

g e T -e T
I

'2.1.3.2 Transmitter Gain

The transmitter gain, GT , 1s defined by the expression

G = T(6) L« B
T~ PT

where
I{(6) = far-field intensity at an angle, 0, with
respect to the telescope optiecal axis
R = range

As discussed in the Tirst section, the far Tield axial intensity, 1{0), is

. 2 2
iven by R
) 2.2 - RBE - 2]
2op KTE hoy hoy
(0} = —=——0— le -e
2
7R

where
k = 211/}\_
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[
Since Pp = (PT/PO) P, we have

R 2 - R 2 2
. . _B -_p
2 2
(1)(2) o ¥ hor boy
b =TGR, ° "

Here, (PT/PO) and'cI are determired as per the previous paragraph.

Figure L-8 is a graph relating transmitter gain to central blockége
radius. For each radius of central blockage,'the optimum.ai of the transmitter
beamwldth is calculated. The tobtal gain is in@icated by the curve showing the

difference of transmitber gain and power loss resuwlbing from central blockage.
2.2 TELESCOPE COMPARATIVE ANATYSIS

In this section, a comparison of the present telescope design param-
eters of aperture radius, centered blockage radius, and beam width is made with
similar designs by varying these parameters and analyzing the effects con trans-~
mitter gain and central blockage losses.

To begin with, in the previous section, The transmititer gain was
defined as

e = I(6) hn R?

T PT

where I(6) is the far-field intensity, which varied according to the primary
and secondary mirror radii. To show the relative contribution of central
blockage to the far-field pattern, Figure L-9 was calculatéd, plotting trans-
mitter gain versus primary clear diameter. For the designed diameber of

7-75 in., the clear diameter gain is 94.9 db; while with central blockage of
21,k mm, the gain derived from Figure L-8 is 94.7 db. Thus, the central block-
age has only slight effect on the far field pattexn on axis intensity and prin-
cipally affects the transmitted power by blocking the central portion of the
beam, which amounts to 0.9 db loss (Figure L-8).
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The central blockage, as it affects the optimum bearwidth oy at the
primary mirror, was discussed in Paragreph 2.1.2 Tfrom the standpoint of trans-
mitler laser beamwidta tolerance. In Figure L-10, the same eduations are used
to plot the optimum beamvidth bi at the primary (enlarged from the laser by e
beam expander and the telescope) versus central blockage radius. Given a
primary mirror radius of 98.42 mm (7.75 inches) the second graph of the optimm
ratio of primary radius to beamvidth at the primary (SP/GI) versus cenbral
blockage radiuvs can also be presented in graphic form (Figure L-10).

3.0 BEAM BEXPANDER

The trensmitter beamwlidth has to be Increased to the optimum size
to maximize the far-field on-axis infensity as described in The previcus sec-
tions. The output beamwidth acecordingly must be expanded by both the telescope,
by a power of 10, and by a beam expander of the appropriate power. IT the
transmitbter and backup laser oubput beamridths of radius 1.42 mm amounts o
the l/e2 of power, then the beam-expander power is a funcbtion of telescope
central blockage radius., This relationship is plotied in Figure L-11.

The heam expander also provides for recollimseticn of the outputb
laser beam. The outpul laser beam is specified to have a collim;f;a output
from the transmitted laser within 1 milliradian. By varying the distance
between the two beam-expander lenses, the laser outpub beam can be collimated
with only a negligible change in . beamwidth. Then, both collimation and beam
expansion can be designed into the transmitter signal path in the single bean-

expander unit.

The possibility of using an uncollimated laser cutput in conjunction
with a single recollimating‘lens beam expander was considered, since the optical
coupling losses of the trensmitter signal path would be reduced. The backup
laser path length to the single lens could not be made equal to the transmitter
path length because of the baseplate space constraints. The effect of the
difference in path lengths is that the backup basic oubput beam either would
not be eompletel§ collimated, since the spread angle from the backup laser
would be different from the transmitter laser oubput spread angle (in order to
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achieve the same beam size); or the beam size of the backup laser would be
suboptimal, since the beam spreader lens would be designed and located to
optimize the transmitter laser bean size. The tradeoff between on-axis
intensity of the backup laser and the 2 to 5 percent loss from the two surfaces
of the addlitional beam expander lens favored the latter, Thus; the two-lens

bean expander is used. .

k.o DUPLEXER CONSIDERATION

The duplexer separates .the transmitted and received beams'by
distinguishing the polarity difference between the besms. Ssction 5.2.1.6
discusses the design of the duplexer with respect to optimization of losses

and physical characteristics.

5.0 " TMAGE MOTION COMPENSATOR CONSIDERATIONS

When tracking the received signal, the image-motion compensation
(IMC) can deflect the transmit beam off the telescope opbical axis, up to
0.2 degree. The effect on the transmitted beam was discussed with respect to
the far-field, on-axis intensiity in Section 2.1 and shown to have-a negligible
effect, since the telescope/IMC configuration minimized the perturbation of
symnetry of the transmitted beam. The only effect was shown to be a 0.2-degree
shift of the secondary mirror Iin the transmitited beam, with no loss in pover,
since .the shifted central blockage exposed an equal area of the primary wmirror
beam. Further discussion of the IMC is given in the receiver path optimization
in section 6.0.

6.0 RECEIVER SIGNAT, PATH OPTIMIZATION

The analysis of the receiver optical path opbtimizes the trans-
missivity, phase cohereﬁce, and alignment requirements for the cptical components
that comprise the heterodyne receiver system up to the mixer element. This
includes an analysis of the local-oscillator-to-mixer path, since the methods
of combining the two opbical beams at the mixer, in view of the stringent
. spatial mixing requirements, must also be considered. Most important in this
case 1s the requirement that the Gtwo beams Be collinear to within 1 milliradian

at the mixer.
!
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Along with this problem is the problem of beam or mixer lateral
displacement, which can be caused by signal btracking in some telescope designs
and by the mixer and mixer heat radiator cone lateral displacement tolerance.
With this problem there are militiple losses involved with the carrisr Lo nolse

ratid from the mixer.
6.1 EFFECT OF CENTRAIL: BLOCKAGE ON THE RECEIVED SIGHNAL

As mentioned in the transmitter path optimization, the central
blockage of the teiescope by the secc'mdary mirror has two effects on the
received beam. First, it decreases the amount of energy received by the block-
ing of the central portion of the telescope. Second, it affects the ratio of
eneréy in the focused Airy-disk image on.the mixer to Tthe energy in the
diffracted rings in the focal plane. This first section of the receiver path
optimization discusses these eifects, showing that the central blockage should

be minimized as much as possible.

6.1.1 Receiver Blockage

Since the beam is essentially wniform in intensity across the
recelving aperture, tthe ratio of the power out of the telescope, PR, to that

received, PRO , 18 given by

2
Py By
=+ &
RO »
6.1.2 Mixer Outer Ring Power Loss

The received beam at the mixer lens is ‘considered to be a plane
wave of uniform, annulear amplitude. The oubter radius of the annulus is RSM’
while the inner rad'i.us is RI. With the proper choice of focal length, the
radius of -the Airy disk at the focus of the lens can he made egusl to the radius
of the mixer. When this is done, the power intercepted by the mixer (the
power in the cenbral Airy disk) depends on Rp- ~

The Tield, Egqg’ at the focus of the lens which results from 2 unifomm

anmmular incident beam is given by,
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B

SO

E 4 (=) = = [RSM 5N (x Rape r/F) - BRI (x Ry r/F)]

with

1 J Pso
o =R =
- Fa
vhere
k=2 5/}
¥ = radial coordinate in the focal plane
F = focal length of lens
Pso_= ineident power at lens if RI =0
The power, PS, intercepted by the mixer of radius Rd is given by
Rd .
P =2x E-_r dr
8 . sd
o
or Rd
Fs 2 7% ar
- I'BSMJl (kRSMr/F)"RIJ:L(kRIr/F)] B
80 R L.
SM Jo
ik POL = power at.the lens, then

- [ () .

to account for the hole. Therefore, the ratio of power intercepted by the

mixer PS’ to Tthat inecident on the lens P I.? is given by

o)
PS = '(PS/PSO)
PoL, Ry 2
1- E—>

SM
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It is assumed that Ry, = BP/ILO and Ry = BB/105 i.e., that the radii of the beam
at the lens are equal to those at the telescope reduced by the telescope power.

The proper value of the ratio of mixer radius, Rd’ to the focal
length of the lens, ¥, is ©That value which equates .the radius of the Airy disk
to the radius of the mixer. This value is determined by finding the smallest
value of Rd/F which causes the quantity [RSM Iy (kPSM RL/F) - B.Jy (k‘RIRd/F to
equal zero.

There are, then, two receiver-path quantities dependent on the

amount of central blockage:
A, Receiver blockage: PR/Pm

B. Mixayr overlap: PS/POL with +the ratio Rd/F chosen to

match the Airy disk to the mixer size.

Thege quantities are evaluated with a computer program and the
resulte are shown in Figuves L-12 and L-13. Figure L-12 shows how the opbimum
ratio of mixer radius to focal lengbh depends oﬁ the radius of the central
blockage. Figure L-~13 shows how the receiver blockage and the wmixer power lost

to ocuber rings depend on the radius of the central blockage.
6.2 SIGNAL LOSS AS THE SIGNAL BEAM TILTS AT THE MIXER

One of the primary reguirements impcsed by superheterodyne detection
of the signal is maintaining parallel-plane phase fronts of the received
signal beam, and the local oscillator beam at the mixer. Any angular tilt
between them results in a reduction of detected signal cubput from the mixer.
Tnitially, these two beams are aligned to be parxallel, so the only loss is the
power lost to the outer rings around the Airy disk, which is centered on the
mixer as calculated in the previous section. In this analysis, the loss cz;,used
by relative phase tilts between these two beams 1s calculated and combined

with the outer ring power loss.

The origin of the tilt is In the angular misalignment tolerances
of optical components in the receiver signal path and in the lateral position

tolerance of the mixer. The geometry of this path and the misalignments is
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shown in Figure L~1k4, whers the duplexer misal:ignment tolerance angle 9, and
mixer lateral tolerance dr ave indicated with their effect on phase~tilt angle.
For these two components, the nutator adds a corrective bias to coalign the
transmitter and weceiver beams. A discussion of this is given in the acquisi-

tion and tracking subsysten.
65 LOSS IN SIGNAT, CAUSED BY QUTER RTNG 10OSS

The signal from the mixer, relative to the unblocked signal power
incident on the mixer lens, PSD/PL » is given by

Ysa _T%sa Bp
P, Fpo Fro

where

P d/PDO = ratio of power intercepted by mixer to that
s unblocked power incident on lens

ratio of sighal from mixer with given phase
$11% to that with zero phase tilt

Pp/ "r"O

As discussed previously, the first ratic is given by

7
P 2
sd | =2 - 8z
P, T 2 [:RSM Iy (B %) - Ry (Bpp Z):' Z
o R
. BM Jo
where
RSM - outer radius of amnular incident signal beam
RBR = inner radius of anmular incident signal bean
Z = R,/F
k = 2xn/ 3
6.4 LOSS IN SIGNAL RESULTING FROM PHASE TILT

The ratio of signal from the detector when there is no phase tilt %o
signal when there is a phase 4ilbt is given by M. Ross, "Laser Receivers,” Wiley,

1966, p. 119:
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25 2
p(0) _ Sin‘[i_'Rd sin (aﬂ
P{O 21 .
- = R, sin (o)

where « is the angle of phase tilt at the detector. This formulation assumes
that the decrease in signal due to a phase tilt over a circular detector of
radius Rd can be approximated by that decresase in signal found over a square
detector having a side of length 2 Rd' If small angles are assumed, then

sin o = & = D/F where D is the beam displacement at the lens of focal length F,

Therefore,

R 2% 2
P(Q sinl — D7
P(0) ?%1 Z

vhere Z = RdﬁF.

Figure L-15 shows the resulting signal loss PSD/PL as a function
of Ra/F (= Z) for various values of D. Here, Ry = 9-84 mn and Ry = Rp = 2.1 mn.
Note that, as D increases, the opbimum value of Ba/F decreases so tha®t more of
the central Airy disk overlaps the mixer. IT Rd/F =T7.7Tx 1o“h, the Airy disk
is matched to the mixér when Ry = 9.822 mm and R = 2.1 mu. In this case, the
signal loss is independent of focal length. In Figure L-16, signal loss is
presented graphically as a function of D for this wvalue of Bd/F'

6.5 NEP/HZ AS A FUNCTION OF LO BEAM MISAT.IGNMENT

The NﬁP of the mixer depends on the amount of local oscillator .
(10) povwer impinging on it, as shown in Figure L-17. The amount of IO power
falling on the mixer depends on (1) how mﬁch of the LO Bgam is intercepted by
the injection mirror, and (2) how much of this intercepted energy falls on the
mixer. In the Tirst case, the amount of energy inbercepted by the injection
mirror is found as a funetion of Dl, the lateral displacement of the LO beam
at the injection mirror. This displacement is dependent on the angular mis-
alignment and positidn of the various mirrors directing the LO beam To the
injection mirror. In the second-case, The amount oflenergy falling on the
mixer is found as a function of D2, the lateral displacement of the LO beam
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on the mixer. This displacement is dependent only on the angular misalignment

of the beam passing through the mixer lens.

6.5.1 Loss at Injection Mirror

The amount of LO power, P.., intercepted by the injection mirror,

I
of semi-minor axis RI » is given by

RI 7
2
Pl- =2 j j’ EL I‘I dl‘l de
e} o

where
T € = polar coordinates <of injection mirror
EL = amplitude of Gaussian L) beam at the injection mirror
Here, P bo 2
1 L I
EL = - EE =]
o1
where
or = standard derivation of intensity of LO bean abt
injecticon mirror
PL = 10 power at injection mirror
Ty, = radial coordinate of beam

The radial coordimates of the beam and mirrvor are related by

2 2 2
rL-:c'I+'Dl~ 21‘ID1 cos ©
where Dl is the relative displacement ¢f the beam and mirror.

Therefore, the fraction of LO power intercepted by the injection

mirror is given by
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.~ - 2r. D; cos 8)

) K- (rI
2
P 2o
I 1 . I
§-L— = , > f f e rI drI 4o
o1 o} o

This expression is evaluated as a function of Dl with a computer program for
given values of RI and o* Figure L-18 shows how PI/PL varies with D, .

6.5.2 Loss at Mixer

The amount of LO power intercepted by the mixer, is given by

PLD. f)

xR,
Q
2
PL'D=2 f ELdrddrdda
o 0

where

a’ ¢ = polar coordinates of the mixer

=]
]

) radius of mixer

k]
Il

I, amplitude of the LO beam at the mixer

In order to determine ELD » it is necessary to assume that the LO-beam is symuetric
at the mixer lens. This will cnly be trxue if Dl is zero. However, it is & good

approximation for small Dl > 80 it will be used here., In this case,

Fru

K A
Bp = F Brn I (Praq Frg B/E) wry Grpy
o}
where
k = 2nfy
T = focal length of mixer lens
rLM = yadial coordinate of lens
I"Ld = radial coordinate of focused beam

radius of 10 beam at lens

amplitude of I0 beam at lens

"‘Egi”Egi
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It is assumed that RLM = RI (i.e, that there is no divergence of the heam from
the injection mirror), since the distance between mirror and lens is about

50 mm. Beam divergeqce for finite disbances is given in paragraph 6.7.

The amplitude at .the lens, FIM’ is given by

Epy = B €3p (- r%M/llgIE) T <"RLM‘

=0 Try > Brn

Sincé the LO power from the injection mirror, PI , is given by

the constant, ELO s 1s given by

Py

2n GIE [l - exp (—RfM/EgIEEi

The relationship between the radial coordinate of the focused beam, T ar and

2 .
ELO,

the mixer radial coordinate, r

3’ is given In terms of thelr relative displace-

ment, D2 , by

2 2
=rd.D2-2r D. cos ¢

2
ra 3 Yo

The resulbing ratio of power intercepted by the mixer to power incident on lens,

Y ——

3 12

a .
I
. j j f e I, (brIM) *ry Wy rg dr, 4o

P 2 2 2
I 7t GI2 l:l - exp (—RLM/ 20; ):l
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where 5
2 2
(rd + D2 - D Ty D2 cos Q)

H:m[PT'

This expression is evaluated with a computer program. Figure L-19

shows how PLD[PI depends on D,.

6.5.3 Caleulation of NEP/Hz

The ncise equivalent power per cycle of bandwidth, NEP/HZ, is s
function of the IO power iﬁtércepted by the nixer, PID’ as is shown in

Figure I.19. The power intercepted by the mixer is given by

P PIiD PI
W =K s N5
I L

where K is a constant of pr0portiohality which accounts for the IO power pro-
duced at the LO laser and the efficiency of the optical train leading to the
mixer. It is chosen so that PﬂD is equal %o a specified value (e.g., .015
watts) when the mirrors are properly aligned. Here, PLD/PI and PI/PL are func-
tions of Dl and D2, respectively, as determined above. For a given angular

misalignment, ¢, of the ith airror in the train from the laser to the mixer, the
displacements are given by

Dy =2 %
D, =2 ¢¢
where
Zi = distance of ith mirror from the injection mirror

focal length of mixer lens

Conbining these parameters, the change in NEP/HZ as a Tunction of misalignment
angle, ¢, is calcuwlated with a compuber program. The resulis of such a calcu-

lation are shown in Figure L-20. The vextical bars represent the effect of Zi
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on Di; the closer the mirror is to the injection mirror (small Zi)’ the less the
NEP/HZ is affected for a given angular deviation, WNote that, at these small
angles, tﬁere is onl& a small depéndence on which mirror is deviated. The
location and corresponding values o:f'-Zi used in the calculation are given in.

Figure L-21. The other parameters are listed below:

£ = 130 mm
RI = 2.1 mm
RD = ,1 mm
6.6 SIGNAL AND ILOCAL-CSCIITATOR POWER INTERCEPTED BY MIXER

This section detexmines the distribution and phase of the signal
power and the local oscillator power at any radius in the focal plane of the
mixer lens. It is assumed that the signal beam at the mixer lens is wniform
in phase with a uwniform annular amplitude of immer radius RI and outer radius
R... The local oscillator beam at the mixer lens is uniform in phase with a

SM
truncated Gaussian amplitude profile given by

2 2
By = Epp oxp (- rﬁM/th ) 0 < ry =R
=0 T > Br
where
Ty = radial coordinate of lens
or = standard deviation of LO bean intensity
ELO = constant related %o total LO power

The analysis d:'ermines the integrated power of the signal beam and L0 beam

within a given radius Rd in the focal plane of a lens of focal length F.
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The parameters pertinent to our system are Rpp = 2.1% mm and

RSM = 9.84 mm. Nominelly, Rd = ,1 mm and F = 130 mm so that Rd/F =T7.7Tx 10-br.

6.6.1 Net Signal Power Intercepted by Mixer of Badius R,
The field, Es g2 ©s the amnular amplitude, uniform phase, signal

beam at a radius Rd in the foecal plane of the mixer lens is given by

By (xq) = % Beo I:RSM I (kﬁsm Z) - Ryp 3y (Bpy Z)}

ihere
k = 2%/
Z = l‘d/F
RSM = cgber radius of annular incident beam
Ben =.inmmer radius of annular incident beam ( =RI)
E 1 4 fso here P incident signal iF 0
s = RSM ",'{'"W ere 50 = incident signal power 1 RBR =

The phase of Esd' flips wheun Esd =0, l.e.,

Ray 91 (kRSM z) = Bpr 91 (kBBR z)

A computer program 1s used to debermine the values of Z where ES - Q.

The signal power inbercepted by the mixer, Etd’ is given by

,Rd . Rd
PS = Etd = 27 Esd T drd i'_< Zl
Q
25 > fa By
= 2n Esd Ta d:rd—2rc Fsd Ta drd Zl<§.~—< Z2
(o} 0
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vhere
Zl corresponds to radius of lst minimum of Airy pattern

Z2 corresponds to radius of ond minimum of Alry patterm

Figure L-22 shows the vatio of P_ (:Etd) to P (s?so) as a function of
Rd/F (=Z.)} for B, = 2.1 mm and Ry = 9.8 mm as determined with a computer

progrem. The ratio with R, (=BBR) = 0 is also shown for comparison.

From Figure L-22, the opbimum imeging lens focal length can be
chosen if the wixer size is given. Thus, the best transmissivity or coupling
efficiency is .72 for the given blockage radius. This occurs at a focal length
T = 161 1]:4.?.!:!.1:!3"3.d = ,1 mm,

6.6.2 10 Power Inbtercepbed by Mixer

As determined previously the LO £ield in the focal plane is given

by
(r):li RIE (...} I {(x. v, k/F) x . ar
Bio \Tg) = 5 s ! Jo Ve Fa i Py
0
where
M = radial ccoordinate of lens
EI_M = L0 field at lens given by
’ 2 2
Epy = Bro exp (Xp/hoy )
where P
B 2 I
0 - 2 2 2
2rgy (1 - exp ~Rp /20I
Here,
PI = poweyr Incident on lens
or = standaxrd deviation of LO inbensity at injection mirror

Since the LO power incident on the mixer, , is given by

Pip
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Rd 5
PLD = 2 Esd Ty drd

o}

the ratio of PED to PI is given by

Y
4 -
E

Rr 4, 2

P
I
e I, (erk) Ty dry | Z0Z

ID:

7
"k
P [i - exp (-Rig/chgﬂ J/P

C

-

Figure L-25 shows the dependence of PLD/PI on 2 (=Bd/F) for the case where
R, = 2.1 m and op = .62 mm, the values of the injection radius equal to the
cenbral blockage radius of the received beam (inner hole), and the specified

collimated LO laser oy beamwidith.

From this graph, for a given focal leﬁgth, P, the L0 power on the
mixer is shown to be a percentage of the total ircident LO pcwe} on the imaging
lens., A later analysis of mixer lateral tolerance requirements uses this graph

also.
6.7 PROPERTTES OF T4 BEAM FROM TNJECTION MTRROR

The optimization analysis assumed that the radius, ﬁ, of the Llocal
oscillator beam at the lens egualed that at the iInjection mirror. It also
assumed that the curvature of the phase front of the beam at the lens and at
thg mixef'were negligible., A Jjustification of these three assumptions is given

here.

6.7.1 Basic Formalism

The azmplitude, B, of*a Gaussian beam can be represented by

5

2,2
E=-—Oe-r /W
W

where w = QUf, with op being the standard deviation of the intensity profile

and v, is the beam waist at the 10 laser outpubt-end mirror, at which the beam
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is perfectly collimated. The radius of curvature, R, of the beam’s phase front
and the radius of the beam, w, at a distance Z from the beam waist (L0 ocutput)
are determined by the following relationships (see Figure L-2L).

: -2
w2=1-r2 [l-:— 2z J
o} 2
AW
Q
2—-2

:lﬂ-?’o
Z =R/ |1+ 7 J

Here R is > O if the phase front i3 convex when viewed from Z = + ®©. A bheam

parameter g is defined such that

Iz 4 and q, are measured at distances d, and d2 Trom a lens, as indicated in

Figure L-25, then the following relationship applies

i (x - dg/f) qp + (4, + d, - d, da/f)
o =TT (g /Ay T (-8 /E)

This expression, then, relates Bg and Wy to Bl and Wy

6.7.2 LO Radius at Lens Eguals Radius at Injection Mirror

In order to show that the radius of the LO beam is the same at the
mixer lens, Wy 88 it is at the injection mirror, Wy 5 it is assumed that the
phase front is plane at the injection mirror (RI = eo_) and that the beam is
essentially unftruncated by the injection wmirror, since RI = 2.1 mm and
op = 0.62 mm. Using the relationship between 43 and g, and letting £ = » (no

2
lens) and dy =0

QW =9 *+ 4
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Equating the imaginéry parts of this expression, and solving for Vi,

o o Ady )

2

1

Therefore

In the case used during optimization

R

vy 520 =W z'é'é)

where BI is the radius of the injection mirror. Therefore, Wy =Wy if

dl'< < ethIE

This unequaliby is btrue for the parameters used for the optimization since,
here, 4, = 104 mm and R, = 2.1 mm.

6.7.3 Radius of Cwrvature of IO Beam at Lens

The radius of curvature is found by equating the real paxrts of the
expression found above, Ay = G *+ dl.

Solving for 32
2

2
1
) dl[l”“ )\dl:‘

R

1l

" It is’instructive to interpret this radius of curvature in terms of
the number of wavelengths, N, between the phase front at the edge of the beam
and a line bangent to that phase front at the center of the beam. If the radius

of curvature is R2 and the radius of the beam is BI’ then
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1 2 2
o= 5 /VRE + RI - R2
BI 2
T B < <1, then
2 BIE
=
2321
Returning to the expression for R2 , 1t can be showm that the minimum
erle . 'E’zrw12 RI
value of R, is vhen & = = s 80 thajb Rg(m:m) =3 .~ Since ¥, = 20y = 7T

N (min) = -g_'—o which is quite small.

The phase deviation is even smaller for the parameters assumed for

the optimization. Here, N = i which is negligible.

95
6.7 Radius of Curvature at Mixer

The radius of curvature at the mixer can be found by equating the
real parts of the general expression relabing 9 and 4 with d2 =F, Rl = @,
Solving for 32 , Ghe following is obtained

R =

2 F—61

With F =130 mm and d'_L = 104 mm,

, an expressicn independent of Ve

BE = 650 mm.

Therefore, replacing RI in the expression for N, with R(1 = 0.1 am, phase devia-
55 » Which is negligible, is obtained.

6.8 ) RECEIVER ANTENNA FIEID OF VIEW

tion parameter of N =

The receiver field of view can be understood as the angular width
to the 3-db points of a point source moving off the telescope optical axis. I
is calculated by convolving the Ailxy disc of the point source signal with the
mixer area as it moves laterally off the center of the mixer from moving off the

telescope optical axis. This section first discusses the analysis of signal
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loss caused by Airy disc/mixer mismatceh, and then applies the mathemstics in

calculating the. field of view of the designed telescope.
6.8 FECEIVER ANTENNA REAMWIDTH

For each size -of imner and outer radius of the anbular received
beam, there is an opitimum retio of detector radius to focal length (RG_/F) » that
maxiwmizes the Airy disk energy on the mixer. The equations. describing this
opbimization have been given previcusly. Since Rd is fixed at 0.1 mm, a smaller
optimized Rd/F value, which results from Increasing the primary mirror diameter,
gives a larger focal length, ¥, for the mixer lens. However, for tracking the
signal by using nubtator error signals, a large angular beam shift caused by a
relatively small beam displacement is desirable. Increasing the focal length,
F, of the imaging lens decreases this angular beam displacement senéitivity.

1

Figure L-26 shows the receiver field of view for Rd/F. The field
of view is defined as twice the half angle off the telescope optical axis, to
the point of 3-db signal loss. For the given beam parameters, I = 161 mm is the

optimum value maximizing Airy disk energy, as shown in Figure L-22.

Figure L-22 plots the fracbion of signal power on the detector
° p = 2-145 ma, the Airy disk
enevgy is .75 at Rd/F =T.T % 10" ". A tradeoff of field of view and gignal

power. is necessary, and possible, in order to have a field of view of 30 sec,

versus Rd/F’ and for a central blockage radivs R

since the loss in signal power is small for the necessary change in Rd/F. A
value of Rd/F =T.T x 10“# or ¥ = 130 mm gives a 30-sec field of view, with =a
resultant fractional signal loss of .03 from the maximum. Consequently, the
Tield of view is significantly increased over bthe value of 235 sec at the
optimm value of F at 161 mm.

6.9 SIGRAL LOSS RESULTING FROM AIRY DISK - MIXER MISMATCH

This section discusses the efféct of a relative displacement between
the center of the Alry disk of the received beam and the center of the mixer
Tor various values of the central blockage. The signal beam at the lens is

taken to be of uniform phase and of uniform, anmilar amplitude, with an inner

L3k



Report No. 4033, Vol. I, Part 2

radius of BI end ap outer radius of RSM' The Ffocal length of the mixer lens,
F, is always chosen so that the mismateh corresponding to an external field of
view of 30 seconds of arc gives a mismabeh resulting in a 3 db signal loss.
Under these conditions, the signal power, PS’ which is intercepted by The mixer
of radius, Bd’ is c¢alculated ag a function of the relative displacement, D,
between the centers of the Alry disk and mixer, and is normalized %o That power
intercepted by the mixer when the displacement is zero. The signal power, PS’

. is ecalculated with the phase change of alternate Airy rings considered; that
is, the power in the first, third, fifth, ebc., Airy rings which are intercepted
by ﬁhe mixer is subtracted from thet power in the cenitral disk and second,
fourth, ete., Airy rings which are intercepted by the mixer. This is because

alternate rings differ in phase from one another by = radians.

The amplitude, Esd’ of the opbical field in the focal plane of the

mixer lens is given by

E
50 -
Ega (¥) = i}sm Iy (k Ry #/F) -~ Rp Iy (k& By r)F:]
with
2 Po
Eso = 2
" Roy
where )
k= 2&/1
PO = incident power at lens if RI =0

r = radial coordinate centered at center of Airy pattern
(maximum intensity)

The signal power, PS’ intercepted by the mixer is given by

gt B
a o
PS=2[j 2, (x) r, az a
O o
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where Tor & = eylindrical coordinates cembered with the center c|>f the detector.

Therefore, To? @ and r are related through the expression
2 2 2
ra=ra+D - 2r D cos.

where D is the relative displacement between r = O and r, =0, i.e., the
centers of the detector and Airy disk. Due to the phase sensitive detection

Eséle is taken as positive or negative depending on whether the quantity

ESM I, (i{ Rer r/f) - Ry Iy (k Ry r/f)_J is positive or negative.

The quantity (PS/PO) is calculated and normalized to (PS/PO) when
D = 0 with a computer program for various values of RI The results are shown
in Figure L-27. Here, (PS/PO)/(PS/PO)D _ o in @b, is plotted vs linear dis-
placement and angular displacement, respectively, for various velues of the
radiue of the central blockage, It must be remembered that the optimum focal

length varies with BI Figure 1-28 shows the relationship between the opbimum
Tocal length of the lens and the yadius of the central blockage.

6.10 Mixer Axial, Lateral, and Tilt Tolerances

Some movement From the aligned position of the mixer location and
the received signal beam is expected after launch. This section derives the
axial, radial, and tilt tolerances of beam and mixer movement, and their eifect

on heterodyned signal output power.

6:10.1 Axial Tolerance of Mixer Position

The axial -:tolé—:-rance of mixer position is determined by the depth of
foeus of the received signal beam imaging lens. The depth of focus for a
diffraction limited system is deifined as the distance along the optical axis
that the mixer can be moved for less than 1/l ) deterioration of the wavefront
(Payleigh limit). Assuming the Rayleigh limit is applicable to a uniform in-
tensity beam with central blockage, then the depth of focué is given by

W

Depth of focus = — s
n sin (Um)
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where

w = wavelength

n = index of refraction of the medium (for vacuum or air, n = 1)

i
il

the angle defined in the sketch below:

BEAM

RADIUS 10 MM T /\m\
V/,-

>—— 130 MM

MIXER IMAGING LENS DEPTH OF FOCUS

Substituting in ©ne vaiues shown gives

Depth of focus = + 1.80 mm (+ .070 in.)

A smaller tolerance than this depth of focus is necessary, since
the desired wavefront should be plane to within 3/10 rather than ) /L. Hence,
a tolerance of + .0l0 inches would be a conservative axial tolerance, which

would include the imeging-lens axial movement tolerance.

6.10.2 Lateral Mixer and Beam Position Tolerance

The lateral mixer and received-beam position tolerance is primarily
limited by the movement of the mixer from the cenber of the loeal oscillator
Airy disk and the consequent decrease in local oscillator power on the mixer.
Figure L-29 shows the mixer size and the amplitude distribution of the local
oscillator Airy disk, assuming 20 mw power on the mixer, when centerxed, and
80 mw total incident power. The recovered signal beam is sutomatically centered
on the off-centered position of the mixer and adds only the phase-tilt loss
described in paragraph 6.4, "Signal Loss if Received Signel Beam Tilts at the
Mixer,"
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The local oscillator power imtercepted by the mixer when the mixer

is displaced off center is given by

7 R
¢
P:g[[ E° (r) r dr ada
s a8 a .
. G Q

where
E(q) = amplitude of local oscillator beam at distance r from center
T, 8 = cylindrical coordinates with center at the center of the
mixer
and .
2 2 2
r" =zr,~+D -2r Dcos (a)
where
B = relative displacement bebtween r = 0 and r, = 0 ag shown on

the sketch below.

L. 0. AIRY DISC

A computer program was used to find PS for incyremental values of
displacement D. This graph is plotted in Figure L-30. From this Ffigure, a
lateral mixer movement of 0.2 mm shows a decrease of LO power to 3.8 mw. TFrom
Figure L-17, the resultant decrease in NEP for 3.8 mw incident power from T mw
is less than .1 db. . '
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6.10.3 Mixer Tilt Tolerance

The angle of +ilt 6 of the mixer with respect to the received heam

and local oscil}gﬁgr beam is & non-critical tolerance, as shown by the following:

— 177

I

RECEIVED SIGNAL ? [}
AND L.O. BEAMS Ii=.2 MM

MIXER TILT

The mixer i illustrated by the two-plane phase beams which differ
in fregquency by 30 MHz. Any angular tilt between these beams reswlts in phase
changes of the 10.6 microns across the face of the mixer and a loss in intensity
of the difference frequency of 30 MHz caused by the inberference. I the two
beams are collinear and the mixer face is tilted an angle © as shown in the

sketch above, then the phases of both beams will change many times over the.

tilted face as caused by the spatisl lag. However, the relative difference
between the two beam phases at any point will he small with respect to the
difference frequency. The amount of phase shift at 30 MHz, to which the
detector responds‘is proportional to the ratio of the distance n in the gketch
to the wavelength of 30 MHz. This ratio is calculated as follows:

3 x 10" mm/sec - th m
3 x lOT Hz

For 8 = 50, a liberal tolerance figure, h is calculated as

ho=Dtan © = 9.2) (.087) = .017 mm
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Then

h__.0L7
Aire

10,000

Hence, the tilt @ has negligible effect on the difference frequency.

Another effect caused by tilt will be a decrease in effective area
of the mixer. The face area will become elliptical to the vertical beams,

having a semi-minor axis (D - x) as shown in ‘the sketch. For © = 5 degrees,

h tan @ = (.017) (.087) = .0015 mm

M
]

D=-2mm,
Then for © less than 5 degrees, this area loss is negligible, since

(D -x)=(.2~-.0015)x .2.
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7.0 ACQUISITION SIGNAL PATH OPTIMTZATION

In order to locate the transmitted beam initially, a relatively
wide-angle beam is used in the search mode as compared with the beam width
of the telescope. From the acquisition and tracking analysis of paragraph
5.1.5, an optimized specification for the angular width of the acquisition
beam is determined to be 0.178 degree. Given the angle, the following analysis
derives the optiles necessary to spread the transmitter laser beam by far-field

diffraction and calculates the resultant on-axils acquisition beam intensity.
T.1 ACQUIBITION BEAM SPREADING OPTICS

The radisl intensity distribution of the transmitted laser beam
is essentially undisturbed Gaussian (untruncated and unblocked). Here, the
beam from the laser is directed around the beam expanding optics and the trans-
mitter telescope to the coarse pointing mirror. The only beam shaping opbics
in the path are those required to spread the beam to the required size at
the receiver. Thege optics can be of three general Fforms: (l) A set of two
lenses can be used to maintain the collimation, but increase the beam radius
80 that the beam diffracts to the required far field angle; (2) A set of two
lenses can be used to diverge the beam to the required far field angle; and
(3) A single lens can be used to diverge the beam. The advantage of (2) over
(3) is that the effective focal length of the two-lens system can be varied
easily, whereas the single lens has a fixed focal length.

f.l.l Use of Recollimated Beam

The divergence of an undisturbed, collimated, Gaussian beam can
be caleulated in the following manner: The radial distribution of the initial

beam amplitude Ei’ can be represented by

. 2

- or_

Ei(r) =B, exp 5
o

,where r ig the radial coordinate. BSimilarly, the far-field distribution is

represented by
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2
-r
Ef(r) = E_p €XP (———We )

The far-field angle ¢ between the radial positions r = O and

r = w is given by

Since the intensity is the square of the amplitude, the full angle © between
the half-power (intensity) points is given by

A
8= ¢y2in 2 (%§{>
o/

Therefore, the W, required is

w_ = 2 4n 2

© G

From Section 5.1.5, it is specitied that © is required to be
.178 deg. (3.1l mrad), which requires that w = 1.28 mn. Since the laser
bean before recollimation has & of 1.19 mm, then the beam diverges too

mach.

If the laser beam were directed to the coarse pointing mirror
without any beam expanding and recollimating optics, then 6 = .190 degree and
the received acquisition mode power decresses by 0.82 db. These values
assume that the transmitter laser output beam will be collimated with a
tolerancé that would not materially affect The beam spread. For the specified
tolerance on the laser outpub dispersion angle of .1 mrad, the dispersion angle

@ = .202 degree, which decreasts received power an sdditional .48 db.

Since the acquisition field angle and power are critiecal, acquisi-

tion beam shaping optics with the following characteristics are used in order
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to meet the requirements. The transmitter laser 3-sigma beamwidth is expanded
to 2.48 mm and also adjustment is provided to recollimate any geometric dis-
persion from the laser output beam collimating lens. This adjustment is

expected to provide for the maximum specified angular tolerance of 1 mrad.

7.1.2 Acquisition On-Axis Intensity

From the far-field equations discussed previously in Section 2.1,

the on-axis intensity for a dlocked and Gaussian beam is given by

By 22|
2.2 - -
20, kK P 2
IT(O) - T . o e )-I-CST _ e }-I-O‘T

R 2 -
_ A
2 6'2 x° P bg 2
A o A
IA(o)=-—---—-§-—--— 1-e
R

Then, the ratic of the normalized telescope intensity to the undisturbed

acquisition beam intensity reduvces to

o g 2 2
e % _
2 - 2
2} Lo Lo
IT(O) 3 % \e T . T
Lal0) O.Ae .2 2
_ A
lx-crA2
1l ~e

The parameters are op = 46.1 mm, ql = .71 mp, Ry = 21.h5 mm, Rp = 98.425 mm,

and RA = 2.48 mm. Substituting these parameters into the equation,
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1,(0)

= 1820
IAIO;

The power ratio in dbm is
10 log, TZ) = 32.60 db

To this value, theé telescope central blockage loss (1.33 db) and the trans-
mitter-to-telescope path Yosses, which total 1.72 db, less the beam expander

losses, are added to the on-axis acquisition intensity.
(32.60 -~ 1.33 - 1.72) = 29.55 db

As shown in the equation for the ratio of far-field intensities,
I(G)/I(o), the attenuation below the telescope made in the ratio of squares

O__2

of the dispersion —25 timeg the ratio squared of the far-field diffraction
o
A

functions.

This value is compared with the calculated telescope on-axis
signal-to-noise ratlo of 24.38 @b achieved whed in transmit mode, at the
beginning of the experiment, and at the minimum operating temperature of 15OC.
This acquisition carrier-to-noise ratio is then found by subtracting the
difference between the two intensities from the operatlng carrier-to-nolse

ratio, as caleulated in the prev1ous section.
(C/N) acquisition = 24.38 - 29.55 = -5.1T7 db

Using the off-axis far-field equations discussed in Section 2.1,
See Frloyre L-304)
the following graph of ’%he transmitter acquisition field of view was com-
puﬁed. The transmitter beam is redirected before the telescope through an
appropriate power beam expande% and directed:to the coarse pointing mirror

for this resultant far-field patbtern.
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8.0 SELF-CHECK CAPABIILY

The gelf-checks of the transmitter and local oscillator laser are
included by arranging the optical paths layout so that a modification of the
flip mirror used for selecting the backup laser mode of transmitter or local

oscillator would also provide these two self-check modes.

The.self checks ars made by mixing .a greatly attenuated pdrtion
of the baékup lager beam at the appropriate P-line with either the local
oscillator 'or transmitter laser supplying IO power at the detector. The backup
lager power must be sufficiently attenuated to the operating range of -50 to
=70 dbm.

Figuré 5.2.1-1 of the text shows the optical paths layout. Flip
mirror A is shown in Figure L-31. This layout also provides two primary
overating modes without using movable mirrors. The table in Figure L-31

shows the corresponding operating modes and flip mirror operations.

To.combine and attenuate the beams in the proper way and to main-
tain optical-axis alignment of the beams, the flip mirvor is designed with
the following characteristics: The two cuter surfaces of Tlip miiror A are
100:1 beam splitters which reflect 99% of the impinging energy. The 1% of
legser power that passes through the first beam splitter of flip mirror A is
again atitenuated by the blockage of The metal sheet betveen the two mirrors.
The size of the central aperture in the metal sheet between the two mirror
fzces determines the amount of the (Gaugsian distributed power passing through
and also the dispersion of the power caused by diffraction at the aperture.

The second beam-gplitter surface aittenuates the passed power again by 100:1.

Thus, in Mode No. L the power from the backup laser is trans-
mitted thfough the first beam splitier, through the aper%ure in the metal
sheet, and through the seéond‘beam splitter. The attenuated heam then goes
o the mixer. The total path attenuation of the backup laser power is

summed up in the following table for an aperture diameter of .2 mu.
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Backup Laser-to-Detector Path Losses

dbm
Backup laser power (500 mw) +27
First beam splitter (100:1) -20
Blockage (aperture = .2 mm) -19.8
Second beam splitter (100:1) -20
Third beam splitter (5:1) -7
Dispersion of beam at the detector
lens and truncation loss -11
Airy disk overlap at the mixer of
the focused backup laser beam =9
-59.6

In Mode No. b part of the flip-mirror assembly is used to relocate
the transmitter beam in the ‘local oscillator-to-detector optical path. A
germanivm wedge enters the transmitter/telescope optical path and displaces
the beam laterally while maintaining a plane phase front. The power from
the backup laser is transmitted through the flip mirror and an attenuated
signal goes 10 the mixer. Thus, both self-check modes will have oubput

levels similar to the received signal output.

In order to meet the requirements of the self-check capabilities,
certain factors must be taken into consiaeration in the construction of the
flip mirror. The mirror material must be transparent at 10.6 microns, which
requires the use of a material such as germanium. In order to reduce etalon
effects, the inner surfaces of the two beam-splitter pleces require an anti-
reflection, coating. The metal must be cogbed with a paint that is highly
absorbent to 10.6 microns so that the amount of power and the dispersion of

power by diffraction depends only on the aperture.

The aperture must be located so that the center of the Gaussian
distributed beam; which 1s the refracted optical axis, passes through the
center of the aperture. Since ﬁhe flip mirror is at an angle of 45°% from the
optical axis, the aperture must be drilled at an angle of 45° with respect to

the metal surface.
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The flip-mirror angular alignment tolerances must match the reguire-
ments of the other mirrors that colocate .and align the transmitier and backup
laser paths to within 3 Sed out of the telescope axis. This requires a flip-
mirror alignment:tolerance of .3 mrad, and soc there is no exceptional altign-

ment problem.

9.0 POWER METER SIGNAL PATH

At tﬁe oubtput of each lager, there is a 99:1 heam-splitter mirror
which passes l% of the laser ouwbput power into a power meter signal path, as
shown in Figure L-32. For the transmitter and backup lager outputs, this
sampled energy illumingtés a diffractiion grating which. is blazed to enhance
the second order reflection of the 10.6 p beam. For the local oscillator
laser, the diffraction grating is included in the L0 laser as the back-end
mixror. The sampled output from the beam splitter is then reflected toward
the power detector. In all three cases the second-order reflection is focused
onto a power detector when the. laser output is operating in the fundamental
mode at the correct P-line. The detected energy then is amplified -by a dc
amplifier to 2.5 v,de and fed into a feedback loop for lager frequency tuning

and power measurement.

The following analysis counsiders three aspects of the power meter

pash.
Wavelength resolution of the diffraction gratings to
an incident Gaussian distributed laser beam
Efficiency of the signal path
Transmitter power detector de and ac outputs

9.1 WAVELENGTH RESOLUTION OF THE DIFFRACTION GRATINGS

Both the beam radius and Gaussian distribution affect the width
of the second-order energy focused on the power detector. TFor power detectors
‘that are smaller than this focused width there is conséquently a powver loss.
For the backup laser which operates on two P-lines of the .10.6 p wavelength,

the resolution of the two lines also depends on the focused second-order beam
widih.
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The effect ‘of varying the beam radlus involves the wavelength
rdsblutiog of the wavelength monitoring diffraction gratings. In analyzing
this effect, the diffraction properties pertaining to a uniform beam will Ffirst.
be discussed, followed by an analysis of the diffraction properties of a
Gaussian beam. The gozl is ©tc determine how much energy at wavelength A + A\

will overlap a detector used to observe energy at wavelength ).

9.1.1 Uniform Beam

Using Figure L-33 Lo define geometric parameters, one has the
following conditiong which define the anguwlar position of the principal maxima

and minima for the case of a wniform beam:

sin ﬁx = mNOK + sin & m =0, +1, ... maxima

n
m061+-}C—NZ> n

The blaze angle, 0, is given by

U

sin 5N

n

+l, +2, ... minimg

where

A

I

wavelength
X = beam width

NO = total mmber of lines/unit length

The angular half-width of the mth order for a given wavelength is

found by subtracting these two equations. Theréfore,

A

Aﬁk‘ X cos BX
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To Tind the full angular separation, ABX, between two close wavelengths for
the same diffraction order, one can differentiate the first equation and obtain

m No JAYY

cos ﬁx

Aﬁx =
where M 1s the difference of the two wavelengths.
The parameters corresponding to our case are

A o= 1.06p

& = 024 (P-line separation)

x = .4 in.
a = -33°
N_ = 1800 lines/in.

Therefore, for m =2, B_ = 73°, and AR, = 9.T2 mrad, independent of the width
of the beam. However, the angular half-width of the diffracted beam at a
single wavelength, Aﬁh’ is dependent on the beam width, x. Here, Aﬁk =

3%.57 mrad. Since A8, = 9.T2 and since EAﬁk = T.14 mrad, the two wavelengths
are clearly resolvgd. )

9.1.2 Gaussian PBeam

Because the energy of a Gaussian beam is pesked at its center, the
effective width of a Gaussian beam is less than that of a uniform beam.
Therefore, although the angular position of the maxima and minima will corres-
pond to those for a uniform beam, the angular width of the principal maxima
will always be greater for a Gaussian beam than for a uniform beam. The
width of the principal maximum will be computed by summing up the field due

to each slit of the grating.

The total amplitude, A, of the radiation at an angle B (see
Figure L-33) is due to the sum of the fields from each grating slit with their

relative phases accounted for.
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Let the emplitude of the jEh erabing slit be a, and its phase
(relative to the j = 1 slit) be gj. Then the total amplitude in the far

field in & given direction is given by

where 1 = Vul and N = total number of grating slits illuminated. The phase
factor, gj, can be expressed In terms of a constant phase difference, (,

between slits és

6J.=(J-l)t;

C =%Edlsin{3—sin(x

where

d = spacing of the grating slits

fl

diffraction angle

o

I

incident angle
as defined in Figure L-33.

If the incident symmetric Gaussian beam is centered on a grating
having an even number of slits, then there is a cne-to-one correspondence

between slits equidistart from the center of the grating. Therefore, the
anmplitude from the Jth slit is egual to that from the (¥ + 1 - j) slit for

N
< j <=
1<J< >
+ The amplitude of the incident Gaussian beam, a, can be represented
by
2
_ X
ho &
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where B 1s a constant and r is the radial coordinate. Since the slits are
very narrow, the incident beam can be consldered of constant amplitude,

though the jth slit can be approximated by

o
It
o
®
H

IA
o
IA
S 1=

This amplitude applies to the field from two symmetrically placed slits. The
phase factors corresponding to these slits are given by el(J_l)g and el(N_J)C-

Combining these expressions

/2 1w 21 ale-1) L i(m-3)
_A=BJ2=:18XP -EE[(E-J-}-]_)({I (E(J C+e( JS)

Therefore, the resulting intensity, I, at angle B is given by

I=a8%= [Re(a)]® + [Im(A)].e

With the exponential factors replaced by thelr trigonometric equivalents to
facilitate computation, a compubter program computes the angular width (4o the
minimum) of any desired principal meximum as well as the intensity I at any

angle B.

Figure L-34 shows now the relative intensity aboui the gecond-
order maximum varies with angle if the grating is .4 in. wide and has 1800
lines/in. Here, the radius to the l/e point of the incident Gaussian bean,
r 1/e is 1.19 mn (i.e., 1/e? = 1.42 mm) and the wavelength is 10.6p. The
angular position of the meximum and the angular separation of two wavelengths
are identical to those found for a uniform incident beam. Therefore, the
second-order maximim is at B = 73.280 for ¢ = 350, and for a wavelength separa-
tion of .02u, the angular separation is 9.85 mrad. The position of the
minimum if r l/e = 1,19 mm is=a180 marked in the figure as is the angular
width of the detector if it is .3 mm wide.and the focal length of the lens
is 2.98 in.
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Thus, for this one-dimensional case, the power incident on the
detector due to wavelength A iy some 12 times that power .due to wavelength
A+ .02u. This ratio gives the resolution requirement for distinguishing the
separation of P-lines of operation of the backup laser, since the second

detector is locatéd at this offset to be centered on the second P-line mode.
9.2 POWER METER PATH EFFICIENCY

Besides the 99:1 beam splitter, there are other elements of the
path that contribute to the path efficiency. The diffraction grating is
designed to enhance the second-order reflection. Experimentally, this ef-
Piciency has been measured to be at least 40%. The efficiency of coﬁpling this
energy to the detector is a ratio of the energy falling on the detector to
the tobal energ& in the second-order reflection. From Figure L-Bh, thiz is
T.h/EO = 37%. Thus, the fractional amount of energy on the detector, com-
pared with the laser output energy is the sum of the effliclencies, stated in
dbm.

Beam splitter, 99:1 -20.0 db
Diffraction grating efficiency, 40% -4.0 av
Detection coupling efficiency -L.3 dp
-28.3 ab
9.3 TRANSMITTER POWER DETECTOR AC AND DC OUTFULS

The dc powér output of the transmitter laser power detector coxres-
ponds to the power output of the lager at line center. The FM modulation of
the laser also modulates the power amplitude-

The equation Tor power output can be written

8Gmed

1 . 2
}Afosc)

(fa—fc) cos wt
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where
G = tube dependent factor (approx. unity)
Pm = maximum power output

fd = peak deviation of dither

Pain]
R

o
[}

the range of frequencies that will allow oscillation

deviation or displacement from line center

—
H
1
=N
el
Nt
]

Pl power output at freguency (fa—fc) from line center

On the output of the power detector, the voltages VS and Vm are
directly proportional to input power Pl and Pm. The above equation may be

rewritten as

8med
vS = (Af 2 (fa"fe)
0osC

However, the peak deviation car be referenced to the maximum, Vm, and for

Afosc equal to 90 Mz, and the deviation of the dither is 300 kiz

v 5
s 8 x 300 x 10
Vo s (ate)
(90 x 107)
6 x 106 -10 -9
= m = T.ll- x 10 = 0-5‘ x 10 (fa_fe)
X

If the displacement from line center is 1 Miz

=3

o]
i'ri =0.3x 107 x 10° = 0.0003 or 0.03%
m
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Hence, the relative amplitude of the modulation caused by dithering 1is 0.03%/

MHZ displacemen% , 8ince it is seen that the modulation is directly proportional
to the displacement.

The equation sbove may be written in yet another form

!

s 8
Vm - (f 2 fd (fa—fc)
ogce

Differentiating

and the slope in percent per Hz at a displacement of (fa-fe) may be found

a vs_/vm.‘ 8

dfy 81 x 10

—7 (fa"fe) =107 (fanfe) percent/Hz

This agrees with the previous result if the value of deviation is 300 kHz and
the displacement is 1 Midz. The slope ab 30 Mz is 3 x 10-8%/Hz, and the
allowable amplitude variation.for 500 kHz is

3 x 1of8%/Hz X 5x 10° Hz = 15 x 1077 = 1.5%

If the power detector has a sensitivity of 320 mN/mW and the

ineident power is 0.085 mw, then the de ocutput at line center is
Vm = 320 x .085 = 27.2 mv

and the allowable variation,at 30 Miz for 500 kHz accuracy is 1.5% of 27.2 mv =
+h08 pv. ’
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At the dither frequency, the frequency response cf the detector is
down aboub % db or about 0.6%, and hence the amplitude of the dither at 30 MHz

d;splacement will be
27.2 x 0.03% x 30 x 0.63 mv = 0.15% mv = 154 pv

This is less than the 408 puv of the de accuracy requirement because of the
L-db frequency response'and because of the 300-kHz peak dither rather than
the 500-kHz accuracy requirement.

The required de gain must be

2.5 v

575y = 92 or 39.2 db (voltage db)

The dither amplitude at 1 MHz displacement is 0.03% x 27.2 mv x 0.63 = 5.1 pv.

The gain of the a-c¢ amplifier would have 0 be

200 1V _
W = 10,900 or 80-7 db

If the noise density of the power detector is 0.06 pv/fﬁ%, the noise level on
the output of the a-c amplifier would he about 65k uv/JﬁE. This exceeds the
specificat%on. However, if the beam gplitter is modified to provide l% to

the power'detector in the local oscillator instead of D.l%, the required dc and
ac gains drop by 20 db, and the noise density will be 65.% pv/VHz, well within
the specificaiions. '

10.0 ANGUTAR MISALIGNMENT TOILERANCES FOR OPTICAL COMPONENTS

' 1

Tt is known that after launch of the spacecraft, there will be

some misalignment of the optical components caused by vibration and shock of
the launch, and varying temperatures of the LCE baseplate in space environ-
ment . In'particular, the transmititer signal path will become misaligned from
the receiver path. Some of the receiver path misalignment can be gompensated

for by biasing the nutator drive signals. This correction is discussed in the
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receiver gignal path optimization analysis, Section 6. For the transmitter
gignal path, however, the conéequent misalignment cannot bhe corrected, and the
transmit and receive beams geparation must be minimized as much as possible.
The misalignment loss can be read from Figure L-5, which gives the transmitter
field of view, since the, TMC will align The receiver optical axis in the

direction of the incoming beam.

* From the acquisition and tracking signal-to-noise requirements,
it is estimated that the total transmitter/receiver beams misalignment will
result in no more than 0.7 db afditional loss. Thus, from the following analy-’
sis and experimental test data, the individual optical element tolerances will
be derived so that the total losgs is within the constraint. A list at the end
of this section gives the tolerances for all components in the itransmitter

and receiver gignal patas.
10.1 POWER LOSS DUE TO MISATLIGNMENT OF TRANSMITTER LASER MTRRORS

A misalignment of the transmitter mirrors decreases the trans-
mitted laser power for two reasons: TFirst, because of vignetting within the
laser cavity, a misalignment causes the logses within the cavity to increase.
This additional cavity loss decreases the laser efficiency and oubtput power.
Second, a misalignment of the laser mirrors shifts the beam from the optic
axls of the optical elements leading $o the IMC mirror. The vignetting which
then oceurs resulbts in a decrease of transmitted power. These two effects of

EMIR mirror misalignment will be considered separately.

The ratio of laser power with mirror misalignment to that without
misalignment is given by ﬂﬁ/ﬂo, where n¢ is the laser efficiency corresponding
to a cavity logs of L¢ and ﬂo ig the laser efficiency corresponding to the
loss LO when there ig no misalignment. A curve of ﬂ¢ as a function of Lo is
glven in Figure L-35 for a laser discharge length of 16 em. For L¢ > LO = .11,
this curve is fit with‘the function n¢ = .1 - L¢.

The loss, Iﬁ’ for a given angular misalignment ¢ is determined
from the following analysis: There are several effective apertures within
the laser cavity which are formed by the laser mirrors, the two ends of the

nodulator crystal, and the two ends of the discharge tube. Figure L-36 depicts
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the cavit& geometry. The optical cavity length from the plane cavity mirror to
the :i.--l—iE aperture is given by Zi where Zl and Z2 correspond to the ends of the

modulator crystal, Z, and Zh correspond to the discharge tube ends, and Z

corresponds to the oatput mirror of radius_of curvature Rc. The beam in ghis
cavity is Gausgian, with a standard deviation in intensity at location.Zi of
Op (Zi)' it tﬁe beam is displaced latterally an amount Di at aperture 1,

then a reduction in the beam power will result as some of the beam falls out-
side the apertivre. The fracticnal reduction of beam power is taken as an addi-

tional cavity loss. The loss, I@, ig, therefore, given Dy

L¢= l-—;¢'>+Lo

o
where

P¢ = power through the limiting aperture

P0 = power through the limiting aperture when @ = o

L, = loss when @ =50

Tpe power, P¢ passing through a given aperture of radius RM ig
given by

1 R
M
P¢=2 jj 52 (z,r,0) r ar a@d
O

O

vhere r and © are the cylindrical coordinates of the aperture and B(Z,r,8) is
the fleld strength of the beam within the cavity at a distance Z from the plane

cavity mirror. Here
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where

P = beam power 1if there were no hlockage

I

O'I(-Z) standard deviation of the beam intensity

1

T radial coordinate of heam

The relationship between r' and r depends on the lateral displacement, D, of

the beam with respect to the aperture. Here,

12 2 2

v =1 + D% - 2rD cos ()

The power passing through the aperture isg, therefore, given by

22 +0% _ 2 cos (0)
o 7 Ky 2012
P, = e r dr ae
i) )
Ao
I o} o}
If § = O, then
L2
P¢=PO=P 1 - exp >
20,

Therefore, the ratio of PQS/PO is given by

P 2 2 2
o To; I:l ~ exp (-‘ /220*I 5_] 2a;

it
P M 2. .2
] _ 1, f f exp [ E +D —Qrgcos@ - dr 49
o o

This integral is evaluated numerically using Simpson's method for any speci-

fied values of RM and o‘I.
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The blockage takes place at whichever aperture intercepts the most
energy from the beam. Therefore, the radius Ry corresponds to the R; which
produces the minimum value of the expression Ri/Di + o1 (Zi)' The displace-~
ment, Di’ and the standard deviation, cI(Zi), must be caleculated at each

aperture posltion Zi'

The displacement at location Zi depends on which mirror has an
angular error. If the plane mirror has an angulasr error of ¢ » then Di =
Zi¢p' If the curved mirror has an error ¢c’ then Di = Rc¢c’ for in this cage

the beam is moved parallel %o itself.

The standard deviation, oi(Ziﬂ at position Zi is given by

2
A,
2 2 i
or (Z;) = op "1+ . 2
1o
1o
where
A A R
2 _ 2 _ 5 _c _
% T 91 (o) = % Z5 +

Using the analysis #bove, the power loss as a function of mirror

misalignment was calculated with computer programs for input parameters of

n = 3.3 {index of crystal) R, = 500 mm
dl = 1%.5 mm Rl = 1.5 mm
d2 = 55 mm 32 = 1.5 mm
dy = 26.2 mm Ry = 2.0 m
d) = 185.0 mn Ry, = 2.0 mm
dg = 18.2 mm Rg = 2.15 mn

The results are shown in Figure L-37.
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10.2 MEASURED POWER LOSS INSIDE THE LASER

To substantiate the tolerance losses of the analysis based on an
experimental curve given in Figure L-35, a test was conducted by the laser
subcontractor to find the actual change in laser output power versus lateral
changes in the laser tube and modulation positions with respect to the end
mirrors. A vertical shift of the laser tube is equivalent to an angular change
of the curved—eﬁd mirror for a given mirror radius of curvabture. This test
was presented earlie; and the results plotted as dotted Curves A and B in

Figure L-3T7, aldng with the analtyically derived curves.

As indicated in Figure L-3T, the actual power loss for misalign-
ments of the laser configuration is wuch less. The reasons for this over-
statement are that the beam distribution within the laser is more centralized
than a Gaussian distribution and the cavity loss for a given misalignment is
consequently larger. Furbhermore, the laser efficiency is less than the
curve shown in Figure L-11, and so the changes'in cavity loss have less effect
on the laser efficiency. These data were not_available in quantified form and
the analysis relied on the earlier data shown in Figure I-11. Since the
experimentally measured curves A and B reflect the actual angular misalign-
ment lossesg, these curves will be uged in determining the misalignment

tolerances contributed by the transmitter power decrease.-

The equabions developed in the analysis are applicable to the
next section.

10.3 POWER ILOSS OUTSIDE LASER

The analysis for the power decrease due to vignetting outside the
laser is similar to that given above. Figure'L~-21 is a schematic of the
optical system. Here, since there ig a lens which recollimates the beam at

position Z5, oy must be replaced by of (Z5) which is given by
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and for 6 < i <8

For i = 9,
Oi(zg) =By g, 9p(Zg)

where PB B is the power of the beam expander. For 1l2< i < 1k,

oz ) = oy (2, ;) +

_ A _ aa
Gd = S o B = divergence angle of the beam
Io "B.E.

The displatement of the beam due to a misalignment of the plane mirror is

glven by

11 < i <1k

D; =R %, 6<i<9
D, =P, RSP, 10< 1< 1y
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The loss is now just given by (1 - P¢/P0) without being related
o any laser efficiency. Here, Po is the power passing through the smallest
aperture (relative to'dio) when ¢ = 0, and P¢ is the power passing through
the confining aperture when @ # 0. )

The loss of transmithed power due to vignetting outside the laser
is shown in Figure L-3T. It is noted immediately that the loss within the
laser far exceeds theat ocutside the lager, which can generally be neglected.

The parameters used were

N D, (mm) Ry (m)
6 67.2 2.13
T 255 2.13
8 oh.2 2.13
9 89.2 .1
10 18.2 1.1
11 2.7 k.1
=N 93.5 k.1
13 125.0 ikl
1k - 101.3 1.1
10.% POVWER ICSS DUR TO LATERAL SHIFT OF CRYSTAL
Since the blockage occurs. ab Zz, a laberal shift, DM, of the

position of the medulator crystal is equivalent to the case of an angular
misalignment of the eurved mirror. Thus, the power losg within the lager
corresponds to that cobtained with

¢=]ﬁ
¢ R
c
For example, from Figure L-3T, a .l-db loss occurs if ¢c = .2 mrad; this
corresponds to a displacemenﬁ, DM’ of .1 mm gince Rc = 500 mm.
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16.5 TRANSMI'ITER /RECEIVER BEAMS, OPTICAL AXTS ATIGNMENT

Besides the power loss of the transmitter laser bean caused by
vignetting of the béam, a more stringent alignment requirement is in aligning
the transmitter and receiver opbtical axes to be colocal and collinear. The
transmitter far-field bean pattern determines the degree of alignment neces-
sary, as shown in Figure L-38. A 3 See¢ misalignment of the two beams will

reduce the received signal power by 0.7 db.

To achieve a 3 Set collinearity of the btransmit and receive bheams,
the angular misalignment between the two beams prior to the coupling mirror is
required to be legs than 30 éEE, since the telescope power is 10. The two
beams are Jjoined at the duplexer, with the transmitter beam passing through
the duplexer and the received beam being reflected. The misalignment
tolerance of the duplexer therefore would be 30 é;E, except that the nutator
can correct for any static misalignment caused by launch vibration and shock
or by a constant gravity force on the baseplate as long as it is constant in
one direction. The nutator searches for the peak intensity of the received
beam direction, and in doing so, the duplexer misallignment is corrected.

Other misalignment changes, for instance those caused by bending of the
baseplate from changes in temperature, are required to be less than 30 QEE to

keep the signal-to-noise ratio lossg to within Q.7 db.

To keep the nutator bilas volbage small, this tolerance is reduced

to .5 mrad.

Any static or dynamic misalignments, and those as caused by chang-
ing temperature in the image motion compensator (IMC), lens, or mirrors
{elements 11-16 in Pigure L-39) betwéen the coupling mirror and the duplexer,
affect both the transmit and receive beams. Hence, the IMC will correct for
these misalignments. A vector sum of these angular misalignments should be
within l/lO of the maximum IMC off-axis tracking angle of .2 degrees external
angle, or l/lO x 2 degrees infernal angle. The total tolerance is then .2

)
degrees = T20 sec.

A total of 100 gg% for a correlated temperature tolerance leaves

620 £et total random misalignment tolerance. Then the individual tolerances
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fo% these ' five components are 20 £eo temperature misalignment tolerance and

370 QEE random misalignment tolerance, so that

5
@ = 100 fet
3;1 Ltemp

5 /2 .
g2 = 620 Aot
PN

i
random

Thus, these values in comparison with other components are not critical and do
not add a loss to the path transmissivity, because of the nutator angular

compensation.

The opbical elements before the duplexer in the transmitter/
telescope path (elements 1-9 in Figure L-39) contribute to the power loss of
the transmitter beam as alveady diseussed and to the transmit/receive heam
misalignment. The individual misalignments, as caused by chainging tempera-
ture of the baseplate, may not be considered as uncorrelated misalignments
since a warped baseplate might bend the horizontal plane along the optical
path. The misalignments would then add together to give a total misalignment.

To maintain collinearity of the transmitted and received beam oub
the telescope to within 3 égé, assuming they are initially aligned to within
2 gg}) the total misalignment tolerance for elements preceding the duplexer
is found by multiplying the external angular tolerance by the powers of the
telescope and beam expander. The front lens of the beam expander is assumed
to be rigidly housed with the back lene. For an additional 1 é;E misalignment

angle

= (1 fec) x (10 telescope power) x (6.5 beam expander power)
total

65 Seo

fl
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Considering misalignmen® of the 7 components as caused by
independent effects, such as vibration shaking of the mounts to the Cervit
bgseplate and sepa:fa'i:ion between the Cervit baseplate and the beryllium base
on which the laser tube and modulator are mounted, then the root sum square

of the random mizsslignments and the correlated temperature misalignments
Y
totals 65 sed.

5 1/2

T T
ok Zﬂf (2 9; = 65 feb
i= random J=L. Jtemp

The misalignment amgle of the laser tube and modulator is expected
to be greater than the other components since these two units are mounted on
a different base. An estimated tolerance of 50 g;E Tor this tolerance and total

temperature toierance of 20 égé gives 6. = 15 éZE for all components
: random
other than the laser tube and modulator. Thus, the temperature variation

tolerance isg 20/5 =14 EEE and the random misalignment tolerances are 15 gg%,
excepting the lager tube and modulator which are mounted on the beryllium base

and are misaligned with respect Lo each other by less than 15 ggE tolerance.

To summarize these tolerances, Table L-2 lists the maximum angular
variations permiggible. The identifying numbers refer to those in Figure L-37.

The mixer misalignment tolerances are discussed in a separate analysis.

s
Based on these tolerances, the combined effects of transmitter

power decrease of -.3 db and transmitter/receiver optical axis misalignment
)

loss of -.4 db for 1 sec exbernal telescope misalignment anglg gives a total

Of --T dbo:
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TABLE L-1

SYSTEM ABERRATIONS - CASSEGRAIN TRLESCOPE/RELAY IENS

Aberration
microradians Wavelengihs
Single-~Iens Relay
On-axis beam
Tangential 95 1/20
Sagittal 95 A/20
.2° off-axis beam
Tangential 835 A /2
éagittalA | L11 2/5
Doublet Relay
On-axis beam
Tangential 0 0
Sagittal 0 0
.2 off-axis beam
Tangential 285 A/8
Sagittal ohg \/8

Table L~1
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TABLE I.-2

OPTICAL COMPONENT MISAT.TGNMENT TOLERANCES

Random Temperature
Misalignment Misalignment
Tolerance Tolerance
No. ' Component ! set gev
Flat lager and mirror 15 o
1-2 Modulator 50 L
5-& Laser tube 50 4
5 Curved-end mirror 15 L
6-7 Reflecting mirrors 15 L

8-9 Bean expénder 15 L
10 Duplexer 100 20
11 IMC 370 20
12,1k Reflecting mirrors 370 20
13 Fil;oer relay lens 370 20
15 Nubator 370 20
16 ' Imaging lens 370 20

Table L-2
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APPENDIX M

COARSE-POINTING-MIEROR LUBRICATION TECHNIQUES

The techniques that will be employed for lubricating the moving com-

ponernts of the LCE coarse pointing mirror subassembly are described below.

The aress that contaln any moving parts should be sealed against the
space environment by the use of Viton A elastomer ring seals between covers and

housing and between components and housing.

The output shaft from the housing should be segled by a rotary shait
seal of the garter type, using a grarhite-filled Teflon material for the seal with
a good finish on the shaft,

A1l components attached to the exterior of the case (stepper motor,
encoder, potentiometers, etc.) should be hermetically sealed from the mounting
flange outward. The mounting flange should have adequate flatness to seal to the
O-ring seal in the housing.

All bearings used in the drives and components should be of a dry-
luﬁricated type such gs Barden Bartemp bearings. It is not sufficient merely to
purchase and install these bearings. The bearings must be given a minimum 50-hour
run-in at a minimm speed of 100 rpm, and then be thoroughly cleaned and reinspected
to assure that they are still satisfactory and have low torque and noise. It is
recommended that "Bearing Inspection” of Santa Fe Springs, California, be utilized
for this run-in work., If the run-in is not performed, the init%al buildup of debris

in this type‘of bearings will result in increased torque and possibly in early
failure.

An alternatvive ‘to ¥he use of Barden Bartemp bearings is the use of
bearings processed by Ball Brothers Research Corporation, Boulder, Colorado, which

specializes in ligquid and dry 1ubrication_for space applications.

M-l
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A1l gears used in the subassembly should be dry-lubricated with
Microseal and then be burnished to remove the residual dry-lubricant particies
that could come off and cause trouble later. An alternative to Microseal would

be the use of the Ball Brothers Research Dry Vac coating.

The Iubricants recpmmendéd thus far are all dry and will operate in a
vacuum enviromment. To provide additional lubrication, a cogting of F-50 silicone
oil should be applied to gll gears and bearings that Aerojet designs and specifies.
This oil will lower the torgue of the gears and bearings and is compatible with

the space environment (should a leak develop).

Because Aerojet'is purchasing gear-reduced-stepper motors, encoders,.
and potentiometers, the vendors must be asked if they are using liquid lubricants
in their components. If more than one liguid is ubilized, they must be compatible.
In purchased components employing dry lubricants, Aerojet must determine the base
or primer for the dry lubricants to assure that a cadmium plating is not used

under the lubricant or anywhere in the purchased components.

The housings should offer means of providing a perfectly sealed dry
nitrogen purge after the subassembly 1s complete. An anlysis should be made to
determine if & 15-psi difference between internal and external pressure will bulge
the housing or cover sufficiently to affect the drive movement. If so, The housing
should incorporate a one-way vent valve to reduce the internal pressure to some
value greater than the external pressure. Aerojet has utilized a vent valve with

a 2-psi pressure differentizl for such an gpplication in previous space hardware.

The foregoing seals and lubricants will provide the necessary environ-
ment for the required operational life in space for the moving parts. The housing
and shaft seals will maintain a positive pressure exceeding 1 psia in ©The housing
and components, In itself, this is a deterent to cold welding, which could occur
in a high-vacuum environment.

The above recommendations will result in a triply redundant lubrication
system. The sealed liquid-lubricant system has been employed successfully in previcus
Aerojet spage programs. The Microseal dry lubricant is presently employed in Aerojet-

designed vacuum equipment and in newly designed flight hardware.
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