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INTRODUCTION.

This is the final report of a study for "Optimizing

The Rehdezvous Radar Function For The Space Shuttle";
Contract No. NAS 9-14615 for NASA, Lyndon B. Johnson Space
Center. The program has been expanded and will continte to
"Study To Investigate And Evaluate Means Of Integratlng And
Optimizing The Comblned Radar/Communlcatlon Functlon" 'This
fipal report, Volume I, summarizes the study efforts related
to optlmlzlng the radar function. It is the sixth report

_submitted-duriné.the contractural period and includes data

which otherwise would have been submitted as Progress Report
#6. Continuing efforts will be prlmarlly dlrected towards

the integration and optimizing of the communication function.

A second final report, Volume II, will be submitted at the

end of the continuing study.
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1.0 OBJECTIVE.

7 The objectives of the study to "Optimize the Rendezvous Radar
Function for the Space Shuttle" were to perform conceptual design,

performance analysis and trade-off studies leading to recommendation
of a radar system which best suits the space shuttle rendezvous
requirements.

Specific objectives of the study included:

* Preparation of detail block diagrams of
candidate radar systems and a discussion
of each. :

* An evaluation of antenna types, angle
tracking methods, scan program and
‘allowable antenna size.

* An evaluation and ranking of candidate
radar and antenna systems.

* A complete description including size, A
weight and power of the recommerded system.

. * Preparation of a recommended pbrtion of
ks , the procurement specification pertaining to
g _ . radar performance, including target model.

I A
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2.0 SUMMARY.

- The study treated antenna characteristics and antenna

size trade-offs, fundamental sources of measurement errors

_1nherent to targets of interest, the backscatterlng cross—

sectlon model of the target and three basic candldate radar

systems before recommendlng a total system.

The antenna study determined the maximum antenna aperture
compatible with system constraints such as the physical '
dimensions of the stow installation, servo power demand and

data rate requirements.

Whlle reflectors of up to 1.5 meters in dlameter can
be stowed within the constralnts ox the shuttle 1nstallatlon,
é'l‘meter aperture was chosen from a stand901nt of operational
accuracy, reasonableness of servo power requirements and

simplicity of installation.

Various radiation systems were considered such as the
CasSégraini'refIQCtor-and"feed, flat plate array, etc. A
paraboloid fed with a folding backfeed provides optimum

patterns, best mechanical packaging and design simplicity.

The most demanding operational function of the radar
antenna is acguisition scan in the non—cooperative mode.
Varlous scannlng techniques were considered. It was found
a spiral scan mechanization is optimum. Its geometry matches
the geometrical réQuirémehts’Of a'vec£or_search.- Furthermore
the probability of early detection is enhanced.- |

The sources of exrror caused by scattering-properties of

the target 1tself and which are indistinguishable from the

‘true target state,by the radar 1ncludeV




- angular Scintillation (Glint) e L ' §
gf} : ' - + Range Scintillation
* . Doppler (Velocity) .Scintillation.

:

T+ was found that both angular scintillation and range
”'scintiliation'can be an appreciable fraction of the target
dimension. These effects can be significantly reduced,
- however, by the use of frequency agility. The doppler
seintillation was found to be very small, less “than 0.2

‘meters/sec for the elass of targets considered.

mhe radar backscattering cross-section model of the
target was taken at a mean of 1 sguare meter with Swerling
Class 1 fluctuatlon characterlstlcs. For purposes of computing
the dynamic signal range the maximum target cross-section
was ‘taken at 100 square meters. . U51ng the target/orbiter
,geometry of Mission 3-B the decorrelation time of the signal
return from the target was estimated to be less than 10

A  seconds for target elements spaced 2 meters apart.
- Three basic tvpes of radars were analyzed:
- Non-ccherent Pulse Radar
+ _.(Coherent Pulse Radax

- Pulse Doppler Radar With Lineaxr FM Ranging.

A'pﬁlse dopplef reder was.recommended as a result of
analysis and evaluation conducted.

The functional reguirements for the radar used in .this
study and as defined by JSC are given in Table 2-1 and 2-2.

a comparlson of system characteristics of the three

radaxr types listed above are given in Table 2-3. A comparlson

s o e e e b e s I




of measurement accuracy of the three radar types is given in
Table 2-4 for the skin track mode and in Table. 2-5 for the.

long range cooperative mode.

A summary of performance, sysfem and phy51cal
characteristics of the recommended system is .given:.in Table 2-6.

Since the range measurement accuracy involves several
parameters a plot of random error was made as shown in
Figure 2-1. Also shown on the figure is a specified accuracy

1% or 30 meters, 30 at ranges between 30 meters and 19 km,

- The predicted area 1s well below that specified.

The discontipuity in the ranging error at 2 km range is
due to changlng the ranging scale factor from 10 Hz/meter
to 1 Hz/meter at that point. It appears more favorable to
operate at the hlgher scale factor for ranges less than

4 km as indicated on the figure.

i D e it . e i
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TABLE 2-1

" FUNGTTONAL REQUIREMENTS

The rendezvous radar shall pi'oviﬂe rang'e , ‘renge rate, angle, and angle

rate relative to passive or cooperative target for navigation during

" the:terminel phase of renﬂezvous. This information :-ha.].’l. be suppl:.ed
1o the G&N system and 1o the ciew displays.

| *Nomina:lly, ‘star sensor trac:king oi’ the target will Qrov:.de navlgat:-.on =

data for the last phasing, the coelliptiec; and the WPI meneuvers. The
rendezvous rader shall have a beacon mode of operation capeble of sup-

yorting the sbove.maneuvers. Performance requirements for the reno.ezvous :

rada.r are dPscribed. in the fo:L‘Low:Lng paragra.phs

A, Parameter Measurements Limits

'L:ngw- M%Mtomm
" 2. TRange Rate. , + 91 M/sec
‘3. LOS Angle & ho°
k. T.0S Angle Rete - '
'Ea) acquisition +HR/sec
b) trac,king _gdeg/sec

*Da'ba to ’be s.vaila.ble at 8 range of 19 KM Wléh a prwbability of detection
of .99 with s false alarm probebility of 107

B. Parameter Measurements Accuracies'('S sismt‘-)

P&r'ameter : ~ Rendom Error - Blas Error
Ba.nge
“ReoKM oM e ol
RCOKM - ~ Greater ufc)oa_ﬁ - oM
' or 30 M
' Rdnge Rate 0.3 M/sec __— 0.3 M/Sec
Angle - - I0OMR " ' & 3 degrees
Angle Rate - 0.1 MR/sec \ 0.1% MR/sec

C. Data Acquisitlon and. Convergence T:Lme

1. The maximum acquisition time efter the radam hus been de51gnatec1
to the expected tsrget direction shell be ove minute.

“Range rete shall aschieve the required accurmcy within one minute
of radar ‘acquisition snd shsll meintsin thet scourscsy to a range of 30
meters. If rsnge dsta is lost (efter initial scquimition), the ccnvergence
. time for the renge rste date after range rescquisition ghell be no :
greater than 10 seconds. During RUS braking, the wadar range rste
shall not lsg the trug range raue by oore than 2 seconds.
2 3 '

——




p._r Target Definitlon : .

1. e tevget 4o be used configurstion for items A, B and €
shalll have a1 average radar CIreSS gection of one square meter. (Swer-

ling Oase I). Frequency agillity may be used TO {mprove the detection
capability of the raday. o _ _

-

:
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PARAMETER |

RANGE
. PASSIVE
COOPERATIVE

RANGE RATE
~ PASSIVE
COOPERATIVE

LOS ANGLE
BOTH

L0S ANGLE RATE -

BOTH

ACQUISITION

'_, TRACKING

TABLE 2-2

RENDEZVOUS RADAR REQUIREMENTS

LIMITS

19 KM TO 30 M
560 KM TO 30 M-

-33 M/SEC + 7.5 M/SEC

~ To91 m/SEC

% 40 DEG |
FUNCTION OF RANGE

& MR/SEC

ot
+ 5 DEG/SEC -

~ RANDOM

1% OR 3 OM

0.3 M/SEC
10 MR

0.74 MR/SEC

[

(Received 16 September 1375)

ACCURAGIES (3 SIGMA)

BIAS

2m
0.3 M/SEC |
 60 MR

0.14 MR/SEC




CTABLE 2-3 sxsmEﬁ'cHARACTERIsmiCS OF CANDIDATE RADARS.

System Method of | Method of" PRF pulsewidth (Freq. Transmitteéd power .
range meas.| Vel. Meas. . Agility {{Average,watts Peak,watts:
) ' : ~ [Im ant|[0.5mant|Ilm ant}0.5m ar
_ _ ‘R<20km o _ . 1 o o
Noncoherent | Time delay | Range _ 3.7kHz 1.0&0.1usec |[None .25 166 6.8kw | 45kw
pulse - Differencing R>20%km . ' ) ' - : C
: 2143z 375mHz 5.4 33 1.5kw |8.9kw
: R<20km : - . :
Coherent Time delay | Doppler 4.8kHz | 1.0&0.lpusec |None 30 1190 8.1kw |40kw
pulse R>20km B ' ' :
214Hz 375mHz | 6 I38  |1.3kw |7.9kw
Pulse . Linear FM Doppler 4,8kHz& lodusec None 19 172 38 - 144
doppler : 25kHz and 20usec : E
— dithered 1 ' : -
: 375mHz |5 31 10 62
Notes: : - -
1. Acquisition complete by time range closes to 19km for skin track.
2. Angular search region for skin track, 40° half angle cone. :
3. Acquisition time 1 minute fox probability of detection of 0.99. :
4. TFor non—frequency agile case 2 angle scan frames/minute; frequency agile case
angle scan frame per minute. _ )
5. isted include 2 dB margin..

Transmitted powers 1




TABLE 2—4:_MEASUBEMENT,ACCURACY OF CANDIDATE RADARS FOR SKIN TRACK MODE, 30

| _ . L . - _ :ﬁAngle-raﬁe,;
System . | Range, meters ' e ‘yelocity,m/sec N ‘Angle,mRad ‘mRad/sec
- ~ Bias~ Random N - ~Bias“|Random N Bias | Random "Bias | Random

Noncchexrent - ngkm o [ R 0.3 (SNR>13dB) - 0.241.0.6 1 0.09}:8.1
pulse | N (. 0003R) 2+'(5 1)2' | N B : '
: ‘ e _ R>9km

- IN(L0003R) +(25 Ik

M = -

e e T T
R T,

' 0.24 [ 0.6 1.0.09) 8.1

Coherent =~ | ~ R<9km . - '*J(0.03Jz+(.006V}
pulse - . INT 0003R5 +(5. 1) 1 L

- S ' R>9km '
J(.0003R) +(25 7y 2

Lz

- 4(0.03)2+(.096v)2 0.24 | 0.6 | 0.09] 8.1

Pulse doppler | - |RsZK 2

3 ' ' b INT OOSR +{. 57) 2571, OBSV)
t : - - R>9km
| : ' 4( J05R) +(5 7) +( BSV)

Notes:

1. All values based on antenna size of 1 meter and use of frequency aglllty.
2. The large random angle rate erxor is principally due to glint assuming an 18 meter target.
3. Bias exrors will occur in the form of data lag but it is assumed these can be: removed ‘
.~ by computation if required. :
4. Angle accuracy does not include mechanlcal indexing error.




J

.;i,('-::__ PR

 TABLE 2-5  MEASUREMENT ACCURACY OF CANDIDATE RADARS In COOPERATIVE MODE -
o - (R>20km) , 3¢ . - . ST

ool
. : ;
B eSS,

— | S N b v
g - |_Range, meters . s | _Velocity,m/sec N ~Angle, mRad | mRad/sec
System . ["BIas[ Random . . | Bias[ Random | _Blas | Random | Bias | Random

Noncoherent - | 30 | . | I = Jow2z T - '“0,24;'0;34f§f'0ﬁ09}'7;2{560km)_V
pulse. . B - _ I : . ' | (560km) ' . '

o0 |
20km) | 0.3 (20km)

Coherent | . | 35 02 for | g, 0.3¢ 0.03 | 7.2 (560%m)
‘pulse k! I B ' _ N . ; A560km)| ) T

(20km)j O.EKZka)‘ e

Pulse | . 3\1(.005R)2+(58)2-(560km) 0.2 | 0.1 o 0.24 lo.17 10.09 2.0 (560km)
aoppler | | © | T B R I R

10,01 ~i | Zo;e7(2bkm~ e
IR ———— _(QOkm),}. B R :
SJ(-OOSR)2+(21)2 (2ka) - ‘

Notes:

1. Bias errors will oceur in the form of data lag but it
these can be Temoved by computation if reguired, -

- is assumed .
2. Angle accuracy does not include mechanical indexing error.*'

O




‘Table 2-6 - PRINCIPAL CHARACTERISTICS OF PULSE DOPPLER
I . RENDEZVOUS RADAR. (Page 1 of 5 pages.)
PERFORMANCE CHARACTERISTICS
Cooperative -+ Bkin track
B A : mode mode
Operating range R S560km to 30 m 19km to 30m :
Target model Transponder lmzswerling 1 ?”j
Acqulsltlon time 300 seconds 60 seconds
,Probablllty of vaUlSltlon . 0.99 0.99 . j ﬁ
False alarm time 10 minutes - 10 minutes -
During acquisition) ' . 3
Angular search sector 5° cone 1 40° cone o
_ . (half angle) : (half angle) - - o
.RélatiVE‘v91OCity- ’ - 91 m/sec —-38,+7.5m/sec '2
Accuracy, 3¢ 3
. -Bias Random ..., Bias Random 3
Velocity, m/sec. 0.2 0.1m/sec 0 (.03)2+(.006V)2 B
. . E
Q;i-' ' ‘Range, meters : b
| R<2km 0 (.005R)2+(.57)2 0 (/o05R) +( 57) —r( oasv;{_ﬁ.‘;'
2km<R<20knm S0 LoosRE5.7)2 0 (00sR) 24(5.7) 24 (. g5v) 2.
20km<R<560knm 0 - (.005R)?%:(gg)2 5
: | : fl
Angle, rm&; . B 0.24 0.17 - R=560km 0.24 0.6 :
Angle rate, 0.01 R=20km '
mr/sec 0.09 2.0 R=560km 0.09 - 8.1%
. 0.07 R=20xm
'*Principally‘due to glint.
g
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TABLE 2-6 (Page 2 of 5 pages.)

SYSTEM

Carrier Frequency
Antenna

.8ize

‘Beam Wldthk(z Way).

Gain

Scan program
‘Scan frame time
Max search rate
Max tracking rate

Transmitter
. PRF
- Pulse width
Duty cycle

Peak power
Average power

Frequency Agility Program

Acquisition
Tracking

CHARACTERISTICS

Cooperative Mode

" Skin Track Mode

15 GHz .

.1 meter.

1.0 degrees

40.6 dB

Spiral, 10° cone

1 minute " 1 minute Sl
110 deg/sec R
5 deg/sec 5 deg/sec :
4.8 for acquisitié“J:
20 to 30 (Dithered) 20 to 30 Dithered
' for track
25 to 17 n sec I
50% ' 50% .  RE
8.9 watts 8.9 watts
4.5 watts 4.5 watts
none 6 frequencies 75 mHz.
' apart, dwell 1.5 m sec
6 frequencies 75 mHz.

none

Frequency Modulation Program

Deviation .
R< 2 km
Tlme of Llnear'Sweep
 '_ R< 20 ¥m
R> 20 km

Tlme of retrace _

20 wHz.

13.3 m see
67 m sec.

'O;S.m'éed

- 1 meter

20 wHzZ.

" 0.5 m sec

15 GHz

1.0 degrees
40.6 dB o
Spiral, 80  cone

apart, dwell 13 m sec

2 mH=z,

13.3 m sec

Fre]
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TABLE 2~6 (Page 3 of 5 pages.)

Doppler Scale Factor

Range Scale Factor
R< 2 km - -
2 km< R< 20 km
20 km< RS 560 km

Receiver Noise Temperature

' Doppler Filter Bank

Filter bandwidth
Effective number of
filters
- (FFT implementation)

Frequency Tracking Filter
bandwidth

Data Smoothing Time

Velocity
Range
Angle
Angle Rate

SIS

Coiperative Mode

100 HZ/m/sec

10 Hz/m

.1 Hz/m

0.2Hz/m

1858%k

267 Hyg |

69

267 Hgz

seconds
second
second
second

211

Skin Track Mode

100 HEZ/m/sec

10 HZ/m’
1 #3z/m

1858%%

267 Hz

26’7 Hz

2 seconds
2 second

2 second
2 second

gttt otk MG

L rguttic
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3
5
3
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. TABLE 2-¢6 (Page 4 of 5 pages.)
o S
PHYSICAL ~HEARACTERISTICS o _ R
. edgnt ERE
. | F -3
Antenna Assembly 10.6° kg o g
Boom. Assembly . 5.1 kg .
- Flectronics Assembly 4.8 kg :
 Total Weight 20.5 kg
Size : b
Antenna Assembly Aprdia aperturet ? .'“f 1
Boom Assembly £4". ilong - % L
Electronics Assenmbly 25 x 17 x 18 cm i
Power . ) %
Antenna Assenbly ; @
. Peak 100 watts ;
. Average during search 34 watts ﬂ
. Average during track 13 watts 1
Boom Assembly 122" watts 1
Electronics Assembly L
. During seaxch 81 watts
. During track 71 watts
Total Power
. Peak 303 = watts
. Average during search 237 watts
. Average duriﬁg'track 206 ~ watts

212




TABLE 276 (Page 5 of 5 .pages.)

4 ) ANTENNA CHARACTERISTICS
|
Fzéquehcy of operation o . .13.75_tq_15.121gHz g
. ! . V ;‘
7_Sum Pattern Characteristics (at 15gHZ)) o ‘f;°§
Gain . | 41.6dB - i
Beanmwidth, one-way | 1.4 degrees o8
. Minor lobe level below main lobe : 17 @B
S ~ VSWR© | | ' 2:1 max
» Difference Pattern Characteristics (aE'lSéHzx} 2
i ' Gain - | ) 37.5 dB ]
- Beamwidth, one-way - . 1.1 degrees
Minor -lobe level below main lobe 15 dB
VSWR | ' 12:1 max
O Transmitted Power Capability 100 watts peak or CW
Antenna Scan Coverage -3
Azimuth 360° '
Elevation ' : 320°
Scan Coverage During Acguisition 40° half angle cone
Scan Frame Period 60 seconds. ;f;;
: A
Frequeﬁcy Response o . 1 Hz., s
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4wy o .o +.-3.0 CONCLUSIONS AND RECOMMENDATIONS.

3.1 Antenna Type. ' T _ o . e
R R I

A'mechanicallyiscannhd L metex diameter éarabolic;
reflector, lllumlnated Wlth a four port monopulse,

folding -
. backfeed is. recommendad.

A spiral scan mechanization is
used for radar acqu151t10n. Design features are:

.

| S _ 1. The paraboloid and folding backfeed is a simple
o lightweight structure providing optimum pattern

[ - ) characteristics and maximom mechanical clearances.

o e _ 2. The four slot backfeed with integral monopulse
circuitry is simple, efficient and lightweight.

3. A spiral acquisition scan is well adapted to the P
geometry of a vectored search in terms of scan !f{.

efficiency and probabiiity of early detection. 3?fi
4. If used with a single axis deploy/stow mechanization o
capable of deploylng to two positions, one of which
% : is parallel to the Z axis of the spacecraft,

a spiral
scan utilizing a spin axis can be implemented that
minimizes scan power regquirements.

5. Stow clearance is well in excess of the o
3" all around.

e i L

e
T LTS i




3.2 Radax Type.

A pulse doppler,
ranglng-ls Xeco

function.

The rationale For selection of the

is summarized below:

. _The average powexr is about-the
radar typeStconSLdered but the

the average pOwer
than the other radars considered.

.« The relatively low peak transmltted power re
be provided

nimizes breakdown problems ‘and it can

by the communications TWT: transmltter or

state source.

. ngh ve1001ty accuracy rathe
is the driving requlrement of the radar.

doppler radar with FM ranging fits well
‘requirements. (The pulse doppler radar
provides the mos
the systems considered.)

» The sig

frequency agile radar with linear FM

mmended for the space shuttle rendezvous
recommended radax

| same as ﬁhe.other
peak power (twice

) is 2 orders of magnitude lower |

quired

by a solld

r than high range accuracy

The pulse
with these
jnherently

t accurate velocity measurement of

nal form of both the wvelocity intelligence

and range intelligence is the same (frequency

. difference) which allows a common - time
'signal processor to he used for bot

range measurements.

h velocity and

gshared

T R TS R R e

A PR R
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“J 3.3 PROBLEM AREAS.

Angle Rate- Error.'

The most difficult of the functlonal requlrements of the
radar to meet 1s the random errox allowance for angle rate. The
.SPECLfled maximum error is 0.14 mllllradlans per second, 3og. '
Considering antenna angle jitter due to thermal noise and glint
from an 18 meter target, predicted values of the noise on the
angle rate daté output is about 8 milliradians per second.

e




3.4 Recommendations For Further Studies.

IS
LA

i

receiver-servo tracking function.

"B.--A resonant analysis of the antenna structure and boom,

including compliance of the spacecraft mount, should be
pexformed.

C. Additional trade-off studies are recommended on the _
best type of servo motors to use for the antenna drive in the

space environment.

D. Construction of a full scale, functional mock up of

the recommended antenna is recommended.

A,' The ahgle rate accuracy reguirement appears difficult
to achieve considering angular scintillation of the target.
Additional analysis is recommended of the entire target-antenna-—

- 1=

e




4.0 RECOMMENDED PERFORMANCE~SPECIFICATION FOR RENDEZVOUS RADAR.

4.1 _PERFORMANCE REQUiREMsNTs;

ly acquire thé'ﬁarget, track and
velocity, range, line of sight
er the ope

providé'data outputs of relative
(LOS) angle and LOS angle rate ow ratingcconditiOHQ”listéd
~ below and the environmental conditions involvedis .- - oo

40101, Rahge to Target.

Range Interval . Velocity Limits

30m to 10km
10km to 19km

1%km to 560knm =91 m/sec to +91 m/sec
(cooperative mode)

-20 m/sec to +7.5 m/éec
~38 m/sec to +7.5 m/sec

4.1.3;‘-Acceieration;

o

e e g




in time by 50 seconds. The braking operations occur at ranges to

Ithe;tErget'of~9kmfto 30 meters. During RCS braking the measured
‘relative velocity shall not lag the true relative velocity by more
‘than 2 seconds.

4.1.4. _LOS Angle.

The radar shall acquire, track and provide data over an’

angular reglon bounded by a cone centered along the & awls of the

”orbiter_WLtn-a half ‘@ngle Of 40° masximum. ‘The LOS angle to the target
' %i11-be made ‘available ‘From the orbiter to the radar to assist in-

initial acquisition. The uncertainty in the designated LOS angle

(Required,angular search region) is as follows as a function of range

 to the target.

Range S Required Search Region.
.. {Cone, half angle)

R < 13km 40°
‘137< R< 18km U250
19 < R< 7BD TBD

TBD < R< 560km | 5°

4.1.5. LOS Angle Rate.
The maximum L.OS angle rate shall be #4 mRad/sec during

ecquisition and *5°/sec during tracking.

4:1.6. Target Model.

A mean radar baokscatterlng cross-— sectlon of 1 square meter

_shall be used,for purposes of vaUlSltlon of the target in the skin
'track.mode. A Swerllng Class 1 amplltude fluctuation model shall

¥
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‘be used. - For'purposes of acgu151tlon the target echo decorrelatlon ‘
¢ time can be assumed to be 10 seconds.5 For 'purposes of computlng '

_to have a mean, cross sectlon of 100 square meters.d The thSlCal RO Hﬂﬂ

‘long and 4 meters diameter to . an 1rregularly shaped object 2 meters

d;4flt7. quulsltlon Tlme.f-f""

SPEleled in Paragraph 4.1. 4.; lock up the range and velcclty
90 seconds of the start of ‘the- acqulsltlon process for ranges less;e:ﬂ._
“than lBkm and within 300 seconds for ranges greater than 19km.

- 4.1.8. TFalse Alarm Rate.

for dlsruptlon of the search pattern by false alarms. After

' low pass Filter tlme constant) for all measured output data shall

maximam. smgnal return at close ranges the target shall be assumed _
‘size of the varlous targets vary Irom a cyllndrlcal object 18 meters

rn extent., Computatlons of angular scintillation effects (gllnt)
shall be based on the 18 meter cyllndrlcal target .

The radar shall seaxrch in. angle for the target cver the angles;g-“g

tracklng loops and prov1de data to the requlred accuracy wmthln_

. 'iﬁuriﬁgwacguisition'the false-alarm"rate'maY'be'selected as
requlred to achleve acquisition in the spec1f1ed time, accounting

acqu1s1tlon the data must be within the accuracy specified.

4.1.9. _Data Smoothing Time.
' The data smoothlng time (equlvalent of single- sectlon RC

not. exceed 2 seconds.




4. l 10 Measurement Accuracy.

The accuracy of the radar. measurements shall be w1th1n the

..values llsted below over the operatlng condltlons speclfled and

data smoothlng time given in Paragraph 4.1.9. All values llsted

J-*are three 51gma limits.

| Measurement ~ - " |Random Error -~ | < Bias Error |

'-_ R<2km  |5m+0.5% of Range | 5m
2km<R<19km o 10mi0.5% of Range |  10m
" 19km<R<560kn | 30m+0.5% of Range |  30m

'-ﬂVElocitY"u T | ;0;3m/see S 0.3m/sec

LOS Angle. ' 10mR B 20mR
(Relative to deployed . o -
assembly mounting plate)

_LOS Angle Rate N _ _ -
.skin track 10mR/sec 0.1l4mR/sec
-Cooperative
R>20km : 2mR/sec © 0.14mR/sec

R<20kn 0.1l4mR/sec ‘ 0.1l4mR/sec

4.1.11. OPERATING FREQUENCY..

- The nominal operating .freguency of the radar shall be l5gHz.

g S A PR AS b RS ATT ! 5




_ _ _5 0 ANTENNA. o
% " The common element ‘controlling the performance of - the

i - combined radar/communication functions for the space shuttle

is the antenna. Its characterlstlcs, dlIECtly ox lndlrectly,

affect all evaluatlng crlterla._

The antenna, ds an electro—mechanlcal device, is unique

by its- encompassment of many enginerring speclaltles. Its

__desmgn 1nvclves.: microwave radiators and components,
llghtWelght—ch compllant structures, servo control ‘and system
analy51s. A1l functions are 1nterrelated ' Operatlcnal

'7requ1rements such as -detection range as a function of the

T

"pcwer—aperture product“ angle and angle rate are predicated:
upon the pattern beamwxdth and monopulse tracklng sensmt1v1ty.

Data rate requlrements are establmshed by Scanning rates and

efficiency. ‘The antenna is a major factor in determining

system reliability, weight and .cost..

5.1 ANTENNA GAIN.
The gain of a circular aperture antenna is:

€= KD £ where:
G e . _ G = antenna gain
: | | o A = operational
Gi#'Dz' T o T wavelength

;ffﬁfefficiency

' The maximum aperture possible, consistant with lnstallatlon-

constralnts and drive reguirements is a design prerequisite.

-Related objectlves are: good lllumlnatlon efflclency, minimum
beamw1dth, reasonable side lobes, optlmum monopulse patterns,
Minimum transmission line losses and maximum scanning efficiency.

Each desmgn objectlve will be 1ndlv1dually studied in the
following sections of this report. First effort shall be
_dlrected to the further quantlzatlon of galn requlrements.

" 5. l




5.l 1. RADAR RANGE EQUATION.,_..,:- BT R

__power proportlonallty 15,

: S/N relates to statistical assumptions of detection criteria and for a
.- given set ‘of conditions; example, a Swerling target type, a plot of S/N

FEES '
S
Sl .

.(".".T‘u:

Radar range equatlon

rfzpd? 2% L .

OREEOM @ B e
o o P = _Avg ‘power - watts
-G = ‘Antenna galn _ _
X = Wavelength - m 2
- = Target's radar cross-section - m’
LE' = Summation of losses
-Kb = Boltzmann's constant -
o 1.38x1072%% - watts/Hz./K®
Ts =-.System noise temp.
Bh' =" Noise bandwidth
S/N =- Signal to noise ratio

Under a given set condition (R,A,0, L & S/N requirements) the transmitter

P « S/N ®
,GZ

Vs the number of pulses integrated has a slope such that:

S/N o n—'7'G) where: _ _ Vo o
_e @ xPRFxt xAR &) = Pattern 1/2 pwr X beamwidth
YX?Y Rs Gy = Pattern 1/2 pwr”Y"beamwidth
v, = Tx? R’GD ' : ts = Timé to search one frame - sec
S 2 g PRF = Pulse repetition frequency
=1D &  gep2 AR = Range gate width - m
'32 ® R. = Total range searched - m
8 = Ki Ant. scan, x direction - deg
X p .CDEY = Ant. scan, y direction - deg
VS = Scan volumn - deg2 -m
£ = Efficiencﬁ factor
D. =  Radiator dlameter - 1m
X =* Constant

Substituﬁing@ in@ , fixing PRFy t ~and AR; -
~letting @, = @ and substituting @ @, @ and @ into @ we have the

¥
fOllOWlng pro%ortlonallty.
R
P = 5
S —= @)
—= ®

et o 4 Wb




~ 5.1.2. COMMONICATION LINK, GAIN EXPECTED.
< In the baselire study a 12.5' diameter parabolic reflector
- is used on the TDRS, a 20" diameter Cassegrain radiation system '
on the shuttle orbiter. .The calculated gains are 52.5 dBi and
35.5 dBi respectivély; Recent measurements indicate that the
gain of.thé”lZ.Sf.diametér parabolic antenna is up to 7 dB less
than expécted.

The characteristics of any optical device deteriorates as
a function of physical errors due to manufacturing, mechanical
loading and temperature changes, etc. If a given reflector is
operated in increasing frequency, or similarly, if a reflector
for a given frequency is increased in size, the gain at first
" fncreases as the séuaré-of the frequendy or diameter, respectively,
until the tolerance effect takes over and then a repid deterioration
. takes place. For example, the realized gain, Go’ relative to the
optimum gain, G, for an effective surface deviation, A, is related

as follows:

Reference: Mehdi Sarghamee,"Antenna Tolerance Theory";IEEE,
November 1867, Page 777.

_ Practical structures can be built and reasonably maintained
tc a tolerance of 1 part in 1,000. For a reflector 12.5' in
diametei}.cumulétive.érrors.ﬁp to .074" can be expected with a
resulting loss from maximum of 6.06 dB. The gain of a 12.5°
__feﬁlectqr Qperated at gufbanﬂ (A=.787") is: '

Nass at”
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G =10 log{ D ) ~6.06 = 49,4838 (less aperture efficiency)

leerance control achievable with standard shop practices

are no longer adequate for antenna gains above_48dB. Furthermore

minimim weight and environmental requirements tend to negate the
effectiveness of high precision manufacturing techniques. Based
upon previous exXperience and study this writer believes that the

Furthermdre, the illumination efficiency of a 20 diameter
Cassegrain antenna can e expected to be appfoximately 45%,
resulting in a net gain of 34.6 dB at 15 gHz. The realized
loop gain of the communication link is 4 +o 6 dB less than shown

in éxisting budgets that are marginal in fulfilling aperational
requirements! '

An offsetting factor, relative to the aforementioned antenna
gain problem, is that the D2C studies have indicated that the
gaih of the shuttle orbiter antenna can be substantially increased.
Two factors are'ihvolved. The use of a point source feed and
parabolic reflector ig more efficient than the envisioned Cassegrain
system. Furthermore the aperture diameter can be doubled ? 1 meter
diameter) while retaining compatiﬁility with shuttle installation
constraints. The gain of the 1 meter dlameter aperture increases
to 41 dBi at 15 gHz. Comparative values of related characteristics
such as orbiter transmitter power, link margins, etec. have been
included in this study. for the smaller and larger aperture antennas.

.




5.2 APPLICARLE ANTENNA TYPES. _ : : o
aﬁj : & A.mechanically Scanned antenna, ag opposed to an electronically
‘ Scanned antenna, i1s most applicable o the SPace shuttle task.

énvirohment; has greater radiation efficiency (particularly at
wide Scanning angles), provides Positive inertigl erference data
'f; (a_faqtor_of~particular importance when'determining angular rate)
: and weighs less. Three types of radiating systems can be considered:
a Cassegrain System, a point Source fed parabolic refleétor.én&
L : a flat bPlate array, Comparative data ig tabulated in Tahie 5.2~1,

B Values shown are typical, '

L The Cassegrain antenna, in comparison Wwith a point Source fed
e baraboloid, exhibits, due to aperture-shadowing by the hyperbolic
- ;l; sub~reflector, Somewhat poorer pattern characteristics. it is

7 Same geometric depth than can the paraboloig. This imprbves its
é_é tracking sensitiﬁity. This can be offset with g folding feed on
: the parahola, These factors wiil be discussed later,
i




Non~minimal
~ aperture

Gain

BW

Weight

Peak servo
power

| ANTENNAS.

CASSEGRAIN -

1m

39.8 dB
l.4°

14

33

1.85

90 watts

POINT, FED
PARABOLOID

1 m.

41.3 dB
1.4°
20

30

1.57 in-lh-sec”

6.46 in-1b-sec

80 watts

2

 TABLE 5,2-1 COMPARISON OF CHARACTERISTICS OF THREE CANDIDATE

FLAT PLATE

80

9.15 in-lb-sec

88 in-lb-sec

1100 watts

E—— Py
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5.3.1. MONOPUESE PATTERN; 1 METER PARABOLOID WITH BACKFEED.

The monopulse patterns are primarily a function of the
F/D ratlo and the spaclng between elements of the backfeed In

"Flgure 5,3- 9- typlcal dimensions for the aperture spacing of the

four slot feed are shown. . Element centers are equally spaced

“about. the‘feed-centerline axis. Using these values the. squint

angle as a functlon of the F/D ratio sz te: T

Focal length  F/D ratio Squint angle
33em, - S E . 1.15°
50cm. .5 7
72cm. 72 .5

Monopulse patterns for F/D of .33 and .72 are shown in

.Figurefs 3-L. 'Note the greater slope for the pattern shape

‘near null with the smaller guint angle.

Monopulse tracking sensitivity as a function of pattern
crossover is shown in Figure 5.3--2. The optimum crossover is at
a level of 1.1 4B correepondlng to a sguint angle of .423°.

Based on the 1/2 inch spacing between the slot elements making up
the array the optimum focal length would be 86cm. 1ong,
resulting in an ¥/D ratio of .85,

The error slope as a function of signal-~to-noise ratlo 1s shown
in Flgure 5.3-3 for sguint angles of .5 and 1.15°, Note the greater
the signal noise ratio, the greater the slope ratio. It is de51rable
to reduce the squlnt angle to the minimum value possible.

For a given focal length the spacing between elements can only

be decrehsedLby decreasing therphysical size of the elements. In
t

TN S LB Wi, S © e s




ceof the elevatlon motor an.F/D of .5 is a matlmum value. _Th;s"
1_:reduces the error 51gnal slope feom a maxlmum value by ’ .
) approxlmately l 1 dB '

raccompllshed with the folded Ffeed desmgn. For contlnuous rotation .

g, et F e o B A 1 e N I e - - . spers t

that the electrlcal size cannpt be decreased, a decrease in phy51cal

‘size requlres the use of dialectic loadlnq in the feed aperture.

This aggravated the 1mpedance match problem. Because of large

_bandw1dths 1nvolved, the feasmblllty of thlS approach can only
“be determlned through actual development.

- The alternate is to {herease the focal length ~This ¢an he
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5.4.5, COMPARISON OF PATTERN CHARACTERISTICS.

A relatively rigorous analytical program has been provided
to NASA Houston to compute the pattern characterlstlcs of the

Cassegraln Antenna System. The results of this analytical study

will be reported in a future report. In the interim period
pattern characteristics of a Cassegrain Antenna can be based upon
the results obtained from existing designs such as the rendezvous'
radar for the Apollo Lunar Missile aind others. The pattern

'characterlstlcs of varicus applicable type antennas are

appfeXimated in Table 5.+3-L..

The tracking sensitivity is stated for a signal noise ratio
of 1.5 and 7.5 dB. The 1.5 dB signal noise is referenced as a

‘minimal value for consideration. The 7.5 dB signal noise ratio &s

chosen at equal gain pisition to compare +he 50cm. Cassegrain systam
with the 100cm. short focal length point feed system. Because of
the large offset angle requlred by the shorter focal length the
tracking sensitivity at a signal noise ratio of 1.5 dB arxe
approximately egual. However, at positions of egual gain, i.e.,

a 1.5 dB signal noise ratio for the 50cm. Cassegrain verxsus the
7.5:dB-signal noise ratio for the 100cm. diameter reflectdr

is improved by some 1l dB per degree.

It is apparent that the best results are obtained. w1th a
large reflector using the folded feed where a near uptlmum F/D

ratio can be employed.




| TABLE. 5.3-1 . PATTERN CHARACTERISTICS OF APPLICABLE ANTENNAS.

. ANTENNA CASSEGRAIN - PARABOLOID WITH PRIMARY FEED Lo
o o ' Fixed feed Folded feed f%-;&ﬁ
Reflector - 50¢&n. 100cm 100cm. 100cm. i
diameter

g g T o

”F?D ratio - .6 ;33 ;S

Gain 37.91 43,9 43.9 43,9
- (15gHz.,100% : : L : .
efficiént)

Efficiency  45% 40% 45% 55%
Gain 34.4d8  39.8dB 41dm 41.3d8 LR
I beamwidth 2.8°° 1.4° 1.4° 1.4° R
A beamwidth 2.2° 1.15° 1.39° 1.150
Tracking 6dB/° 16.5dB/° 6dB/° 16ds/° y,-“
gensitivity , '

(1.15dB S/N)

Tracking - 33dB/° 17dB/° 33dB/°

sensitivity
(7.54B S/N).

Minor lobes 1348 1488 1748 20dB . =

- 7

b S Lo . :
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© U &.3.3. MONOPULSE BACKFEED.

;iA,draWLng of an appllcable monopulse backfeed 1s shown in
'Flgure_5.3.4. ‘Basically it is a Cutler type, (back feed)
‘four port feed in combination with a hybrld‘wavegulde circuit

“to provide an amplitude-amplitude monopulse capability.

The phy51cal arrangement of the wavegulde is shown in the lower

' portlon of Figure 5.3-4. The circuit is shown‘ nfthe:upper portlon

of the dlagram. Consider the operatlon of the equlpment in the

-,.recelve mode.. The 51gnals are recelved at ports A,B, C and D.
' The szgnal from port A is lelded at Top Wall Coupler (1) into

2 equal parts and in-line and coupled-line circuit. The in-line

:c1rcu1t passes without phase shift. The coupled- ~line undergoes

a =90° relative phase shift. In a similar manner the signal

.received in port B is transmitted through a -90° phase shifte:_

and is equally divided at Top Wall Coupler #2 to a direct
circuit without further phase shift and coupled to the 2nd line
with a relative phase shift of -90°. Simultaneous reception

of the signal at port C is transmitted through a +30° phase

Shift ahd_tﬂeﬁ equally divided by Top Wall Coupler #1 to a

continuiﬁg circuit without phase shift and to a coupled circuit

‘with a relative -90° phase shift. Note: the original +90° and

the ~90° phase shifts are self cancelling; i.e., signal received
at port C within the coupled line has no relative phase shift.
Along this specific llne signals received from port A and

port c along transmmss;on line A.arenow in phase (AZQ+ C‘b
Signals received at port I} are likewise egually divided through
Top Wall Coupler #2 to the direct line with no phase shift and
to a continuation of transmission line B with a phase shift

-of ~90°. Recall that the signal from port B had imposed upon

lt a retardation in- phase of ~90°- therefore, signals arriving

from D and B along-the contipuation of transmission line B are

‘now in phase but carry a relatlve 90° phase lag: i.e.,

-. B/__sm ~90°

. Contlnulng along this line these comblned

5.13
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- with a +90° phase shift to combine with signals B+D toO form
a

signals are now equally divided to a continuing line and coupled

to a continuation of fransmission line & through Side Wall

Coupler #3._.The_—90° phase Shlft carried by 51gnals B and D

is now compensated for by the +90° phase shift introduced through
the Side wall Coupler #3. These signals comblne with signals A

" and C to provide a sum~channel signal, 1.« (A*B+C+D). Signals

3+C along transmission iine A couple through Side Wall Coupler #3
(A+C) - {(B+D) & AX 51gnal. correspondingly signals A =22 -+ C

in a continuation of line C comgined with signals B+D from side

Wall Coupler #4 to provide (C+D)~(A+B) a AY signal- Remaining
signals which couple into a cocntinuation of line C form.a cross-—
oupled gignal not related to the monopulsed tracking problem
and is matched into a resistive load. Continuation of channels

A, B and C provide a sum-signal, a AX difference signal and a

AY difference signal respectively. By reciprocity, the signal
entering the I channel are equally divided and transmitted in .

phase from each of the four feed ports.

The physical arrangement of the waveguide components is shown in

the lowar drawing of Figure 5. 3 -4, The drawing is self explanatoxry.

2y
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? T : " (3)Side Wall Couplexr AF90° £ﬂ_+ Blhf+ Clﬂf

- . o~

P - = {

(e A ‘ - 1
T oy

. . | . ) B ‘ L : A&o'{‘B ) _..n
. - | B . . ] . ' o | + Céﬂ_ﬂ_ﬂ- + Dlﬂ_

/ Cross terms
Top Wall Coupler (2) /9.0.° . B/;qno

: /~ . terminate in
ano . /_ano- o H
[,90° . D /~90° Aéh&ﬂ +C + 90° resistive 103@.

Qx

’/f/ {A+C$ - (B+D)

VA i

(-

/90°

\<+c

(C+D)'~

/90°
/_m.+ L x30¢

vl

A+B+CHD
_Top Wall Coupler(l)

. B ad=0e, o4xens

o (A+B)
WAVEGUIDE CIRCUIT ’

m|n

y ;
/ 2 ¢ _
(A st
A

Top Wall Coupler _J/ _J///

(one each side)
MOMNOPULSE BACKFEED

Phase shifter

o _
90 sistive load

Side Wall Couplers _ -
INTEGRATED. HYBRID ARRANGEMENT

FIGURE J.3-¢




| 5.3.4.  DESIGN DETAILS; HYBRID COMPONENTS. J

| ) | - i

. The design of short-slot hybrid end couplers for microwave : 1
% appliqgﬁions is well established. Characteristics of a typical ;;i Q
§ Side Wall Couplexr are; : ]
. ManUFEaCEUTEE vereiesesroannnroenennas Microwave.Developments- i
i MOGEL Brueevnnarnenneensennnennensa, LgPOIatories, Inc. !

i Waveguide...vseveainsionnnscnnscnas.  WR-62(.702"x.391"x.040")

% Freguenty.eseaesasas Weareasarearanavan 13.5 to 15.6GHz. 5?
f? Coupling.sseeeiveeernnenessnsnssansss 3db :

E Maximum output power unbalance ..... .25db ?;

: Minimum isolation ...ieescsvinonnsans 30db g
] WLIAER teveiennevnsensonanannsnananns  L.48" ;
'i HELGHE «evveeenneenneensceeeneenansa .045" [
~§ Lengtheevecennnesesa secavssasenannea 1.11% + .o03"

i :
; A typical Top Wall Coupler has similar characteristics. Example; E:?,i
g : :?

P MDK MOAEL wuuevussunannsesnneansenns  G2HTB2 o
g ' Operating frequUency..cc.ceeceasesnass 13.5 to 15.6GHz. o

é Output power umbalznce........... veo . 25db 5

! IS0LAtioN.rssreueeranansensnnananens  30db :

| Width....... I £: 1 f

j Helght.eeeeeesooanaasseasanenananaas 2887 ;

§ R RS D11 :

% Assuming a reflector diameter of 1 meter apd an g ratio of 1/3, ;

i the length of the feed is .33 meters (13.1"). Using WR-62

waveguide and considering & design frequency of 15GHz. we have;

E | . Ay = 57874#

E lc.= 1.244"

i A_ = 1.017%1
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The length of transmission line within the prlmary feed assembly
can be - assmgned as follows; '

Length of hybrids.........i.0v.e 2.36"
Length of half-height guide..... 1.0L7"
-Length of taper.........;....... 2.034"
TPOtEak e crsannsnarssasuinnnnns cee.  Bud1LM

Length available for
phase shlft..................... 7.689"

" Relative phase shift of % 90°, as requlred to correct the phase

shift characteristics of the slot couplers, can be introduced in
a number of ways. A preferred way is to change the width dimensior.

-of the guide over as long of a section of waveguide as possible. -

The greater the length used the better the bandwidth characteristics.
Consider a 7" length.

Phase shift Electrical A, prime Ag A, b’ guide width
length g 3
¢
g
+80° 6.633X ' .9g" .8034" 1.3224 .BBLY
0 6.883% 1.017" J774"  1l.244" 622"
-30° 7.1333 1.0539" .747" 1.184"  .592%

To achieve a +90° lead requires inecreasing the width of the waveguide
by .039". 7o achieve a 90° .lag in the wavegulde requires decreasing
the width of the waveguide by .030".
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5.3.5. POLARIZATION TRANSFORMER.

Circular polarization is reguired for the communication
mode of operation. Prevxous tests have indicated reflection
losses of up to 4 dB lf circular polarization is used in the
radar mode. Companion studies have shown that 7 to 8 dB greater
powexr is needed for the communication mode than for the radar
mode, therefore, one could employ circular polarization for both
the transmit and communication modes of operation. Not
w1thstand1ng these factors, it is desirable to determine an
optimum method of transforming the antenna 5 response to either
linear or circular polarization.

A c1rcularly polarized wave can be produced from two
llnear polarized waves of- equal amplltude, in space guadrature
and 90° out of phase. The transmission of a linear polarized
wave is inherent to waveguide structures. The transformation
of this linear polarized wave to circularly polarized is
accaomplished by dividing the linear polarized wave into two
equsl parts, arranged in space quadrature, i.e., the polarization
vectors are normal, introduce a 90° relative phase lag re-combining
to provide the desired clrcular polarization. There are two -

conventional ways of accomplishing thlS One is within the waverquide

clrcultry, usually in the immediate vicinity of the primary feed.

The second is by means of a space filter within the near field

of the radiating antenna. . In this particular case where four feeds

are lnvolved the latter.design is' the simplest. Three technlques

have been 1nstrumented a4 polarization grid in the immediate
vicinity of the prlmary feed, a similar grid at the surface of the
reflector and within the radome. In the first two techniques the
grid assembly is rotated 45° to introduce a linear to circular
polarization change. The latter technique has been used where a

"type 6f antenna structure is employed, usually having a large

!
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aspect beam ratlo, that is not conveniently adapted to the
transm1551on or reception of c1rcularly polarized waves; but,
circular polarization is specified. In this case the grid is
placed in the radome to providé-the desired polarization transfer.

Polarlzatlon change introduced at the feed is the most
convenlent because Gf its relat1Vely smaller size. This technique
was used on the Mark II F~1ll Radar Antenna. A modification of

this design is suggested for this application.

A draw&ng of a polarlzatlon sw;trh 1s shown in Flgure 5.3.5.
The polarlzatlon transformer con5lsts of 3 wire (AWG #24) grids
spaced ‘A/4 apart and oriented at 45° to the incident polarization
vector.. "It is formed on a mica or ceramic substrait and mounts
in two parts on a lever mechanism coff the cap of the primary feed.
In the position shown, the polarization transformer is not in the b
radiatiocn path of the primary feed and linear polarization is
provided. By pushing the lever linkage forward the polarization
grids are rotated in front of the primary radiating apertures and
circular polarization is produced. The mechanical motion can be
initiated with a latching solenoid. For fail-safe operation it is
spring loaded to the circular polarized position for stow and

communication operation.




A - i
N S etk i e LD

Sage 9/

HOLIMS  NOILVEINVTIOL

B/ M. gl

IR W ILVPIEY vod

Sk




i e

_ ~ The characte;*stlcs of a grldded polarlzatlon transformer._

{7 can be determlned by cons;derlng a plane wave of amplitude El
norxmally incident on a polarizing structure as shown below. The
'polar1z1ng structure has a width,L, and is constructed of a series
of wire grids oriented at an angle of 45° with the incident

polarization.

D T S SRR A

to the grids, E 1!
and is transmitted through the structure with essentially only a
phase shift of k L. The componentscof the incident field parallel

|
¥
I
' ? ' As ludlcated the componentsof the incident fleld perpendlcular
i
: sees the grids as almost negligible capacitance
H

5.21

? to the gride, Eﬂl ' on'the other hand, sees the grids as‘appreciable

Y




inductances and is reflected and transmitted through the structure
- with- reflectlon coefficient: R and transmission coefficient T.-

For -use as a polarizer, the structure is constructed such that at
the design frequency the structure is matched:

R = 0 . | (1)

and the parallel and perpendicular field components transmitted
- through the grid are in time guadrature:

fr+c L = 90° - ' (2)

It is the purpose of this analysis to examine the effects of
frequency variation on the reflection and Dolarlzatlon purity
~ for two possible polarizing structures

. O—p

g -o‘ | ' o- - —
6_‘5{ Fy2 : X= /
N Wi te 3 e g 3]

Two grid structure Three grid structure

(A1l impedahces normalized to ZO=377 ohms.)

Shown above are the electrical equivalents of two grid and
three grid structures which are satisfactory polakizers inasmuch
as conditions-(l)'and {2) are satisfied at the design frequency.
The two grid structure is made up of identical grids having
inductive reactances equal to 2z /2 spaced three eights of a wave-
length apart. The three grid structure has double the reactance
values with grid spacings of a quarter wavelength.
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Results of calculations of the reflective properties of
the structures are exhibited in Flgure 5.3.-7. The.magnitude
of Ey is .707 of the incident magnitude. The reflected fleld
from the grid is. RE", and only .707 the magnitude of this
field appears as a component in the direction of the 1nc;dent
field. It then follows that the reflectlon coefficient for the
lnCLdent polarlzatlon is R/2 and this quantlty has been used to
calculate the VSWR in Figqure 5.3-7.

The results of the calculation of the purity of the ecircular
polarlzatlon produced by the structure are presented in Figure 2.4-6.
When conditions (1) and (2) are not satisfied, the 1nstantaneous
total field transmitted through the structure

sl * win p—_
— Tk L
Ptotal = TEgite TOE . (3)

will generally vary with polarization
ellipse. The ratio of the maximum to
field strength gives a measure of the

angle as the radius of an
minimum value of the RMS
ellipticity and this ratio
dB.

is given in Figure 5.3-7 expressed in

As can be seen in Figures 5.3-6 and 5.3-7, the three grid
structure has wider bandwidth than the two grid device. This
is to be expected since large shunt admittances are needad to
provide the required transmission phase shift in the two grid
case. The three grid structure, although somewhat more elaborate
to construct, requlres only one half this grid admlttance and is
thus 1nherently a more borad banded polarizer.

- 5.23 .




PS4k

Aty L,

[»F ¥

L

)Ty

e
naxy
5-

i

CY R

iy

e ey £y

EZY

[z

L.r1

In)
e

1
=

DS

KE

K

e

PR T T
el L W

24
'f..'f

AR [

AT

LR

o e

AW ENEEL

i

-,
]

)

Xl 1 ,\

i) ... ‘_
a5 , f
vl : .
[ir=] 3 : I u . .
ol ,
5 NG S iy 13 \ _ =
Sa [ { Ir 3 o
i ENNE AR i
LI NI ] S UNKE it
s h | ﬁ m_”. 1 mxw
p 3 .
.~... ‘U h, & | NEEN .,.,J
4.. | ) i A\ ALy )
] p N PN
_J i Ra [
. . u 1 =) i

i

P

AGG
i
uy
7
H 14

~
i/ A
1

o

;.

"\&“

e A

[y
SR 1T
O,
1

ey

[~

UL AR BriaJ i 2

L

i

P

75 T 117 LA

S
Fram
'ad
%

7

(]

=

reap

L)

T
e}
ot

7

i
—
St

N
e~

Y

HDNI1 ¥ad otxal
HIdYd HJIVYHO NIDHZLHAQ al-

. P T ]
‘03 NADZLSIO INIoaNH

A 18

5.24




s m i e e LT R i T

'5.3.6.  FOUR HORN FEED AND POLARIZER.

y o ' A four horn feed and polarizer is suggested as a design
alternate to the previously described four port backfeed. A %.vﬁi 1

”drawing{of the alternate is shown in Figure 5.3-8.

Basically the feed is to illuminate a circular aperture with

‘a moriopulse pattern capable of providiﬂg either circular or linear

polarization. Requirements for symmetry exist in the primary
pattern, in both the individual and total dimensions of the W

'primary'feed and within a waveguide system capable of providing
- both linear and circular polarization. This can be accomplished : ('<L

with either circular or sguare transmission line and radiating

apcrtures.
. Referring to the central left-hand drawing of Figure 5.3-8,
there is a cluster of four square horns making up the primary

monopulse array. These are fed from WR62 waveguide through two

“ i angularly displaced quarterwave sections of waveguide. The ) ’ :
; (;J first section is xotated 722.5° relative to the input guide. This ﬁ gﬂ.
4 - - ‘rotates the polarization vector 92.59., The next section is a E ;}

similar section of waveguide except it rotates *22.5° relative E

to the orientation of the first quarter wave section of waveguide.

This rotates the polarizatlon vector of the output wave to one
of two positiong, i.e., in alignment with ox at 45° to the input ; iug
polarization vector. Tn the first case the energy is transmitted
through the square waveguide in the TEgH mode and linear
polarization is radiated. In the second case the polarization

vector is oriented at 45° to. the axes of the square waveguide and

el [ FLow s

both the TESL and TE%Q*N@GESEIE axcited. These two waves are of

equal'amplitude'and-in phase. If unperturbed a linear polarized
wave would be radiated oriented at 45° relative to the elevation
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'¢}' axis of the antenna. Circularly polarized energy is produced by ‘ |
introducing a 90° phase shift between, these two orthogonal waves. 3  3
This can be accbmplished in one of two ways. A dielectric vane o

can be introduced into one of the orthogonal axis of the square

wavegulde of a proper dielectric constant, width and length to
" provide a 90° phase differential in the oxrthogonal waves.

Altefnately the dimensions of the square waveguide can be made

.slightly rectangular, in the nammer previously discussed for

introducing the differential phase shift requirements in the
four port backfeed. ‘

The second quarterwave section can be rotated a number of ways,

i
i
i
R
i
i
!
&
4
4
R
2
B 5?

one of which is suggested in Figure 5.3-8. Bull gears are cut

into outer diameter of each guarter wave section to be rotated and

coupled together so as to rotate in accordance with the drawing.
Tn +his arrangement adjacent sections rotate in counter directions.

To provide a single rotational sense to the circular polarization

:‘d (right hand circular polarization) the relative phase shift
between adjacent units are introduced in orthogonal axes. Non-

contacting wideband chokes have been used in adjacent sections

of polarization transformer. Torque requirements to change

'é polarization are minimal. While a solenoid drive can be used,; a

motor drive is suggested.

ok The four output guides of WR62 from the four horn primaxy
: feed must be routed to hybrids, such as described for the four

port backfeed or alternately any convenient combination of ?7’

E appropriate microwave couplers. This feed and polarizer can be

L used with either the Cassegrain or paraboloid reflector systems.

The four horns will generally be brought together so as to form
4 minimum primary aperture. One possible arrangement of the
latter is shown in the right-hand drawing of Figure 5.3-8.

i
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Considerable variability in package de51gn exists. The polarizer
and its transformer, and for that matter, the hybrld 01rcu1try,
can be mounted in a near focus position and three WR62 waveguides
used as a support tripod} Alternately polarizers and hybrids

can be mounted behind the reflector and the séuare waveguide used
in front of the reflector. The square waveguide can form a 1,

.2 or 4'WaVeguide structural assembly for the primary feed. In

a practical sense a cluster arrangement of four waveguides is
préférred. From a servo standpoint the heavier parts of the system
can be mounted near to the scanning axes thereby reducing thelr

‘radius of gyration and the associate inertial loads.

.

'5.3.7. FOLDED FEED.

The microwave ‘characteristics of the four port "Cutler

type" backfeed were described in Figure 3.3-4 of Section 5.3.3.

If this feed were mechanically arranged to fold back on itself

the F/D ratio can be increased. Pattern characteristics are

improved, additional volumn for the elevation drive assembly is

provided and the clearance between the antenna and other structures.

ig increased.

A folded feed is shown in Figure 5.3-9. Mechanically, it
is a simple device consisting of a spring loaded hinge to
mechanically align and hold the feed against a mechanical ‘stop.
This is the position the feed assumes when the antenna is operating
in its deployed position. When stowed it folds back against the
reflector. The folding motion can be actuatgd by one of several

methods. For example, a roller at the end of the feed can be

engaged by an appropriate pad off the payload or payload door to
fold the feed for stow. Alternately a size 8 motor can supply

power to stow and deploy the feed.
!

L e g e




FeF

The waveguides are coupled at their end section by means of

broaﬁband, non-contacting chokes. They are cut into the broadside

walls of the waveguide in a way that minimizes the radius of the
fold circle, i.e., the chokes are alternated and arranged to

minimize the chord to diameter spacing involved in hinge motion.

"In this way the hinge can be placed very close to the wavequide.
“phis factor along with its relatively small size minimizes

reflector shadow and associate pattern distortion.

' Wall thickness of the waveguide in the vicinity of the choke

‘has Been increased from a nominal value of .l centimeters (.040")

to .150 centimeters'(.oso“). This has been accomplished by
tapering the inner wall of the waveguide inward. This arrangement

also makes it convenient to, as required, add mica windows on

each side of the hinge section. These techniques are equally

adaptable to the four horn "J" feed.
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5.4 SCANNING EFFICIENCY.

The effective dwell time {td) on a target can be expressed:

tqts szy' g ' (1)
xy ot

where:

fs scanning efficienty

@ = half power beamwidth in x plane

.Gy half power beamwidth in y plane

,WX total scan angle in x plane

WY total scan angle in y plane

t_=

& total f£rame time

Geometric parameters and frame times are established by operational

requlrements. The maximization of (tg) is accomplished by

- maximizing the scanning efflclency (£ ) (fs) is composed of two
parts: '
£ = (£,) (fg) ) 2)
where:

f pulse density eff1c1en0j

fg geometric efficiency

and

f _Minimum dwell time incurred _
d Average dwell time utilized {3)

¥ _Desired scan area to cover

9 Actual scan area covered . (4)
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4
i In the space shuttle application scanning efficisary is most ;
| (- critical during radar acquisition of non-cooperative targets. The :
i oy . .o . . . ) i
B detection capability of the receiver is proportieonal to the dwell ;
o time on target. Pertinent requirements are: ' .
Scan areas, ?X?Y sessses 80x80° (circularn)
Frame period (tg)...... . 60 seconds Do
. BW, e’xey.......... ..... 1° : ,
The average dwell time'{@d) available is:
' -12 i) A
t, = ~—~% .——. 60 = ,00736 seconds ;
d 2 "4
. 80 :
The mechanics of the scan mechanism involves periods of accelleration § :
that prevent achieving this value. It is the minimum dwell time ‘ 3
incurred relative to the average value available that is a : 5;
measurenent of scan eificieﬁcy. % ’
L
]
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5.4.1. WIGWAG SCAN; RECTANGULAR CROSS~-SECTION.

R standard wig wag scan covers scan ared (Wx,yy) by sweeping in the Yo _5
fl}direction with successive sweeps each displaced in the Wy direction by ERT
approximately 70% of a beamwidth. The total number of sweep lines can s %
then be calculated as . 4 . Co
¥, _ .
N_ = L3—5— - where: . _ : . o
Y v » Ny = Number of line scans igf'?
1.3 = Beam overlap ' 'Hff'$
: gean reversals are accomplished in a sinusoidal manner, i.e.: . f';
i
| S
| b
| N
! o=asinwt @ L
J SR
. d=nwcos vt ® ST
P 8§ = - v sinwt® where: IR
H nty = 1/4 the period :
4 ) o
ﬁ ty, = Period with constant velocity -
o Angle displacement ‘
Y. angle velocity
it

Angle accelleration
Maximom angle displacement
2 mf where f= frequency

= - N oHodo)
I O O

b BT ATV S R 15T e R IR e et S

£ :
i c s ;
; The frequency (f) relates to the Ffregquency response capability of the
i drive system and establishes the time of scan reversal. ©,0,andfcan E
; now be computed. ) *
_ 1 _ 1 ] b
| i £ —.E_t—l- tl =IE @ where: 1
g ' : ts=period for one line scan. P
i S : : B
2t ¥ty = g gy = vgm2e @ e
QT,“ = Aw but A=0.~0_ = 2mE0 @
The total length of linear scan can also be calculated as:
_A ' | '
; _ L ==g/1.3 €39 | where:
- S _ Y _ / A = Total area scunned

':@y/l.S = Beamwidth step in y direction

ors

aem

.33
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Furthexr;

L = Llin+ Lturn where:

_ émT2+2 Ny @m Llin = Tota} gcan in linear sectoOTr
2 7k Lyurn = Scan length while turning

. N . . .
L =0_ (T,+ ¥ T = Tt., = Total time spent in linear
. m T2 ) q:) : 2 2 nmode. R

A relationship also exists between the times involved.

- N
te= T2+2Nytl = T2+_§%P_ where:

' ' tf= period to scan one complete frame.
or

. . _ N

T2 . tf —i‘% _
Introducing equation (9 into equation @9 gives:
i\ * =0 | : o N .J; - .]_" ' |

or

“n oy, ) @ - '

N
-

t
£ t

£

& ="m - L i!D
2ntf(f—0.1817 N )
tg
The pulse density efficiency £ may.also be related to these general

parameters by the equation;

d 1T e L ,
= L/t '
T3 6

m

) |
£y = ( f-0.1817—t{_— )
1.3 £
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The geometrical efficienty for- this case is:

S I

+hus the total scan efficiency may be calculated as:

£- 412

— 1.3

fs= .6042
In practice the overlap does not, on the basis of a total
frame period, detract from scanning efficisncy. All time on target
enhances detection probability. More reallstlcally the scan

efficiency can be expressed:

_ E-.412 W
.fd" — and fs"”ﬁ—fd

Calculated wvalues are tabulated below: {30 second frame time}
£ 412 1 2 4 . 6 8 12

£ 0 462 .624 . 704 .73 .75 .753

5.4.2. WIGWAG SCAN; CIRCULAR CROSS-SECTION.

A circular cross-section for the scan frame can be obtained
w;th the same wigwag mechanization as used for a rectangular cross-
sectlon except that the angular amplitude (AQ is sinusoidally

changed on suceessive line scans through a half cycle. ©3See below:
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<
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In this case:

appropriate values are tabulated below:

£ .412 1 2 4

.93

.355

12

.96
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DC
.5.4.3. SPIRAL SCAN; CONSTANT ROTATIONAL SPEED ,
.?wg 5piral'SCaﬁ'is produced by driving guadrature axes of a ractangle
¢/ ’scan mechanism with sinusoidal signals of increasing amplitude and
90° out of phase; where: :
X ='a}c cos w t ()
y = aY sin w t () ;
b h] o : o . ) - ‘1
Again using the valyes ,,€§
o, = 0, =1.72° - Yy =Y = 90° ie. % 45° L
X | x ' i e
tg = 30 sec. ' Beam overlap = 1.3 % 75-3
: ;
The number (n.) of 27 rotations in a 45° spitaled area is: é'ﬂ ;
| »
_ 45x1.3 _ v
nt—i-'—ﬁ—-34_and é‘
s : L
1.72 34 i
a, = a_ = - . t (:) ;
¥ Y 1.3 30
- (
34 :
£ W= 2F . " :
L 30 ﬁ
The frequency responce is a constant ex.., £=_1.133 Hz. !, ,
| Further, the radius R equals: %
; R = x2 + y2 sub 1 & 2 ' R=2r 34 t. cos2 wt + sin2 w t é
30 :
! : . o
R = 2T 34 t ’
TAING
; The length of the spiral (L) is now computed: _ é'ﬁ;'
L = 0[58'"'Rd 0, = L.72 34 +J68“‘de£' ®- ‘ - Lo
‘ " ll3 3.0 - R i;: R
é Where 0. = the angle of travel as measured from +the point of origin ; :%-
to the Peferenced point. [
Also | -
! tan © =—¥~ = tan w £ G =uwt Cﬁ
P
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Substittting in 6

g P . 2 30
L = 1.72 24 w I30 tdt =.__.____.l'72 Zn 1‘_1_ [tz'}
o 1.3 30 0 1.3 2 30 0

L = 2272 5 34% = 4805°
l.3 °

Note: As would be expected the total length of the scan travel is _
nearly the same as for the wig wag circular area scan (see 4.2.2.2.3)

The scanning'éfficiency of this system is calculated from:
~1.72 .34.30. 2734 = 320.33 °/sec.

Yhax = 2,WC0S Wt =TT 5 30

(‘:.'- N - +

¥ — 1 = 4805 = 160.167°/sec (:)
30 30 A

o _ 160.167 -

£, = £q = 3537 ¥1.3 = 653

Note: value 1.3 added in per previous note.

The scan geometry and operating constraints of the comnstant rotation
speed conical scan mechanism establishes two important criteria.

1. The frequenoy‘respohse (£) of the drive system

PR
T

£ > 1.133 Hz.(For_wx=wy=9o°,tf=3o sec,9X=Qy=l.7°,l.3 overlap)
2. The scanning efficiency is:

£, = 65%

ff...ﬁ.vw,,w R
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{7}5 previously stated'é must be some maximum value (6 :
""" ‘frequency response of the system, from 0,=0 to 0,=0,,. The frame (tg)

5.4.4. SPIRAL SCAN: CONSTANT TANGENTIAL SPEED.

¢ jn the preceeding example the spiral scan mechanism was programmed
~“with a constant rotation speed and the tangential velocity, due to

the increasing radius of the scanning path, increases in proportion

to thea scan radius. The tangential velocity determines the beam:
overlap along the travel of the spiral. For maximum scanning efficiency
it should be held constant. Unfortunately this is not possible , i.e.;
at zero radius the rotation speed is infinite. It is therefore _
necessary to establish some maximum value of © that is consistant with
the frequency response of the drive system and maintain that rotation
velocity from the center of the scan out to that radius where the

- requirements for constant tangential velocity are accomplished with a
decreasing value of rotational velocity. Basic relationships are:

r=x0, D 0, =[§ at @
B - | _1.72
x = R cos Og = K chos 02 (:) X = TT73) (2m)
~y =R sin @2= K 9, sin 0,
[} a
Ret = congtant = K@RG (:)
where:’
ét = tangential velocity.
max),.related to

must be divided between these two scan programs.

687 :
+ =_mgﬁﬁ%92d@£ + eﬂl‘ (:>
£ K 6,0, | 20E

solving and entering fixed values in
E GBﬂg <:>

_ o _ - : 2_ 2 2.
30 = 1/2808,, + @, = L[1/2(68m)"-1/200, * eRiT

- 27E
.2mf | 2w E 921 .-' J

Kegl

2_
@21— 60{2ﬂf)@21+68ﬂ =0

0,,= 1207E (1207 F) 2-4x6812
]
7

R " N




' Use pegative value
0, = m(60£- 3600£2-68° | (7)

_Noteﬁ
o £, = 1,133Hz.
min

' The maximum tangential veloclty occurs when 031 is reached.
emax = 2%RE

Substituting (3) & value for K

O ., = 2mxl.720, £ = 1.320, £
(1.3) (27)

The average velocity, refer equation (8);. Section 5.4.3.

= 160.167°/sec

©s 2

160.167 _93.12x1.3 | (8)

£ =f = T—=5= =
s ~d l.320£1fl.3 Oﬂlf

Note: Factor 1.3 used per previous note

The followihgnvalues can now be tabulated using equations (7) and

(8) for appropriate values of £:
£ 1.133 2 4 6 8 10

eff .65 .912 98 .99 99.5 99.7
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5.4.5. SUMMARY OF SCAN MECHANICS.

A plot of scanning efficiency as a function of drive
system frequency response is shown in Figure 5.4-1. It is
apparent that the best scanning efficiency can be achleved w1th

a constant tangentlal speed, spiral scan.

A spiral scan is preferred during the radar rendezvous
acqguisition period. Its geometry matches the spacial geometry
of the vectored search. The drive power assoclated with high
Scan rates involved is minimum. Scanning gfficiency is improved
by utilizing, to as great an extent as possible, a constant

tangential speed program.

.A wigwag scan is prefétred for all other modes of operation;
primarily, radar track, acqguisition of +he communication signal
and tracking of the communication signal. This preference is
based upon improved adaptation to servo control and is compatible
with the reduced scan dynamics required. The error signals
derived;from the monopulse feed and associate hybrid circuitry
are rectangularly oriented. The circular to rectangular

coordinate transfer can be readily accomplished.
For future reference the analytical relationship between

design parameters for the wigwag and spiral scan mechanizations

are summarized in Figures 5.4-2 and 5.4-3+

5.41
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SCPNNING EFFICIENCY “~ 7o
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Spiral scan - Constant tangential speed

3C

Wigwag
Circular scan
area
Wigwag
Rectangular scan
area
Spiral scan
Constant rotational
speed f
Circular scan L
cross- sectlon |E age I| gpe
Scan area = 90°x%90°
Scan time = 30 sec/frame

Beamwidth
Beam overlap

i

1.72°
1.3

FIGURE 5.4-1 SCAN EFFICIENCIES VS FREQUENCY RESPONSES FOR VARIOUS MECHANIZATIONS.:

A & /Z 46
FREQUENCY RESPONSE ~ Hz, I
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A wig—wag'or raster scan is accempllshed by a cyclic motion in
one direction (X)-and a repetltlve step function in the normal
’dlrectmon (Y) The X sweep is constant and equal to ? fOr

rectangular scan coverage. The X sSweep Wldth can bhe programmed
to vary ln w1dth as relative to (Ny) to-cover a circular scan

The step is the 2 way beamwidth (BW
the beam overlap, normally 1.3.

ared. 2 way

A. number of such steps {N } are

reguired to cowver the desired scan angle (¥ ).

)- divided by -

L ¥
P . - B
ﬁwgway/l'B' WY = Yy scan- angle, deg
i Tx‘— X scan angle,deg
BW

max

. FIGURE 5, 4-2

WIG WAG SCAN

5.43

, , £ = fram time,
L =¥ N (for ,rectangle) . ' .
XYy ‘ o X max= maximum velocity of
'L =x ¥ N_ (for circle) X scan - deg/sec. Do
T Y Yy . = angular travel along LR
: ' 1, - . % during 1/2 reversal :
-0 = ] - £ -, - cycle, deg.
- X max te f;-O.lBlTNy t = 1/2 period for end of
. . B . tf . ' scan reversal, sec.
.r . R s e - ' .
Hon — 1D = @ w=27F y max= angular travel in ¥y
3 ﬁmics X max max - ( ) during reversal cycle-
yn w o deg.
bex max - 9max
m -
-'Fa = “.?x max
2 ex'max

g . = 8V

Ty max 2.6+« i :
3 = ' _THE -
q T Wyt -_._BY max Y max ﬁ REPRODUGIBI%Ingsog()OR
" dynamics R ORIGINAL PAGES 55 22
| Lé’ _ . i

2way= 2 way beamwidth. ;;f ]

= number of y steps - P
required to cover"i’y i
= total length of scan-
. dEg R
= maximumn frequency P
response of drive s
system, Hz.

secC.
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- The tangentialrvelocity {ét) determines the beam overlap along

IS the travel of the splral (@R) For maximum scanning efficiency
=;; %7 it must be held constant. This is not possible; i.e., rotation
e speed (0) approaches " as the radis (R) approaches 0., It-is-
: therefore necessary to e5Stablish some maximum value (O ) of
rotational veloglity -consistant with the frequency response of ;
the drive system which is maintained out from the center to a
radius where constant tangential velocity is maintained with . LT
! decrea51ng values of rotatlonal ve1001ty.l -
- BW,= 2 way beam width
) : @verlap 1.3
; ¥ = total nod angle
_ 1.3y
N.t =Ew, nunber of
' turns reguired for
1 frame
- L = total length of
L = ‘ travel along splral—
: deg
. : f = maximum frequency
P _ . 2. 2 : . response of drive
Op1.= Thg _V(ftf} Ny~ turns. system, Hz.
a“fmin 2 HE to achieve a spiral scan tf = frame t;me T sec. .
' _ tf‘ S co : @£l= the rotational angle
e d (expressed as number
; t3 min —2%53 £ sec (1.3 = beam overlap) of turns) along the
’ ‘ 21 For Fn@ rmechanism spiral incurred at
, ' A constant rotational
) Oax = 360 f deg/sec (from O to 094) velocity to the
P N 5 5 : 0 transition to constant
! O ax = 360 £7(y-y~ ) where y= 1- _21 tangential velocity
R c2 : Og1 ¥t Cdmin = minimum dwell time
| } ' For x-y drlve mechanlsm max = maximum rotational
: . ‘ B . - -acceleration
§ Omax ~ 921 -T.3 Y (w zﬂf) ' . Ogmax = max. x or'y velocity
: 5 =3 " " - required -deg/sec
: fmax max
| ;

- o 5.44

Toowe .

FIGURE 5.4.-3 SPIRAL SCAN, CONSTANT TANGENTIAL VELOCITY

9, .
fmax = maximum X or y

‘acceleration 9
-required - deg/sec
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5.5 MECHANICAT. DESIGN.

The mounting arrangement, stow constraints, scan coverage,
data vate requirements and design objectives relative to optimizing
antenna gailn, minizing power and weight, shape the mechanical
design of the antenna. Reguirements of immediate interest are: 1 f(;

Frame tile.ecssssessasesnssnsss 60 seconds. . : ' o
Acquisition SCAMNe.cceseavrioees conical, 80° apex angle
BeaIﬂWidth--...-...-..;.--.....- 10 (lIn dia‘.r 2 Way;l;eamwidth : .a

e
-
1
R

a reference for analysis) Yo

Beam OVETrlap..secesanssasnannss L3

Gimbal angle...eeeeseesssssesss 2 perpendicular axes, R,
continuous rotation E

Gimbal rate (track)............ 5°/sec

Gimbal acceleration (track)..;. .04°/sec

Gimbal angle position accuracy. 10 milliradians random
60 milliradians bias ik

Gimbal angle rate accuracy..... -14 milliradians/sec

2 :

A. review of the above data indicates the dynamic requirements
for the antenna are minimal during track. Servo power capabilities

are determined by acquisition track dynamics which in turn relate i

to antenna size and weighit. Plots of antenna characteristics
versus reflector aperture are shown in Figures 5.5-1 and -2. This
analysis has assumed a half. gimbal for the trunnion mount and the
use of 400 Hz 2¢.serve motor and gear box drives. A near constant %i,}
tangential speed, conical scan.is implemented by sinusoidal wigwag j'
in phase quadraturé of the azimuth and elevation axés. Pertinent %“’f

characteristics are:

The antenna weight tends to be constant fox small
- diameters due to the relative fixed weights assigned

to the base mount and electronic, microwave, servo
§
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and gyro componenﬁs. As the diameter (d) is increased

the weight increases, primarily due to increased weight
associated with the trunnion gimbal and drive power

reguirements. !

Inertiél loads around the elevation and azimuth axes
tend to increase slowly for small diameters and more
rapidly for larger diameters. The aximuth inertia increases

more repidly than the elevation inertia. The microwave,

serve and electronic components have fixed weights and

mount near the center of rotation. Inertia associated
with these components remains relatively constant.

Tnertia associated with the reflector and elevation gimbal
increase as'd4. For larger reflector diameters the latter

factor has a larger influence on total inertia.

The aximuth inertia increases faster than the elevation
inertia because of the inertia of the elevation drive
assembly and support gimbal. Both its weight and radius
of gyration are functions of the reflector diameter and
the resulting aximuth inertia to drive this load increases

approximately as d

The elevation and azimuth drive motox torques increase
exponentially. - Torgue is proportional to a number of
factors that all increase as a function of the reflectorx

diameter; primarily:
T ot 8x6J
AsB the dlameter is increased the beamwidth increases and

the number of scan rotations per frame period is increased
proportionally. The rotational speed (f) must be increased




%
i
4
i

As the diameter is increased the beamwidth increases

and the number of scan rotations per frame period is

increased to provide for rhe additional gean cycles.

in turn increases 8.

This

as previously discussed J increases.

The resulting torgue is shown graphically in Figure 5.5-2.

Drive power requiréments are directly related to toxrque

and speed requirements.

Antenna gain increases as the sguare of t+he diameter.
This is included in Figure 5.5-2 and provides &

reference, SO0 to speak, for value raceived (antenna

gain) as a function of cost

(drive power) .

TIp the above curves +he motor tordgue is based upon the use of

a 400 Hz two phase servo motor and

prushless, torque motor can be used.

gearboX. Alternately, a DC

Torgue motor output :equirements

as a function of reflector aperture are shown in Figure 5.5-3. AS

a first estimate a DC torgque motor

size reflector of 40 to 45 incheé in diameter.

the drive motor is approximately 10" in diameter and dissapates

150 watts.

5.5.1. TNSTALLATION CONSTRAINTS.

The antenna stows between the payload and payload doors from

frames X=579 to 669.

3" is to be maintained between +he antenna assembly and the payload

doors.
writing, under study.

Refer Figure 5.5-4.

The minimum clearance from the payload doors is,
it shall.be either 2" oxr 3".
is to be stowed in the Z and ¥ positions whexre the aforementioned
clearance can be maintained while providing the maximum volume
possible for the antenna assembly. |
mold lines fair in as they come forward; L.€.: dapproach ¥=579. It
is evident that the stowed antenna should be moved aft as far as
possible to make use of the greater jnstallation depth available.

The limit here is the manipulator assembly centered at frame X=679.5.

is capable of driving a maximum
Under such conditions

A minimum clearance of

at this

The antenna

Note how t+he inner and outer
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The antenna must be forward of the manipulator by the radius of the
reflector plus clearance. For example, a 40" diameter reflector
is centered on frame X=649.

A layout study was made to determine the'relation between
diameter depth of a cylindrical volume capable of fitting within
defined constraints. ' The results are graphically shown in Figure 5.5-5.
The center of volume is located at:

X=649 (held fixed for this study)
¥=82 ,to 90"
Z=446.5" to 449"

The maximum depth available for the antenna is 12.8" to 13.8",
depending upon the use of a 2" or 3" clearance from the payload
doors. This is the most restrictive dimension and is the basis
of a design approach utilizing a folded feed. This is discussed
in greater detail in other portions of the report.

The cylindrical volume must contain the trunnion gimbal,
elevation drivz and the rotary joint-slip ring assemblies., A
favored position for the reflector is a mduntiﬁg wherein the
center of gravity of the reflector assembly is located in the
center of volume of the clearance sphere and the rear side of
the reflector extends out of the cylindrical volume so as to fit
within the inner curve of the payload doors. This places the
feed on the payload side aof the reflector. In the fore and aft
direction the reflector curves away from the cylindrical doors
so as to provide room for those microwave and servo components
that mount on the back of the reflector.

Another variable in mounting relates to the stow position

of the eslevation axis. If it is normal to the x axis then the
{

T
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trunnlon mount, elevation drive assembly and rotary joint~slip
(T rlng assembly lles in a critical clearance area. This is avoided :
R by rotating the slew position of the elevation axis towards B
parallelism with the x axis.

e

§
It is apparent that a number of factors influence the size ; 51
of the radiating system that can be stowed within the designated éi
lnstallatlon area; prlmarlly. ﬁ;
| L]
The 2" versus 3" clearance requirement relative to ] 7i;
§

the payload door.

The stow position -of the elevation axis relative to
parallelism with the x axis.

The use of a fixed or foldad feed. ?V

The orientation of the antenna in the stowed position. ;

In using the fixéd feed a minimal acceptable focal length is
used resulting in an F/D ratio of .33. With a folded feed an
F/D of .5 was used. Under these conditions the end of the feed
clears the trunnion gimbal and the elevation axis can be continually

e v ik e a1 v e

' rotated. A longer focal length can be used if the elevation motlon
is limited to approximately +165°, The use of a longer focal length
does not modify the dimensions of the maximum available aperture,

The maximum antenna aperture as a. function of applicable design -
parameters are listed in Table 5.5-1. - ? ;T?

E
E
L
;
;
;

| | | . 5.54
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TABLE 5.5-1 MAXIMUM ANTENNA APERTURE AS A FIIJNCTION_ OF APPLICABLE
DESIGN PARAMETERS.

' ’

Type of feed Focal Payload Elevation Stow Maximuam DL
Length  doox axis orientation aperture P
: clearance 1l or 1 to  of feed e

X axis o '

ix

Fixed 115 3" 1 outboard 34" dia. =
" 13-: on . A " 40" P

" . 13, 2" 11 " - #40

Folded 25 3" 1 " 50

?3 " 30 3 il n 60
" 21 an 1 " 53

" 32 2" I'l " - 63

i n 20 3® 1+ inboard 39

" 22 an : Ll ' " 42 o
, n 19 on 1 n 41 f 4
? 1 21 ' 2 i 1- ]. " 4 5

#Note diameter limited by minimum acceptable focal length considerations. % %
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5.5.2. ANTENNA ORIENTATION ~SPACECRAFT CQOORDINATE INTERFACE.
For presentation of data it is necessary to determine the
angular position and inertial rates of the antenna's line-of-

- sight (boresight axis) referenced to the spacecraft coordinates

(x,y and z). The angular position of the boresight axis relative

to the x,yand z axes of the spacecraft is measured in terms of
two angles:

¢ — angular dlspiacement from the =z axis in plane Vi
equivalent to the aximuth axis as measured to the
port and starboard of the z axis.

vV -~ angular displacement from the x axis to the line

of sight; equlvalent to the co-elevation angle
referenced to the x axis.

This system of coordinates is the same functlonally
as described in baseline documents, ..

The system of coordinates chosen for the antenna reference
system is as shown in FIgure 5.5~6 The boresight line-of=sight
is described in terms of seven rotatlons, three angles which can

be driven and four Ffixed angles. The three rotational angles are:

Deployment axis - ¥; function -~ deployment & stow positioning.

Shaft axis = ©; function - azimuth or spin scanning.

- Trunion axis - ¢; function - elevation or ned scanning

The four fixed angles involved in %he mechanization of the
antenna system are:

@ -~ angular displacement of the deployment axis from
the x axis in the xy plane.

5.56 .
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B - angular displacement of the deployment axis above

‘ﬁ) -and below the xy plane (positive angle above xy plane)

-

'
:
¥

.
i

f

§

i

3

4

8§ - angular displacement of the shaft axis relative to
Aits support arm axis.

Ly

€ ~ rotational position of the support arm e=0 when - =
Smax lies in the plane formed by the support arm
and the deployment axis.

e v R e

In the basellne system, Y is flxed at one of two positions, P
i.e., either stow  or operate. Furthermore, during operation, the : f
shaft axis is parallel to the x axis of the spacecraft.

Translation from Gand ¢ to § and v is direct, i.e., O=yu, ¢=v

In another system, when the antenna initiates a conical
scan for acquisition,the shaft axis is made parallel to the z ;
axis of the spacecraft and the transformation to U and v is simple. f i'
It will be shown later if the spacecraft coordinate system is at .Q;i
made complimentary to the antenna's circular coordinate system,
the translation is direct.

During track operation if the antenna is rotated in ¥
around the deployment axis, the translation of boresight angle into e
‘W and v then involves 0, ¢, and ¥. The purpose of the latter 'E_ ;g%
motion is to avoid the requirement for tracking through a :
scanning pole.

T st . PRPI

EN

In addltlon, it lS necessary to translate antenna glmbal
inexrtial rates O and ¢ into corresponding rates § and v relative
to spacecraft coordinates.

Tt o o et i L g s e i it o ...-....‘
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5.5.2.1 LINE-OF-SIGHT ORIENTATION.

A matrix rotation is employed to determine the position of
the antenna boresight axis with respect to the spacecraft
coordinates. Define the unit vectoras the boresight axis

position in the trunion coordinate system, and fz: as the

boresight axis unit vector in the spacecraft coordinate system.
In transforming the boresight axis position in the trunion.
coordinates to the spacecraft coordinates, the following matrix

rotation egquation must be satisfied:

e Sx o[t © oflley & siy|L o o]je§ -s€ i1 © © o o s

o CE SE|jsy af e

X

|

S Cd o

c g -3 ip { o

o 56 da

-5b o ad

0 de e ( oil e

o o Illosp ¢8| lsv e e¥]jo sE agjlo o !

In the matr:x rotation equation, the ¢ matrix denotes a
rotation of the parabolic reflector through an angle ¢ around
the trunion axis ( y axis) in the trunion coordinate system;

0 matrix denotes a rotation of the yoke assembly through an
angle @ around the shaft axis (x axis) in the shaft coordinate
system, ¢ matrix denotes a rotation of the shaft axis through an
angle § in the plane formed by the support arm and deployment
axis in the shaft coordinate system; .€ matrix denotes a rotation
of the shaft and arm assembly through an angle € around the
support arm in the arm shaft coordinate system; ¥ matrix denotes
a rotation of the shaft axis through an angle ¥ around the
deployment axis in the deployment axis coordinate system; B matrix
denotes the rotation of the deployment axis through an angle B
relative to the x-y plane of the spacecraft coordinate system;

o matrix denotes a rotation of the deployment axis through an

angle o around the z axis of the spacecraft coordinate system.

P e -
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IPTENRTELPR Jgry




5.5.2.2 BASELINE SYSTEM.
‘ in the baseline system, a,B8,8 and £ are fixed, and a single
I deployment position is chosen such that the shaft axis is
parallel with the x axis. Under this condition, with proper

choice of zero reference and ignoring parallax, the following

relationships hold:

u=0 =0 4en the antenna boresight axis is

parallel to the x axils and pointing
in the negative direction.

v=2¢ =10

? . when the antenna boresight
axisc is parallel to the z axis

E v=4¢ =90° and pointing in the positive direction. o
1,

ﬁﬂ‘

4

|

]
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' In this- system, o, B & and & are aga:.n flxed

as measured in the spacecraft coordlnate system are agailn

X

z

To obtaln the correct orlentatlon of the shaft ax1s (parallel_

to the z axis) and the proper reFerence for the shaft rctatlon @

L0 0

0 Sp Cu

10 e sl

Cv 0  Sv
D .10

—Sv. 0. Cy

i
o=

lequlres the ‘rotation matrlx.

—Cv |
SuSy:
CusSv

Therefore, the bore51ght axis in antenna coordlnates must
be equal the spacecraft coordlnates, or

e
{

o o |
~l ©
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The antenna
is rotated about the deployment axis- such that the shaft axis
is parallel to the z axis.

The’ compenents of the bore51ght axis -
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L

- system is obtained as follows:

L
il

_the spacecraft ccordlnate system. :KT is a unltary vector, that
is x +y Fz2o=1, ' '

- and % = Cos v : _ e

Expanding the. matrix rotation equation through matrlx

mualtiplications, the beam axis p051t10n in the spacecraft coordlnate

X= Cacac¢cv ~ CoSSES0SeCY + CuSeCECeSY - CasSeSES0SHSY S
' - CaCsCOS¢SW - SaCBCESﬁC@ - ScCBCeCSSOS¢ _ _ .
- SuCBSECACH ~ SaSBCECHSY + SuSASSSOSeSY ' '
+ SO.SBSECS CeCY - SaSBSeSdSOS¢CY
—’saSECEces¢cw | | o

y= SaCeCyCy - SaSESOSICY + SuSeCs cesy - Sas€soses¢sw
| - SoCe COS¢SY + CaCBCESE Cp + CaCRCECSSOSE
CuCBEeCOCH + CaSBCECESY - CuSBSESOSYSY
—-caSBSeCa'c¢cw'+-CasssEsases¢cw“+ CaSBCECOSHCY

SBCeSECH + SBCeCS SO5¢ + SBSeCOCH - CBCECsY
+ CBSSSOSGSY + CBSECSCHCY - CRSESESOS¢CY
- cscEces¢cw

where x, Y, 2 -are the vectorlal components of the beam axis 1n

2,.2,.2

.,y = 8in u Sin v

z = Cos ¥ Sin v.

o

Ei =Su.é§

Cp- Sv

or

N ]
no




These fquations ggp
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.Tanhl(—Sin
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- 5.5.3. DEPLOY/STOW MECHANIZATION.

Studies to optimize the gimbal design are subject to a
~number of constraints; primarily:

(1) - The antenna system, including associate electronic

'assembly, must-stcw-within.the:vclume:betweenrthe"

- payload and the payload door and between frames .
'X—579 to X=669, with a mlnlmum clearance of .3"
efrom the surface of the largest Daylcad (90")
‘radius and 2" to all other structures. It must be

. recognized that there is presently.a'revaiﬁaticn of
clearance requirements that may require a. minimum
‘clearance of 3" all around.

(2) The antenna must deploy to a position forward from
“the leading edge of the door and outboard of the
fuselage.' The mechanical clearance of 3" is to be
maintained.

The gimbal mechanics are .analytically reviewed in. the-
 previous section‘cf thiS'repcrt;. . The mathematlcal relatlonshlp

between angular motions of the gimbal assembly relative to the

spacecraft coordinance system were developed for the general case.
The general equations are quite invclved;.- The vectorﬂpcsiticn---
of the antenna relative to the specefraft involve trlgoncmetrlcal
functlcns of three pairs of angles related to the antenna structure.
If the antenna is crlented such that its azrmuth and elevation axes
are aligned with the axes of the spacecraft the trlgonometrrcal
ﬁterms 1nvclv1ng twc angle palrs related to the antenna structure
are ellmlnated. Furthermore, if the coordlnate system cf the

antenna and the spacecraft are made 31mllar, the angular relatlonshlps__

sk,
s




o)

spacecraft that prov1des a direct angular relatlonshlp.

by Lhe spacecraft fuselage, w1ng structure or payload door structure.

The use of two antennas on the port’ and starboard system ellmlnate"

" modified to accomodate a parabollc réflector 1 meter in dlameter.

.monopulse signals are 1ntegral to the feed structure.

- assoclate component loss and the size and weight associated with

become direct. There are three arrangements where the shaft axis

of the deployed antenna 1s parallel to the X, ¥ or Z axis of the

AR

‘The shaft axis parallel to the Y axis of .the spacecraft is.

referenced in the baseline study. The deployed antenna is shadowed

the fuselage shadow. The need for dual antennas is inherent to the

installation configuration.

A glmbal system, as described in the basellne study, can be

Reference Figure 5,5=7.  The radiating system,con51sts of 1 meter
focal length (——= .33) illuminated

_ _ e _ d
by a 4 port "Cutler Type" backfeed.

diameter paraboloid having a 33cm.

- As previcesly'described, the hybrid waveguide Circuitry.
required to process the 4 receiving signals to I, A El ahd AAz
In addition,
the polarlzer is a wire grid assembly mounted in front of the slot
radiating apertures. These two design factors reduce ccmplex1ty,
using eatalog equivalents. Other factors pertinent in this design

ares;

The antenna attaches to the existing moﬁnting
¥=589, ¥Y=100, £=425.
parallel to the "2" axis.

(1)

- dnterface, Deploy axis is-

Theﬁgimbal'assEﬁﬁiy is'tb”be“mounted*aSNfar”aft T

as possible, but clear the remote manipulator by -

- 2".. The purpose of going aft is to-obtain the-

{

-
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_ o max;mum spacing p0551ble between the payload and zgﬁ_g.l
Yy  the closed payload doors. - . -

(3) The antenna is to be mounted at a height "z" ' B EE
that provides a maximum spacing between the ' '
payload and the payload doors.

(4) There is adequate room for all electrical components R
associated with the antenna’s radiating structures; _fgﬁf_@
.such as pre-amps, mixers, rate 1ntegrat1ng SYros, '
eta. They mount across the reflector's rear surface,
parallel to the "Y" axis and away from the reflector's

" ¢genter line.

'(5) The mountiﬁg structure for the antenna must have the

T g b e e A B -

maximum offset angle possible in the XY plane. It
-is this angle, in combination with the translation
offset available, that determines the separation

ek e et

{ )_ . . Dbetween the antenna structure and the spacecraft
- ' . fuselage when the antenna is in its deployed
position.
A gimbal study, refer Figure 5.5-7, indicates the following
arrangement is optimum for the stow and deployment of a 1 meter

diameter parabolic antenna.

'POSITION COORDINATES -~ CENTER OF PARABOLA FACE

X Y - g
Stow | 649 94 448
Deploy = - - 537 129 448

5.67"




e

An,alternate lnstallatlon geome+ry for the antennu 19

descrlbed in Flgure 5.5+ 8..f In- this. design. the en fgﬁidl'

‘axis of rotation for the deploy/stow mechanlsm is rotated to an

optimum- 9051t10n such that the azimuth. ax15 can be deployed to a

position where it is parallel to either the "Z" or "yY agis.
eDesmgn factors 1 throuwh 4 prev1ously mentloned apply. Factor 5
is appllcable but modlfled by the requlrement for-2 deployed

positions. A glmbal study indicated the following arrangement is

a progectlon of the deploy/stow rotatlon axis 1nto the “Y"

plane lies 23.5 degrees off parallel from the "¥" axis . in a

. ¢lockwise direction when viewed from above the spacecraft.

_Furthermore,-it'is.SB.S degrees off parallel frem ther"Z? axis.

r

POSITION : X ¥ /

Stow C 649 91 454
Deploy parallel to "Z" axis _600.5 130 480
Deploy parallel to ny v aXlS  53i.8 133 445

A difficulty-is encountered with either of the aforementioned

gimbal arrangements. In the stowed position, where the elevation
axis tends to lie parallel to the "Z" axis, the elevation drive

system, rotary joints, slip rlng assemblies and gimbal structure

'lles in a critical” clearance area. There are 5 solutions to the

problem.. -
(1) _The reflector can be made smaller in the aZLmuth

3'plane, approxlmately 9%2cms.

‘(2)? The: elevatlon drlve can be made remote from this

crltlcal area and the elevatlon ‘motion coupled from
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(3)

(4)

(5)

. axis is rotated off parallel from the "Z" axis. This

the elevaticn,gearbox output shaft to the elevation
axis through a steel” tape drive. - Angular allgnment
can be maintained by means of a non-sllp perforated
or lrned steel tape.

The eleVation drive can be offset in the.forward

_-dlrectlon.; Thls aggravates the unbalance problem.

Thls factor is of eecondary 1mportance, but does
aggrevate the "on earth" testing.

Eliminate the £ixed feed and use a folding type.

. feed. A simple technique for accomplishing this

is described in Section'sgs.s.Thie approach has
severdl advantages in'thar the depth of the stowed
gimbal ‘and antenna assembly is no longer a fupction
of a focal length requirement. The folded feed

-design can provide:

"da) A larger reflector assembly approx1mately

ldzm .inidiameter.

(B).. Improved radiation characteristics. A longer
focal length provides improved monopulse
pattern characteristics. '

(c) Additional clearance for the gimbal system.
Example: to provide a 3" clearance from the
doors rather than the present 2".

(d) Ahy combination of the above.

Change the gimbal arrangemert éﬁch that the elevation

. allows.room for the elevation drive-assembly. .-

i




" The first;: second and.third -approaches ‘are uhdesirdble and. -

deemed- unnecessary. cosTeen s toanag 4 ars alreasaed 1o cheer

_E':r':"*“'.‘ : !

A third arrangement:.for the antenna’utilizing-design appzoach’

oy v . o

:elf;veﬁiagehowaxin;Eiggre¢5:5&9;f Design factors .l through 5 _
-}preriously'mentioned were observed. In the flrst and second de51gn
app oaches degcrmbed a parallel arrangement between antenna axes

*}and the- spacecraft‘s axes durlng deployment of the antenna were

'=_ima1nta1ned. TIn this design approach the stow configuration 1s made.

:as almple as possible and the antenna rotated to & best deploy

'p051tlon relative to minimizing shadow effects durlng both communlcatlon
and radar operation. Minimé&l considerations ere given to the relative § r"

‘alignment of axes between the antenna and the spacecraft. This = . C

design approach accepts the need for a mini-computer to convert

st

measured glmbal.angles and rates into spacecraft ooordlnates.

'ConverSLOn requlrements are discussed in Sectlon 5.5.4. ' 1

" Refexrring to Figure 5.5-9. it is noted.that-in the-stow;
' position the shaft angle éxtends upward 45° off the "XV axis and 7
11° inhoard from the "¥" axis. The gimbal system is rotated é-fﬁr

' prov1d1ng adequate room for the elevatlon drive -and indicator
'assemblya Adequate area for the rate gyros and microwave components
“is prOVided on the back of the reflector in the designated areas.,'
-The elevation rotary jOlnt and slip ring assembly mounts opposmte
'from,the elevatlon drive system.- The reflector assembly mounts

in & half glmbal Whlch ‘in turn connects through the a21muth drlve
‘assembly to theé base mount. The aximuth drive contalns the

-_motor—tack, synchro, gearbosr rotary jOlnt and Sllp rlng assemblles.

”The base mount lS a box structure sultable for contalnlng
-electronlc hardware such as transmltter, etc. The deploy/stow

Tﬁax15 lS parallel to the Mg axms of the spacecraft. - Pertinent
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ably high., This pole exists whenewer the target being tracked

© avoided by allgnlng thé shaft axis along the scan- horlzon. In PonEe

‘when the TDRS lies dead ahead of the space shuttle. This places
the target s line~df-sight coaxial with the shaft (or azimuth axis)

a scheduled functlon lntroduced occasmonally as may be required.
--The loglc 1nvolved is smnple. ‘In practlce this problem is only’
,encountered during communication tracking and angular position and

. rate are not required. . The correction need not be implemented.

positional data is tabulated balow:

POSITION X b4 Z

1
Stow 646 86 447 P
Deploy 540 136.5 447 ? ‘[;i

Two gimbal antenna sysitems, capable of 4w steradian: s E g}f

B L

scannlng,enCOLnter scan poles. As the antenna tracks to its pole ;'-['i
position the dynamics required by the ‘outer gimbal become unaccept— i

becomes coaxial with the outer imbal's scanning axis. Where less S
g R

than hemispherical cdverage is requvred this condition can be

this case, the scanning pole can be avoided. For the radar application
this requlres that the shaft axis be displaced off parallel from
the "Z" axis by an angle greater than 45°.

- In the communication mode of. operation greater than o
hemispherical coverage is reguired. A scanning pole exists: : ;;g

for example, with the antenna scan mechanism of Figuore 5.5-7. (R

of the antenna. This condition can be avoided one of two ways.

The space shuttle can be maneuvered prior to reaching the scan

pole. ‘Or alternately, when the antenna is within, say 3° of its
pole, the deploy/stow axis and therefore the shaft angle of the
antenna can be rotated back from the primary deploy position by 7°.

1f later thls 2nd. DQElulOn lS approached to an offset of less than

3e the antenna w1ll return to the primary stow posmtlon. This is




i)

When the antenna shaft is rotated out of the XY plane;, as
encountered with the deploy/stow mechanlzatlon of Flgure 5.5-9
and conical scan is accompllshed by a phase quadrature sinusoidal
wigwag motion of the shaft and trunnion motions, the'dynamlcs

of the shaft axis are increased. The vectored: position of the .

target to be acquxred during acguisition searca tends to lle along
the 2 axis of the spacecraft. It is the pr03ect10n of this shaft

"angle along a 1iné normal to the Z axis that. determlnes the scan's

angular amplitude along that line. If the shaft axis is canted,

a greater angular motlon of the shaft axis is required to produce

.a glven change 1n 1ts progected angle.' Requlrements for greatexr

amplltude demand a correspondlngly greater ve1001ty and acceleration
capablllty with an associate increase ‘in servo power. In conclusmon,
from a standpoint of power conservation, it is desirable to have

the deplpyed shaft_axis 1ie“in the XY plane.

A fourth arrangement for the deploy/stow mechanization is
shown in Figure 5:5-10. In this case a folded feed is employed.
In the deployed position the shaft axis lies in the XY plane

but is not parallel to the ¥ ax1s. The angular orlentatlon is

convenient from a standp01nt of opt1m1z1ng the stow clearances'

and provides optimum scan coverage in the deploy position. In

this example the clearance between the payload door andithe antenna.
has been increased to 3". In fact, there is more than adequate
clearance around the total antenna assembly in'the stowed position.
Furthermore, with the folded feed,.a long focal length parabola

can be used. 1In the example shown the focal length is some 28"

and provides an optlmum monopulse pattern. The feed does not clear.
the trunnlon glmbal if the antenna is allowed to rotate a Full

360°. It should be noted in the case where the‘feed approaches the

‘gimbal interference the anteénna is looking back into ‘its own shadow,

the shadow of the payload doors and the spacecraft wing section. A

reduction in ﬁoeal_length;to_an F/D=.5 eliminates the interference
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and has minimal change in pattern characteristics.

nt of the shaft axis off the

mini-computer is reguired to compute’ ang

Bacause of the angular displaceme

Y axis & ular position and

rate relative to spacecraft coordinates.

e

oy
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5.6. . MICROPROCESSOR PROGRAM TO COMPUTE ANTENNA BORESIGHT

POSITION IN SPACECRAFT COORDINATES.

The antenna configuration shown in Figure 5.2-9. is not
with the coordinates of the

£ borésight:position:infterms
tion of the shaft axis

aligned, in its deployed position,
spacecraft. As a result the transfer O

of gimbal angles and fixed angular orienta
s the use of a Microprocessoxr

e to the spacecraft require
mbal angles to spacecraft-

relativ

and fixed software program to correct gi

coordinates.

Giveng, © - antenna gimbal angles
v, R,a ™ constants of the antenna support. .

Method:

Each coordinate system is rotated to align with the coordinates
of the successive coordinate system. gtart with the vectors of the

spacecraft coordinates ( X,¥,2).

{1) Rotate antenna hase structure

about Z by an angle o to
wring the X axis under the

support arm. o = 30°

4 (2) The antenna support arm (shaft

4 axis) is canted by an angle B
from the base structure

Loy" (spacecraft z). This cant 1is

E:}’ ’ in the plane v}z, Rotate
around x* by the angle g. B=11l°

I T ” B T
T S T V SR T )
I P PO T »
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D T T T
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ym {3) The shaft axis is also at
L]
t=f§x" an angle ¥ to the base
B structure. Y is contained

within the X" 'Z" plane.
Rotate X" around the ¥"
axis by the angle ¥. Y=45°,

Two more rotations are required. First the new coordinate
system ", ¥" , 2" must be rotated about X with the antenna
shaft axis (0). And finally, a rotation about ¥ to align Xa
with the antenna bhoresight. This can be best-expiessed in

analytical terms with rotation matrices.

Rotate around an arbitrary X axis to map Y and % dnto Y' and
Z'. The sketch below provides the following relations.

=3
¥' cosB - Z2'sin O
¥' sin® + Z'cos ©

v
]
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Matrix algebra provides a convenient way of writing these three

Q:) equations.
\
1l 0 0
"[xyzl= |0 c@ - sB
0 sO@ cof

A multiplication of matricies provides:

x!
yl
zl

.o x' + 0« y' + 0+ 2'
{0y %' + O s y' - 50 » 2!

0 + %' + 80 » y' + cO »

zl

The rotational matricies take a form

for
(as

for

for

rotation around X
above)

rotation around Y

rotation around Z

1 o
0 ¢
0 s0
[0 0
0 1
L:'SG 0
co -s0
s cO
i 0 0

where: ¢ = cosine

sine

tangent

bl

s0

© o O

g
0
L

Referring to the original presentation relative to the rotation

of spacecraft coordinates and successive rotating the vectors as

discussed provides the following matrix equations.




VAP Bt il st avs ol

tea -so O i 0 0
v| =|sa ca O 0 cf -sB continted below
Z 0 0 1f [0 sB B '

!

AN

{l} rotate around % (2) rotate around X

o= 30° g = 11°
c¥ 0 s¥i I o 0

0 1 0| b c60 -s0 continted below
~g¥ 0 c¥ 0 s@ c@

{(3) rotate around ¥ (4) rotate around X varible

¥ = 45° shaft 'angle-0.
cod 0 sd4 - X
0 1 0 X Y,
-si 0 ch . za
(5) rotate around ¥ (6) unit vector along antenna
varible Trunion angle ¢ boresight can only be
lfO'O-

A somewhat tedious multiplication of the above matricies yields

x A cos O ~ ¢ sin o]
¥iI= |A sin o : + Cc cos @
Z sin B sin 0 sin ¢ + B cos B

where: A = -sY cO s¢ + c¥ co
-s¥ cd — c¥ cO s¢
C = cR s0 s¢ - B sB

o
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To simplify, substitute fixed values, i.e.,

o = 30° p
g = 11°
¥ = 45°
then
A = .7071(cos¢-D)
B = —.7071(cosY+D)
¢ = .98l6E-.1908B
D = cos® sing
E = sin® sing
and

x = .866A~ .5.:C
¥ = .5 A + .866 C
%z = .1908 E + .981l6 B

The solution is quite easily implemented with a microprocessor
of moderate speed. Specialiized digital hardware can be implemented

to convert ¢ and 6 to spacecraft coordinates x%,y,;Z Or u,u where:

b4

cos U

sin Y sinv
Z = cos U sinu

Sines and cosines can be done by a "table look-up®. Multiplication

can be accomplished in a few microseconds.

To illustrate,a program has been written for DZC desk-top
calculator, a Compucorp #326. The program solves for x,y,z. The
coding is included here, Figure 2.3.4., only to indicate the relative
number of stops required for this computation. A microprocessor
program can be executed in a few milliseconds.

CR - | e
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COMPUCORP #326

1
£9 input
ss b
cas
Sto 1
£ cos
sin
Sto &
7 )
£ 9 input
ss (@)
cos

Sto 3

f cos-1
sin

Sto 4

RCL 3

x
RCL
Sto
RCL
X
RCL

(D)

= MNo N

Sto 9 (E)
.7071

Ch 5

X

[

RCI, 1

.+.

RCI, 8

]

Sto 6 (B)
L7071

X

[

RCL 8

Chh

+

RCL 1

'
KEYSTROKES

.9816
x
RCL 9

L
-1908

X
RCL 6
i

o

" 8to 7

. 866
X
RCL: 5

[

.5

X :
RCL 7
1

= ‘output
Ss

.5

x

RCL 5
+

[

. 866
X

RCL 7
1 ocutput
SS
.1908
X
RCL 9
+

[
.98la
X
?CL'S

= output
ss

Jap

ss

TABLE 5.6~1 PROGRAM TO COMPUTE ANTENNA BORESIGHT POSITION INTO
SPACECRAFT COORDINATES.

(C)

(X)

(¥)

(Z)

o L m:_-:.a;_-.;h-_:r_
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5.7 . DRIVE POWER REQUIREMENTS. @ “.

Drive power requirements for the antenna's gimbal system
.relate to loads in terms of inertia, friction unbalance and

dynamic requirements in terms of angular motion, wvelocity and ‘ L
Weight and inertia estimates for the L

In summarys:

acceleration for the load.
gimbal system are tabulated in Table 5,7-1,

Total antenna.weight.......cvecvvsneesena. 13.5 Kg (301be.)

1.57 in 1bs.sec>

e e e ettt

Elevation inertia WRg T b easaresssas
' r Ipy
g
. . . #1 . 2 , |
Agzimuth inertia JAz sssessssneas B6.46 in 1bs.sec ; ,
. . 21 . 2 [
Boom inertia JB ssssassssss. 150 in lbs.sec faﬁﬂ

#l. Exclusive of drive motor inertia.

) ) Peak dynamic requirements for the antenna gimbal mechanics are
required during the acqguisition scan. The following conditions

apply:

40° conical scan

Search volume (¥)........ ceacnannan
Frame time (tf)..................."' 60 seconds 4
Beamwidth, ene way .........uvven., 1.4°

Beamwidth, tWwo Way .c.vevees.. censas 1°

Beam overlap ........ e G

Number of scan rotations .......... 52 é

’ ¢

Consistent with both search and track modes of operation,

good scan mechanism is accomplished with a recto-linear drive
system. Spiral scan is accomplished by sinusoidal Wig-wag of two




B s o

Pable 5.7-1.

WEIGHT AND INERTIA ESTIMATE.

)
f
i
|
5
i TTEM WEIGHT IN (W) RADIUS OF W R_2 in°-~1bs.
. POUNDS Kg. GYRATION g
A n
(R_)
g
El- ! AZ. El- AZ. ) g.;
Reflector, 1 m. 3 1.36 13 13 507 507 .
Central structure- .45 2 12 4 144 4
Feed .4 182 7 7 20 20 L
Feed drive .25 .114 4 4 4 4 f» ‘
| Polarizex | .25 114 14 14 49 49 ) ;;
‘ Polarizer drive .25 .114 4 4 'f'ﬁ
" Wavegquide on .2 .091 2 .8 12.8 w4
reflector : ! ﬁ
Mixers and IF preamps .66 .37 2 6 .8 7.2 i
. Circulator .3 136 2 6 1.2 10 P
A channel "switch T .54 .27 2 4 1.7 16
Frequency multiplier .33 ;15 2 8 1.3 21 ke
; Rotary joint and .5 227 .5 21 .1 220 P
§ slip rings Lol
| _ ' [
;i Rate gyros 2 .91 2 4 8 32 o
ey Misc. wiring, 2.27 1.03 8 2.27 145 I
P connectors, etc. . P
| Elevation assembly 12  5.45 606.5 1052 |
: Azimuth gimbal 1.65 .75 14 323 g
'f Azimuth waveguide .28 .13 8 18 g,
] Elevation drive 2.2 1 : 22 1065 ;
; Rotary joint and .65 .29 1 .65
: slip rings
i Misc. wiring, .22 L 13 37
% connectors, etc,
: Azimuth assembly 5 2,27 2496
] Gimbal assembly 17 7.73
g Base 2 .91
E Azimuth drive 5 2.27
; Electronic box 2.3 1.04
: Electronics 2.2
f Misc. 2.5 1.14
é Total weight 32 14.54
S
P Note moment of inertia around the deploy/stow
I . . . 2
i axis = 150 lb-in sec

i 2 S _ 5.84
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perpendicular gimbal axes in phase quadrature at linearly

e e e

("j increasing amplitudes starting at the center (0=0) to the maximum L
- - value (0=40°). For maximum scan efficiency it is desired to scan

the antenna at constant tangential velocity; however, this requires

an infinite velocity at 6=0. As previously discussed, the practical
solution is to scan the antenna at a maximum rate possible

consistent with the gimbal structure and/or drive power limitations L

and then at a value 0=@ll continue scanning at a constant tangential b e
velocity through a scheduled decrease in rotational rate. With a
constant tangential velocity the dwell time on target is held
constant and maximum scanning efficiency is accomplished. 1In

the central area, where the tangential rate is slower than desired,
excessive dwell time is used. Fortunately this is in an area

where the probability of detection is greatest. Pertinent
relationships were summarized in Séction 5.4 and summarized in Figures
5¢4-2&5.4~3.The starting position for constant tangential velocity

is:

2 Ay

- _ - 2_

; The drive motor torgue rating relates to eﬂi as follows: ?

- . Q.Q,], w
e Se—— w = 27f
max 1.3
11 U.‘Iz
Gmax =—Zj; 1.3 = Bgam overlap.

The_dynamic requirements must be matched through a gear

transfer to the dynamic characteristics of an appropriate motor.

Consider a 4 pole, 400 Hz. 2 phase servo motor having a

synchronous speed of 12,000 rpm and a nominal working speed of
i




5,000 rpm. The gear ratio (G) matches these working

T = 0J
i e 1
B
m . Lo
G =_.5 G = gear ratio I
NN Lo
- fi i
T = 292 m_= working motor speed = 3x104deg/sec

4]
e b
N A

e = transfer efficiency, i.e.,

Friction loss = .85

for J= 6.46 in-1b sec.2 or 103.36 in-oz sec®

w22 m) (@zi w*")(;o3.3s )
1-3 7 \L.3 57.3%3x10%% - 85 ?

$1 '
T="01039 9212 £3

0z-in.
#1. Exclusive of drive motor inertia.

For a chosen drive motor speed;torque is directly related

to servo power requirements. Recall that the scanning efficiency

and therefore the detection range of the radar is improved as a

function of the antenna's frequency response. It is necessary to

guantitize these effects. The scanning efficiency(fg}is defined as:

_ minimum dwell time during scan _ td min

fs T average time on target o avg
d

_ b0xl.3 _
td avg = W = ,00918 sec.

where 60 frame time

52 = pumber of revolutions

pre o B ot e

S

|
iy
H
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The detection range of the raday system is a function of the
scanning efficiency. This can most easily be analyzed in terms of

a pulse radar system; nowever, such analysis is applicable to all

other types. In the range (R) eguation

For a given set of conditions, a plot of signal-to-noise ratio § Bt
(S/N) vs the number of pulses (n) integrated for various target :
types (Swerling, etc.) has a slope such that

S/N o n -7
and :
na ty and £ td=dwell time
thus : { ;Ef
R o n'7/4 =0 175 pyr. % Iéi
Pertinent data relative to choosing frequency responses of - “;1
space shuttle antenna is shown in Table 5.7-2. . | |

Graphical comparison of pertinent data to choose antenna

frequency response is plotted in Figure 5.7-1. The maximum drive ; e
motor torque required is reasonably flat between f= 1.1 to 1.3 Hz. ? :)
Choosing the upper value results in: f 'f

Antenna maximum rotational rate..... 1.3 rps 1?

Maximum drive torgue....cce..s ceesss  {(azimutha9 oz-in)

Scanning efficiency .cicieeenn eeaes 87.5%

Realized detection range....wvsseess . 98.5% of maximum

available.
‘ -
5.87

N T e




B - A S . LA il i o b sl A b T e e e T T T e e e Pt ke \_,...,.,.l:.;,,....w.‘.ﬂ..,;.’,;__,w ol LR 2 o~ ',,:..\ [

]
- i . !_.‘;..;. : i{
i — L é
TABLE 5.7-2. DATA PERTINENT TO CHOOSING FREQUENCY RESPONSE. ‘
£ .867 1 1.2 1.4 1.5 1.6 1.8 2 o B,
<P 52 30.07 22.2 18.03 16.54 15.3 13.34 1l1.85 © revolutions
ty min .0046 .00688  .00777 .0082 .00834 .00845 .008G2 .00873 .00918 sec
E 50.1 74.9 84.6 89.3 90.8 92.0 93.9 95.1 100 %
Ty 18.3  9.39 8.85 9.27 9.59 $.96 10.78  11.67
R _ 88.5 95 97.3 98.3  98.5 © 99 99.2 99.5 100% %
R max
[57]
ca
[ee]
|
I
;
i
]
e = 5 R P e e ‘*;};vm - - v . — - Ry - N e v .‘.,L,a..ﬂ‘.m
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at £ = 1.3 Hz., 031 = 19.86 revolutions and i
15.27 degrees :
Ow = 124.8°/sec ! - %

‘= ow= 1019.4°/sec” | %

0
e
*
2]

it

T e M

These maximum values only occur at 19.86 scan revolutions, :
or a 15.27 degree scan angle, from the scan axis. Dynamic requirements % f{fi
inerease from the start. of the scan to these maximum values and ‘ E
then decrease for scan angles greater than 22,2°, Pertinent data
is summarized in the table 5.7-3 and graphically presented in Figure
5.7-2. ps a result:

e

Drive motor Peak torqgue Average torque
Elevation : 2.19 oz-in 1.36 oz-in ‘
Azimuth 2] oz-in 5.59 oz-in %
:'} Servo component characteristics are summarized in Table 5.7-4, :

Size 18 servo motoré are used in both azimuth and elevation; however,
+he former is longer than the latter. Identical gear boxes and

synchros are used on each axis.

vValue for torque during the radar acquisition scan are valid :
for the antenna configuration of 5.5-7 where the axis of the é o
vectored radar acquisition scan lies along the "z" axis aprd therefore § 1;

perpendicular to the azimuth (shaft) axis of the gimbal artenna.

%;W:

This condition does not exist, for example, with the antenna f _
configuration of 5.5-2 In this case the inner or elevation gimbal ‘ 7f1
can be oriented to an optimum alignment and the maximum torque a
involved is the value previously calculated. The antenna's azimuth
axis, in its deployed position, is displaced from the "2" axis by
approximately 30°. 'The increased arngular displacemenﬁuground‘to shaft
axis to-provide for the project angle acan‘increases”the azimuth
motor torgue to 18 oz-in. This 1is acceptable: to-the-antenna - -
opexation buk does represent an increase in peak servo’power

reqguired.
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) TABLE. 5:7<3.. SCAN DYNAMICS.

Relationship For 0=0° to L5.27
=%.168 rad/sec
=1.3 Hz. '

) =0 to 124.7°/sec
=0 to 1019°/5e02

e

|

@

=
@t Hh E

G = G =240

.
T = ed % L6 Te=0—2.19 o;—in

Ta=0~9 0Z—1in

* Exclusive of drive motor inertia.

_5.91 '

For 0=15.27 to 40°

w =8.168 to 3.19 rad/sec

@t @ Fh

G

T
e

=].3 to .508 H=.
=124.7°/sec. constant
=1019 to 398/sec2

= 240

=2.19 to .856 oz-in

Ta=9 to 3.52 oz-in
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TABLE. 5.7~4..

Peak torgue
Avg. torgue during

acquisition. (60 sec}

Motoxr tach size
Weight
Motor peak power

Motor avyg. power

(acqguisition 60 sec.)

Tach power

Synchro size
welght

power

Gearbox ratio

gears
P-pinion,B-bull

ratio
no. teeth
pitdh
diameter

Sub assembly weight

)

Elevation drive motor

2.1% oz-in

1.36 oz~in

-1l.75"dia.x3.38

1 lb.
30 watts

19 watts

1.5 watts

.8" dia.x1.68"
2 0Z.

1.5 watts .

39
22 89
96 96
.229" .927"

2.2 lbs.

. 5.93

AZIMUTH AND ELEVATION DRIVE COMPONENTS.

Azimuth drive motor

9 oz-in
5.59 oz-in

1.75" dia.x 4.5
2 1lbs.

80 watts

50 watts

1.5 watts

8" dia.x1.68"
2 0Z.

1.5 watts

315:1

18
96

.1875"

Blooouo-P B

10
144 i8 180
96 72 72
1.5" .25 2.5"

5 l1bs.

P P T e W R T TRT S P 3 . -
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5.7.1 SPIRAL SCAN USING A SPIN AXIS.

An Alternate scan technigue can be considered wherein the
spiral scan is accomplished with a rotary drive around the shaft
axis in combination with an increasing tilt (trunnion angle) _off -
the spin axis. Drive dynamics, in terms of accelleration and
torgue requirements during acquisition scan are drastically
reduced. Utilizingthe same dynamics as discussed in the previous

paragraphs; primarily:

Frame tiM@..eesscscvusscocvroanss
Maximum rotational speed.....-.-
BeamwidthllIDIII....II.I..II.ill

Beam overlapPesssssssesrascansanses

60 seconds

& = 125°/sec
1° {two-way)
1.3

Number of revolutions. (N}....... 30

The first step is to determine appropriate values for
accelleration and frequency response. During the tracking phase

of operation the maximum velocities and accellerations involved
are:
d = 5°/sec

2] .D4°/sec2

During the acquisition scan the velocity requirements can be
established. The elevation axis must move a total of 40° during
the frame time of 60 seconds, i.e., an average velocity of .67°/sec.
The maximum azimuth spin rate is 125°/secr. A choice of accelleration
requirements is somewhat arbitrary. The most stringent requirement

to track lock-on. The objective is

exists during the transition
to reduce this transition time to a minimum within the practicalities
The related factor is the freqguency response

This is most critical in the azimuth axis

of the servo system.

of the servo system.

5.94
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where the higher rates and inertia are involved.

A plot of the time to the first overshoot and the shaft axis
torque as a function of frequency response is shown in Figure 5.7-3.
All things considered it would appear that & 1 second period to
the{first overshoot is a reasonable compromise, i.e.,:

w =1
£ .16 Hz

il

A comparison of the torgque requirements for the spin drive
(R,8) and the rectilinear drives {x.v) are listed in Table 5.7~4.
Torgque requirements.and the associate drive power requirements
are subétaﬁtially reduced.” This method of drive involves a

companion decision; primarily, the deploy/stow mechanism must be

of the type shown in Figure '5.5-8. With this mechanization the

shaft axis of the deployed antenna can be made parallel to the
z axis of the spacecraft.

P Y
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TABLE 5.7~4 COMPARISON OF TORQUE REQUIREMENTS FOR R,0 and X,¥ DRIVES.

!

R;0 spiral coordinates Z,¥ rectilinear coordinates

£ .16 Hz 1.3 Hz

Okl +67°%/sec | 125°/sec

LTy

Qel _ .&7°/sec2 .1019.4°/se02
T q (inertia only) .018 in-1b, 27.93 in-lbs.

éaz 125°/sec 125°/sec
o, 125°/sec? 1019.4°/sec?

Taz(inertia only) 14.1 in-1bs 115 in-1bs

o
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i 5.7.2. DYNAMICS AT THE SCAN POLES.

- ' It has heen stated that the rotational rates demanded of i

the shaft axis increase as the target being tracked approaches a

e o

scan pole. The geometry involved is shown below:

gt e b oo _ g

. $ 1
?!; a % . |
i A \ SHAFT AAISy _ _ _ _ _x;-’_?mwﬂ o ¢
| - TRBoRES)CHT AXLS TARGET

The target,at some velocity (ﬁ), is passing over the antenna
near the projection of its shaft axis. At zenith it is off the
projection of the shaft axis by an angle o. As it continues it
travels from the left-hand side of the zenith position to the
right-hand side the shaft axis (0) must rotate 180°. For small

L

-
angles: P
[
. .
5 = : = & 6 = maximum shaft angle rate iig'
max tan o o : maRx P
§
It is apparent that for o=0, @ﬁax=m' More realistically i

however, there is a finite value involved relative to the
practicalities involved. The maximum target velocities involved
are:

During acguisition = * 4 mv sec { .23°/sec) :
5°/sec i

(e ¢t

During track

e

SIS PSR

A plot of émax'vs o for these two maximum valties are shown
‘in Figure 5.7-4. The shaft axis of the antenna can rotate at 125°%/sec,
adequate for full tracking capability up to 4 mv (.23°) and

40 mv (2.3°) for maximum target rates éncountered in acquisition
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and track reapectively. The .23° offset is acceptable in the
iock-on budget, i.e.. well under a half beamwidth. The track
situation can be avoided by instrumenting the stow/deploy
mechanization as discussed elsewhere in this report.
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mixers,hybrids , £frequency multiplier, :yunnion axis gyro, feed

5.8 GIMBAL DESIGN.

A sketch showing the gimbal arrangement for the space shuttle
antenna is shown in Figure 5.8-1. The gimbal and its antenna mount ?
on the shaft axis off the antenna base assembly. The major sub- :
assemblies consist of: shaft axis drive, the trunnion gimbal, the

trunnion drive, the reflector and feed and’ the components mounted } S

My el

on the rear of the reflector. j .

The shaft (azimuth) and trunnion (elevation) drives are of L ﬁf&
similar design. They consist of a size 18 motor with integral ; ©
size 8 tach coupled to the respective axes through a240:1, four

stage, spur gear reduction. Refer Table 5.7-4. In each case the

output gear is 2.5°" in diamever, Fhe RF rotary joint and slip ring
assembly pass through this ge 7. In addition the position sensor.

a snychro, mounts coaxial.to the rofary axis.

Transmitter power from the electronic assembly mounted within - ”H

the base mount is routed through waveguide to the shaft axis rotary
joint, along one side of the trunnion gimbal, through the trunnion gi
elevation joint to the circulator and/or diplexor., hybrid waveguide :

circuitry and finally radiated from the primary feed. The reflector,

a composit carbon-epoxy construction, mounts within the trunnion
gimbal. It is supported by a support bracket that spand the trunnion
gimbal. This same support bracket supports the various components

t+hat are mounted on the back of the reflector. {

Components consist of such items as the circulater--. diplexers, %

deploy and polarizor drive mechanisms. These components vary in
~detail; however, for the purposes of this study we have assumed that

individual assemblies will be used with waveguide inputs and outputs.

This tends to present a "largest package requirement”. It is noted
; )
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' +hat there is more than adequate room available. All such

‘
”

components are mounted near the center of a rotationsto minimize

,h
e

the effective Rg and therefore the load inertia presented to the

drive system.

el

Details of the feed deploy and polarizer'drive mechanizations
are shown at the right hand side of Figure 5.8-l. Two phase drive

motors and gear boxes are suggested.
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5.9 SERVO CONTROL SYSTEM.

! The servo electronics contains amplifiers which drive the i
antenna shaft and trunnion axis servo motors and the gyro torquer | 7
coills. The servo electronics, in conjunction:with the antenna --_n;
components and radar receiver, forms inner and outer closed servo ' |
loops for each axis. The inner, or stabilization loop, keeps the
antenna boresight axis fixed in inertial space in the presence :
of spacevraft motions. The outer, or tracking loop, keeps the ";ff
antenna boresight on the target using tracking error signals from ___ ,
the receiver. In lieu of this outer or tracking loop, it is also ' f é %
possible to drive the antennas from the spacecraft or from a £
slew/search/scan computer. A functional block diagram of the

antenna servo control system is shown in Figure 5.8-1.

A T R £ A RS e
ey

All antenna positioning and tracking is accomplished by it
repositioning : o
function to follow the gyro repositioning to maintain the gyro-pick

offs as close as possible to zero.

In'addition, the Gyro Torquing signals are sampled by two i nﬁ j
Velocity. filters, one for Shaft and one for Trunnion, to obtain ; !
an indication of commanded LOS angular rate. This angular rate . *:;é
can be derived from the designation or slew inputs, or as during et
target tracking from the receiver angle error channels.

5.9.1. SEARCH PROCEDURE.

o S e £ B L G e
oy
"i}?’

The initial search coordinates for the rendezvous target

~are generated in the spacecraft computer. The coordinates are

transmitted to the guidance computer and this system then initiates i

a slew to this system followed by commands to the control system

[
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¥
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to initiate the vectored search for the target. The resulting

(“X acquisition scan consists of a spiral search centered on the
-

computed vector position of the target and extending as necessary | £
to the 30 limits of 240°. See below. :

e ¥,

Y o . | o
6§€E§§#)‘ V= computed vector to target i o |
;; ?57/ 0= 1.3 overlap in radially o

= displaced beams _ o
% -

/% At.g sin 27rft EA
A% cos 2'nft

= D
H

sk e s i3k 24

The spiral scan’'is formed by a sinusoidal wigwag of @ + ¢ ,
spaced 90° in phase and of increasing amplitude with a 1° beamwidth
and 1.3 overlap between radially displaced beams, 52 revolutions
are reguired to scan a 1 m. dia. aperture antenna (1° two-way : .
beamwidth) over an 80° apex angle conical section. The speed of ; 'g?
rotation is modified, to as great an extent as possible, to provide . 1;?
a constant tangential velocity. In actual practice the central :
area is scanned at constant rotational speed, 468°/sec or 1.3
revolutions per second, out to an angle of #15.3° from the central
axis and then the speed of rotation is linearly decreased to
183°/sec or .508 revolutions persecond thereby maintaining constant
tangential velocity out to the scan limit of :40°. The frame
period is 60 seconds. The constant tangential rate provides constant
dwell time on target intercepts, improving scanning efficiency and ty
related detection capability. A

the amp;l.itude of the wigwag motion, § ‘

i
+
1

£’
is varied with time to provide a constant spacing between radial

sweeps. ft’ the frequency of the wigwag cycle, is held constant

at 1.3 Hz. from center to A = 15.3°, and then is decreased to

provide the aforementioned constant tangential velocity.
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Upon detection of the target, the position of the antenna at
the time of detection (as measured by the position of the integrating
rate gyros) is recorded in the memory of the guidance computer,
and at the same time, the rate command to the gyro torqguers from the
guidance computer is removed. The integrating rate gyro is now
essentially a one degree of freedom,free gyro which will control
the drive motors to keep the antenna continually pointing to the
same location in space. If the target detection is not reconfirmed,
another rotation is made at the fixed value of A, and if not confirmed
this second time the acquisition search is continued. Upon
confirmation the target position data is updated and the acquisition
scan is transferred to the lock-on mode.

5.9.2. LOCK-ON AND TRACK.

Once the target has been detected and the antenna brought
to a stop (in inertial space) with the boresight capture angle of
the antenna, the autotrack command loop is closed. When this outer
loop is closed, the two rate-integrating gyros provide line-of-sight
space stabilization for the antenna. The residual tracking signals
provide line-of-sight angle rate measurements. The outer servo
loop has been designed to function equally well using boresight
measurement errors determined from cooperative (transponder of
communication systems), from non-cooperative (radar) systems, and
from target enhanced systems.

5.9.3. SERVO COMPONENTS.

Two rate-integrating gyros provide line-of-sight space
stabilization and enable line~of-sight angle rate measurements.
The trunnion gyro is mounted on the reflector support structure
behind the reflector and is oriented to monitor motion about the




trunnion axis. The spin axis gyro is not mounted on the reflector

PR but on the trunnion gimbal. This mounting arrangement simplifies
e . X .
the coordinate transformations required to control the system.

Again it is oriented to monitor azimuth motion.

The antenna shaft and trunnion positioning is accomplished n 'ﬂéﬁ
by two phase 400 Hz servo motors driving through 240:1 gear drive {
systems., To obtain more stable servo operation, tachometers are
attached to the motor output shafts. These tachometers tend to

linearize the drive motors and allow considerably higher outputs

of the drive system without encountering stability problems. 3f”f’%
:

The line-of-sight error to the target is detected by the antenna

using a four slot backfeed-parabola reflector antenna arranged in
a monopulse configuration. Tf the antenna is aligned with the
target line-of-sight, the return energy is egually received by
each of the four slots. If the antenna is not directly in line,
the amplitudes of energy received by the four slots are not equal.
The received signals are processed through the monopulse comparatoxr
to develop the required sum and difference tracking signals. If
the line-of-sight is directly above or below the transponder, a §
negative or positive 8 coordinate pointing error is generated. i
Similarly, with the line-of-sight on either side of the transponder, :
a ¢ cooxdinate pointing error is generated. The received signal,
processed for monopulse operation, contains three information
channels: The & (trunnion) channel, the 0 {(ghaft) channel and the
. sum {(reference) channel. The 0@ channel input is the difference in
? received energy between the vertically adjacent feedhorns (A+B)-{C+D).

The ¢ channel input is the difference in received energy between

+he horizontally adjacent feedhorns (A+D) - (B+C) . The Sum channel

input is the sum of the received energy of all four feedhorns (A+B+C+D) .

5.108
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The Ffunctional design of the system is shown in Pigure 5.9-1.

The actual servo design loops are shown in Figure 5.9-2.

(.

FIGURE 5.9-2
SINGLE AXIS STABILIZATION DIAGRAM

where: K gyro torquer scale factor

G

Kgo= 9YLo output scale factor ? 7[3

K, = motor amplifier gain

¥ = motor time constant : 2
KM = motor scale factor 'g
N = gear ratio (=240) }
K. = closed loop scale factor.

CL

5.109
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Two separate stabilization conditions must be met with the antenna

drive systems. These are:

(1) During search, the loop gain must be such that
a maximum of .5° error may exist whén the system 1is

driving at its maximum rate of 125°/sec, thus:

_ (125) (240) _ -1
Kv 5.8 = 60,000 sec

(2) During track, the maximum error allowed is
10 mrad at the maximum rate {spacecraft) of 5°/sec
(=.0873 rad/sec).

_ (.0873) (240) _ -1
KV— o1 = 2,095 sec

Therefore, the critical design point would be during the search
mode if the total loop gain were to be derived frbm the gyro
stabilization loop inputs. However, in order to lower the loop
gains and provide a more reasonable loop during scan, a feed
forward loop is put around the gyro during search/scan. Thus the
gyro will still represent the desired location of the antenna,
the motor drive will be commanded by the feed forward input and
any errors in the system will be detected and corrected by the
gyro. Thus the closed loop gyro stabilization loop will be
designed to easily satisfy the tracking requirements instead of

the search requirements.

5.9.3.1. TRUNNION DRIVE SERVO DESIGN.

‘the design constants associated with the trunnion system

are (all reflected to motor): A C T T ey T A

o
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Moment of inertia,;Jeeesnscvsssncens , 000511 oz~in sec2
tessesennsssse. L1257 sec  =12000RPM

Lt e R S0 FADEAL
~ T
1

' No load speed, CI— ;
Motor stall torque, TM teesssvaseses 2.6 0z—-in
Motor time constant; T sesvecscsass %— W™ .247 sec ? 1
Tachometer FB Scale; I%iT " s w s hhEw e ﬁT= -9

The trunnion closed loop drive system is shown in Figureb5.9-3. E., ﬁﬁ ‘
- . .-_ r "_‘.' "

bc K_K P l ¢ : @
¢ — —m Ko Z2 m | i S
2475+ : L
Kt - i i
l E .":i' . 1

.where: : ! i

Kp= 2°m G0 = K
1+, 9K, Ko min.

and T is arbitrarily chosen to be

pgep—L ¥ = .05 . :
thus ' . . f
Ksz = 4.4 o | !“,g‘

let Kvmin = 5000

then K,q = 5636°/sec/deg

where

£
il

20.4 rad/sec | - ]
LT o= .49 :




5.9.3.2. SHAFT DRIVE SERVO DESIGN.

e

The design constants associated with the shaft drive

systém are (again all reflected to the motor):

? J = .00208 oz-in sec2 z g'i
4 = ~1 P
nax 1257 sec = 12000 RPM ?f?
. Py
Tm = 10.5 oz—1in ?i
v 200208 o 5557 = .249 sec

- 10.5
%T = .9

. Again by making the choice of Ky minimum of 5000 sec—l, the natural

frequency and damping of the shaft drive system are:

20.4 rad/sec
L = .49

ke ab B S T e AT sty W SR TR

- mrerien v AL b

5.9.3.3. NATURAL FREQUENCY OF THE SYSTEM.

Although the natural frequency of the system is near 8 Hz
the drive systems for both the trunnion and shaft systems contain ;fﬁ
practically no structural limitations. With the shaft system, the J
gyro is mounted on the trunnion gimbal only 6" from the shaft axis.
The trunnion gyro is similarly well mounted structurally, beiny placed
on the channel section only 20 inches from the drive. It is felt

that the minimum Kv chosen to remove the spacecraft rotations

can easily be increased with little probability of encountering

structural feedback problems or their attendant servo problems.

5 9.3.4. FERROR ANALYSIS OF DRIVE SYSTEMS. o

Lo
i i

The maximum erroxr of the pointing system may be obtained

S5

T Seer e viop Crmprmett
> free P e LY
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4
by considering all error sources and then statistically combining Eli
A them. The error sources are: ) é'_

g Gyro drift rate 15°/hour....... .0042°/sec %;
' 073 mr/sec %_i
Spacecraft drift 5°/s@Cicccnses 87.3 mr/sec ?_'

/ 1

Glint error Xate..eeseevesssase 8 mR/sec
The total of these is (considering these as non-correlated):
87.7 X /sec

which when divided by the Ky used gives:

Brror = 4.2 mR.
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5.10 DESIGN OPTIMIZATION.

Tn a study of this type the antenna designer directs his
first efforts towards developing a maximum size aperture. The
ligiec path for determining aperture size in this application is
outlined in Pigure 5.10-1. Controlling constraints are first listed
relative to installation clearances in stow, antenna implementation
and deéired servo poser limits. A iayout study based on the listed
criteria indicated that the largest size reflector is 85 cm (34")

in diameter.

The original constrainﬁs are then reviewed and new logic paths
chosen. If only 2" of clearance were provided between the antenna
structure and the payload door the antenna aperture increases to
1 m diameter. While this reflector provides increased gain it is
not an optimum design f£rom a standpoint of monopulse tracking

sensitivity. A larger focal length is desired.

An alternate logic path is available wherein the 3" clearance
+o the payloadsdoor is retained but a folded feed is utilized.
This can also provide a 1 m diameter aperture with the desired gain
increase, optimum monopulse patternlcharacteristics and more than
adequate clearance. Rectilinear scanning of a larger antenna during
acqguisition requires excessive servo power, particularly around the
shaft axis. To provide a meaningful increase in aperture requires
that the rectilinear (xy) acquisition scan be abandoned and an R-0
scan implemented. This within itself allows the aperture diameter
to be increased to 1.25 m. Again if the clearance to the payload

door is reduced to 2" the aperture can be increased to 1.35 meters.

Tn the above arrangement the elevation drive motor and gimbal
assembly occupies a critical clearance area.c'Rotatibn;of;the*Elevatioh
axis fowards the'y axis provides increased clearance. This can be

partially accomplished with a single axis deploy/stow mechanism but

P S
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Start constraints

N 1. 3" clearance in stow,
() all around.

2. Fixed feed.
3. x-y rectilinear drives.

856 m (34" diameter aperture)

7L | | .

Use folding feed Reduce clearance to payload

‘Jl"’ _ door to 2"
v —

Use R-0 coordinates Im(40") aperture Im(40") aperture
deploy 11 to £ axis (drive power limited) (clearance limited)
Features

l.Best patterns

: 2.Can use R,D or
. Y ‘ 7 xy drives
1.25m(53") aperture

el o

3.More than adequate

1 clearance 'fé
; — . f

} KZ | ,f

é Two axils déploy/stow ~ Reduce clearance to payload :

5 : door to 2" -

: v n
! B - 1.35m{53") aperture 5 :ﬁ

| oo - _{clearance_limited) Lo

| | Jib

Reduce clearance to payload
door to 2"

i

i - -
:

i

i

1.52(607) aperture 1.6m{63") aperture
(clearance limited) - {clea—ance limited)

% ' FIGURE 5.10-1 LOGIC PATH FOR APERTURE SIZE.
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for substantial improvement it is regquired that a two axis deploy/
stow mechanism be used. This increases the reflector diameter to

Again if one decreases the clearance to the payload

et 1.52 meters.

doors to 2" the largest size possible reflector can be employed,
i.e., 1.6 meters in diameter.

It is evident that a sufficiently large aperture can be stowed
within the constraints of the spacecraft and still maintain a 3"
clearance all arcund. In summary:

ll

A spiral acquisition scan is best adapted to the
geometry of the vectored search in terms of scan

efficiency end early detection probability.

The folded feed design is simple, reliable in operation,
provides optimum patterns and maximum mechanical
clearance.

A R-0 scan mechanization provides the required servo
responce with minimum drive power. If used two

 deploy positions are required,one near parallel to the

z axis of the spacecraft.

The maximum size aperture without implementing step
3 is 1 m in diameter. The constraint is drive power.

Implementing 3 allows the reflector diameter to increase
to 1.25 m.
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6.1. TARGET GENERATED ERRORS IN ANGLE, RANGE AND VELOCITY.

As part of the conceptual design of the Rendezvous
Radar an investigation was made of fundamental sources of
radar measurement error inherent to the target itself. A
summary of the results of this investigation is included in

this section.

Of particular interest during this investigation were
those factors which influence the accuracy of the velocity
measurement. A comparison was made of the performance of
coherent and noncoherent methods of determining target

velocity from the standpoint of target induced errors.

certain errors in radar measurements of target state
are generated by the target itgelf. These errors, which are
indistinguishable from the true target state by the radar,

include:

Angular scintillation {glint)
Range scintillation
Doppler (velocity) scintillation.

This group of errors is caused by distortion of the
expected spherical phase front of the echo signal by vector
combining of the reflected signals from several reflecting
surfaces on the target.

6.1.1., ANGULAR SCINTILLATION (Glint} .

The magnitude of the angular seintillation, or glint,

is related to the size of the target and relative amplitude
¢

6.1
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and phase of the r-flected signal from major scattering elements.
The magnitude of the glint varies rapidly with aspect angle of
the target as a result of a strong phase dependence.

An estimate of the magnitude and distribution function
of the angular scintillation for typical targets for the
rendezvous Radar will be developed in this section. A
simplified, two-reflector model which lends itself to hand
calculation will be considered first. Following this, measured
data on aircraft targets will be examined and a mathematical
model will be adopted which fits the measured data. The
mathematical model will be examined for applicability to the

type of targets of interest to the Rendezvous Radar.

The simplified two-reflector model shown in Figure 6.1-1
was suggested by Mr. J. Griffin of the Johnson Space Center
during early discussions. It consists of two point reilectors

separated by 60 feet (18.3 meters).
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6.1 -1 . GEOMETRY OF TWO-REFLECTOR TARGET.

WS M TR A ST TR >

Although this is a highly simplified model it is roughly represenéative
of the Large Space Telescope and Liarge Space X-ray Telescope which

are potential targets for the Rendezvous Radar. Both of these space
vehicles have flat solar panels on one end of a long cylinder and

{ )structure at the other end which would appear to also result in a

large radar return.

Following the work of Howardl the apparent location of this dual
source target can be expressed in terms of the error,E, from the }gj
¢«  midpoint of the target as follows: %?

£ = Leasy /="
Z A Zocos(PrLsire)

where:

L = the spacing between the two reflecting points.

¥ = the viewing angle measured f£rom a line perpendicular to the
line connecting the two reflectors.
! a = the ratio of amplitudes of the signals from the two scatterers.
? ¢ = the relative phasg.of the two signals as seen by the radar.

1 Howard, D.D.,"Radar Target Angular Scintillation in Tracking and
Guidance Systems...."; Proceedings of the National Electronics
Conference, Vol. 15, 1959.




A plot. of  the error in apparent locavion of a 1g.3 meter dual source

Q;jtarget viewed broadside by the radar is given in Figure 6.1-2 as a function
of relative.phase and amplitude of +he two reflected signals. The
figure jillustrates the well known fact +hat the magnitude of the A
angular seintillation can exceed the physical dimensions of the target. E
Another pertinent observation is that the peak displacement occurs z T
at 180° of relative phase, which coincides with minimums of the amplitude ! "

function of the net return signal. SRINE *

Turning now to some measured characteristics of glint from aircraft Lo
targets, an excellent series of measurements On aircraft models by

Mensal at the Naval Missile Center leads to an empirical model for glint.
Mensa's measurements were macdle on two different aircraft targets; both
scaled 5.741. The lengtﬁs of the models were about 2 meters. A 10 MHa.

cw illumination source was used.

His test results indicated the error in the phase front varied sharply

~with aspect angle. The sharp excursions always coincided with a

S T . . . ‘o ‘ :
_minimum in the amplitude recording. The angular position error : 5
corresponding to the wave front error often oxceeded 2 to 3 times the ; ff%

extent of the target.

perhaps of most significance in his study was +he finding that for both

targets the amplitude of the glint as & function of aspect angle ? ";;

closely followed 2 normal distribution between the 10 and 90 percentiles.

et e b T

The standard deviation was approximately equal to one half of the

target extent. %

il

et T

The normal distribution function for amplitude of glint for aircraft

type targets has also been reported by Dunn and Howardzsas a result of :  }1

analysis of flight test data. Their analysis indicates the standard
deviation of the angle error is egual tO about 0.3 times the extent

of the target for a side view of an aircraft, and also for a nose-on
f

A R T T P S

1. Mensa, D.L. ngeintillation Characteristics of Aircraft Targets",
Naval Missile Center pPublication 7p-71-13, 26 March, 1971.

5. Dunn, J.H. and Howard, D.D. "Radar Target Amplitude, Angle and Doppler
: Scintillation...", {EEE Transactions MTT No.9,September 1968.

7. 3. skolnik, M.I..The Radar Handbook,Chapter 28 (Dunn and Howard).
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view if the aircraft has outboard engines or wing tanks. The
standard deviation of angle error decreases to 0.1 times the extent
of the target for a nose-on view of a single engine aircraft without

wing tanks.

For the purposes of the Rendezvous Radar study two models will
be considered; the two-reflector (or dumbbell) model with glint
shown in Figure 6.1-2, and a multiple reflector model with a normal
distribution function for glint with a standard deviation equal to
0.5 times the extent of the target.

The previous discussion on angle noise, or glint, assumed that
the distance between the target and radar was very large compared
to the extent of the target. As the radar closes towards the target
the antenna subtends a larger portion of phase front and the distorted
region becomes averaged with regions of lesser distortion. The
larger and closer the target the more averaging over the range of

phase fronts takes place.

It has been foundl that when the target subtends an angle
greater than 0.25 times the radar antenna beamwidth that the RMS
target angle noise is significantly reduced. Under these conditions
the angular error is limited to a few tenths of the antenna
beamwidth. In the case of the 18.3 meter'long target discussed
previously and an antenna beamwidth of about 2.7 degrees (506 em
diameter antenna),the target subtends one fourth of the beamwidth
at a range of 157 meters. Thus, at ranges greater than about 137
meters the models for glint develoﬁed above apply. At ranges less
then about 157 meters the glint decreases to a fraction of the
antenna beamwidth. At these short ranges, however, the antenna can
track various points on the target, eg. one end or the other so
that all that can really be ascertained is that the antenna pointing
angle contains some portion of the target.

f
The magnitude of the angular scintillation is a direct function

of the relative phase and mmplitude of the reflected signals from

various scattering surfaces on the target. Consequently,it can be altered by”

l. Dunn, J.D. and Howard, D.D., Loc Cit.
Lo e, JoeeP s o glg L
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Jnchanglng either the relative amplitude or phase of the reflected signals.
1

.

/A number of independent samples of the angle of arrival can then be

et bt 8 e ot
e e

averaged within the passband of the antenna pointing servos to reduce
the angle scintillation.

For a general complex target a change in polarization, e.g. vertical i
; to horizontal, will change the relative amplitude of the reflected ?jﬁ
signals. Thus, by changing polarization pulse-to-pulse some averaging o
of glint can be achieved. However, in the case of targets which have :

SRR TR P

*

symmetrical scattering surfaces to both polarizations changing

polarization will not have 2 gsignificant effect.

*

e e e A TS e AT R T T TR

The relative phase of the reflected signals from various. scattering
surfaces can be altered by changing the carrier frequency of the radar

from pulse-to-pulse. The effectiveness of frequency agility in
modifying the glint function is dependent on the extent of the target
in the range direction and the amount of frequency change from pulse-
to-pulse. It should be noted that if we look broadside at the two-—
reflector model previously discussed, the distances from the radar

to the two targets are exactly the same and frequency agility will ﬁ\?%
not modify the glint characteristics. It is interesting to note that ;7
polarization agility would still be effective in changing glint

characteristics with equal ranges.

For the general case where the target exhibits a range depth, Lindl
has shown that complete decorrelation of the glint between two pulses
occurs if the frequency change between the pulses is greater than a

critical difference frequency Afc where

C

AE =
¢ 2D

where C is the velocity of light and D is the range depth of the
target. In the case of the 18. 3 meter, two-reflector target viewed

S oY S FEIOY SR ———

: § slightly off of head-on (the glint is zero head-on), the range depth

1. Lind, G. "Reduction of Radar Tracking Errors with Freguency Agility",
IEEE Transactions AES-4 No.3, May 1968.




-Tg - .3
;é . 1s about 18.3 meters and the critical frequenzy is 8.2MHz. If the target i
b {gbis viewed slightly off of broadside the depth of the target in the ;
f range direction becomes small and the critical freguency becomes ?:
| much higher due to the inverse relationship between criticail frequency Q;

and depth.

o The 18.3 meter separation between reflectors is equivalent to 915 o
' wavelengths at a carrier frequency of 15 GHz. The angular separation
between nulls of the amplitude pattern of the composite $ignal; and hence :
between glint regions, is less than a degree for this large spacing. ' S:?
& frequency change of 420MHz. (critical frequency) is regquired to
decorrelate the glint from pulse-to-pulse when viewing the 18.3 meter
target 1 degree from broadside.

"
ki

The decrease in spectral density of the glint at zero freguency is
shown by Lind to be,in the limit, approximately equal to the frequency
agility bandwidth divided by two times the critical frequency. 'The
limit requirement is for the PRF to be much larger than the original

{w%lint bandwidth, a condition which will likely apply for space vehicle
targets. The tracking error reduces by the square root of the decrease
in spectral density of the glint at zero frequency.

In summary, frequency agility can effectively be used to Feduce angular
scintillation as long as the scintillation arises from scatterers
distributed in the range dimension as well as in the angular dimension
of the target. In the case of the 18.3 meter two-reflector target
viewed near head-on a total agility bandwidth of 300MHz. results in a-
? decrease in glint spectral density by a factor of

T IR £tk b s

300 = 18.4
2(8.2)

which corresponds to a reduction in rms angular pointing error by about

Vi8.4 = 4.3, j

.Viewing the same target near broadside with the same frequency agility




pandwidth, the reduction in glint spectral density is a factor of

300 = 0.36
2(420}

or in effect no significant improvement.

It may be noted from Figufé“6.l—2 that the displacement error is one
sided. Consequently, the effect of averaging the error over 360°

of relative phase by frequency agility is to create a gisplacement
bias error. For the case of the 18.3 meter two-reflector target and a
ratio of the amplitude of the two reflected signals equal to 0.5,

the average displacement is equal to about 9 meters.

The subject of frequency agility will be treated in detail later in
this study.

6.1.2 _Target Generated Range Errors.

Range scintillation errors arise from a mechanism similar to that
described above for angle scintillation. As in angle scintillation,

the target generated range e€rrors can exceed the extent of the target.

Range scintillation has been treated by Cross and EVansl who show that
the target induced range errors are related to the slope of the phase
(with respect to frequency) added to the transmitted spectrum by the
target., Since the error slope is essentially constant over the
transmitted spectrum an actual +ime shift of the return occurs. This
shift and accompanying range measurement error can not be distinguished
from actual target motion by standard range processors used in either

pulse or FM/CW radars.

Cross and Evans derive expressions for the phase of the target modulating
function and for the slope of this function which yields the range

1. Cross, D.G. and Evans, J.E., Target Cenerated Range Errors, IEEE
Tnternational Radar Conference, April 1975.
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error. The form of these equations is identical to those derived by
‘“;Howard1 for angle scintillation. In particular, for the case of the
~ two-reflector target previously considered, the expression for range -
error expressed in terms of a time error At is

4t = & fed®
& 2/t 2 cos(wt)
! where to = Target length in range direction expressed in time.
a = Relative amplitude ratio of the two reflected signals.
w, = Carrier frequency.
“%to = Relative phase of the two reflected signals.

A plot of the range error as a function of the relative phase between
the two reflected signals from a two-reflector target is reproduced

below.
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6.1=3-> .. -Range Error VS Relative Phase for Two-Reflector Target.

(After Cross and Evans)

1. Howard, D.D., Loc Cit.:
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1t may be noted that Figures £.1-2 and 6.1-3 represent the same function,the
{ jonly difference being that Figureﬁllﬁz_is plotted in terms of actual

displacement. Thus, for the case of the target being viewed head-on,

the range error may also be read off of Figure 6.1-2.

A LT v

{
T+ is reasonable to assume +hat the range erxor for more complex targets |
: !
will follow the same normal error distribution function as found for ;
glint. It follows also that the standard deviation will be approximately [

equal to one half of the target extent in the range direction. Lo

As in the case of angular scintillation, the effects of range scintillation
can be reduced by using pulse~to-pulse frequency agility and averaging

the range measurement over several pulses. Once again, since the

Xy

amplitude ratio does not change significantly with freguency agility,
the range error 1s one sided and when averaged over all relative
phas%’a range bias error is generated. For the case of the 18.3 metar
target viewed head-on and with amplitude ratio equal to 0.5 the range

bias error is about 9 meters.

An important conseguence of range scintillation as applied to the
Rendezvous Radar is that the range data will be noisy. The magnitude
of the noise is given by the range error developed above. The
bandwidth of the noise is a function of the rate of change of aspect

angle. E if

To gain some insight into the apparant range rate due to the time ”
rate of change of the range scintillatioq,the rate of change of the %Ti
relative phase, Wcto, between the reflected signals for the two-reflector
target was computed for an assumed angular rate, and the corresponding

range rate was determined using range error data of Figure 6.1-2.

The two-way time delay, to’ of the farthest reflector relative to the

near reflector is
!

, £ = 2L 5mY

c
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L = Length of the target.

il

Aspect angle measured from a nofmal to the boresight axis.
Veloecity of light.

™

then, ) : j:;:
et = 2L, str ¢ = 4TS swr” _ L
and,

o (crt) = 4L Slsmy) v - 4772 oSy oy
‘_—;x?*)‘ A o A ol

Assuming an aspect angle ¥’ of 45° and a change of aspect angle (rotation
of the vehicle) of 0.01 radians per second, the rate of change of

; relative phase is 0.089 L radians per second. For the case of the

! i A

; '18.3 meter target and an operating frequency of 15GHz. (A=2cm) the
rate of change of relative phase is 82 rad/sec or 4,700 degrees per

second. -

P s T T Y

Referring now to Figure 6.1-2 and assuming an amplitude ratio of 0.5
a maximum slope of about 0.4 meters per degree of relative phase is
noted. The maximum appareant range rate due to range scintillation i
for the conditions assumed is then (4200°/5ec)(0.4m/? = 1870m/sec. ; ';3T

This extremely high range rate for a relatively low physical rate is a

consequence of the large number of wavelengths bpetween the two reflectors. % o

A potential advantage of this situation is that time averaging of the : lﬁé

range data can be achieved with relatively short time constants.

PO EET S - C L W T
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6,1.~3 Target Generated Doppler Errors.

In the previous section it was shown that the target generated range i f %
errors result in extremely high apparent'range rates, If velocity .
information were to be extractes by examining range rate, the resulting P
data would have very high short term errors. The guestion then arises, ; ;15
are there similar mechanisms which give rise to errors in the doppler § -
measurements of a complex target?

Following Dunn and Howardl it can be shown that the distortion of the
phase front which gives rise to the angular scintillation {glint)
also gives rise to doppler scintillation.

As the aspect of the target changes Slightly'the distortion region i gﬁ
of the phase front may rotate past the radar and cause a rapid phase o

change. The rate of this change is equivalent to frequency. The
frequeﬁcy term generated appears as a noise or modulation on the

é average doppler frequency if the target is moving. ,f}i

The doppler modulation may be determined by differentiating the phase
deviation from that of a point souce target with respect to time

as follows:

)= I .t

where
£{t) is the instantaneous frequency. é
_%%iﬁl. is the time rate of change of the 'phase deviation as seen f

by the radar. :  ?1

Since the doppler scintillation arises from the same fundamental
? mechanism as yields the angular scintillation measured or calcalated

angular scintillation parameters can be used to compute the spectrum

of the doppler scintillation as follows2

1,2, bunn, J.H. and Howaxd, D.D. Loc Cit.
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! where ) ﬁ{%
| o (f) = Probability density distribution of doppler signal. -
- A = RF wavelength. ?i
oL = Btandard deviation of aspect angle rate. %}

Gang = Stgndard deviation of angular scintillation in linear Lo

units measured at the target. :j

aeen fd = Average doppler frequency. .. ifg
K, = Modified Hankel function. P
o

For comparison purposes the amount of doppler modulation for the simple
model of two reflectors separated by 18 meters as considered previously
will be computed. The resulting value for velocity perturbation

: will be compared with the errors which would result by determining

; velocity through differentiating the measured range data for the same

Itarget model.

The instantaneous pseudo doppler fregquency is obtained by differentiating .{5
the phase deviation from that of a point source with respect to time. :

This is mest readily accomplished as follows

)= = of 2%

et

7 2y 7

where ¥ is the aspect angle defined in Figure 6.1-1., The factor of 2

ot L A A 3 .

comes about since the change in aspect angle affects both the incident
path and the reflected path between the reflectors and the radar.

The function d¢ is the phase front distortion as a function of target =
av e
aspect angle, ¥. This has previously been shown to be equivalent to i

the linear angle error which is equal to
!

| AP - Llos¥ =4
| gy 2 /#+ & o5 (P L 5h7Y)

x




. For our purposes the expression above for the error in linear units
" &t the target is converted to dimensionless units of radians of phase

‘per radian of aspect angle as follows

3 Al = 2 ISP
jod 4 A Y [ 2inesr

i Considering the 18.3 meter two-reflector model, an aspect angle, ¥, of
45° and an amplitude ratio of 0.5, the peak linear error is about 19
meters and the value of the dimensionless error for a carrier freguency
of 15GHz (A=2cm) is 6000.

Assuming as before a change in aspect angle of -0.01 radians per second,
the maximum pseudo doppler frequency is

f?{l) = O/ﬂ Z_C_}_/ﬁ = 6-000(2)[0-09 = /Z0 radians/sec.
gy o

= 19 Hgz.

At a carrier frequency of 15GHz.,a 19 Hz. doppler frequency represents
a velocity of about 0.19 meters/second

We conclude, therefore, that the quality of the velocity data obtained
from doppler measurements of a complex target is far superior to that
obtailned by differentiating measured range data.
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6.2 PERFORMANCE ANALYSIS OF NON-COHERENT PULSE RADAR.

A candidate non-coherent pulse radar, scaled to the require-
ments of the Rendezvous Radar, is described in this section.
A summary of characteristics of the radar are given in Table
6.2-1. functional block diagram of the radar is given in

Figure 6.2-1. -

Range to the target is determined by measuring the time
delay between the transmitted and received pulse. Velocity
information is obtained by determining the rate of change

of range data. The short term quality of the velocity data
is generally not as good as obtained by doppler processing
of the received signal. However, the non-coherent pulse
system has the advantage of simplicity and ability to provide
unambiguous range to any desired value.

6.2.1. AMBIGUITY CONSIDERATIONS.

The ambiguity function for a periodic pulse train with pulse
width T spaced A seconds and with N received pulses integrated
is:

AlGdj= 774 X, (70, 0) stz (W) rga | 7a) 27

=
— O elsewhere N swe g4
= (ML) Qe -/

where ,X'(fzrgé) is the ambiguity function of the
single pulse v

X (774) = /’fa’/(l) EITOT 7] swemp (7i17Y)
7/ 7 77 (77T

where 7= difference between time signal is received
and time to which filter is matched

= & (R -K)
= difference between received doppler frequency
and doppler frequency to which filter is

matched.

= B (Ve-in)

A sketch of this function as given by Nathanson2 is shown in
Pigure. 6.2-2,

1

l. Skolnik, M.I.;Radar Handbook
2. Nathanson, F.E.;Radar Design Principles
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TABLE 6.2.~1. CHARACTERISTICS OF CANDIDATE NON-COHERENT PULSE RADAR é-i;?
~ PERFORMANCE CHARACTERISTICS .
_ 5 4
Detection range (Pd=0.99,Swerling I, lm" target)... 1%km 'g
Acquisition time..... et icari sttt sarsennsness 6D seC
Angular search coverage .......... seeseaenasa sseea BO° cone Lo
Accuracy, 3¢ (at mag}ggm range) Randon : é:;"
Angle track 0.24 mR 0.1 mR .
Angle rate 0.09 mR/sec 1.3 mR/sec Do
Range {lag error) 29.7 m % 3
Velocity (lag error) 0.3 m/sec -
SYSTEM CHARACTERISTIGS B
Frequency of operation......ocemeoeve.. 15 gHz. ;!;
Antenna ';'
=5 -1 crereeaaan ve. 1l m diameter i
Beamwidth (two-way) .v.iiveeeeaea. 1.0 degrees E;
GAIN e ieevirne e, .. 41.7 ab o
Scan program .......... et e araena spiral ;;_
Transmitter 'if
Pulsewidth i
Range >9 km ...... ceesssas-.. lusec ‘§ 
Range <9 km ............ ceese 0.lusec _2 
PeakK POWEL® .t ieiieennerennnnnnnn . 8.9 kw ig.
PRF wuetieninernnanennnnacnannenanss 3.7 kiz o
Average power* S o B4 watts ; %’
Transmitted frequency ..... fetteaerenn Frequency agile ' 1}?
) Number of discrete frequencies ... 6§ é¥
Frequency separation .......... .-+ 75mHz, o
Total agility bandwidth .......... 375mHz. ? %ﬁ
Receiver noise temperature ............ 1758°K -
Receiver noise bandwidth

Range >9 km .......00vuen.. veseses 750kHz.
Range <8 km .....cievevvnnnnnnneas 7.5mHz.

* with 24B margin.
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B

The ambiguity diagram showsS regions of range ambiguities
spaced in time equal to the interpulse interval. Velocity
ambiguity peaks occur at doppler frequencies spaced by the
reciprocal of the interpulse interval. The velocity
ambiguity characteristics will be treated in a later section
discussing doppler processing. .

Since there is complete absence of time ambiguities in the
region between transmitted pulses, unambiguious range
measurements can be achieved by making the interpulse period
as long as required.

Another item of interest ie the range resolution which can
be provided by the radar. -he ambiguity function in the range
coordinate is of the form:

rect (22 ) T;IT‘

(In other words it is of the form T-\T\over the time
il L2 2

interval'Tlsr and zero elsewhere.) This defines a triangle
shaped function with a width at the base egual to two times
the pulse width, t. The range resolution, or the ability of
the radar to distinguish between 2 targets closely spaced in
range, is then equal to the two way range eguivalent of the
pulse width, or

Range Resolution = ST i
The specified maximum operating range for the Rendezvous Radar
in the skin track mode is 19km. To assure acquiring the target
prior to reaching 19km, allowing 60 seconds for acquisition,
and assuming the relative velocity is 45m/sec.,a maximum
range of 21.7km is indicated. If the radar output were not
used until the actual range closed to this value the pulse
repetition interval could be made equal to the time equivalent
of this two way range. If knowledge of the relative range
to within a few km is not available an inspection of the
ambiguity diagram indicates that the radar would read a
range of 10km should the target be detected at 21.7+10 or
31.7km. : :

Modulation methods such as pulse-to-pulse frequency agility
avoid this situation by in effect freguency taging each return
pulse with a given transmitter pulse. For a simple non-
coherent pulse radar it is customary to set the PRF about a
factor of two lower than that value which corresponds to the
maximum range.

i
We will treat two cases in this study. The first assumes that
approximate knowledge of the target range is available so that
an unambiguous range interval of 22km can bhe used. The second
assumes no a priori knowledge of target range and an unambiguous
range interval of 40km. In the first case the pulse repetition
frequency (PRF) is 6.8KHz. and in the second case it is 3.7KHz.

6730,




6.2.2. TARGET AMPLITUDE FLUCTUATION MODEL.

3 Swerling Class 1 fluctuation model has been specified as a
baseline for the Rendezvous Radar Study. This model applies
to targets characterized by a number of independent scattering
surfaces of about equal echoing area. The assumption is also
made, in the case of a pulse radar, that the echo pulses are
correlated pulse-to-pulse during the time target but that the
fluctuations are independent scan-to-scan. In our case the
time between antenna scans while searching for the target will
likely be between 15 seconds and §0 seconds.

The question then becomes, is there sufficient relative
angular motion between the target and the radar to result in
a decorrelation time of the echo signal of 15 toc b0 seconds
or less? In absence of information on the angular rates of
the target itself about its own axis we examined the relative
motions between the orbiter and the target for the nominal
mission 3-B. PFigure 5.5-2 6f a JSC reference document entitled
"Rendezvous" was used as a reference. The angle and angular
rate between the radar and the target for this mission is
plotted in Pigure 6.2~3. The data points are in 1 minute
rindrements.

%

“ ‘;"-.-,.




/-Affgz/é”/’ s

0 7 4 6 £ Jo 17 9 JE 15 20 7 P4

IE 25

ZEZ oz 9 2/ &t O - B- 2/ o~ oF b2- &2 Z5-
g A A ALY AYIO AO  TAAOD S oLt

——

4

K728, K177
FIGURE 5.2—3_ ,4/79@ 97,«7?0/ %fg}/é’ /07/5‘5’ yas

/

N
N
N
N
\

?’f:f’?

>

22 -

6.




.,Mﬁmulw.‘-‘-""umv-\u::«‘h'nmww,_...._... el o i - S g :

Referring to Figure 6.2-3 we note that the angular rates near
x the maximum radar range is greater than 2.8 degrees per
t ) minute or 0.047 degrees per second. Assuming that zero angle
: corresponds to viewing the target broadside, the change in
path length from one end of the target to the other in the
first 1 minute period (19.3 to 17.6km) is about 0.042L where
L is the length of the target in meters.  The rate of change
may also be expressed 0.042L wavelengths/min. The net

reflected signal from the two ends of the target will
essentially decorrelate as the path difference changes 1/2.
The decorrelation time, T for the conditions assumed is

? then g
| e= _A 6O  seropds
2 (0.042)L
which for the case of operation at 15GHz. (A=0.02m) becomes
1403
Tc_ TR seconds.

In the 15 second minimum scan period, target elements spaced
0.95 meters will decorrelate between scans. Therefore, the
assumption of independence of the amplitude fluctuations
between scans is valid for mission 3-B for targets several
meters in length.

6.2.3. EFFECTS OF FREQUENCY AGILITY ON TARGET FLUCTUATION
MODEL.

One means of achieving a greater number of independent samples
in a given period of time is to alter the phase relationship
between the signals reflected by the various scattering elements
of the target on a pulse to pulse basis. This can be
accomplished by changing the transmitted frequency from
pulse-to-pulse. If complete decorrelation between pulses

can be achieved, Swerling Case 2 detection characteristics

can be used for a target previously considered Case 1.

The benefit of pulse-to-pulse decorrelation in reducing the
signal-to-noise ratio for a given probability of detection

is a function of the single scan probability of detection
desired, as illustrated in Figure 6.2-4.For single scan
probabilities below 30% Swerling 1 characteristics are more
favorable. For a single scan probability of 90%, the signal-
to-noise ratio required for acquisition is reduced about 8db
by pulse-to-pulse, decorrelation.
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The amount of frequency change required to achieve decorrelation
was treated earlier while discussing reduction of angular
seintillation by frequency agility. It was shown that
decorrelation occurs when the frequency change between pulses

is greater than a critical difference frequency Afc

_ &

Af = 35
where ¢ is the velocity of light and D is the depth of the
target (scattering elements) in the xange direction.

A listing of potential targets for the Rendezvous Radar given
in a sexies of sheets entitled "Automated Payload" were
examined to determine a representative minimum physical size
target. The majority of the small satellite targets are

4 to 5 meters in size although a few, such as the High Altitude
Explorer and the GRAVSAT, have smallest dimensions between

1 and 2 meters.

For purposes of preliminary sizing of the amount of frequency
agility reguired, a minimum target dimension in the range

direction of 2 meters will be assumed. The critical difference:
frequency, B s is then 75MHZ.

Barton1 has developed an empirical relationship between the
number of independent signal samples n.. and the reduction in

a term he refers to as fluctuation loss, Lg. (the difference

in average‘signal-to-noise ratio required for a given
probability of detection for a fluctuating target and for a
steady target).

1o tog Glre) =(/=4z) P/o7 £

where G (ne) = frequency agility gain

Lg (1) = fluctuation 1oss for single freguency system

The number of independent samples is related to the total
frequency bandwidth, AF, and critical £requency Afc as follows:
AR

n = lt—s7 =
a Afc

A plot of the reduction in signal-to-noise ratio required

for detection, or frequency agility gain, relative to that

required for & gwerling 1 target is given in Figuxre 6.2-5 as a
i

i. Barton, D.K.:"Simple proceedures for radar Detection
calculations” IEEE Transactions AESS No.5, Sept. 1963.
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function of the number of independent frequency samples c ]
provided. Also shown on the figure is the Swerling 2 limit, .
- or the maximum gain which can be achieved with complete

- independence pulse-to-pulse for the total number of pulses received.
A brief examination of Figure 6.2-5 indicates that the greatest [é
gain is obtained from the first few independent samples. S

The improvement for a number of samples above about six is

quite slow. In our case , six independent samples, corresponds o
to six frequency positions and a total freguency agility g
bandwidth of c oy

Af = (ne—l)Afc = {(6~1)75 = 375MHz.

6.2.4 RANGE EQUATION.

The various parameters affecting radar performance are placed
in perspective by the radar range equation. A general form of
the range eguation, useful for comparison of candidate radar
types, can be written in terms of the ratio of received
energy, E_, to noise density, N,r as follows:

£ = 2N 0 2
BT TR 75 L S

5§

where:;

= Transmitted power

t

Antenna gain (assuming the same antenna is

used for transmit and receive)

Wavelength of radiation -
Radar cross section of target

Range

Boltzman's constant

System noise temperature

U O |

t"ml-lﬂFUQw 6 W

= Losses

The general form of the radar range equation is adapted to

the non-coherent pulse radar by noting that the transmitted ’
energy per pulse is the peak transmitted power times the

pulse width and the energy received per pulse is equal to the

peak received power times the pulse width. Then the range N3
egquation may be written

L = BT = 76N T
Sl = el = L
Mo TN (@7)SRFTL

e r s dr e ot R L L ks s ke ke e Le b Dt
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The commonly used detection criterion is based on the signal-
C o to-noise ratio defined as the ratio of the peak received
e signal power to the noise power in the bandwidth, B.

Pr

SNR =—— .
N.B

(4w)3R4kTSBL
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6.2.5 TARGET ACQUISITION.

6.2.5.1 ANTENNA SCAN PARAMETERS.

The signal-to-noise ratio required for acquisition is a
function of the amplitude fluctuation characteristics of the
target, the number of pulses received during the antenna
scan past the farget and the allowable false alarm rate.

The number of pulses received is a function of the PRF,
antenna beamwidth and antenna scan characteristics.

The antenna scan options are to cover the required 80°
conical sector once in the 60 second allowable acquisition
time or to scan at a higher rate and obtain two or more looks
at the target in the 60 second period. The higher scan

rates result in less time on target per scan which results

in a lower probability of detection. However, an offsetting
factor is that the required probability of detection per

scan to obtain a given cumulative probabllity of detection
also decreases with the number of scans.

The probability -of detection per scan P. required for a given
cumulative probability of detection P_, for a given number
of sweeps, n, in the acguisition intefval is given by

— - — n

To achieve a cumulative detection probability of detection

of 0.99 the required detection probability per scan is given
below as a function of the number of scans in the acquisition
interval.

P

%

e Lo BY ,5
cooo
oo oW

.9
.9
.7
.6

In ordexr to pptimize the overall radar system the antenna
gain, beamwidth and scan rate will be treated as variable
parameters at this time. The antenna gain and beamwidth

are a function of antenna size. Three different size
antennas will be considered along with various scan rates as
listed in Table 6.2-2. The time on target and the number of
pulses received as the antenna scans by the target are also
indicated in the Table.

The antenna sizes and scan rates are representative of possible
values for the Repdezvous Radar. The antenna scan rates are

TN




i 1: - , -
e - - T ——‘.Z
_ 2 - L
|
Number of i
Antenna Gain, Two-way Search Frames Scan Rate| Dwell time, |Pulses Received
Size, meters db - Beamwidth, Deg. in 60 sec. Deg/sec milliseconddg PRF=3.7KHz|PRF=6.8Kl
1.5 45.2 0.66 1 170 3.9 14 26
2 374 1.8 6 12
1.0 41.7 1.0 1 111 B.9 32 60 ;
2 227 4.4 16 29 |
: 0.5 35.7 2.0 1 55 36.0 133 244 |
- 2 111 17.8 65 121
P 3 165 12.0 44 81
; o 4 220 9.0 33 61
Table 6.2-2. ANTENNA AND SCAN PARAMETERS Do
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based on a spiral scan program discussed in Section 5.2.

The maximum scan rates indicated
are for the constant angular velocity phase of the scan,
which is the outer portion of the scan envelope. Near the
center of the search area the scan rates are lower.

A maximum of 2 scan frames were considered in the 60 second
acquisition interval for the 1.0 and 1.5 meter antennas to
limit the angular scan rate required to reasonable values.

6.2.5.2 DETECTION STATISTICS.

The signal-to-noise ratio required for a given probability

of detection of a Swerling Class 1 target with a given number

of pulses available for non-coherent integration is conveniently
obtained from Fehlper's treatment of Marcum's and Swerling's
data on detection. The detection data is referenced to a

false alarm number which in turn iz related to the false alarm
time. The false alarm time is defined as the time during

which the probability is 0.5 that there will not be a false
alarm.

In view of the maximum search time of 60 seconds, a reasonable
false alarm time is about 600 seconds. This will result in
only a momentary halt in the antenna scan with a probability
of 0.5 once every 10 search intervals. During tracking only
those false alarms which occur within the range gate are
important and these are filtered by the range tracking loop.
The false alarm time =will be optimized later in the study.

Fehlner defines the false alarm number as the number of
independent opportunities for a false alarm in the false alarm
time. It is related to false alarm time, tf, as follows:

! —
n = tf(PRF) G

mi

where;

number of range gates (of width t) per range sweep
number of pulses integrated coherently (m>1)
number of pulses integrated incoherently (N>1)

= 6
nuun

If range gating is not used the number of effective range
gates of width T in the interpulse intexval 1 is 1
PRF T (PRF)

) -
and for this case, (PRF)G = ~%— and n = Lf
mNT

1. Fehlner, L.F.;"Target Detection by Pulsed Radar", John
Hopkins University Report TG451l.
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Congidering the use of range gates we may express the false
alarm number in terms of the ratio, o, of the range gate on

time t_, to the interpulse period, 1 ., as
g BRF
L £
n = tf o
mNT
For the incoherent radar case m=1 and )
nt = £ .
Nt

For the case of the 6.8 KHz. PRF the range gate is on approx-
imately for the entire interpulse period and a=l. For the

case of the 3.7 KHz. PRF the range gate is on for 22km or P
147 Ysec out of the 270 usec interpulse period and a=0.55, o

An investigation was made to determine if it is more efficient,
in terms of signal-to-noise ratio required, to use a range

gate equal in width to the range interval "to be searched or

to search in range with a narrow range gate at the same time
as the angle search is in process.

If a priori range information is available to an accuracy of Qi
t2km as indicated for mission 3-B then it is more efficient Los
to use a 4km range gate to capture all of the received pulses o
while minimizing the opportunities for false alarm. The 7

benefit of using a 4km wide range gate rather than a 22km )
wide gate amounts to about 0.4db at a 90% single scan a
probability for a Swerling 1 target. '

If a priori range information is not available and the 22km
interval is searched by a 4km wide range gate, the number

of pulses available for integration is reduced by a factor
of 22/4. The signal-to-noise ratio required for acquisition
of a Swerling 1 target is a bout 3.6db greater for the swept
dkm gate than for a "wide open" gate 22km wide.

Consequently, we will assume ‘that for acquisition the range gi
gate is equal in width to the range interval to be searched. ‘}

For comparison and sizing purposes a piilse width of lusec
Wwill be ysed to compute the false alarm number, Variations
up to a factor of 5 from the lusec value will result in less
than 0.5db change in the computed value of signal-to-noise
ratio required for acquisition.

for a Swerling 1 target as a function of the number of scan
frames in the 60 second acquisition interval is given in

;

|

-

A plot of the signal-to-noise ratio required for acquisition '}i
3

Figure 6.2~6.A i

6.32 o
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similar plot for the same target with 6-step frequency
agility is given in Figure 6.2-7.

Since the pulses are essentially uncorrelated pulse-to
pulse when frequency agility is used the signal-to-noise
ratio required is essentially independent of the number of
scan frames in the 60 second interval.

6.2.6 TRANSMITTER AND RECEIVER PARAMETERS.

Having established the signal-to-noise ratio required for

a 0.99 probability of detection in a 60 second interval for
various radar conditions, we will next determine the
transmitter and receiver characteristics which are required

to acquire the 1m? target before the range closes to 19km.
Considering the maximum velocity of 45m/sec and an acqguisition

time of 60 seconds, the acquisition process must start at
21.7km.

The range equation discussed previously will be referenced
in the following discussion. It is repeated for reference
below.

G = 6 AT
(977) Rt T EL

Values for the parameters L, B and T are established in

the following paragraphs. The other parameters are either
given or are to be determined.

6.2.6.1. LOSSES.

The general loss term L, will be defined to include the
following:

L L lich

mw-s £
where;
B ™ Microwave loss in transmit path.
Ls = Beam Scanning loss.
Le = Filter missmatch lann,.

6.34
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The total loss in the transmit path, L _, is estimated
to be about 1.6 dB. The loss in the receive path is estimated
at 1.5 d4B.

The beam scanning loss, L_, pertains to the fact that the
signal is not received at full®amplitude except at the peak
of the beam as the beam scans past the target, whereas in
computing signal-to-noise required for acquisition we assumed
the pulses integrated were all the same amplitude.

Typical values for beam scanning loss given in the literature
is 1.6 dB for each scan dimension or a total of 3.2 dB for a
two dimensional scan. These values are based on the use of
l-way beamwidths in determining time on target and scan
spacing. In this study 2-way beamwidths are used throughout.
An integration over the two-way power pattern of a uniformly
illuminated circular aperture between the two-way half power
points indicates an average scanning loss of 1.0 dB. Using a
30% overlap of successive scans the loss in the cross scan
dimension is equal to 0.55 dB. The total scan loss is then
egqual to 1.55 dB.

The maximum signal-to-noise ratio, SNR, occurs when the
receiver bandwidth is matched to the pulsewidth. However, to
minimize complexity in the recéiver the matched filter is usually
approximated by a passive circuit., In particular, using two
synchronously tuned stages as an IF filter the filter mismatch
loss, L., is aboTt 0.56 dB for the optimum 3 dB bandwidth time
product of 0.61. The noise bandwidth for this filter is a
factor of 1.22 times the 3 dB bandwidth.

For a given pulsewidth, v, the 3 dB bandwidth should then
be equal to 0.61 Hz. The noise bandwidth, Bn‘ for this filter
T

is a factor of 1.22 times the 3 AB bandwidth or 0.75 Hz.
: T

6.2.6.2. BYSTEM NOISE TEMPERATURE, Ts.

The system noise temperature, Ty, May be expressed:

Ts = Ta+Tr+LTe
where;
Ta = Antenna noise temperature.
Tr = Transmission line noise temperature = T(L-1).
T" = Thermal temperature.
L = Transmission line loss factor.
Ty = Receiver noise temperature = TO(NF—l).
T, = Reference temperature =290°K. '
NF = Receiver noise figure.

1. Skolnik, M.I.; Introduction to Radar Systems.
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The antenna temperature due to cosmic radiation looking into
space is about 2.7°K.

The physical temperature of the transmission line will be
assumed to be 290°XK which with the receive path loss

of l.5dByields a transmission line noise temperature of
119°K. :

The receiver will be assumed te be a microwave mixer type
without RF amplification for preliminary sizing purposes.
Using a balanced Schottky diode type mixer a noise figure of
about 7.0db can be realized at any given frequency from
9.3GHz. to 16GHz. The equivalent receiver noise temperature
is then 1160°K.

The r~t system noise temperature becomes

T, = 2.7+119+1636 = 1758°K

6.2.7. TRANSMIT ENERGY REQUIRED FOR ACQUISITION.

The transmitted energy per pulse required to achieve a given
signal—to-noise ratio is computed in Table §.2-3.

' 0.75

The substitution F. = . is made in the radar range eguation

to relate the receiver noise bandwidth, Bn, to pulsewidth,T.
This assumes the use of a two stage synchrorous filter as
discussed previously. The transmitted energy per pulse can
then be written:

(SNR) (417)3R4KTS(0.75)L

GZAZU

PtT =

where the symbols are as defined previously.
The result of the calculation in Table 6.2-3,.

P

LT = 47.0+101og(SNR)-201ogG dB W sec’

6.2.7.1 AVERAGE TRANSMITTED POWER REQUIRED FOR ACQUISITION.

The amount of transmitted energy per pulse required for

acquisition is found by substituting the value for antenna
gain given in Tablefl-dinto the expression for transmitted
energy per pulse given in Table 6.2-3 along with the value




2

SNR

(41m) 2 (0.75)
4

oo

[y B e B v - I
n 3

Ptt (Peak Transmit Power) (Pulse width)

Table 5§.2-3

COMPUTATION OF TRANSMITTED

INCOHERENT PULSE RADAR.

~ 6.38

D™C
3.4
(SNR) (4%} R kTs(0.75)LmLst
Gzlzc
Parameter value Value in db
Signal-to-noise ratio 10 log(SNR)
\ 1500 31.8
4 . 3., 4
(Range) (21.7x107m) 173.6
Boltzmann's Constant -228.6
System Noise Temperature 1758°K 32.4
Microwave loss in transmit path 1.6 dB ‘ 1.6
Scan loss 1.6db 1.6
Filter Missmatch loss 0.6db
(Antenna Gain)2 c? ~20 log G
(Wavelength) 2 2x10 m 34.0
Radar cross section 1m2 0

47.0+10log (SNR) - 20 log G

ENERGY PER PULSE FOR

e S




of signal-to-noise ratio required for acguisition from
Figures 6.2-6 and 6.2-7.

The average transmitted power reguired for acquisition

is obtained by multiplying the required transmitted eneray

per pulse by the pulse repetition frequency. The average
transmitted power required for acguisition of a 1lm“ Swerling

1 target is given in Figure 6.2.-8 as a function of antenna
size and the number of scan frames in the 60 second acqguisition
interval.

The corresponding value of average transmitied power for the
case of six-step frequency agility is given in Figure
6.2.-9. The average power required in this case is
essentially independent of the number of scan frames in the
60 second interval since the pulses are uncorrelated pulse-
to-pulse.

The use of freguency agility has two important benefits.
First, -the average transmitted power required for acquisition
is substantially lowered. Secondly, it is not necessary to
program more than 1 scan frame in the acquisition interval.
The later factor translates into lower weight and power
consumption of the antenna drive mechanism.
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6.2.8. RANGE TRACKING ACCURACY.

The range tracking errors may be grouped into deterministic errors, C
which are fixed for a given set of operating parameters; fixed o
random errors, which are random but relatively constant over the
period of time the radar ig in use; and fluctuation errors which
have periods of a few seconds or less. & tabulation of range
tracking errors is given in Table6.2-4.A brief discussion of these
errors is given in the following paragraphs. The erxor in the range
tracker itself is assumed negligible for signal-to-naise ratios
above unity due to digital implementation of the tracking loop.

error and the fixed random error. For pulse widths of lusec or less
the maximum error (deterministic plus 30 fixed random) is equal

to 48.5 meters. However, if the lag error is removed by computation
the net bias error is about 25.5m 3¢ which is near the 24m
specified maximum value.

The net long term, or bias error, is the sum of the deterministic %‘ f;%
o
1

The fluctuating errof is dominated by target induced range erxors. é -gi
The net 3¢ fluctuating error considering a 18.2 m target at 30° U
aspect is about 15m. This is half of the allowable error of 30 m. :

6,2.8.1. VELOCITY LAG.

The range data is filtered by the equivalent of a low pass filter D
with a time constant of 0.5 seconds. The resulting lag error for Ll
a steady velocity of is equal to 0.3 (velocity). This error can be removed

by computation since velocity and time constant are known. : ﬁ

’ i
6.2.8.2. CLOCK FREQUENCY. i
i

The basic timing reference for the radar is a 30 MHz. crystal %:' R

controlled clock. An accuracy of about 0.01%, lo is adeguate
for this application. ) 3

6.2.8.3. START PULSE STABILITY.
A “start" pulse is generated to start the time measuring interval . ¢
by detecting the leading edge of the transmittéd RF pulse. The P
variation in delay between the transmitted pulse and generation e
of the start pulse is less than # 2 nsec. Assuming a uniform

distribution of errox Fhe 16 value is about 1.2 nsec or 0.18 meters.




N S A T : - PR T A
pZc
W !
ERROR SQOURCE Deterministic lo error value, meters | §
error Fixed random [Fluctuatingg ? q?ﬁ
Velocity lag¥®. o 0.5V i 3
Clock frequency (0.01%) L0001 R Bl
Start pulse stability 0.2 bfﬁ{ﬁ
: Propagation delay in 0.83,8.3, ; ,ﬁf
: receiver pulsewidth= ' PR
0.1,1.0, usec. o
Gating and threshold delay 0.1 o
Calibration : 0.3 ﬁi
Quantization ] 0.05 o
Range tracker jitter ?
usec pulsewidth, SNR=3db ;
& 3% ;
Target induced range errors - }
(18.2m target,30%°aspect) 4.6 ;
j o Total RS8S lo error 0.5V (.0001lRT+ (. 917 4.7 :
L | | Y(.0001R)2+ (8. 44 2
: * Error may be removed by computation. §
é ** Error may be reduced to 1.4 mgetfers, 1 o, using. frequency agility. :
| Net error = ,05V+Y (.0001R)2+(4.8)°2 R<9km
3 ‘ . . i 4
Net error = ,05V+ V'(.ODOlR)2+(l.7)2 R<9km,Freq. agile .
Y
Net error = 05V+ Y (.0001R)“+(9.8)° -  R29km L
Net error = .05V+ V‘P(_.OOOlR)z-i-(s.tl)‘Z R2%km,Freq. agile é  f‘
TABLE 6.2-4 RANGE TRACKING ERROR s

f
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6.2.8.4; PROPAGATION DELAY IN RECEIVER.

The signal propagation through the microwave and electronic
portions of the receiver will amount to several hundred nanoseconds.
However, the nominal delay can be removed in calibration and only
the variation over temperature and aging constitutes an error.

We have assumed, to minimize matching loss, that the dominant
filter are two synchronously tuned stages. Considering cases of
pulsewidths of 0.1 and 1.0 the corresponding receiver noise
bandwidth will be about 7.5 mHz. and 0.75 mHz. respectively.

The time delay through each stage is approximatiely equal to the
reciprocal of the bandwidth of each stage, which is approximately
a factor of Y2 greater than the net resultant bandwidth. The net
delay through the receiver is then about 0.19 usec and 1.9 usec
corresponding to the bandwidths of 7.5 and 0.75 respectively.

Assuming the use of an attenuator pad type of AGC to hold the signal
level relatively constant, the variation in delay can be held to
about *3%. Taking this as a maximum value with a uniform erroxr
distribution the lo value is about 2.9%. The propagation delay

in terms of range is then 0.83moand 8:3m for the bandwidths of

7.5 and 0.75 mHz. respectively,

6.2.8.5. GATING DELAY STABILITY.

Variation in the propagation delay of the signal through the range
gate and counter start/stop circuitry are sources of error.

The nominal delay through these circuits will typically be about
10nsec with a variation of less than t3nsec maximum. Assuming a

uniform distribution of error the lg value is 1l.7nsec or about
0.12 meters.

6.2.8.6. CALIBRATION.

We estimate that a calibration of the range measurement portion
of the radar can be made to an accuracy of *0.5 meters at any

range to 19km. Assuming a uniform distribution of error, the lg
value is about 0.3 meters.

6.2.8.7. QUANTIZATION.

A 30 mHz. crystal controlled clock is used as the basic tiping
reference for the radar. One clock cycle is then 3.33x10 “seconds
which is equivalent to 5 meters of range.

}
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The RMS value of the guantization error for asynchronous counting
of a pulse train is related to the sample value and number of
samples as follows:

RME error = Sample vaiue .

{6 VY Number of samples

In our case the sample value is 5 meters. The number of samples
for a half second accumulation time at a PRF of 3.7 KHz. is 1850.
The RMS error is then 0.05 meters.

6.2.8.8. RANGE TRACKER JITTER.

For purposes of system sizing and comparisons, a split-gate range
tracker will be assumed. This type of tracker is approximately
matched to the received signal when the receiver bandwidth is
selected to optimize signal-to-ncise ratio. Other tracker
configurations such as a leading edge tracker which can yield
better accuracy but reguires wider receiver bandwidths, will he
treated later in the study.

Bartonl has developed expressions fox the one sigma value of the
random error or noise at the output of a split-gate range tracker,
G.r as follows:

T
g =
x Kr\/ (SWR) (PRE) (SNR > 1)
Br
where;
T = Pulse width.
K. = Error slope factor = 2.5 when gate width and bandwidth
is matched to pulse width.
SNR = Signal-to-noise ratio..
PRF = Pulse repetition frequency.
B. = Bandwidth of range tracking loop.

The bandwidth of the range tracking loop can be relatively long
for the skin track mode due to the moderate dynamics involved.
The bandwidth must be sufficiently high to prevent the tracker
from lagging off of the pulse during target—radar dynamics and to
prevent excessive lag error in the data.

Since the lag error can be removed from the range data'by computation,

a time constant of 0.5 seconds which restricts the lag to a small
fraction of the lpusec pulse width was chosen.

1. Barton, Loc Cit.
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The lo value of the fluctuating component of range error due to P

. themal noise is plotted in Figure 6.2.-10 as a function of signal-to-
i noise ratio and pulse width. A PRF of 3.7KHz. was used.

£.2.8.9. "TARGET INDUCED RANGE ERRORS. . 5?

The subject of target induced range errors was discussed in o4
Section 6.1. - The lo value of the range fluctuations due -t
to target effects is egual to about one half of the target depth P

in the range direction. For the 18.2 meter target at a 30° aspect o
the range fluctuations will be about 4.6 m,la.

This error can be reduced by a factor of about 3.4 using pulse-to- | ' i;i
pulse frequency agility with a total bandwidth of 375 Hz. : L

6.2.9. ACCURACY OF THE VELOCITY MEASUREMENT.

Relative velocity is determined in the non-coherent pulse radar
by taking range differences per unit time. Since we have assumed
a digital range tracking mechanization, the velocity data can be
obtained by implementing a digital filter. The filter would
consist of a near perfect differentiator followed by a low pass
filter. The filter would be of the form:

L s “
: H(S) = )
(1+7S) - | ;ﬁ.

where; - %%
Te is the time constant of the low pass filter. i

The response of the range tracker will also be approximated by a
low pass filter having a time constant .= 0.5 seconds as discussed

previously. t
The transfer function of the tracker plus differentiator plus low B
pass filter may then be expressed as: _ i P

(147,8) (141,8) | | S

For:the .case dof~a donstant range rate of V meters per second the cutpuas of ¢
dutput of the filter can be expressed: )

vV S

2 ! ’
S (1+Tts)Fl+TfS)

F,(5)=

which in the time domain is equal to:

- 1 - _t _ -t/
fO(t) =V [ 1 +-T_"_ (Tte jr—- Tfe Tf) ]

t Tf t

6.46
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In the steady state (t>>7) the output is a steady signal of
amplitude V meters per second as desired.

For the case of a constant re%atlve acceleration between the target :
and the radar of A meters/sec”®, the output of the filter becomes: *1

e 26 = pf$§7(ffff)

which in the time domain is:

7 C) /421( Y-l - ——;;— 7=E 'r—‘/} ’féi] _-%
'7fé In the steady state (t>>71) the output becomes:

L ,g@)ﬂ:,gr[-z‘—-(ﬁﬁfr)]

Thus, for the case of changing velocity at a constant rate the output

will lag the input by (Tt+Tf) seconds.

Ttem C.2 of the Functional Requirements for the Rendezvous Radar .
specifies that "the radar range rate shall not lag the true range 3
rate by more than 2 seconds." Since the range tracker time is B
about 0.5 seconds the time constant of the low pass velocity
Filter should be less than 1.5 Seconds. A value of 1.0 second
willi-be used for preliminary computation purposes.

The error in the velocity measurement can be expressed as a steady
term plus a fluctuating error component.

The steady error will be proportional to the range error plus the 5
error in the differentiating process. The latter error is '
negligible for the digital mechanization. The steady error is
also very low because all except the fluctuating errors and the
error in the clock frequency listed in Table 6.2-~4 are slowly varying errors
{constants) which drop out in the differentiatian process. The :
steady velocity error will then be about 0.01% of the velocity.

- s e
I




o Considering the fluctuating component of the velocity nrror we

o . will. treat first the fluctuating error due to tracker jitter

KU due to thermal noise. We define a range spectral density, W_(w),

' which exists prior to the effective filter in thao range tracker, ]
Wo{w) is essentially flat over the frequency region of interest -
ox Wr(w)=wr. Then, the total noise at the velocity output port is: - 5

‘ A= _ @ e | ]
’/ f@ L7 (0. 5w) "jﬂ:&ﬁaw)ﬁ] ‘ I

o2

This Entegral was evaluated by numerical means with a result of : i

- § = 1.85 Wr .

The range noise spectral density, W., at the input to the tracker

low pass filter is equal to 5
, 2 ]
e} T
Wr =T t mz/radian
1.57
where C.. is the RMS Tange noise at the couput of the range tracker

low pass filter and the factor
effective noise bandwidth to 343
pass filter.

of 1.57 relates to the ratio of
b bandwidth of a single section low

0.5 seconds and a time constant of 1.0 seconds for the low pass
filter following the differentiator, the total noise power at the
velocity output port of the filter is:

2
N = 1+85 0% 0.5

- 2
= 0.59 o,
1.57

The RMS or 1o value of the noise 1s‘{N= 0.770r

lim
- - B

To maintain the velocity noise below a lo value of 0.1lm/sec as
specified (0.3m/sec, 30), the range noise must not exceed 0.13 meters,
lo. Referring to Figure 6.2-10 and considering only thermal noise
we see that for pulse width of lusec a signal-to-noise ratio of

13db is required to achieve this low value. '

. i




The largest contributer to noise on the velocity output will be
T due to target induced range noise. This subject was discussed
' in Section 6.1 where it was shown that extremely lLigh
apparent range rates can be generated due to very small changes
in target aspect.

Considering the 18.2 meter target with two dominant reflecting
surfaces on either end with a ratio of effective scattering
area of 0.5 and a relative change in aspect angle of 2.8°/min f ;
at an aspect angle of 30° as discussed previously for mission 3-B, P
a maximum range rate of about 122m/sec is indicated. The rate P
of this variation will be about 0.87Hz. This rate will be me
attenuated by a factor of about 5 by the velocity filter network o
to about 24 m/sec. ‘ {'*ﬁf

A

An appreciable reduction in the target induced noise can be obtained

by the use of frequency agility. By using the six step frequenuy

agility and a PRF of 3.7KHz. the lowest frequency component of

the range noise will be increased to 617Hz. A 617Hz. variation

will be attenuated approximately a factor of 4000 by the wvelocity |
filter network. The 122m/sec peak velocity noise would then be !
reduced to about 0.03 m/sec. ?

s L
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6.2.10 ANGLE TRACKING ACCURACY.

The accuracy of the angle track of the target can be expressed
in terms of bias errors and fluctuating errors. The former may be
caused by offsets in the positioning servo and phase errors in the
antenna feed lines, in the monopulse combiner and in post conbinexr
circuits. Fluctuating errors may be caused by receiver noise and ”;gf

glint of the target.

'The allowable error (3c) in line-of-sight angle (LOS) is
60 milliradians (3.4°) bias exror and 10 milliradians (0.57%)
random error. The allowable error (3¢) in LOS angle rate is
o0.14 mR/sec (0.008°/sec) bias and 0. 14 mR/sec random. We note
+hat with tHe narrow beam antennas contemplated that the allowable
bias angle error is well off the main lobe of the antenna. Further, 1

the allowable angular rate error is extremely small.
.2.10.1 _BIAS_ANGLE TRACKING ERRORS.

The tracking erroxr introduced by phase errors in the monopulse
combiner process and antenna feeds has been analyzed by Dunn and @ f

Howardl who give the following expression:
1
f&—K-—‘i’tand)

where

e.= Error in pointing angle

K = Gain constant
¥ = Pre-combiner phase error {aséumed small)
P

Post~combiner phase error

The gain constant K relates the output of the phase sensitive
detector to small angular displacements from boresight for a given
‘ f

1, Dunn, J.H. and Howard, D.D. vprecision Tracking with Monopulse

Radar" Electronics, April 22,1960.
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signal amplitude. Barton1 has shown that the error slope for
typical monopulse antennas is equal to 1.57 times the maximum
voltage of the sum channel per beamwidth error. In Dunn and
Howards equation then, assuming unity max reference ﬁoltage, the
value of K is equal to 1.57 divided by the beamwidth.

The error equation may then be written in terms of the antenna
beamwidth, o, as follows

a¥ tand
e —
3.14

Typical monopulse combiners at Kuband, such as those built
by MDL, have phase errors of about 5° over a 10% bandwidth.
Allowing an édditionai 5° of phase error in the feeds a total
pre—cbmbiner exror of 10° will be assumed. The post-combiner
phase error, principally that associated with the IF amplifier

can be maintained less than 10° over the range of input signal
levels.

The net bias error is then computed to be 0.24 milliradians
(0.014°) for the 1 meter diameter antenna and 0.48 milliradians
(0.028°) for the 0.5 meter antenna. These values are two orders
of magnitude better than the 60 milliradian allowable bias error.
We conclude that the phase match tolerances can be appreciably

larger than those assumed and still meet the angle accuracy
regquirements.

6.2.10.2 FLUCTUATING ANGLE TRACKING ERROR.

The fluctuating error due to receiver noise in a monopulse
tracking system has been treated by Barton who gives the following

i

1. Barton, D.K. Radar System Analysis.

i
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expression:

o, = <
t =  \JONR Briyp
m\ CB
where
0. = RMS antenna pointing error
Km = Slope of monopulse error

SNR = Signal-to-noise ratio in bandwidth R
T = Pulsewidth

= Pulse repition £f£requency

R = Antenna servo bandwidth
o = Antenna beamwidth
o = _LISNR

SNR

The parameter C takes into account the fact that both the

reference and the signal input to the phase sensitive detectors

T

are noisy and that the output signal-to-noise ratio of the detector

is reduced from the input signal-to-noise ratio of the difference

1+SNR
SNR
ratio in the sum channel.

channel by the facter where SNR is the signal-to-noise

Barton shows that the error slope, Km’ is equal to 1.57
for typical monopulse antennas. The servo bandwidth must be

optimized for best tracking performance with minimum random

error or noise. For preliminary sizing purposes a value of 1lHz.
for the 1 meter antenna and 0.5 Hz for the 0.5 meter diameter

oy reaie L e
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antern»a, which are indicated from search requirements, will be
used. The bandwidth can be changed during the tracking mode if
required to optimize tracking.

The resulting RMS noise for the two antennas is tabulated
below. The sighal-to-noise ratio used is that obtained at about
19km range which is about 2.3 dB greater than at 21.7 km where
acqguisition must begin. The IF noise bandwidth was taken as

0.75 mHz., the pulsewidth at lusec and the PRF at 3.7 kHz.

Antenna Beamwidth SNR IF noise Servo noise RMS

size, m one-~way,Rad dB BW,mHz. BW,Hz, tracking
noise,mR

0.5 0.049 ' 4.3 0.75 0.79 0.38%

1.0 0.024 8.3 0.75 1.57 0.15

The tracking data is smoothed with a time constant of
2 seconds which has an equivalent bandwidth of 0.08 Hz. The RMS
tracking noise on the data is then reduced by the square root of
the ratio of data smoothing bandwidth to servo bandwidth or to
G.12 mR for the 0.5 m antenna and 0.034 mR for the 1.0 meter
antenna. The 30 values are 0.36 mR and 0.1 mR for the 0.5 and the
1.0 meter antennas respectively.

Angular scintillation (glint)'of the target also contributes
to the random tracking error. As reported  in Section 6.1 of this
report, test data on aircraft models and on aircraft in flight
indicates that the standard deviation of the glint error is between
0.3 and 0.5 times the target extent. In the case of the 18 meter
target, and assuming an aircraft-like scattering properties

rather than the dumbbell model also treated in Section 6.1, the
, .

= .
P T
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RMS_glint ig about 9 meters. At ranges less than 2.7 Xm the
tradking error due to glint exceeds the 3.3 mR RMS allowed random

error.

The use of frequency agility can reduce angular scintillation

as long as the scintillation arises from scatterers distributed

" in the range dimension as well as in the angular dimension.

Lindl shows: that the decrease in spectral density of the glint
at zero frequency is approximately equal to the freguency agility
pandwidth divided by 2 times the critical freguency. The critical
frequency, Afc, as discussed in Section 6.1 is equal to

w _ G
A2.= 25

where ¢ is the velocity of light and D is the range depth of the
target. -

The reduction in tracking error by frequency agility is the
square root of the reduction in spectral density as given below:
BD

_ Reduction = -——c-—

where B is the freguency agility bandwidth.

The: 18 meter target has a radius of about two meters. In
the case of this target viewed broadside {(which appears to be

the condition for Mission 3-B at a range of about 7 km), D=2 meters.

With the 375 mHz. frequency agility bandwidth previously
considered for acquisition the reduction in tracking error with
frequency agility is a factor of 1.6.

i

1. TLind, G. "kReduction of Radar Tracking Errors with Frequency
Agility", IEEE Transactions AES-4 No.3, May 1968.

TR




At a range of 2.7 km for Mission 3~B the target is viewed
at an angle about 20 degrees from broadside and D becomes eqgual
to about 6.5 meters and the reduction in tracking error is about
a factor of 2.9. At 1 km range the viewing angle is about 32

degrees from broadside and the reduction in tracking error is about
3.8. ‘

A plot of the RMS angle tracking noise due to glint for the
18 meter target and Mission' 3~B is shown in Figure 6.2-11 for the
freguency agile and non-frequency agile cases. It is noted that
there is a significant reduction in the tracking noise due to
glint when frequency agiiity is used, particularly when the
target is viewed at an angle off of broadside.

We will next estimate the spectral characteristics of the
glint.

The 18 meter target  viewed near broadside passes through
glint cycles about every 0.04° of aspect angle change for dominant
reflectors on either end and at a slower rate for reflectors
nearer the center. At a maximum LOS rate of about 0.2° per second
indicated for Mission 3-B, a maximum angular scintillation rate
of about 5 Hz. can be expected without frequency agility. The
glint spectral density, assuming a flat response to the maximum
frequency of 5 Hz. and for the RMS value of 6.2 mR, indicated

in Figure 4-3 for a 1 km range, 1is 7.7x10_6Rad2/Hz. Using 375 mHz.

bandwidth frequency agility)the spectral density is reduced about
a factor of 14 to about 5.5x10-7Rad2/Hz.

The 1 Hz. servo bandwidth associated with the 1 meﬁer antenna
will then result in tracking noise due to glint equal to about
0.93 mR RMS. The 0.5 Hz. servo bandwidth of the 0.5 meter antenna
yield tracking noise of>0.66 mR RMS.
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In addition, if the angle data iz smoothed with a time constant
of 2 seconds {0.08 Hz. bandwidth) the RMS noise on the angle
readout for either antenna will be 0.2 mR RMS or 0.6 mR, 30.

6.2.11 ANGLE RATE ACCURACY.

.The error in the angular rate measurement includes errors
contributed by the rate gyro, dynamic response of the tracking
system and noise due to differentiation of antenna positioning
noise caused by thermal noise and glint.

Angular rates up to 5 degrees per second as specified can be
measured with an accuracy of .005 degrees per second‘or about
0.09 milliradians/sec., using a good quality rate gyro. The
standoff error is also about this same value. The rate errors
due- to dynamic response of the servo is a function of the angular
acceleration of the target. This error will not be treated in

this study due to lack of information on the parameters involved.

The'response of the rate measuring device to antenna jitter
due to thermal noise and glint is treated next. The parameters

involved in rate response to antenna jitter are shown below.
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Carrying out the operations indicated above, the mean square

noise on-the rate output, N, can be expressed in the case of the

¢
) 0.5 meter antenna
m '2 .
N= W!:ﬁl[ﬁ = 2 2 A
o [1+(.32w) “] [1+(2w)“]
{ _
carrying out the indicated integration by numerical means we find
N=l-03W'\\’»’) -
For the 1.0 meter antenna the relationship is
N=2.12Wi ) .
The density function in the case of antenna jitter due to
~ thermal noise is developed from the previous expression
L) : .
g, = o
t KmifBNR BiI,
' cB
to be equal to
2ﬂd2C 2
Wiw) = Rad”/Rad
kmz(smgsrfr

Tn the case of the 0.5 meter antenna W(w) is computed to be
1.12}:10"6 Radz/Rad and for the 1.0 meter antenna case it is
9x10” % Rad2/Rad. i

6.59
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n the angle rate output in the case

The'resultant RMS noise O

of the 0.5 metexr antennd is then computed as follows:

ain =Vﬁ1.03)(1.12x10‘6) = 1.07x10“3Rad/sec

nna the RMS angle rate

Gl
]
£

of the l.v meter ante

In the caseé
4. 4x10 *Rad/sec.

noise due to thermal noise is

ects of glint on +he rate output:

Considering next the eff
determined for the and

e the expression previously
5.5xlo—7Rad2/Hz., and compute the res

The result for the case

we us ular noise
density due to glint, ultant
noise on the angle ra

of the 0.5 meter antenna is

Org = V&l.UB)(2ﬂ5.5X10-7) _ 1.9%10 “Rad/sec

+e output as above.

and for the 1.0 meter antenna +he RMS angle rate noise due to

glint is equal to 2.7x10f33ad/sec.

se are rabulated helow.

The 30 values of the angle rate noi

R mRad/sec. ;30

Antenna size Angle rate noise,
Due to rhermal noise Due to glint
at 19km

0.5 m 3.2 5.7
l.o m L—_ 1-3 8-1-
e to thermal noise occurs

due to glint occurs at
t is predicted

We note that the maximum erroxr du

e whereas the maximum noise

noise in either even
fied value of.D.lémR/sec,Bo.

at maximum rang

shorter ranges.
to he substantially laréer

The angle rate
than the specl

The total random angle rate error 15 the R8S of these values

f of about 0.09 mR/sec.

and the rate gyro erro

i
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n 6.3.. _ANALY¥SIS OF COHERENT PULSE RADAR.

ﬂyz A candidate coherent pulse radar scaled to the requirements
of the rendezvous radar is described in this section, A summary of
characteristics of the radar is given in Table 6.3-1 A functional
block diagram of the radar is given in Figure 6.3-1

The range to the target is determined by measuring the time delay
between the transmitted and receive pulse in the same manner as et

described for the non-coherent pulse radar. The relative velocity

between the radar and the target is determined by extracting and
measuring the doppler shift on the received signal.

‘. : 6.3~1 AMBIGUITY CONSIDERATIONS.

The ambiguity diagram for a uniform pulse #rain was discussed in

Progress Report #2. The diagram is shown again for reference in

Figure 6.3=2.

ﬁ“) Velocity ambiguity peaks occur for doppler frequencies spaced :%'g
by the PRF = (i—). The ambiguity function is of the form sin Nmw¢A L
A ' NsinwdA
along the velocity axis where N is the number of pulses integrated
and ¢ is the difference between-the received doppler frequency and
the doppler frequency to which the filter is matched.

For the number of pulses integrated, N, equal to 16 or greater,
as is the case with both the 0.5 and 1.0 meter antennas and a PRF
of 3.7 XKHz., the amplitude of the first sidelobe is about 15.7 db
below the main lobe.

It is apparent from the ambiguity diagram that to avoid the

possibility of tracking the wrong doppler peak the PRF should be
higher than the greatqst spread in doppler frequencies, considering

both opening and clesing velocities.

N - -
-
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TABLE 6.3-1 CHARACTERISTICS OF CANDIDATE COHERENT PULSE RADAR :'  ‘
PERFORMANCE CHARACTERISTICS 1\ '_'
. . E s \i
Detection range (PD=0.99,Swarling Ii m2 target).. ... 19km -
Velocity capabillity cvoeuerectoresecnnesansencanssenass =20 to +46 m/sec %Tf
Acquisitiorl time ® % 4 & 2 4R AR AR S AN E ¢ s RS B DS S RSP A A RS 60 Sec E":,ni- .‘
Angular SEarch COVEXagEe «eecsescsassesonesnsnsnsanssas B80° cone iR
Accuracy, 30 at maximum range Sl
_ Bias Random o %
Angle track 0.24 mR 0.1 mR R
Angle rate 0.09 mR/sec 1.3 mR/sec
Range (lag error) 29.7 m .
Velacity {lag error) Vf.032+(.006V)2 3
SYSTEM CHARACTERISTICS !
Operating frequency e aeeaaareeatee e anaean aseessas 15 gHz,
Antenna

SiZe L N N I N R R R R R R T T YT S

Beamwidth (two way)

Gain LI N S A B I I A " a a8 ws LR A L DR B B R Y N T I I N T N

SCEIN PrOYYEAM o ueeaeannssosnsonsonssnonnanannsenssss

TRANSMITTERl

A. During angle and range acquisition.

Pulsewidth\....l..l‘...'d‘.;.l..llll'lll.ll..‘-...

PRI ...... e eameeetiaereraaane

Pea}.‘: power LA LR LR B B N A N L A I I I B B B BT B I B I I I N R A R R Y

Average power 4 B BB R D e R EF S S S E T R RR R R 4R AN NS TE e 6

1. A margin of 2 dB has been applied to transmitted power.
2. Changed to 4.8 kHz due to revised velocity limits.

6.62
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1 m diameter A

1.0 degrees

41.7 dB
spiral
b
- oo g
l.0usec G
eeveesesss £.8 KHz.
1.3 kw

watts
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TABLE 6.3.~1. (continued)

()

Transmitted frequency....... ....{............Frequency agile
Number of discrete frequencies ........ 6
Freguency separation ..c.sesseescscceses 75 mHZ.
Total agility bandwidth........e2v.se.. 375 mHz.

B. During velocity acquisition and target tracking.

Pulsewidth \
Range <9KmM....vcues chrecenanas sees L.0usec
Range “0KM..ieeuiveeseaenanaanans ... D.lusec
PRF..... stessvranssaaccenuasannrvsenensesa.4,8 kHz.
Peak power.:......,.............:.;.... 1.3 kw
AVEXage POWET . 2ueeeaeeaassescaaoanacens 6 watts
Transmitted frequency........... «asase. Freqguency agile
Recelver noise temperature..... suensssesvaas L758°K
- Receliver noilse bandwidth
ig} ' Range >9KM .ivenvencccranenananans «es.. 750 kHz.

Range <O9KM.c.eescevsvasnsnnas eeaemena . 7.5 mHz,
Doppler tracking filter width.........cane.. 200 Hz.
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The maximum velocity for the rendezvous radar in the skin
track mode has been specified by JSC as +150 fps or 46 m/sec.l
Plots of allowable range velocity envelopes to avoid range and
valocity ambiguities at transmitted freguencies of 10, 15 and 30GH=z.

are given in Figure 5.3-3 along with the specified operating envelope.

Also shown in the figure is the nominal range-velocity profile
for mission 3B. The range and velocity uncertainties for that
mission are also shown for the maximum specified operating. range of

19 km.

It may be observed from the figure that even without allowances
for a dead band beyond the upper 1imits of range and velocity, that
it is not possible to obtain unambiguous range and velocity data over

the limits specified at the favored operating frequency of 15 GHz.

There is the possibility that +he maximum opening velocity will
not be as high as the maximum closing velocity. The profile of
mission 3B, for example, indicates a closing velocity for most of
the rendezvous. I1If we assume a maximum closing velocity of 46 m/sec
as specified, but a maximum opening velocity of 20 m/sec the doppler
frequency spread is 6.6 Kiz. Tn this event a PRF of 6.8 KHz. can be
used as discussed for the non-coherent pulse radar. This results
in unambiguous range information to 22 km and unambiguous velocity

information over the velocity range +46 m/sec to =20 m/sec.

6.3.2. METHOD OF RESOLVING RANGE AMBIGUITIES.
Tn the event that the total velocity spread is too large to
allow unambiguous operation at maximum range, methods exist to

resolve the ambiguities as discussed in the following paragraphs.

T+ is apparent from the ambiguity diagram for a periodic
pulse train, Figure ¢.3-2 that the range and doppler ambiguities

L. The velocity range was later modified to -38m/sec to +7.5m/sec.

6.66
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are a result of the egual spacing of idertical transmitted pulses.
Two commonly used approaches can be taken to expand the non-ambiguous
range-velocity region. rhe first is to sequentially transmit
multiple fixed values of PRF and resolve the range ambiguities in
data processing. The second is to use a random PRF which in effect
smears all but the central ambiguity peak into a broad area, allowing
the ambiguity to be resolved through amplitude discrimination.

The multiple discrete PRF approach is the easier to implement
of the two and it will be used for reference purposes in this study.
A dual sequential PRF system uses two values of PRF switched to resalve
range ambiguities. The two PRFs are chosen to have a common sub-

multiple freguency and a ratio of highest PRF to lowest of my/my

where m, and.m2 are integers. The maximum unambiguous randge may
then be expressedl:
Wy c

Runamb. = s

PRFmin 2

In our case to avoid velocity ambiguities over a 146 n/sec velocity
interval the minimum PRF must be +wice the doppler frequency oOr

PRF = 2 (%! = 9.2 KHz. at a transmitted frequency of 15 GHz.

To provide a margin to facilitate filtering, a PRF of 10KHz. will

be selected. The parameter m, becomes eguzl to 1.47. Since m.,

must be an integer its value will be 2 and the unambiguous range

becomes equal to 30 kn. The two values of PRF are then:

10 KH=z.
15 KHz.

PRF2 = Z 0
PRFl

I
i

where a is a parameter used for convenience in calculating the value

of PRF, given PRF,.

1. Skolnik, M.I. Radaxr Handbook
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In this dual PRF system the initial angular search for the target
would be conducted with a PRF of 10 KHz. After acquisition and stop
of the antenna scan the range tracker would be allowed to search
the 15 km range associated with the iO KHz., PRF, lock on, and measure
a range which we will call R’. The measured iange can eitiher be

equal to the truwe range or equal to the true range minus 15 km.

The PRF is then changed to 15 KHz. and the range gate is
positioned in the various positions tabulated below and a ‘test is
made for signal presence.

Gate positions Signal presence True

for 15 KHz. PRF range
R’ e G G G

1 2 1 2

<10 km ;R - v R’
<10 km | - R +5km L R’ +15km
>10 km | R ~10km| - - R’
>10 km | - R’ -5km v R’ +15km

The true range is then determined by noting which gate the signal
appeared in as indicated in the table.

After resolving the range ambiguity the PRF is switched back
to the 10 KHz. mode and range tracking proceeds. A digital
implementation of the range tracker is assumed so that the 15 km
offset can be readily switched in to the data registers. When the
measured range approaches 15 km the PRF is switched to 15 KHz. to
avoid eclipsing the return signal by the transmit interval. When

the measured range decreases below 15 km the PRF is switched back
to 10 KHz. ) ‘
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6.3.3. 'PARGET ACQUISITION.
Three conditions will be considered during initial acquisition.
(1) That the velocity range is -20 to +46 m/sec and the target range
is known within an uncertainty of #2 'km so that a PRF of 6.8 KHz.
may be used. (2) That we have the same velocity range but no
a~priori information so that a PRF of 3.7 KHz. must be used for initial
acquisition and switch to 6.8 KHz. for tracking. (3) That the
velocity range is *46 m/sec and a dual PRF mode is used with a PRF
of 10 KHz. and 15 RHz.

In conditions (1) and (2) the acquisition characte. 'stics and
average power required for acquisition are the same as previously
established for the non-coherent radar with a PRF of 3.7 KHz. or
6.8 KHz. We note also that since there is only one pulse "in £light”
within the range interval of interest (22 km) that pulse-~to-pulse
frequency agility can be used just as in the case of the non-coherent
radar previously discussed. The only complication, as discussed
later, is that the freguency agility program results in a spreading
of doppler frequency which complicates acquisition and tracking

of the doppler signal

Considering the ﬁhirdi case of the dual PRF of 10 and 15 KHz.
we note that we can not use freguency agility when the target signal
return time may be greater than the interpulse period. The reason
being that the local oscillator is normally switched to the new
frequency when the next pulse is transmitted and the retain signal

from the first pulse would then not be recognized.

Tn order to take advantage of the benefits of frequency
agility a lower PRF could be used for initial acquisition and range
determination and then the PRF increased to 10 and 15 KRz. as required.

This sequencz would be as follows:

T




Conduct the initial angular search at a PRY of either 6.8 or 3.7 KHz.

depending if a-priori range information is, or is not available.
Frequency agility would be used. This search program is the same as
discussed for the non-coherent radar and the acquisition

parameters developed previously apply. ‘

After initial acquisition and stop of the antenna scan, the range
tracker is allowed to search for and acquire the signal. At the lower
3.7 KHz. PRF the tracker can search through the entire interpulse
region moving 1 range gate width per pulse in about 0.073 seconds
assuming a range gate width of 1 u sec.

Allowing a dwell time of 10 pulses per range position, the total
range search time is about 0.8 seconds. Now having the true target
range contained in the tracking register the PRF can be increased
to 10 KHz. to provide unambiguous velocity information. A switch
would be made to 15 KHz for a short period when required to avoid
eclipsing. '

Having knowledge of target range the local oscillator signal can
be programmed for the proper fregquency to correspond to the transmitted
Pulse being received. '

4

5.3.3.1.,DOPPLER FREQUENCY SEARCH AND ACQUISITION.

The amount of power in the carrier term, Pc' or central line,
which will be processed by the doppler tracker, is related to the
peak power of the received pulse train, Pr’ as follows:

Po |

Ut

PrT2 (PRF)2

where 7° is the pulse width.
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Assuming the use of 2 synchronously tuned IF stages as bhefore,

the noise bandwidth, B, is equal to 0.75
T
ratio at IF as previously developed for the non-coherent pulse radar

is SNR/;, = P_ T

and the signal to noise

- where N, is the noise density. The peak

0.75 NO

signal to noise density ratio becomes

P

r _ SNR/ . ( .75 3
1£

NO T

Finally, the carrier to noise density ratio can be expressed:

P
s

~— = BSNR/.. ( 0.75) T (PRF)2
if
No

The doppler tracker is fed from the range gated IF signal.
Consequently, the amount of noise power is reduced by the duty

ratio of the range gate acting on the noise, Dn' Assuming a range

gate equal to the pulse width, Dn = T (PRF).

The signal to noise ratic within the doppler tfacking Ffilter
having an effective noise bandwidth; Bt: can then be expressed:

P Lo (0.75) PRF
SNR/tracker L. = SNR/if B
NOBtDn t

6.72
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6.3.3.2. SELECTION OF DOPPLER FILTER WIDTH.
The optimum doppler tracking filter width is a function of
the acceleration to be tracked, closed tracking loop bandwidth,

allowable doppler search time and IF signal~to-noise ratio
available. |

Congidering first the'acceleration to be tracked, at maximum
range (19 km) for Mmission 3-B the rate of change of velocity is
only about 0.1 fps or 0.03 m/sec. During the braking sequence
commencing at about 7.5 km range the velocity is decremented in
5 fps steps. Using a value of AV = - 10 fps/sec2 or 3.05
m/sec2 the rate of change of doppler frequency is 305 Hz, /sec.

The doppler tracking loop can be implemented with a rather
fast closed loop time constant, 0.05 to 0.1 .seconds is typical,
to allow tracking during each AV step. The velocity data can be
smoothed later to the extent required.

A first order tracking loop with a transfer function of the
1

l'+7Ts

form with T = 0.1 seconds will be assumed. Since
accurate velocity data is apparently not required during the
actual veloecity step a second order loop is not required.,

The loop will then +rack the frequency change during the
step with a lag (in the steady state) of 30.5 Hz. To maintain
track during the step the one sided tracking filter bandwidth
should be 30.5 Hz., or 61 Hz. total.

By the time the range has decreased to 7.5 km the signal-to-
noise ratio in the IF bandwidth has increased by about 18 db from
its value at initial angle acquisition beginning at about 22km.
This results in a high signal~to-noise ratio in the doppler
tracker during the timé of maximum acceleration. The signal-
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to-noise ratio within the tracking filter which is required for
7y good tracking performance is about 3 db. gf
L :
Considering next doppler tracker acquisition and operation
at maximum range, the rate of change of doppler frequency is
extremely small, about 3 Hz /sec. The choice of doppler tracking
filter width in this regioh is dictated by signal-to-noise ratio

and acquisition considerations. e

i

The probability of acquisiiion per doppler search cycle
will be a function of the fluctuation rate of the target return.
From considerations of rate of change of relative target aspect

angle for mission 3-B as discussed previously it appeaxrs that

targets 3 meters in length or greater will decorrelate in about
5 seconds for a fixed transmit frequency. Therefore it is reasonable
to select the doppler search period to be about this value since ‘

l1ittle benefit is gained in searching at a higher rate.

() Adopting a 5 second search rate we can determine the appropriate
'. doppler filter width to cover the *46 m/sec. velocity or +4.6 KHz

dopplerlfrequency band in the interval. If we assume the tracking

filter is made up of a dual section RC filter as will be discussed

in a later section the ecuivalent time constant of the filter,

Tf, is equal to:

r -

where fr is the one sided noise bandwidth, which in turn is equal
to 1.22 times the 3db corner frequency of the dual section filter.

The 3 db filter width, B, is then selected such that the dwell,
time on any frequency is equal to Tf when the filter is swept over

the 9.2 KHz. doppler range in 5 seconds. This criterion results } 1ﬁ&é
I oo




in a two-sided, 3 db doppler filter width, B, of 28 Hz.

Using this value for 3 db bandwidth the noise bandwidth, Bt'
is 34 Hz. The signal-to-noise ratio in the tracking bandwidth is
related to the signal-to-noise ratioc in the IF bandwidth as follows:

_ 0.75 (PRF) 19 db for PRF = 3.7 KHz.

SmR/tracker
; B
SNR/if t

21.8 db for PRF = 6.8 KHz.

6.3.3.3. DOPPLER SIGNAL ACQUISITION.

Assuming the frequency search time equal to the target
decorrelation time for the case of a fixed transmitter freguency
the doppler acquisition problem involves Swerling case 1 statistics
(an independent lock each data sample) with a single pulse
integrated. Allowing 2 sweep intervals at 90% probability of
acqguisition per sweep a signal-to-noise ratio of about 21 db
in the doppler tracker bandwidth is required. This corresponds
to a signal-to-noise ratio af IF of 2 db at a PRF of 3.7 KHz.
and -0,8db at & PRF of 6.8 KHz. This is appreciably less than

required for initial angle and range acquisition.

The SNR required for initial acquisitioq,as given in

Sectionb.2is as follows for 2 angular search frames in 60 seconds.

Antenna size PRF SNR required for acquisition
0.5m 3.7 KHz. 5 db
0.5m 6.8 KHz. 7.5 db
1.0m 3.7 KHz. 13 db
1.0m ' 6.8 KHz. 11.3 db

We conclude that initial angle acquisition is the driving
requirewent with respect to signal-to-noise ratio required, rather
than doppler acquisition and tracking.

A e i et ¢ T e o
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Considering next the use of frequency agillity. the doppler
E#} frequency spread due an agility bandwidth of 375 MHz. is 2.5%.
To accomodate the resulting doppler frequency spread of 115 Hz.
at a velocity of 46 m/sec, the dopplér tracking filter bandwidth
should be at least 115 Hz. & filter bandwidth of 200 Hz. was '

selected to decrease acquisition time as discussed later.

Rather than calculate the signal~to-noise ratio required
for acquisition for a signal spectrum of this type, some measured
data was examined. For 2 Gaussian shaped doppler signal spectrum
with a half power bandwidth of 100 Hz and a 100 Hz2. tracking
filter searching at a rate of 1.6 KHz /sec,a signal-to-noise

ratio of 4 db is required to achieve an acquisition probability

of 0.90 per scan. The total doppler frequency range, *4.6 KHzZ.,
coula be searched in 5.8 seconds at the 1.6 KHz ./sec rate. The
search rate can be increased by using a widex tracking filter
width at a corresponding loss in signal-to-noise ratio. A filterxr
width of 200 Hz. for example allows a search rate of 2.8 KHz./secC

{'} to be used which corresponds to a search time of 3.3 seC per frame.

A 4 dB SHMR -in the doppler tracking bandwidth corresponds to a —6.6dB
signal~to-noise ratio in the IF bandwidth at a PRF of 3.7 Hz.
and -9.2 db at a PRF of 6.8 KHz.

For comparison purposes the signal-to-noise ratio required ‘
for initial angle acquisition using frequency agility is tabulated i

below: (see Section 6.2)

Antenna size PRF SNR regquired ;
0.5m . 3.7 KHE.  2.1db
0.5m 6.8 KHz. 0.6 db o ‘
1.0m 3.7 KHz. 6.0 db Lo
1.0m 6.8 KHz. 4.4 db ”

{

i
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It is apparent that initial angle acguisition is again

i;) the driving requirement so far as sizing the system parameters
e which affect signal-to-noise ratio rather than doppler freguency
acquisition and tracking. Therefore, the transmitted power
requirements developed for the non-coherent pulse radar in L
Section 6.2 also apply to the coherent pulse radar as

discussed in this section.

6.3.4. DOPPLER FREQUENCY MEASUREMENT. o %
A block diagram of a candidate doppler frequency tracker :

is given in Figure.6.3-4. The signal at the output of the IF

amplifier is converted to audio (zero IF frequency) by mixing

with a quadrature signal at the IF frequency which is coherent

with the transmitted frequency. The conversion to audio frequency
facillitates filtering of the signal to avoid the doppler shifted

signals associated with other spectral lines. The conversion to
audio is done in quadrature to preserve the sign sense of the

(o velocity data. The quadrature signals are applied to a single
sideband modulator where they are mixed with guadrature signals
generated by the tracking loop. One pair of mixed signals is
used to operate the acguisition circuit. The other pair is
summed which effectively cancels one sideband of the mixing
process. The single sideband error signal is egual to a fixed
loop reference frequency, Fc’ which can be any convenient fregquency
above the maximum doppler freguency, plus the tracker error
frequency. This signal is mixed in guadrature with the reference t
freguency and the resulting quadrature components of the error e
frequency are filtered and limited and applied to a discriminator. :

The low pass filters form the doppler tracking filter. Either i_ ?ﬁ

an up pulse or a down pulse is generated each cycle of the error .

frequency depending if the error frequency plus reference frequency

is above or below the reference frequency. The discriminator
' f
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output is applied to an up/down counter which counts up or down
depending on the sense of the error frequency.

The output of the up/down counteir controls a binary rate
multiplier, BRM, which operatas on the clock frequency. The
BRM generates a frequency which, after adding in an offset
frequency and debunching,ié applied to the simgle sideband modulator
to close the tracking loop. To avoid the complication of
determining sign sense the loop is offset with a frequency .equal
to the maximum expected negative doppler freguency, F-
The parallel binary signal at the output of the up/down
counter is transferred into a shift register. The doppler frequency
measurement is then shifted out to. a display upon command.

S8ignal search and acquisition is achieved by applying a
clock signal to the discriminator which causes it to generate up
pulses which are used by the up/down counter to generate a frequency

sweep. The frequency transitions back to the lower sweep limit
when the counter overflows.

Signal acquisition is based on a correlation process in the
two acquisition channels. If noise alone is present the signals
in the two channels are uncorrelated and the average value at the
multiplier output is zero. If signal is present the multipler
output has a net positive average value which is sensed by the
threshold detector when the signal-to-noise ratio xeaches. a
preset value (about 3 db). Upon sensing the presence of a signal

the frequency search is halted and doppler tracking is initiated.
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6.3.5. ACCURACY OF MEASUREMENT OF DOPPLER FREQUENCY.
The accuracy of measurement of the average dopplexr frequency

will be better than 1 Hz. (0.01 m/sec) with the digitally implemented
frequency tracker deseribed above. This accuracy value was obtained

from examination of test data on similar freguency trackers
and under conditions of doppler spectrum widths up to the
tracking filter bandwidth and signal~to-noise ratios as low as
3 db.

In the case where frequency agility *s not used, the central
doppler line has a very small bandwidth after mixing with the
coherent source and the fluctuation error of the frequency tracker
is mainly a function of the tracker bandwidth and signal-to-noise
ratio. For this case the rms value of noise at the tracker
output, Copr is approximated by the expression

1,2 /2
o = .078B (l+—§7N) :
T (1 + s/N)L/2
where B = tracking filter bandwidth

T = averaging time
S/N= signal-to-noise ratio

Considering operation at the maximum range, the signal-to-noise
ratio available at angle acquisition varies from about 9 to 13 db
depending on PRF and antenna size. Using the 9 db value and a
tracking filter width of 200 Hz. with a 2 second data smoothing
time the rms value of the noise at the tracker output after
smoothing is 1.8 Hz. This is equivalent to a rms velocity
fluctuation of 0.018 m/sec.

The noise at the output of the frequency tracker for the case

of frequency .agility iF & complex function of the fluctuation

#




characteristics of the target. This comes about since the
discrete doppler spectrum will peak at various frequencies

dependihg on what carrier freguency yields the highest target

i
|
)
return.at a given instant of time. ?ﬂ
|

, A maximum value for this variation is equal to the extent
! of the doppler spreading due to frequency agility. This is equal
: £o + 1.25% of the center doppler frequency for the 375 MHz

I
PP PR, N

frequency agility bandwidth considered previously. However, this ¢

: is clearly an extreme case requiring the return from the-first
Sl or last agility positions to be at least an order of magnitude E %
larger than Ifrom any other frequency agility step over the 2 i

! second aliowed averaging time.

A more reasonable model wonld be a.linear variation from zero

: at one side of the spectrum to a maximum at the other. The tracking

! position for this case, assuming a tracking filter wider than the
doppler spectrum, is about 0.47 times the half spectrum width,

.'} displaced from the center of the spectral band. In our case it

| amounts to about 0.6% of the center doppler frequency. This will

; be taken as a 30 value. The 10 value of fluctuation noise for the

maximum velocity of 46 m/sec is then 9.2 Hz. which is eguivalent

| to 0.08 m/sec. ‘

.

1 Another approach to determining the fluctuating component of
! the error is to approximate the discrete doppler spectrum by & QA
continuous doppler spectrum of the same bandwidth. For the case .
of signal-to-noise ratios greater than 10 db the tracker noise

for the continuous Gaussian doppler spectrum case given by the "

expression:

! 5 1/2 . -
oy = 0.78 B, JB +B, ] 57'}

averaging time o
doppler spectrum bandwidth X
tracking filter bandwidth © S

where T

. B.
: Bl

tan

§

.-t .

1

1
4.'.




Taking a 2 second averaging time (time constant) corraesponding
ii) to the 2 Second allowable dynamic lag in velocity data, a doppler
spectrum width of 115 Hz. and a tracking filter bandwidth of
200 Hz. the RMS noise is 2.3 H=z.

The equivalent RMS velocity
noise is 0.023 m/sec. '

L As would be expected this approach results in a smaller value P
B of noise than the former method since the high frequency spectral e

components are.filtered by the 2 second filter. The more

conservative 0.006V m/sec value will be used for this study. i}@
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6.4. ANALYSIS OF PULSE DOPPLER RADAR WITH FM RANGING.

A candidate high duty ratio pulse doppler radar with FM
ranging is described in this section. A summary of characteristics
of the radar is given in Table 6.4-1. A functional block diagram

is given in Figure 6.4.-1.

The duty ratio of the radar is approximately 0.5. 'The
transmitter is operated in a fixed frequency mode during initial
acquisition then switched to an alternating fixed frequency and
linear frequency modulated. mode as illustrated in Figure 6.4-1.
Velocity is measured during the fixed frequency mode and range

is measured during the FM period.

' During the velocity measuring mode the difference between
the transmitted and received frequencies is related to velocity

thrdugh the doppler relationship,

During ranging the difference between the received and transmitted
frequencies is equal to the doppler shift plus a frequency

proportional to range as follows:

_ _ 2VHS2R
F = fd+fR— o

where
= velocity

= Wavelength of radiation

I

Slope of linear frequency modulation

I

v
A
]
R Range
C

Velocity of light
i

l

Range is determined after subtracting oif the doppler shift

obtained during the velocity measuring mode.
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TABLE 6.4-1 CHARACTERISTICS OF CANDIDATE PULSE DOPPLER RADAR. %
)

PERFORMANCE CHARACTERISTICS. ' i;

. P

Detection range (PD=0.99 for 1 m2 Swerling I target)..... 19 km f?f‘

Velocity capability...................................... -38 to ;g

' ' +7.5 m/sec li.y:

Acquisition time........................................, "60 seconds ;:C

Angular search coverage...... TretTersreteiiiieiieiiiee...  80°Cone -

Accuracy, 3¢ { A

Bias Random Er

Angle trackl 0.24mR 0.15mR (at maximum renge) f |

Angle rater 0.09mR/sec 0.62m§é(at maximum range) }

Range: N
R >2 knm 0 V(:005R) %+ (.57) %+ (. 579 2 ;
R <2 km 0 V{(.005R)%+(5.7)%+(. 857, 2

Velocity 0 V(.03)%+(.006v) 2

}

SYSTEM CHARACTERISTICS.

Operating frequency............;;........,............... 15 gHz.

Antennat :
Slze.............................; ..... terrecsccneess 1l m diameter ”i
Beamwidth ( two—way).................,.............. 1.0 degrees jf
Gain.............L...........:...................... 41.7 4B o
Scan program.......................,................ Spiral % Zi;

Transmitter characteristics | fi
R e 4.8 kHz. 3
Pulsewidth..............,.......................;... 100 psec . Ej
Peak powerz......................................... 10 watts f}
Average powerz...................................... 5 watts : o

; : .
LT
] 1. ©Not including glint effects.

2. A margin of 2 dp is included in transmitter power.




FREQUENCY AGILITY PROGRAM. Lo
5 e
i Angle acquisition...cviviicreccnanenncnnnaes 6 frequencies i
75 mHz. apart : -
Step duration l.S5msec:
o
TraCKking.eeeeeneerescesoransncnovencnnnnene 6 frequencies : ¢f
75 mHz. apart L
Step duration 13msec G
{ Receiver noise temperature...:viveceeceveceeeses 1758°K F j
; Doppler filter bank:
} Filter bandwidth..... Cetaserreseascrr e nenn 267 Hz,
- Number of filtersS.eceieveeencearnnnns P
. 3
Frequency tracking filter bandwidth............. 267 Hz.

i - Freguency modulation program 0
o Deviation: i
R > 2KWu..ouas. e treneriraneaan cee.. 2 THzZ. :
ﬁ R < 2KBeesuusnanan cetiecnassanesanenss 20 mMHz,
' Time of linear sweep......... teesessnearanes 13 m/sec ii

Time Of Xetrace..iv.ieeeeeenenneeeennananes o5 m/sec i £
I

S

P

.

4
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6.4.1. PRF CONSIDERATIONS.

For the skin track mode the velocity limits of ~38m/sec
and +7,5 m/sec yield doppler shifts of -3.8 kHz. and +750 Hz.
The PRF should then be greater than 4.55 kHz. to avoid velocity
ambiguities. In the case of the cooperative mode the velocity
limits are *%1 m/sec and the PRF must be greater than 18.2 kHz.

Considexing first the cooperative mode, a minimum PRF of
20 kHz. will be selected. A fixed 20 kHz. PRF would result in
blind ranges where the signal returns at the time the transmitter
is on and the receiver is off as illustrated in Figure 6.4-2.
It may be noted that at a range of 7.5 km and multiples, the
received signal is cdmpletely eclipsed by the transmitter pulse.

To avoid blind ranges the PRF may be changed either in a
regular or random manner. The first range hole at 7.5 km is
completely filled by changing to a PRF of 30 kHz. as illustrated
in the figure. For the cooperative mode the PRF will be dithered
in a linear manner between the limits of 20 kHz. and 30 kHsz.

The dither rate must be such that the full PRF range is covered
during the dwell time of the antenna beam and the target. For

the skin track case and 1 search frame in 60 seconds the dwell
time for a 0.5 m diameter antenna is 35.6 m/sec and for a 1 m
diameter antenna it is 8.9 m/sec. The dither frequency, assuming
a triangular function, should then be 14 Hz. for the 0.5 m diameter

antenna and 5.6 Hz. for the 1 m diameter antenna.

To make most efficient use of the average transmitted power
the transmit and receive duty ratios are made equal. To operate
at a minimum range of 30 meters the receiver recovery time must
be less than 0.2 microseconds. The duty ratio at a 30 kHz. PRF

is then 0.497. For analysis purposes the duty ratio for transmitter

and receiver will be assumed to be equal to 0.5

6.87




o et e i

[r————,

ez e

1 e 375 797 '

- o VAW

()

L] | Teemitr

|
|
j | 20908 B, 754

l A5 L

1S 64-2 Tpenrsin s B A
l . ’ . l . 16‘- 83 L --_._.»/‘-j | . ‘ -

. . i . .
i
1
4 T B e

A




g

WEY

L,

6.4.1.1 ECLIPSING/CONVERSION LOSS.

Only the power in the central spectral line of the
received signal, PC, is processed by the doppler filter. The
other lines which are separated by the PRF £all well outside of
the filter bandwidth. P, is related to the peak received power,

P as follows:

rl

_ 2 2
Pc— PrTl (PRF)
where T is the effective pulsewidth received after eclipsing
by the transmitter on time. For example, at a range of 7.5 km
the effective pulsewidth is about 1l7nsec at a PRF of 30 kHz.

’It decreases to zero -as the PRE is varied to 20 }Hz.

The the case of transmitter and receiver duty ratio equal
te 0.5, the average factor between peak power and the power in
the central spectral line, when integrated over a complete dither
cycle, was computed as -10.8 dB. This factor will ke referred
to as the eclipsing/conversion loss factor, Le' in later signal-
to-noise ratio calculations.

The eclipsing/conversion loss term contains both a factor
of 0.25 (6dB) representing the conversion peak power of a 50%
duty ratio IF signal to the amount of power in the central spectral
line, and the additional loss due to ecldpsing which with PRF
dither averages to 4.8 d4B.

The eclipsing portion of the loss can be reduced to zero if
the PRF is matched to the target range. However, as discussed
previouslg,the PRF is constrained by the maximum doppler freguoncy
to be encountered. The deppler irequency range corresponding to
the skin track velocity limits -38m/sec to 7.5 m/sec is ~3B00Hz.
to +750Hz. a PRF equal:to the total frequency range above plus
a margin of 250Hz. or a total of 4800Hz. is about the lowest
value which can be used and resolve the velocity ambiguities,

6.89
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A plot of the eclipsing loss, including thé :6dB conversion factor,
is given as a function of range for a PRF of 4800 Hz. in Figure
6.4-3. Two conclusions are drawn from the figure: (1) The average
loss over the initial acquisition region is about 9 dB and (2)
using the 4.8 kHz value for PRF it would be more efficient not

to dither the PRF until the range has decreased to below 9 km.

The eclipsing/conversion loss can be expressed in terms of
the PRF and Range as follows:

y
) S o
L, = ~ (PRFﬂ ; R < w5gmp

[ C
L = |t 2R (PRF]:IZ R > I5&F
e c 3

It may be noted from the first expression that the loss
increases as r? with decreasing range. Thus, the PRF could be
held constant at 4.8 kHz in the skin track mode for ranges below
9 kHz as well since the peak signal from the target is increasing
as l/R4. However, since the dither capability must be incorporated
for the cooperative mode anyway, one might as well obtain the extra
SNR available and dither the PRF as the range decreases below 9 km.

The PRF program would be the same as used in the cooperative mode.

Another possibility to minimize eclipsing is to set the PRF
to an optimum value based on a-priori knowledge of target range
and velocity. Assuming, for example, that the velocity is either
unknown or is the maximum value of 38 m/sec and it is desired to
minimize the eclipsing at a range of 21 km. Then the PRF can
be made equal to two times 3.6 kHz (the optimum value at 21 km if

velocity were not a constraint), or 7.2 kHz. At 21 km the
|
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eclipsing is zero and the combined eclipsing/conversion loss is
6 aB. If the uncertainty in the a-priori knowiedge of range is
+ 1 km the loss increases to 6.9 dB, if the uncertainty is #2 km
the loss is 7.9 dB and if the uncertainty is *3 km the loss is
8.9 ds. Therefore, if a¥priori range information is available
to an accuracy better than *3 km we recommend that it be used to
set on the PRF for initial acquisition. The PRF in this event
can be made equal to a multiple of the lowest optimum PRF to
minimize eclipsing; the higher the multiple the greater the

eclipsing loss due to a given error in the knowledge of range.

6.4.2. SIGNAL AND NOISE CONSIDERATIONS.

The peak received signal power, Pr’ is related to the radar
system parameters as follows:
Pthkzu
P =

3.4
{47) "R PfLSLm

where the symbols are as defined in Section 6.2.

The power in the central spectral line,PC, which is that
processed by the system is related to the peak power through the
eclipsing/conversion loss term, Le’ as

PC = Pr/Le

The noise power in the doppler filter bandwidth is equal to
k?SBTDN where k_is Boltzmanns constant, TS is the system noise
temperature, B, is the noise bandwidth of the doppler filter ang '
DN is the duty ratio of the noise applied to the doppler filter.

In our case Dy=0.5 since the IF amplifier is blanked when the
transmitter is on.




s
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The net signal~to-noise ratio within the doppler filter
may then be expressed:
2,2
PtG ATo
(4m) °R* ®T

SNR =
' SBTDNLeL
where the eclipsing loss Le and the general loss terms,L, are

expressed in ratios greater than unity.

6.4.3 SELECTION OF DOPPLER FILTER BANDWIDTH.
During initial angle acquisition the dwell time on the target

is 4.4 msec(éssuming 2 angle search frameé)with a 1 meter

If we

consider initial acquisition on doppler alone before the range

diameter antenna,and_l?.a msec with a 0.5 meter antenna.

modulation is applied the frequency search interval is 4.6 KHz.

for the skin track mode and 18.2 KHz. for the beacon track mode.
We will first explore the feasibility of searching for the doppler
signal with a frequency tracker while the angle search is in
progress. To achieve a good compromise between false alarm rate
and sensitivity during acquisition with the searching filter it
has been found in practice desirable: to follow the filter with a
post detection time constant which is about 5 +imes longer than the

reciprocal of the tracking filter bandwidth, B.

4.6 KHz
B

Allowing a dwell time of —% seconds for each of the

intervals the total search time, TS’ can be expressed:

Sy
TS = _2;15}2__ seconds.

B

For the 0.5 meter antenna dwell time of 17.8 msec, and assuming'

two frequency search frames in this period, the tracking filter

pandwidth is egual to 1.1 KHz.
' !

For the case of the 4.4 nmsec

6.93
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ilter width decreases to 750 Hz. for

The optimum bandwidth of the individuail filters in the filter
bank will pe détermlned next. AsSuming the filters consigt of
single tuned circuits the optimum half Power bandwidth ig equal
to about g.4 times the reciprocal of the Pulsewidth., The missmatch
loss of thig filter to a Tectangular pulse input is about 0,9 gp,

implementeq to cover the 4.6 KHz doppler band a bank of 5q
filters woulq be fequired for the 1 meter antenna and 207 filters
for the 9.5 meter antenng, For Preliminary system siéing Purposes
these valueg for bandwigth will be used. However, it is not

t
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attractive hardware-wise to have so many filters and a trade-off
between transmitted power and numbers of filters can be made.
An alternate approach is to implement the filter bank with a

microcomputer using Fast Fourier Transform techniques.

The number of fiiters can also be reduced if a-priori
velocity information is available. Some examples of this are

given in Table 6.6-2

6.4.4., TARGET ACQUISITION.
Target acguisition in the uncooperative radar mode will be

considered in the following .paragraphs.

We note that it is not feasible to use frequency agility on
a pulse-to-pulse basis with the high PRF radar considered since
several pulses are "in flight" to the target at a given time. The
feasibility of us'ng freéuency agility on groups of pulses will
be explored later.

Using a single transmitted frequency the target return is
assumed to follow Swerling 1 fluctuation statistics. For the case
of the filter bandwidth essentially matched to the dwell time of
the target during the antenna scan, the effective number of
pulses integrated is one. A false alarm time, tF, of 10 minutes
will be used as before which results in a momentary hesitation
in the antenna scan program once each 10 minutes. The false
alarm number nl as discussed in the treatment of the non-coherent

pulse radar is egqgual to:

1 t, o
NT
where tF = false alarm time
¢ = ratio of range gate on time to SREF
N = number of pulses integrated
T = pulsewidth
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NUMBER OF DOPPLER FILTERS REQUIRED AS A FUNCTION OF A-PRIORI

VELOCITY INFORMATION.

A~-priori velocity

Velocity search

Number of filters req&

information range 1l m antenna{ 0.5 m antenna}
None
« Beacon mode #91 m/sec 200 . 827
» Skin track mode =38 to -7.5 mSed 50 207
Sign (opening or closing)
» BEeacon modé 91 m/sec 100 414
« Skin track mode 38 m/sec 42 173
Value and sign within +10 m/sec 22 91
+10m sec

ke
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In the case of the pulse doppler radar the pulsewidth,Tt,
becomes equal to the reciprocal of the doppler f£ilter bandwidth,
the receiver gate on time is equal to 0.5, N = 1 and the false
alarm time per filter becomes equal to the total number of filters
times the system false alarm time. '

Using & system false alarm time of 10 minutes and the number

of filters and filter bhandwidths previously determined for the

0.5 meter and the 1.0 meter antenna the false alarm number,~nl,

becomes egqual to l.4x106 for both antenna cases.

The signal-to-noise ratio required for acguisition for 2
scan frames in the acquisition period and a detection probability
of 0.9 per scan is obtained from Fehlners treatment of Marcum's
and Sweriing's data on detection as before. The signal-to-noise
ratio required is 21.1dB.

6.4.5. TRANSMITTED POWER REQUIRED FOR ACQUISITION.

The transmitted power required to achieve a given signal-
to-noise ratio within a given doppler filter bandwidth is computed

in Table 6.4-3. The peak transmitted power required was found to be:

P, = 54.5+1010gSNR+10logBT—EUlongBW
The parameters associated with the 1 meter and the 0.5 meter

diameter antennas are tabulated below along with the peak

transmitted power and average transmitted power reguired for

acquisition.

Antenna Antenna Filter Bandwidth | SNR ‘ ‘[ Trans. Power

size gain 3 ds neise regquired| Peak. . Average
‘ ‘

0.5m | 35.7 dB | 22Hz. 35Hz. 21,1 dB | 91.2 W 45,6 W

1.0m | 41.7 aB | 91Hz. |143Hz. 21.1 dB | 24.0 W| 12.0 W

L P P B g s L
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TABLE 6.4-3

COMPUTATION OF PEAK TRANSMITTED POWER REQUIRED FOR ACQUISITION
FOR PULSE DOPPLER RADAR.

3.4 -
p SNR (47} "R KTSBTDNLeLMLS“F

szzc
Symbol Parameter
SNR Signal to noise ratio
(47)3
R4 (Range)_4
K Boltzmann's constant
Ts System noise temperature
By Noise bandwidth of doppler filter
Dy Duty ratio of noise gate
Ly Microwave loss ip transmit path
LS Scan loss
Le Belipsing loss
Lp Filter mismatch loss
G2 (Antenna gain)2
A2 (Wavelength)2
o Radar cross section |
Pt , Peak transmitter powver

6‘98

Value ' Value in
SNR 1010gSNR
1984 4 33.0
(21.7x10%)  173.6
1758°K 32.4

BT 1010gBT
0.5 -3.0

l. 6 db 1.6

l.6 db i.6

9.0 8.0

0.9 db 0.9

2
G ~201logG
2x10 %m 34.0

lm2 0

54.5+1010gSNR+1010gBT
' =20logG
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6.4.6. USE OF FREQUENCY AGILITY.

It appears feasible to use freguency agility with the
pulse doppler, FM ranging radar by applying the frequency agility
to groups of pulses. '

During acquisition six freguency steps, as discussed previously
in the case of the non-coherent pulse radar, would be programmed
during the dwell time of the antenna beam on the target.

After angle acquisition the individual frequency stéps would
be made the samé?ggt%he frequency modulation ramp time, or 13.3
milliseconds. A total of six frequency agility steps as considered
previously would then take about 80 milliseconds. The time the
frequency tracker dwells during the doppler or ranging measurement
would be made equal to 80 milliseconds to average the measurement
over the six frequency agility steps.

Considering initial target acquisition with frequency
agility, the antenna would be programmed to scan the angular
search area once in the 60 second search period. The dwell time
of the antenna beam on target is then 8.9 msec for the 1 meter
diameter antenna and 36 msec for the 0.5 meter diameter antennd.
The duration of each fregquency position is then about 1.5 msec
for the 1 meter antenna and 6 msec for the 0.5 meter antenna.

To accomodate these six independent samples the doppler
filter bandwidth must be increased.to 267 Hz. for the 1 meter
diameter antenna and 67 Hz. for the 0.5 meter antenna. Tn addition
we note that at the maximum velocity of BBﬁ/sec the doppler spread
due to frequency.agility is equal to 95Hz. Thus, the bandwidth in
the case of the 0.5.m antenna will be increased_to 100 Hz.

The signal-to-noise ratio required for acquisition with the
six-step frequency agility is found as before by determining the
frequency agility gain, G(ne),relative to the Swerling 1 case for

ng frequency states.l

1. Barton, D.K., Loc Cit.
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1. L
lDlogG(ne)—(l H;—)lOlogLf(l)
where Lf{l) is the fluctuation loss for a fixed frequency.

In our case for a probability of detection of 0.99 the frequency

. agility gain is about 14 dB.

The signal-to~noise ratio required for acquisition is obtained
by finding the SNR required for a detection probability of 0.99
per scan with 6 pulses integrated with a false alarm number of

l.4x106 =2.3x105 for a Swerling case 1 fluctuation characteristic
1)

and subtracting the freguency agility gain from it. The result

is as follows:
SNR (with frequency agility)=24.8dB-14dB=10.8dB.

Alternately, we note that since the number of frequency agile
steps is equal to the number of independent samples during the
time on target that a Swerling Class 2 detection model also applies.
For these conditions the SNR required for acquisition using
Swerling 2 statistics is 10.8 dB which agrees with the previous wvalue.

The system parameters associated with the two antenna sizes
are tabulated below along with the transmitted power required for
acquisition using six-step frequency agility.

Antenna | Antenna | filter Bandwidth SNR Trans. Power
size gain 3 dB noise reguired Peak Average
0.5 m 35.7 4B|100Hz 157 Hz 10.8 dB | 38.9W | 19.5W
l.0m 41.7 dB}267Hz 419 Hz 10.8 dB b.4W 3.1W

6.4.7. SYSTEM IMPLEMENTATION.

A block diagram of the candidate pulse doppler radar system
with linear FM ranging is given in Figure 6.q~l.

The antenna is fed from a standard monopulse combiner. The

transmitted energy is applied to the sum port and the sun received

Elevation and azimuth

signal is also extracted from this port.
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received difference signals are obtained from two separate
difference channel ports.

During initial acquisition the transmitter operates at a
50% duty ratio and without ranging frequency modulation applied.
The received signal in the sum channel is applied to the sum
receiver where it is converted to an IF frequency by mixing with
a local ascillator signal off-set but coherent with the
transmitted signal. A double conversion would be used; the first
to an IF of about 10 MHz and the second to an IF of about 1 MHz.
This allows filtering against PRF harmonics while providing an
IF output compatible with operation of the filter bank and
freguency tracker which follow. The bandwidth of the IF amplifier
needs only to be broad enough to pass the received doppler plus
ranging frequency band.

The 1 MHz. IF signal is applied to the filter bank which for
the case of a radar with a 1 meter diameter antenna consists of
51 filters each with a bandwidth of 91 Hz. One method of
mechanizing the signal detection process is to follow each filter
in the filter bank with a detector feeding two smoothing filters
in parallel. One smoothing filter would have a long time constant,
at least 10 times the reciprocal of the doppler filter width to
develop a good estimate of the noise level out of the doppler
filter. The other smoothing filiter would have a time constant
matched to the doppler filter bandwidth so that it responds
promptly to the signal when the tdrget is intercepted. The
output of the two filters is fed to a coinicdence detector,
biased off by the amount reguired to yield the desired false

alarm time.

The advantage of the dual time constant acquisition approach
is that it is adaptive and independent of the amplitude or shagpe
of the noise spectrum or gain of the individual filter channels.

L




of When the signal exceeds threshold in any filter in the bank '
P the antenna search command is inhibited and the antenna scan is P

" stopped. When the antenna scan is stopped the dual time constant

i acquisition system no longer functions and instead of comparing
the short time_constanﬁ smoothing filter output with that of the
long time constant filter it is compared with a reference voltage
derived from the broad band noise level. This less precise
means of signal detection can be used after initial acquisition
because the average signal-to-noise ratio in the doppler filter
is relatively high. ‘

After stopping the antenna scan the freguency tracker, which

has a digital type VCO, is set on the frequency of the filter
which responded in the doppler filter bank. If the antenna scan
was Stopped due to a false alarm in the filter bank, the frequency L
tracker will not acquire and after approximately one second the '?f?
antenna search is resumed. (On the average one false alarm will |

be experienced'inla 10 minute pericd.)

e When the frequency tracker acquires, within one second after
being set to the approximate frequency, a readout of velocity is

made available and the angle tracking loops are activated.

The IF signals from the sum and difference receivers are

applied to mixers along with a corresponding signal from the

frequency tracker such that the IF signals are converted to a
fixed frequency of about 16 KHz. (which is the loop reference
frequency of the frequency trackef). A bandpass filter centered
at 16 KHz. with a bandwidth about twice the frequency tracker

§ bandwidth is used to extract the signal after mixing. The broad

bandwidth minimizes differential phase shift between the sum
and difference channels of the monopulse tracking loops.

B
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The angle error is developed by comparing the difference
channel outpuits with the sum channel outputs by means of synchronous,

or phase sensitive, detectors. The resulting error signals are

used to drive the antenna to a monopulse null in each axis. i

MR

After the antenna has been driven to fine alignment with
the target, the ranging mode is initiated by frequency modulating
the transmitter. A linear triangular modulation is used such
+hat the net signal frequency is the sum of the doppler shift
and the range freguency as indicated below:

£ = £_+852R
D =c

where the doppler frequency. fn: is either plus or minus depending

if the range is opening or closing.

To minimize the frequency search requlreq,the slope of the

frequency modulation function is selected as thenmlnlmum -allowing the rangei

frequency to be processed with an ample margin relative to the

accuracy reguirements. (bias error of 24m and random error of

91m for R >9 km and 0.0lR OX 30 m for R <% km). A range scale

factor of 1.0Hz. per meter for ranges greater than 2 km and %

10 Hz. per meter for ranges less than 2 km was selected as a

compromise between the two requirements.

= 7 e e T TRVER TR T LT,

During search and acquisition of the range smgnal the FM sawtooth

function is repeated until acqulsltlon occurs.

In absence of a- priori range information the fregquency
tracker 1is programmed to search upwards in frequency from the

g e R R e T e R

known dopplexr frequency an amount eguivalent to 20 km of range,
or 20 KHz.

At s e 3 e B g i




The bandwidih of the frequency tracker must be wide enough to

I L S e,

‘ encompass at least three spectral lines of the ranging signal,
| itﬁ which are 75 Hz apart, or 225Hz.

After acquisition of. the range plus doppler signal the ' i

measured frequency is put into temporary storage, the transmitter
L{ resumes a.fixed frequency mode and the tracker VCO is positioned
o to the last measured doppler frequency. If acquisition does not
occur within 5 seconds during the range acquisition period the

tracker is again set on frequency by noting which filter in the
i filter bank is responding.

After acguisition of both doppler and ranging signals the

e

frequency tracker is time shared between these two functions, gi;
dwelling about 80 msec on each function. A separate tracking/ 5
holding register is used to control the VCO for doppler and range
tracking. The output of the two tracking/holdihg registers is
applied to the data converter where the frequency information is

B T T

( converted to digital signals representing velocity and range
o to the target.

TR T e e

6€.4.8. ACCURACY OF VELOCITY AND RANGE MEASUREMENTS.

The measurement errors may be grouped into fixed random
errors, which are random but relatively constant over the period
of time the radar is in use and fluctuation errors which have

i periods of a few seconds or less.

VELOCITY MEASUREMENT ERROR.
A tabulation of velocity measurement errors is given in Table

6. 4 4. A brief description of these errors is given in the

following paragraphs. The net 30 error is about¥/(.03) +(.006V)2‘m/sec.
At the maximum velocity for skin track of 38m/sec the 30 error is

0.23 m/sec.
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ERROR SOQURCE 3 o ERROR VALUE, METERS/SEC.
Fixed random Fluctuating

Transmitter frequencg,10f3% Negligible -

Frequency tracking i 0.03 0.006V*

Data Processing Negligible Negligible

Total, rms 0.63 0.006V

£

Net 3 o error =.\/(.03)2+(0.006V)2

* Assuming the

1

use of freguency agility.

TABLE 5.4-43 VELOCITY MEASUREMENT ERROR,
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TRANSMITTER FREQUENCY.

The amount of doppler shift is directly proportional to the
transmitted frequency. Therefore, a given percentage uncertainty
in transmitted frequency results in the same percentage velocity
measurement error. Since this is a coherent system the transmitted
frequency will be referenced to a crystal oscillatoxr. The
oscillator stability will be better than 1 part in 105 or lx10"3%.

The resulting velocity measurement error is negligible.
FREQUENCY TRACKING.

Test data indicates that the error in measurement of average
doppler freguency can be maintained less than 1 Hz. (0.0l m/sec)
under conditions of doppler spectrum widths up to the tracking
filter bandwidth and signal-to-noise ratios as low as 3 dB.

This will be taken as a 1l¢ value. The 30 value is 0.03 m/sec.

We will next consider the fluctuation erroxr, or noise at

the tracker output after smoothing.

For the non-frequency agility case the spectral width of the
central line is very narrow and RMS value of the fluctuations

can be expressed as before by:

at the tracker output, Cops
' 2
L 2
o = .078 B(l+ _§7ﬁ)
T ' 1/2
T {1+5/N)

where the filter bandwidth, B, is eéual to 225 Hz and the averaging

time T equals 2 seconds.

At the signal-to-noise ratio required for acguisition in
the filter bank the signal—to—noise ratio in the tracking filter

6.106
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is about 16 dB for the case of the 1.0 meter antenna and 10.5 dB
7 for the case of the 0.5 metex antenna. In either case the RMS
e noise is less than 1 Hz. ' |
| | | ;
, For the frequency agile case the fluctuation error will be U
1 about the same as developed previously for the coherent pulse :
E radar in Section 6.3.6. The lo fluctuation error was found to -
i  be equal to 0.002V meters/sec where V is the velocity in m=ters. ?*f ;
The 3¢ error is equal to 0.006V m/sec. o fli_f
-4
i
1
j
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RANGE MEASUREMENT ERROR

£ A tabulation of error sources in the range measurement is

S

given in Table 6.4.5. A brief description of the errors is given §
in the following paragraphs. ' ‘ -ﬁ-gc

The net 3 ¢ range error combining both fixed random and
f; fluctuating errors is  (0.005R) >+(8)2 for R<2km and  (0.005R)2+(80)2
| for R>2km. The relatively large error for R>2km is primarily {ié

due to fluctuation error caused by the doppler spectrum resulting Gl
from frequency agility. Itassumegdthe maximum velocity of 46 m/sec. :} fﬁ#

Slope Of Frequency Modulation.
The FM/CW radar altimeter used in the Apollo Landing Radar

i contained a linear freguency modulator with 20 MHz. deviation

at X-band which had a maximum slope error of #.6% over a wide
temperature range. We will assume a value of 0.5% over the more

restricted temperaturé in this application.

i ) Quantization Errors Associated With FM/CW Ranging.

Linearly modulated FM ranging systems tend to exhibit a

a range gquantizing error if there is no relative motion between % -
the radar and target. The quantization is a consequence of the L f:}
interruption of the range freguency waveform in mid-cycle :
at the end of the linear modulation period. If zero crossing
frequency counters are used the quantization interval for a single
axis crossing counter is equal to:

Qr =237 T

where AF is the frequency deviation. , ‘ i? s

The count jumps back and forth one as the range changes a

quarter wavelength. It changes an average of one count as the
1

range changes- one quantization interval.

—
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TABLE 6.4-5. RANGE MEASUREMENT ERROR.
ERROR SQURCE 3 ¢ ERROR VALUE, METERS

Fixed Random Fluctuating

R<Zkm R>2Zkm R<2km R>Zkm
Slope of fregl .005R .005R —_— —_
modulation
Quantization 0.38 3.8 J— -
Doppler 0.3 3.0 0.06V 0.6V
compensation
Freguency 0.3 3.0 0.06V 0.6V
tracking

2 -2 2 2

Net 30 error {.005R) “+(.57) {.005R) "+ (5.7) 0.085V 0.85V

Combined error:

R < 2km, VQ.OOSR)2+(0.57)2+(.085V)2 meters

i
R > 2km, V(.005R)2+(5.7)%+(0.85V) metexs

6.110
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The quantization effect can be observed, although reduced,
if a frequency tracker is used to determine frequency rather then
the simple zero counter. The guantization can be essentially
eliminated from the data by Placing a small amount of dither on
the VCO of the frequency tracker using a dither frequency well
above the response of the outpu’. data smoothing £ilter. Thig
technique was used with excellent results in the radar altimeters
used in the landing radars for both the Surveyor and Lunar Module
spacecraft. The quantization error was reduced to values less
than 10% of those computed for a zero crossing counter type
processor.

Using these general values for the case of 20 mHz deviation,
R<2km, the 0 to peak guantization noise will be less than 0. 38
meters. Fdr the 2 mHz deviation used for R>2km the 0 to peak
quantization noise will be less than 3.8 meters.

DOPPLER COMPENSATION ERROR.

Since the doppler freguency is in effect subtracted Ffrom
the range plus doppler frequency during the ranging mode in order
to separate th2 range term, an error in the velocity measurement
translates into an error in the range measurement. The 3G velocity
error is 0.03 m/sec random error plus a fluctuating error (with
frequency agility) of 0.006V m/sec. The resulting eguivalent
30 ranée error is 3 meters fixed random plus 0.6V meters Ffluctuating
at ranges greater than 2km and one tenth these values at ranges
less than 2 km.

_FREQUENCY TRACKING.

The fixed random tracking error will be less than 3 Hz, 30
as discussed for the velocity measurements. This is equivalent to
3 meters for ranges greater than 2km and 0.3 meters for ranges less.
than 2 km.,

Assuming the use of fregquency agiiity the fluctuation error
will be about the same as developed for the velocity measuring

mode. This amounts to 0.6V meters, 3¢ for R>2km and 0.06V me':ers
30 for R<2km.
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6.4.9. ANGLE TRAZKING ACCURACY.
Ko " The analysis of angle tracking accuracy for the pulse
doppler radar is similar to that given in Section 6.2.10 for the
non-coherent pulse radar. Consequently, only'a summary of the 3
|
differences and the end results wiil be given in this section.
6.4.9.1., ANGLE TRACKING BIAS ERROR.
The angle tracking bias error will be about 0.24 mR -
for the 1,0 meter antenna and 0.48 mR for the 0.5 meter antenna. f ﬂLf
_ 6.4.9.2, ANGLE TRACKING FLUCTUATING ERROR.
The fluctuating error due to receiver noise in monopulse,
; doppler type radars is given by Bartonl as follows: 1
o .
t - SNR B Lot
Kmv_—g_ﬁf_ _ : ?J
f where ¢ = one way antenna beamwidth 'f 2;
' K = constant 1.57 Lo
SNR= signal-to-noise ratio i
B = IF bandwidth
c = SNR+L G
SNR
B = serve bandwidth 2 i
The resulting RMS noise for the conditions associated with jf *ﬁ 
the 0.5 meter and the 1.0 meter antennas is tabulated below for f .
operation at 19km range. d
1. Barton, D.K. Radar System Analysis, ﬁ
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. Antenna | Beamwidth SNR, Tracker noise| Servo | RMS NN
o size one way.Rad ds BW, Hz. noise | tracking i o
BW,Hz. { noise,nR > 2

0.5 m 0.c45 . | 10.6 | 270 . 0.79 | 0.50 ;o

l.0m 0.024 13.0 419 1.57 0.21

The tracking data is smoothed with a time constant of

2 seconds prior to readout which feduces the RMS tracking f_ ¢
noise to 0.16 mR in the case of the 0.5 meter antenna and :

0.05 mR for the 1.0 meter antenna. The corresponding 3¢ : F
values are 0.48 mR for the 0.5 meter antenna and 0.15 mR i T§§

for the 1.0 meter antenna. : f; f.f

The fluctuating error due to glint will be the same as
developed for the non-coherent pulse radar or about 0.6 mf, - i
3¢ after smoothing by the data output filter. 5 S

f——

6.4.10 ANGLE RATE ACCURACY. :
The determination of angle rate accuracy follows T

the material presented in Section 6.2.11 for the non-coherent
pulse radar.

The bias error is essentially that due to the "hang off" o
_of the rate gyro or about 0.09 mR/sec. The random error

component of the gyro is also about 0.09 mR/sec, 3o.

Vg,

The noise on the rate output due to response of the rate

AR R T R e DT e T

measuring device to antenna jitter due to thermal noise and

glint is determined in the same manner as in Section 6.2.11.

I
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The results are summarized below.

Antenna size [Angle rate noise, mRad/sec, 3 o

Due to thermal noise at 19km

Due to glint

0.5 meterxr . 1.4

1.0 meter 0.61

Once again, the noise on the angle rate data due to low

signal-to-noise ratio is largest near maximum range whereas
the noise due to glint is largest at shorter ranges.

The total random error is given by the RSS of the
error due to the gyro with the appropriate values above.
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6.4.11 TRANSMITTER STABILITY REQUIREMENTS FOR PULSE DOPPLER RADAR.

The allowable FM and AM noise on the transmitter output 1s
considerably higher for the pulse doppler radar in the Rendezvous
Radar application than in applications where a high clutter
environment exists.

Frequency modulation ﬁoise is of most importance in our
application. It can create sidebands on the signal which lowers
the power in the received carrier as well as increasing the
fluctuation error at the output of the signal processor.

Treating first the power lost to sidebands, we can define
the transmitted signal as

- = Aw
B = A(t)Cos(wct 0 Cos wmt)

T m
where
A{t) = Amplitude function
W, = Carrier radian frequency
W, = Modulating frequency
Aw = Peak frequency excursion.

The received echo signal is of the form

(l+2V
m

) (£+2) ]

_ _Aw
Ep=B(t)Cos[w  (1+ 2T (t+ 2§ o co s [w
where

R =Range
V =Velocity

The‘majér portion of the FM noise is generated in the common
lower frequency stages of the Exciter/Local Oscillator. The noise
is therefore highly correlated between the transmitter and local

oscillator. f

6.115
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The difference frequency after mixing the received signal

with the local oscillatox is then of the forms

. 2AW o m . T
ED—D(t)Cos[wdt+®+ —ﬁ; Sin( - Sln(wmt+—6—)]
where
_ 2V _ .
L - W, = doppler shift.

This expression can be written in terms of Bessel functions as

follows:
oD
o) = cos(wyt+6) [JB(%M 2 21 Tonl ) cos2n [ Wint + @)
. ne

-sin (W, z‘w)[zzwr (24) 8
& C. Jan- m(zn-/)(fd,,,,f--,e.gby

where U = modulation jndex = —75— Sin

The desifed doppler shifted signal has the J, coefficient
and the sidebands have the Jl' J2, ete. coefficients.

A plot of the modulation index as a function of modulating
frequency is given in Figure 6.4-4 for a maximum range of 22 km
(the range at which acquisition must start £or skin track to be
acquired by a range of 19 xm) and for a range of 560 km
assoclated with the cooperatiﬁe mode. A peak deviation of 100 Hz.

was chosen for reference.

The loss; in carrier power for modulating frequencies giving
the highest modulation index is plotted in Figure 6.4-5 as a
function of peak deviation of the frequency modulation. TO
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restrict the loss to 1 db for example the peak deviation should
be less than 27 Hz. (19 Hz., RMS) for the cooperative mode

(560 km range) and less than 700 Hz. (495 Hz. RMS) for the skin
track mode (22 km range). The value-given for the cooperative

mode does not take into account FM noise which may be added by

the transponder.

The FM noise deviation for typical freguency multipliers at
¥~-band is in the order of 0.1 Hz. RMS in a 1 Hz. bandwidth- over
a range of 10 Hz. to 100 KHz. from the carrier.l At a frequency
of 15 GHz. the noise would be about 1.5 times this value or

0.15 Hz. RMS in a 1 Hz. bandwidth.

For the skin track mode and a maximum range of 22 km, we
note from Figure 6.4-4 that modulating frequencies up to about
3 KHz are important. The total RMS deviation in the 0 to 3 KHz
band is then computed, based on a reference of 0.15 Hz RMS in
a 1 Hz. bandwidth, to be 8.2 H=z. This value is well below the
value of 495 Hz. RMS which results in a 1 db loss in carrier
power .for the skin.track'hode and the loss in signal due té FM
noise will be negligible. In the cooperative mode the round trip

loss due to FM noise will be about 0.2 dB.

6.5 OPERATION OF RENDEZVOUS RADAR IN THE COQPERATIVE MODE.
Operation of each of the three basic radar systems analyzed
previously for the skin track mode is treated for the cooperative
mode in this section. The specified operating limits for the
cooperative mode are 560 km to 30 m in range and *91 m/sec in
velocity. At the maximum range (Mission I and II) the angular
search angle is 10 degrees by 10 degrees and the allowable

acquisition time is 5 minutes.

1. "Microwave Power Sources"”, Microwave Journal, April, 1975.
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6.5.1. NON » COHERENT PULSE RADAR IN COQPERATIVE MODE.

A summary of system parameters of the non-ccherent radar
and transponder is given in Table 6.5-1 A functional block
diagram of the transponder is given in Figure 6.5.-1,

The received signal is passed through the diplexer which
provides at least 40 db of "isolation to the transmitted signal.
The signaligonverted to an IF frequency of about 60 MHz. To
accomodate the very wide dynamic range of the signal the IF
amplifier which follows is designed to go into limiting once

the peak signal to average noise ratio exceeds about 13 db.

A threshold detector which is referenced to the average
noise level detects the presence of a pulse as it rises above
the noise. When a given number of radar pulses is received in
a fixed time period, the signal presence detector allows the
trigger pulses_-from the threshold detector to pulse the modulator
which in turn activates the transmitter. The pulse width received
from the radar is monitored and when the radar switches to a
0.1 psec pulse width the transponder pulse width is switched
accordingly. Since the peak transmitter power required is
relatively low an injection locked impatt solid state transmitter

’

can be used.

6.5.1l.1. SELECTION OF PRF. .
An unambiguous range interval of 700 km rather than 560 km
was selected to expand the range between first and second time

around echo returns. A PRF of 214 Hz. is indicated for this range.
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TABLE 6.5-1. CHARACTERISTICS OF NON COHERENT PULSE RADAR IN .
COOPERATIVE MODE. ;
PERFORMANCE CHARACTERISTICS
Range for 0.99 probability of detection..... >560 km L
Acquisition time.....c.... ceeeaeans Ceseseeas 5 minutes E
Angular search coverage.....cesesaescosaneassa . 10°xl0°sector
Accuracy, 30 {at max range) 3
Bias-~ - - Random -
Range Lag error, 30 m
Velocity 0.-7. =) 0,3 m/sec -
Angle ) 0.24 mR 0.34 mrR
Angle rate 0.09 mR/sec 7.2 mR/sec
RADAR CHARACTERISTICS (Different from skin track case)
Antenna size............. cseesetaseeae v 1 meter diameter
FRF ‘ |
R > 40 KM tennencnnnnrneroencnnsnannans 214 Hz.
R < 40 kM sonvvvnenannns tesesenusaenane 3.7 KHz. i
Pulsewidth ..... cheeas [P Cevmasseessanns 0.1 usec E
TRANSPONDER CHARACTERISTICS | :
Antenna gain ....ce... ....:...................... 0 db
Peak transmitted power * (lm radar antenna)....... 4.0 watts :
PULSE WAdEH v evueeenensacassecaesesaeneneonesnnes l.0usec & O.lusec.
Average transmitted power (lusec pulse width).... 8.6x10”4watts f
IF noise bandwidth .........;......,.... ....... .. 7.5 MHz. b
Noise temperature .....ccccceirnncacsonnnnenenses 1670 :

* with 2dB margin added
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6.5.1.2. gprRCTION OF ANTENNA SCAN FRAME TIME.

The optimum antenna scan program for the long range cooperative
mode (Mission I and II) is determined in the following paragraphs.
The specified allowable acquisition time is 5 minutes for 99%

probability of detection. The specified search area is 10°x10°.

The antenna scan parameters are summarized in Table 6.5-2 for
various antenna scan frame times considered. Also given are the
associated signal-to-noise ratios required for acquisition.

The signal-to-noise ratios required were taken from Fehlnerl.as

before but for the case of a non-fluctuating target.

A false alarm time of one hour was assumed which implys
that the antenna séaﬁ will momentary pause on the average once
an hour and then resume scanning if signal presence‘is not
confirmed. The 60 minute false alarm time, with a ratio of rangegate

on time to _%ﬁF of 0.84 results in a false alarm number, n , of
9
§_§ﬁl9_ where N is the number of pulses integrated.

It is apparent from the table that the longer frame times
require less signal-to-noise ratio for acqguisition than the
shorter frame times. Further, the signal-to-noise ratios
indicated are generally below zero db. Consequently, range and
range rate measurement accuracy will be the driving reguirement
for transmitted power from the transponder rather than acquisition

considerations.

An antenna scan frame time of one minute which is used for the
skin track mode with frequency agility appears reasonable with

either the 0.5 meter or the 1.0 meter diameter antenna.

1
1. PFehlner, L.F. Marcum and Swerling's Data on Target Detection,

John Hopkins University Report TG 451.
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TABLE 6.5-2 ANTENNA SCAN PARAMETERS FOR COOPERATIVE MODE. |
Antenna Two way Frame time, | Single scan| Scan rate,| Dwell Numbexr pulses| SNR Req'd,
size, m B.W.,deg.{ min. PD deg/sec time,sec.| received db
_ 0.5 | 2 5 .99 0.24 8.48 1814 -7.2 1,
: 2.5 .90 0.48 4.19 897 " 1-6.6 ?
; | 1 .60 1.23 1.63 349 -4.5 E
o 0.5 2 .5 .37 2.62 0.75 164 ~3.0 K
o |
[y - ¥
e 1.0 1.0 5 .99 0.44 2.26 484 -3.5
i J 2.5 .90 0.9 1.10 236 ~2.5
1 - 1.0 .60 2.42 . 413 88 -1,8
1.0 1.0 .5 .37 5.47 0.18 39 0.8




£.3.1.3.

COOPERATIVE LINK CALCULATIONS. .

The amount of peak transmitted power reqgquired from the

transponder to produce a given signal-to-noise ratio in the radax

receiver is calculdted in Table 6.5-3.

The radar recelver parameters

are the same as developed previously for the non-coherent pulse

radar.

power, Pb' is

Py,

=39.8+1010gSNR~-101logG,.. dBwW.

The resulting expression for peak transpondex transmit

The peak transmit power regquired for the 0.5 meter and the 1.0

meter diameter radar antennas 1s tabulated below for a 6 db

signal-to-noise ratio.

maximum range.

This SNR yields adequate accuracy at

Radar antenna | Antenna gain, | SNR req'd. Peak transmit|Average transmitf
size, meters db db power power
0.5 35.7 . 10.2 watts | 2.2x10 Swatts
41.7 6. 2.5 watts _5.4x10"4watts

6.125
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TABLE 6.5-3' CALCULATION OF PEAK TRANSMITTED POWER REQUIRED BY
TRANSPONDER FOR NON~-COHERENT PULSE RADAR.

- SNR(41r)2R2KTSBLbLSLpr

Pb ;
GerA

Symbol Parameter . : Value Value in db
SNR Signal-to-noise ratio SNR 101logSNR
(4w)2 Constant (4'rr)2 22 '
R2 (Range) 2 (587, km) % 115.4
K Boltzmann's constant -22B.6
T System noise temperature 1758°K 32.4
B Receiver noise bandwidth - .75 MHz. 58.8
Ly Transponder transmit path loss 0.6 db 0.6
L Scan loss _ _ 1.6 db 1.6
Lf Filter miss-match loss 0.6 db 0.6
Lp Polarization loss 3.0 db 3.0
G_ Radar antenna gain Gr ~1lologG..
Gy Transponder antenna gain 0 db 0
A2 (Wavelength)2 (0.02m)2 34
Pb Peak transmitted power 39.8+lOlogSNR-—lOlogGr
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6.5.1.4. SIGNAL-TO-NOISE RATIO AT TRANSPONDER.

The transponder receiver will be configured with a 7.5 Miz.
noise bandwidth to accomodate both the 1.0 and the 0.1 usec
radar pulsewidth and to minimize propagation delay errors.
Modifying the results of the jink calculation given in Table6.5-2
for the increase in receiver bandwidth,and differences in microwave

losses, the SNR in the beacon receiver can be expressed as follows:
10logSNR = IOlogPt+lOlogGr~48.6dB

A tabulation of SNR at maximum range for the cases of a 1 meter

diameter radar antenna and a 0.5 meter antenna is given below.

Radaxr Antenna | Radar peak SNR at
antenna size | gain | transmit power transponder
0.5 meter 35.7 db | 5.4 kw 24.4 dB
1.0 meter 41.7 db | 0.9 kw 22.6 dB

6.5.1.5 ACCURACY OF RANGE MEASUREMENT.

A tabulation of range measurement error for the cooperative
mode is given in Table 6.5-4. Most of the errors within the radar
are the same as described previously for the skin track mode.

The remaining errors are briefly described in the following
paragraphs.

The resultant error includes a deterministic component of
42.7 meters, (primarily due to lag in the range readout at
91 m/sec velocity), a fixed random component of 10.1lm, lo and a
fluctuating or noise term of 0.57m, lo. The total random error

at maximum range is about 30.3 metexs, 30.

6.127
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TABLE 6.5-4 ERROR ANALYSIS OF NON-COHERENT RADAR IN COOPERATIVE
MODE AT 560 km RANGE.

Error Source Deterministic lo error value, meters

error, meters- | Fixed random|Fluctuating / 'f}g

Radar errors

Velocity lag (at 91m sec) 41 : 53
Clock freguency (0.001%) 5.6 g -
: i
Start pulse stability 0.2 . ! :
Propagation delay in ' : T
receiver (l.O0usec : ‘ .f ='?
pulsewidth) 8.3
: N
Gating & threshold delay 0.1 E fiﬂ
Calibration - 6.3
Quantization (PRF=214) ' 0.14

Range tracker jitter
(6db SNR) 0.3

Transponder errors _ : C

Propagation delay in
receiver : 0.83

Calibration 0.3
Propagation delay in

threshold detector and
trigger circuits 0.1

Noise bias ({at 23db SNR) 1.7

Delay in modulator and _ :
transmitter . 0.9 B

T LR, TR Y

Jitter in threshold output
due to noise ' Negligible

Net.error 42.9m 10.1 m 0.57 m
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Fropagation Delay in Transponder Receiver.

Considering as before two synchronously tuned IF stages
with a 7.5 MHz. noise bandwidth the propagation delay is about
0.19 pwsec. The variation in delay from the calibrated value can
vary about #5% maximum or about 2.9% RMS. The error due to

changes in the propagation delay is then equivalent to 0.83 m RMS.

Calibration Error.

A calibration error of 0.3 meters 1l¢ is assumbed as developed
previously for the radar.

Propagation Delay in Threshold Detector and Trigger Circuits.

The nominal delay through these circuits is about 10 nsec
with a variation of #31nsec maximum. Assuming a uniform
distribution of error the lo value is 1.7 Nsec ox about 0.12 meters

Noise Bias.

A slight shift towards a lower range is incurred on the
leading edge of the pulse due to addition of receiver noise.
Skolnikl has developed an expression for the RMS value of this
error, 6T, as follows:

t. :
8T

(2 snRr) /2

where t. is the rise time of the pulse which is approximately
equal to the veciprocal of the receiver bandwidth.

The 3 db bandwidth of the receiver is about 6.1 MHz. which
yields a rise time of about 1.6x10 =7 seconds,

The noise bias error at the signal-to-noise ratio at maximum
range of about 20db is 11.3 nsec or 1.7 meters.
i
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Delay in Modulator and Transmitter.
At the transmit power levels considered for the transpohdea
solid state transmitters are feasible. The variation in delay

through a solid state modulator and transmitter is conservatively

estimated to be % lOnsec} Assuming this error to be uniformly

distributed the RMS value‘is 5.8nsec or 0.9 meters.

Jitter in Thresholding Time Due to Noise.

The jitter in the time the signal detect threshold is
crossed in the transponder will be of the same order of magnitude
as the noise bias error treated previously. At 20 db signal-
to-noise ratio at maximum range thig term is equal to about TwO
meters. A new independent value of the jitter will be obtained
on each pulse, OY at a 214 Hz. rate. After smoothing by the range
tracker time constant of about 0.5 seconds the jitter is reduced

to a negligible value (.003 meters RMS).

6.5.1.5, ACCURACY OF RANGE RATE MEASUREMENT.

Range rate will be determined as before by taking range
aifferences as a function of time. The analysis for the accuracy
of the range rate measurement proceeds in the same manner as in

t+he skin track case for the non-coherent radar.

The steady error in the velocity measurement will be
neglibible using a digital implementation of the range tracker
and differentiator. The 10 value of the noise term is eqgual to
about 0.770, as before, where Op ig the lg value of the rxange
tracker jitter. Again using expressions for o developed in
the literature for a split gate trackexr as representative, 0Op
is equal to 0.3 meters at a 6 db signal-to-noise ratio and lusec
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Pulsewidth. fThe 1o value of noise on the Yange rate output ig
then 0.23 meters/sec.

The net error in Measuring range rate is a fluctuating term
with a lo value of 0.23 m/sec at maximum range. Thig error
decreases as the range decreases,
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6.5.1.6. ACCURACY OF ANGLE MEASUREMENTS.

A bias error can be generated in the angle measure-
ment due to phase errors in the'monopulse combiner and IF
stages. This bias error will be the same as developed
previously for the skin track mode, or about 0.48 mR for the

0.5 meter antennz #nd 0.24 mP for the 1.0 meter antenna.

The fluctuating error due to thermal noise is developed
in the same manner as in Section 6.2.10. The resulting 3o
exror at a 6 dB signal-to-noise ratio at maximum range and
a PRF of 214 Hz is 1.2 mR for the 0.5 meter antenna and

0.34 mR for the 1.0 meter antenna.

We assume that the glint from the transponder signal is

negligible.

6.5.1.7. ACCURACY OF ANGLE RATE MEASUREMENT.

_ The angle rate error will include a stand off error
of 09 mR/sec plus a random error of 0.09 mR/sec in the gyro,

The angle rate noise due to jitter of the antenna due
to thermal noise at a 6 dB signal-tOHnoise ratio is computed
as in Section 6.2.11. The results indicate a 3¢ value of
noise on the angle rate data of 10.5 mR/sec for the 0.5 meter

antenna and 7.2 mR/sec for the 1.0 meter antenna.

~ These values are appreciablyv above the 0.l1l4mR allowable
random error. In the case of the 0;5 meter antenna in order
to reducc the noise to allowable random erxor, the transmitted
power of the tfansponder would have t: be increased from 10 W
peak to about SSKW peak. Alternately, the data smoothing time
may be able to be increased at the maximum range to decrease

the noise oh the data.

f
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6.5.2, COHERENT PULSE RADAR IN COOPERATIVE MODE.

A summary of system parameters for the coherent pulse radar
and transponder is given in Table 6.5.-3. A functional block
diagram of a candidate transponder is given in Figure 6.5~2.

The received signal in the transponder passes through the
diplexer, which has at least 40 db isolation to the transmitted
signal, and is mixed with the local oscillator signal to generate
a 60 MHz. IF signal. The IF amplifier is designed to limit cnce
the signal exceeds about 13 db signal-to-noise ratio in the IF
bandwidth. This provides a relatively constant 60 MHz. signal
during the duration of the pulse. The IF signal is down converted
to an IF frequency around 1 MHz. where the doppler shift 1is
extracted by using either a frequency tracker or a phase lock
loop. The smoothed doppler signal is up converted to a 60 MHz
IF and then to a carrier frequency of 14.54 GHz. which is filtered

and used to drive the transmitter.

A threshold detector senses the presence of a signal above
a preset threshold. When some high percentage, say 90% of the
radar pulses are received in a given time interval the signal
presence detector actuates a gate which allows the trigger pulse
to be applied to the modulator. The radar PRF can be coded to
command a 1 nsec pulse from the transponder at long ranges and
0.1 nsec pulses at short ranges. This command would be decoded
and the modulator set accordingly. The modulator pulses the solid
state transmitter which in turn generates the transponded signal.

6.5.2.1., PRF CONSIDERATIONS.
In order to accomodate a velocity range of #81 m/sec

unambiguously, and assuming no a-priori velocity information, the
PRF of the radar should be at least 18.2 KHz. A minimum value of

1
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TABLE 6.5.~5, CHARACTERISTICS OF COHERENT PULSE RADAR IN

COOPERATIVE MODE.

PERFORMANCE CHARACTERISTICS

Range for 0.99 probability of detection.......
Acquisition time

L A B B I O I O T T T T R P

Angular search coverage

LA A S I I B R R I TR Y R R,

Accuracy, 3¢ (at max range)

Biag™ *" Random
Range {Lag error) 30m
Velocity (Lag error) 0.3 m/sec
Angle 0.24mR ' 0.34 mR
Angle rate- 0.09mR/sac 7.2 mR/sec

RADAR CHARACTERISTICS (Different Ffrom skin track case)

CAntenna SizZe....iireiennennen

PRF _
Acquisition..tm......... 214 Hz.
Track (dithered)........ 20~-30 KHz.
Pulsewidth..... teastemena arenn 0.lusec

TRANSPONDER CHARACTERISTICS

Antenna gain ...

Peak transmitted power *{ 1 m radar antenna)....

Pulsewidth

Average transmitted power( lpsec pulsewidth)
IF noise bandwidth

L R T I

Noise temperature

* with 2 dB margin added.

AR B B I R R R
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* e 80
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t.-oetgoolluc-o-lnil'..-,l.---.l

>560 km
5 minutes
10°x;0° sector

1.0 m diameter

0 db
4.0 watts

1.0 and 0.lusec

0.10 watts
7.5 MHz.

1670°K
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19,2 Kiz. will be assumed to provide some margin for filtering.

A PRF of 19.2 KHz. rasults in range ambiguities each 7.8 km.
consequently, Some method of res clving the range ambiguities are
required. The same apprbach as discussed preﬁiously for the
coherent pulse radar in the skin track mode can be followed
but using 3 values of PRF related through ratios of mqy + My oy
(all integers). The upambiguous range R, may be expressed

m, mq c

R - ————

u 2 PRF

Using ratios Mg, Wys my = g,9, 10 and & minumum PRF of 19.2 KHz.

the maximumn unambiguous range is 703 Km.

The three values of PRF used by the radar would then be
19.2, 21.6 and 24.0 KHzZ. The rangde ambiguities would be
resolved by the radar usingJanialgorithm such as the Chinese

remainder theorell.

An alternative way of obtaining unambiguous range is to
perform initial target acquisition with a PRF of 214 Hz. as
in the non-coherent radar case. After angle and range acguisition
have bheen achieved the PRF would be switched to about 20 KHz to
allow unambiguous doppler frequency measurement to be made.
Once the range tracker has been locked to the signal it will
continue to rrack the target at the proper range despite the
ambiguities caused by the high PRF.

To avold range holes, caused by the signeal returning while
the transmitter is pulsind, +he PRF would be varied from 20 KHz.

to 30 KHz. in a regular manner.
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6.5.2.2. TRANSMITTED POWER REQUIRED FROM TRANSPONDER.

+he peak power required from the transponder will be essentially
ths same as developed previously for;the non~coherent transponder
since the driving requirement on signal-to-noise ratio is measure-

ment accuracy rather than on acguisition,

Transponding a lusec pulse at an average PRF of 25 KHz. the

average power required from the transponder is tabulated below:

Radar Antenna Size Peak Transmit Power | Average transmit
power
0.5 m 10.2 watts 0.26watts
1.0m ’ 25 watts 0.063 watts
| X

6.5.2.3. BSIGNAL-TO-NOISE RATIO AT TRANSPONDER.

The peak power required for the coherent pulse radar in the
skin track mode is 5.4 kw with the 0.5 meter antenna and 0.9 kw
for the 1.0 meter antenna. In order to maintain the same peak
transmitted power and about the same average power when the PRF
is changed to an average value of 25 KHz. required for the
cooperative mode, the pulsewidth must decrease to about 0.15 ysec.
Since a pulsewidth of 0.1l ysec has previously been considered
for the skin track mode when then the range decreases below 9 km,

this same value will be used for the cooperative mode.

Using a two stage synchronously tuned IF filter with a
noise bandwidth of 7.5 MHz. in the transponder and other parameters
as considered previously, the signal-to-noise ratio in the ,
transponder will be 2.4 dB for the 0.5 meter diameter radar

antenna and 22.6 4B for the 1.0 meter antenna.
' {
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6.5.2.4. SIGNAL TO NOISE RATIO IN DOPPLER FREQUENCY TRACKER IN
TRANSPONDER.

The signal-to-noise ratio within a doppler tracking filter
bandwidth, B.: can be expressed in terms of the IF signal~to-noise
ratio as before by

etk kb a e, L oo Ty
s o i
o »

SNR/

| 2
{
SNR/ ., —0:75 T(PRF)

By

Tracker

Assuming a AV of 10 fps/sec2 during the braking phase the
one way rate of change of doppler frequency is 153 Hz/sec. T order
to remain within the tracking filter bandwidth during this
acceleration with a Eypical tracking loop time constant of about [”
0.1 seconds the one sided filter width should be about 16 Hz. which %f“
gives a total bandwidth of 32Hz. The equivalent noise bandwidth |
is about 39 Hz. ¥*h a pulsewidth of 0.1 Hsec, an average PRF 5
of 25 KHz. and'a noise bandwidth of the tracking filter bf
3% Hz. the signal~to-noiseratio in the tracking filter is about
0.8 db greater than in the IF bandwidth. Thus a signal-to-noise
ratio in excess of 20 db Will be available in the frequency
tracker which affords a Qood operating margin over the value of

4 db SNR required for normal operation.

6.5.2.5. ACCURACY OF MEASUREMENTS .
The ranging accuracy will be'essentially_the Same as previously

e PR

determined for the non-coherent transponder.case.

The velocity accuracy will be determined by the accuracy
of the frequency trackers in the radar and transponder and the .
accuracy of the transmitted freguencies.

N i
i o




The largest error in the system will be due to the uncertainty
: h in the fixed off-set between the received and transmit frequencies.
We could time duplex the signals and retransmit the same
frequency as received to eliminate the offset frequency. However,
this would result in interference from skin return when the target
is at short range. A separation of at least 200 MHz is desirable
/_ to allow discrimination of the skin track signal. In order to
meet the velocity accuracy requirements the variation of the
frequency reference in the transponder must be in the order of
10 7over the operating period. This value is obtainable with
a good quality aged crystal osecillator. This tolerance will
result in a frequency uncertainty of 20 Hz in the 200 MHz
offset frequency which corresponds to a velocity uncertainty
of 0.2 m/sec. 1In addition, the error in the frequency tracker
in the Lransponder and radar can be about 1 Hz 0.01 m/sec)each.

The signal-to-noise ratio in the tracker bandwidth in the radar

N —

is about 4 db with a 6 db peak signal to average noise ratio in

the IF bandwidth. The tracker noise at this SNR is about 2.9 Hz
) or 0.03 m{/sec, lo. The SNR in the transponder frequency tracker

bandwidth is about 20 db and the tracker noise is negligible.

~

The totgl velobity measurement error is then as follows: ?J

- ¢ N

30 _Value, m/sec, f
ERROR SOURCE ' Slowly varying Fluctuating )
Frequency offset 0.z “
Transponder tracker 0.01 f%
Radar tracker T 0.01 , ‘ i
Radar tracker noise : 0.09%*
Net error ! 0.29 m/sec.

*Decreases as SNR increases.
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€.5.3. PULSE DOPPLER RADAR IN COOPERATIVE MODE.

A summary of system parameters for the pulse doppler radar
and transponder in the cooperative mode is given in Table 6.5-6.
A functional block diagram of a candidate transponder is given in
Figure 6.5.-3. | ' |

L4

6.5.3.1. TRANSPONDER OPERATION.

The signal received by the transponder passes through the
diplexer and is converted to an IF freqguency of about 60 MHz.
The IF signal is amplified by an-amplifier with about 20 &b
AGC range and applied to a limiting amplifier which is designed
to limit and maintain a constant output at a level equivalent to
the minimom expected signal at maximum range. This corresponds
to about 6 db signal-to-noise ratio in the IF bandwidth.

The bandwidth of the IF amplifier is made slightly greater
than 2mHz at ranges greater than 2 km to pass the 2 mHz

‘deviation of the linear frequency modulation on the radar signal.

At ranges less than 2 km the radar deviation increases to 20 miz
and the transponder IF bandwidth is switched to 20 mHz upon
detecting the change. The limiter maintains a nearly constant
sigﬁal into the single sideband up converter over the wide

- dynamic range of the signal.

The amplified and filtered IF-signal.is up converted to about
14.76 GHz. by a single sideband, suppressed carrier up converter.
The up converted signal is further cleaned up by passing through
a microwave filter and then applied to the driver and
transmitter. The transmitter can be a low power Gunn-  or Impatt
solid state smplifier. ‘ o
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TABLE. 6.5-6 . CHARACTERISTICS 6F'PULSE DOPPLER RADAR IN COQPERATiVE

MODE. ’

PERFORMANCE CHARBCTERISTICS. : ' : - .

Range for 0.99 probability of detection ..o .7 >560 km

Acquisition time ..... seanann Weessssassesansss D minutes

}

Angular Search COVEXAgEe scsessesssscensarans-s 10°%x10° sector

Accuracy, 3¢ (at maximum range)

Bias . Random’
Range | (L.ag. error) VTTOOSR)+(68)2
'Velocity (Lag error) 0.3 m/sec
Angle 0.24nR ‘ 0.17 mR
Angle rate- 0.0%mR/sec 2.0mR/sec
RADAR CHARACTERISTICS (Changes from skin track mode)
ANtenna SiZ@esessssnessssencnans e+ 1 meter diameter
Frequency modulation ' B
Deviation
R < 2 Kleweoononns Ceeee.. 20 MHz -
2 km <. R 20 KM 2evunvnns 2 MHz. "
) R > 20K eoeeesnaannnnan 2 MHz.
Duration of sweep | '
R < 2 km ....\..:........ 13 msec
2k < RL 20 KM ceeenavsee ' 13 ﬁsec
R > 20 KM covnansanconann 67 msec
TRANSPONDER CHARACTERISTICS . ' o o ~
Antenna gain .........:...Q.-....... 0 db
Peak transﬁitted POWEY sveneamneanse 10 m W
Duty ratio ..ieveesancesncscssanase 0.5
IF bandwidth o ;
R % 2 KN eeeeevensinenannenass 2 MHzZ

R < 2KR .oucsenesnnvavasnonss 20 MHz.
Noise temperature of receiver,...... 1870°K
Transmit path losses.......cveecce.. 0.6 dB
#*Results in a margin of about 5 dB relative to required value.
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6.5.3.2.

The péak signal to average noise ratil

STONAL-TO-NOISE RATIO AT TRANSPONDER
o within the 2.4 MH=z.

IF noise bandwidth is computed in Table 6.5-7%

SNR = ~43.4+10 log? +10logG,

where Pt

antenna gain.

is the radar pe

The value of SNR for the two radar antenn

considered is given below:

ak transmitted power and G,

The result is:

1

RADAR RADAR RADAR TRANSPONDER
ANTENNA SIZE | ANTENNA GAIN | PEAK POWER | SNR

0.5 meter 35.7 db 38.9 watts] %.2 db

1.0 meter 41.7 db 6.5 watts] 6.4 db
6.5.3.3. TRANSMIT POWER REQUIRED OF TRANSPONDER.

Using the same values of filte

determined for the skin trac

100 Hz for the

1.0 meter antenna,

of a steady beacon

0.5

tabulated below.

meter diameter antenna and 267 Hz.
the signal-to-noise ratio regquired fo
signal with a false. alarm rat

k mode with frequency agility,
for the

r acquisition

is the radar

a sizes

v bandwidth in the radar as

e of one hour is

ANTENNAl FRAME SINGLE BANDWIDTH DWELL NUMBER SNR

, INDEPENDENT i
SIZE TIME SCAN Pd (3 db) TIME SAMPLES REQUIRED
0.5 m 1 min. 100H=z. 1.63s2c 163 -4 db
1.0 m 1 min.’ . 267 Hz. 0.41lseci 109 -2.8 db

It is apparent +hat the signal-to-
about 4 &b, will be the d

r acquisition.

accurate track

than signal-to

ing,

. Fs .
—noise ratio regquired fo

noise ratio required for

riving factor rather

E P T
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TABLE 6.5-7. STGNAL-TO-NOISE RATIO AT TRANSPONDER

St
e

» 9
P,G G, A
SNR = — r2b2
(47) 2R7KT BL, L.,
SYMIOL PARAMETER VALUE VALUE IN DE
Pt Radar peak power Py 10log3t'
G. Radar antenna gain G 10logG,.
Gy, Transponder antenna gain 0 db 0
\2 (Wavelength) > (0.02 m)? -34
(4ﬂ)2 Constant ’ (4%)2 -22
g2 (Range) 2 (587km) > -115.4
K Boltzmann's constant 228.6
T Transponder noise temperature 1670°K ~32.2
, B Receiver bandwidth 2.4 mHz ~63.8
.LR Radar transmit path loss 1.6 dB ~1.6
Lp Polarization loss 3.0 db -3.0
SNR Signal-to-noise ratio -43,4+10-LlogP+101logG..
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U SO

{9
et

Using a value of 4 4B for SNR required, the amount of peak
transmitted power required from the transponder is computed in
Table 6.5-8. The resulting peak transmitted power required

is given below as a function of radar antenna size.

ANTENNA SIZE DOPPLER TRACKER ANTENNA GAIN | PEAK TRANS
BANDWIDTH (noise) POWER REQ'D

0.5 meters 275 Hz 35.7 dB 0.011 watts

1.0 meters 320 Hz 41.7 dB 0.003 watts

At the maximum range, the peak signal power to average
noise pbwer ratio transmitted by the transponder is about 8.2 dB
in a 2.4 mHz noise bandwidth for the 0.5 meter antenna case and
6.4 dB for the 1.0 meter antenna. Thus, the signal transmitted is
greater than 80% of the total transmitted power or less than 1 dB
below the total power transmitted.

The transmitted signal to noise ratio from the transponder
of 6 to 8 dB in a 2.4 mHz bandwidth at maximum range results in a
much greater signal to noise ratio within the bandwidth of the

doppler tracking filter in the radar.

Converting from peak power to the amount of power'in the central

- spectral line, and considering eclipsing as discussed for the case

of skin track with the pulse doppler radar, the average signal to
noise ratio within the tracking filter will be 10.8 dB less than

if computed using peak power. The net effective signal to noise

ratio within the radar tracking filter bandwidth is listed below:

}, A
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TABLE §.5-8.

- FOR PULSE DOPPLER RADAR

CALCULATION OF PEAX POWER REQUIRED BY

2.2 .
_ SNR (47) RK TS BLmLpLeDn
TG an? B
r b

SYMBOL PARAMETER
SNR Signal-to-noilse ratio
(4ﬂ)2 Constant
R2 (Range)2
K Boltzmann's constant
Ts System noise temperature
By Tracker noise bandwidth
;ﬁ Transponder transmit path loss
Lp Polaiizatioh loss
Lo Eclipsing loss
D Duty ratio of noise gate
Gr Radar antenna gain
G, Transponder antenna gain
lz (Wavelength}2
Pb Peak transmit power

VALUE

4 db
(4m) 2

(587km) 2

1758°K

By

0.6 dB

~9.2+lOlogEt—lOlogGr dBW

TRANSPONDER

PO N

VALUE IN DB




e R T L T T

3

4

- RADAR ' TRACKER SiTR OF TRANSPONDED EFFECTIVE SNR OF o
mﬂ ANTENNA BANDWIDTH| SIGNAL IN 2.4 mHz TRANSPOND!D SIGNAL —
SIZE (noise) BANDWIDTH R
0.5 meters | 275 Hz. | 8.2 db 36.8 dB - o
. T
i1.0 meters 320 Hz. 6.4 db 34,4 dB 3 §
since the rransmitted power from the transponder will be sized to _-4ﬁgi
provide a 4 db signal to thermal noise ratio in the tracking »fﬁ é
£ilter, it is clear that thermal noise density is the dominant .i
factor in determining'signal~to~noise ratio in the radar at S %

maximum range rather than the noise transmitted by the transponder.

6.5.3.4. ACCURACY OF MEASUREMENTIS. 'l
The accuracy of the velocity measurement will be essentially c
. : i

1

+he same as described for the coherent pulse system in the

L—

cooperative mode except the transponder frequency tracker is i

eliminated. The net errox will be about 0.2% m/sec, 30.

The accuracy of the range measurement 1S +abulated below:

¢ Error Value, meters %-
ERROR SOURCE Fixed random Fluctuating i E
' R<Z2km ] 5km <R<20km| R>20km R<2km | 2km<R<20km R>Z0km :
slope of fredquency o g '
modulation 0.005R 0.005R 0.003R
Quantization 0.38 m 3.8 m 19.0 m
opler COMmE nsatiﬁ'

ROPE;?F:fOAEQ; F;@'g m 3.0 m 15.0 m | negl. negl. a4 P
Freguency tracklﬁr.0.3m 3:0 m }5.0 M | hegl. negl. a ; ;

. e

* At maximum range. Decreases with increased SNR. '

The parameters i

for the range accu

racy of the pulse doppler rada

n the table are the same as discussed previously
r in the skin track mode.
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The combined errors are as follows:

R < 2km, Vk.005R32+(o.57)2

e

2 <R £ 20km, \[(.OOSR) 2+(5.7)2 | ,

R > 20km, \/ (.005%)%+(68)2

6.5.3.5. ACCURACY OF ANGLE MEASUREMENTS.

The bias errors will be the same as computed for the skin
track mode, or about (.48 mR for the 0.5 meter antenna and 0.24 mR
for the 1.0 meter antenna.

The fluctuating error due to thermal noise is developed in the

g same manner as for the skin track mode. Based on a 4 dB signal-to-
' noise ratio the 30 value of the noise on the angle data is 0.39 mR

for the 0.5 meter antenna and 0.17 mR forxr the 1.0 meter antenna.

Once again we assume the glint on the transponded signal is
negligible.

g 6.5.3.6. ACCURACY OF ANGLE RATE DATA. B | b

The errors in the angle rate data include a "hang offF"’
error of 0.09 mR/sec and a random error of 0.09 mR/sec, 30 in the
rate gyro as discussed previously.

' ' :
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The noise on the angle rate data due to thermal noise in the
receiver is computed in the same manner as for the skin track mode.
The result, for a 4 dB signal-to-noise ratio at maximum range. is
3.3 mR/sec, 3¢ for the 0.5 meter antenna and 2.0 mR/sec, 30 for
the 1.0 meter antenna.

Once again, these valﬁes exceed the 0.14 sR/sec stated allowance
and elther an increase in transponder transmitted power or an

increase in data smoothing time is reguired to meet the specified
values.

6:149
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6.6 SYSTEM TMPLEMENTATION OF RECOMMENDED RENDEZVOUS RADAR. "

6.6.1 RATIONALE FOR SELECTION OF RECOMMENDED RADAR. T

A pulse doppler radar with linear FM ranging and
frequency agility is recommended for the Rendezvous Radar ?f*f?'
application. The general form of the radar is described in
gection 6.4 of the report. Other types considered were a - ; }ﬂ{
non-coherent pulse radar and a coherent pulse radar which ’"%

wore analyzed in Sections 6.2 and 6.3.

The rationale for selzction of the recommended radar

is briefly summarized below:

* The peak transmitter power required is the
lowest of the radar types considered.

+  The relatively low peak transmitted power S
required minimizes breakdown problems and Do
it can be provided by the communications -

TWT transmitter or by a solid state source.

- High velocity accuracy rather than high range
accuracy is the driving requirement of the
radar. The pulse doppler radar with FM
ranging fits well with these requirements.
(The pulse doppler radar inherently provides
the most accurate velocity measurement of
the systems considered.)

. The signal form of both the velocity intelligence
‘and range intelligence is the same {frequency
difference) which ailows a common, time shared
signal processor to be used for both velocity
and range measurements.

6.6.2 SUMMARY OF CHARACTERISTICS OF PULSE DOPPLER RENDEZVOUS RADAR.

'
A summary of performance and system characteristics of the

recommended Rendezvous Radar system is given in Table 6.6.1.
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Table 6.6-1 PRINCIPAL CHARACTERISTICS OF PULSE DOPPLER
{ RENDEZVOUS RADAR. B
Sl
PERFORMANCE CHARACTERISTICS
Cooperative Skin track
_ mode mode
Operating range 560km to 30 m 19km to 30m
Target model Transponder lmZSWerling 1
Acquisition time 300 seconds 60 seconds
Probability of acguisition 0.99 0.99
False alarm time 10 minutes 10 minutes
During acguisition)
Angular searxrch sectorx 5° cone 40° cone
{half angle) {half angle)
Relative velocity +91 m/sec -38,+7.5m/sec
Accuracy, 30
Bias , Random Bias | Random
Velocity, m/sec. | 0.2 0.lm/sec 0 1[(.03)2+(.006V)2
. Range, meters B
2 2 'v ‘ 2, 2 -
R<2km , (.005R) %+ (.57) (.005R) “+(.,57) “+(.085V)""
2km<R<20km 0 V(. 005R) 2+ (5.7 2 (. 005R) 2+ (5.7) 2+ (. 85V) 2 "
20km<R<560km ) |Y(.005m) *+ (68) 7 - -
Angle, miL. . 0.24 | 0.17 R=560km 0.24 0.6
Angle rate, 0.01 R=20km
mr/sec 0.09 2.0 R=560km 0.09 g.1% i
0.07 R=20km : 2
*Principally due to glint. {
1




SYSTEM

CHARACTERISTICS

==

Carrier Freguency
Antenna

Size

Beam width (2 way)
Gain

Scan program

Scan frame time
Max search rate
Mazx tracking rate

Transmitter

PRF

o ' Pulse width
' Duty cycle
Peak power
Average powexr

Frequency Agility Program

Acquisition

Tracking

Cooperative Mode

gkin Track Mode

15 GHz 15 GH=z

[
1 meter 1 meter g i
1.0 degrees 1.0 degrees S, i g
40.6 dB o 40.6 dB j g
Spiral, 10~ cone Spiral, 80~ cone i h;
1 minute 1 minute 3

110 deg/sec

5 deg/sec 5 deg/sec :

-
4.8 for acquisitio:

20 .to 30 (Dithered) 20 to 30 Dithered "
for track T
: .

25 to 17 n sec -
50% 50% Z
8.9 watts 8.9 watts !
4.5 watts 4.5 watts -

none 6 frequencies 75 mHz. : ;

apart. dwell 1.5 m sec - ;)

none 6 frequencies 75 mHz. : )

&

Frequency Modulation Program

Deviation
R< 2 km
R> 2 km
Time of Linear Sweep
R< 20 km
R> 20 km

Time of retrace

20 mHz.

2 mHzZ.

13.3 m sec
67 m sec

0.5 m sec

6.152

apart. dwell 13 m sec

20 mHz.

2 mHz.

13.3 m sec

-

0.5 m sec
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Doppler Scale Factox

Range Scale Factor

R< 2 km
2 km< R< 20 km
20 km< R< 560 km

Recelver Noise Temperature
Doppler Filter Bank

Filter bandwidth
Effective number of
filters
(FFT implementation)

Frequency Tracking Filtex
bandwidth

Data Smoothing Time

Velocity
Range
Angle
Angle Rate

LI NI X

Cooperative Mode

100 Hz/m/sec

10 Hz/m
1 Hz/m
0.2Hz/m

1858°k

267 Hg

69

267 Hgz

seconds
second
second
second

IS SRR Y

Skin Track Mode

100 HZ/m/sec

10 HZ/m
1 Hz/m

.

1858°%

267 Hz

18

267 H=z

seconds
second
second
second




b/ PHYSICAL CHARACTERISTICS

Weight

Antenna Assembly 10.6 kg
Boom Assembly 5.1 kg
Electronics Assembly 4.8 kg

Total Weilght 2045 kg

Size

Antenna Assembly See Figure 5,5~7

Boom.Assembly See Figure 5.5-7
Electronics Assembly 25 x 17 x 18 cm

Power
Antenna Assembly
. Peak . | 100 watts
i3 . . Average during search 34 watts
| . Average during track 13 watts

Boom Assembly 122 watts

Electronics Assembly
. During search 81 watts
. During track 71 watts

Total Power
. Peak | . 303  watts
. Average during search 237 watts

. Average during track 206 watts

6.154
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ANTENNA CHARACTERISTICS

Frequency of operation

Sum Pattern Characteristics (at 15gHZY;

Gain

Beamwidth, one-way

Minor lobe level below main lobe

VSWR

Difference Pattern Characteristics (at 15gH=zY ;

Gain

Beamwidth, one-way

Minor lobe level below main lobhe

VSWR

Transmitted Power Capability

Antenna Scan Coverage
Azimuth
Elevation

Scan Coverage During Acquisition

Scan Frame Period

Frequency Response

6.155

13.75 to 15.121gHz

41.6dB

1.4 degrees
17 dB

2:1 max

37.5 4B

1.1 degrees

15 dB

2:1 max

100 watts peak or CW
360°

32Q0°

40° half angle cone

60 seconds

1 H=z,

ke b
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6.6.3. IMPLEMENTATION OF MAJOR ELEMENT OF THE RADAR LOCATED
ON THE DEPLOYED ASSEMBLY.

A block diagram of that portion of the radar located
on the deployed assembly is given in Figure 6.6.-1.

A dedicated transmitter for the radar function is assumed
in this study. However, the communications TWT transmitter
could be used for the radar as well. The 50 watt transmitter
power level being considered for communidations is adequate

for the radar, even using the 0.5 meter minimum size antenna.

Potential disadvantages of a combined transmitter are:

1. The loss of both communications and rendezvous
capability should the transmitter fail.

2. The requirement for a high voltage modulator, a
control grid in the tube to cut off the noise generated by
the tube dufing the radar receive cycle, or a fast action
switch at the transmitter to attenuate the transmitter noise
during the receive cycle.

The latter would introduce additional loss in the system.

7
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£ 6.6.3.1 MICROWAVE LOSSES AND SYSTEM NOISE TEMPERATURE

A tabulation of microwave losses for the transmit and

receive paths indicated in Figure 6.6-1 are given below. The @f‘?
losses of major microwave components were taken from supplier L
catalogs. L

Losses in transmit path

Waveguide & bends (1.5 meters) 0.6 db

Rotary joints (2} 0.2 db

Circulatox 0.4 db

Monopulse Combiner 0.2 db

Transmitter Switch 0.2 db

1.6 db

Losses in receive path

Waveguide 0.1 db

Monopulse Combinexr 0.2 db

Circulator 0.4 db

i Diplexer 0.3 db
Ho e Limiter 0.7 db
i) 1.7 db

The net microwave loss is about 3.3 db. The system noise
temperature, Ts, becomes

RS oo i s

Ts = Ta + Tr 4+ Te

Where Ta Antenna noise temperature = 2.7%

Tr = Transmission line noise temperature = T (L-1)
: T = Physical temperature (assume 290°k)
a ', = Loss factor = 1.48 (l.7db)
L Te = Receiver noise temperature = To (NF-1)
i To = Reference temperature = 2907k
'NF = Receiver noise figure'= 5 (7db)

Then, ms = 1858%%k




" this section is given in Table 6.6-2.

The parameters associated with the 1 meter and the 0.5

meter diameter antennas are rabulated below along with the

peék transmitted power and average transmitted power regquired

for acguisition using six step‘ffequency agility.

Antenna Antenna Filter Bandwidth SNR Trans. Power
size Gain 3 db Noise Reg'd Peak | AvVg.
0.5 m 34.6 db 100 H 157 H 8.2 dh 33.5 17 W
1.0 m 40.6 db 267 H 419 H 8.2 db 5.6 2.8 W
6.6.3.2. TRANSMITTED POWER REQUIRED.

An updated calculation of transmitted power required,
Kased on the implementation of system parameters shown in
The peak transmitted

power required was found to be

' Pt = 56.17 + 10 log SNR + 10 log B, = 20 log G dBw,.

- T IS T Ry
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0 Table 6.6.-2. COMPUTATION OF PEAK TRANSMITTED POWER REQUIRED i
I ~ FOR OPERATION OF PULSE DOPPLER RADAR.
- . s8R (4m) *R¥*T_5. D 1 L L I It
. P = ' ST N e M 5'F >Hg
E e*rda i
: . £ R
. Symbol Parameter Value Value in 4B 1
' : | 4
SNR Signal-to-noise ratio SNR 10 log SNR BN
1 £4ﬂ13 Constant 1984 4 33.0 .1§
-~ R (Range) * (21.3x10°) 173.1 !
o K Boltzmann's constant ~228.6 :
T, System noise temp.:::u12858° 32.7 1
1 Br, Noise bandwidth of - : ‘
il doppler filter BT 10 log B
; ‘ Dy - Duty ratio of . }
i noise gate 0.5 -3.0 _
| J
i f?h . Dy Microwave loss : -
i b (transmit path) 1.6 @B 1.6 ’
} Lg '~ Bean loss 1.6 @B 1.6 ?c
Bt L, Eclipsing/conversion ;
H loss 9.00dB 9.0 :
: L Filter mismatch loss 0.9 dB 0.9 -
i G2 (Antenna gain) c? -20 log G g
g% A2 {(wavelength) 2 2x10™%m 34.0 g
3; o . Radar cross section L m2 0 r?
J% Pt Peak transmitter power 54.3+101logSNR+10log BT-20 log G. ;;5
6.160
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6.6.3.4., TRANSMITTER IMPLEMENTATION.

Allowing a 2 dB margin for radar system degradation
due to environment and aging, the peak transmitted power
required is 62 watts for the 0.5 meter antenna and 10 watts
For the 1 meter antenna. The average power . is half of these
values.

These peak and average power levels for the 1 meter
antenna case are well within the state-of-the-art of solid
state impatt diode transmitters. However, in the case of the
0.5 meter antenna it appears better to use a parametric »
amplifier in the receiver as discussed later which would
reduce the required transmitted power by 5 dB to 1% watts

which can be achieved with a solid state transmitter.

The Hewlett Packard 5082-071l6 series of impatt diocdes
can generate about 7 watts of power at 15 gHz. at a pulse
width of 10 usec and 25% duty ratio.T The efficiency is about
11%. 2t a 50% duty ratio and pulse width of 104 usec, which
corresponds to a PRF of about 4.8 kHz. uséd during acquisition
in the skin track mode, a power output in excess of 3 watts
peak can be obtained. The efficiency is about 2%.

The desired peak power of 10 watts associated with the
1 meter antenna can be provided by 3 impatt devices operated
in parallel. Allowing a loss.of 0.2 dB for the power: combiner
the total output power of the impatt diodes is 10.5 watts.
This requires each diode to provide 3:5 watts peak power.

I

1. "Silican Double-Drift Impatt Diodes for Ulse Applications”;
HP Application Note 961.

T S e LT B TR Y LR
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The transmitter would operate in an injection lock mode.
a 400 MH bandwidth can be obtained with an injection lock
gain of 10 dB. An imput drive power of about 1.0 watts peak

is therefore required for the three injection locked impatt e
Aiodes. Allowing a power loss of 0.3 dB for the driver power i L'i
divider, a total drive power of 1.l watts peak is reguired. G
This drive signal would be provided by another impatt amplifier

n . :
which in turn would be driven by a 110 milliwatt source. IR

This powaer level can be readily furnished by a frequency
multiplier driven by the frequency synthesizer.

The efficiency of the high level impatt stages will be P
about 9% and the lower power drive stage will have an efficiency ff;&
of about 5%. Assuming ap efficiency of 80% for the modulatox, |
which consists of a pulsed current generator, the average
de input power required for the 10 watt transmitter is about
88 watts.

L . The size of the 8.9 watt transmitter and modulatoxr will
be about 12x12x10 cm. Its weight will be about 1 kg.

If a parametric amplifier-is used in the receiver the
transmitted power required for the 1 meter antenna is reduced
to 3.2 watts peak. This power level can be obtained by one
" impatt diode driven by a second impatt diode. The driver
impatt amplifier would provide about 0.3 watts peak power
with an imput signal level of 30 milliwatts. The total dc.
input power would be about 29 watts. .The size of the 3.2 watt
X transmitter and modulator would be about 6x12x10 cm. Its

weight would be about 0.5 kg.

The estimated dec power, size: and weight of the 19 watt

peak pover transmitter required with the 0.5 meter antenna
i
and a parametric amplifier preamplifier is 190 watts,

o, 16x12x10 cm and 1.5 kg respectively.

e
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Since greater peak power and efficiency can be obtained from
the impatt diodes when operated at 25% duty ratio, an investigation
was made to determine the difference in peak power required if the
system were operated at a 25% duty ratio rather than at 50%. Oper-
ation at 50% duty ratio had previously been found to be the most
efficient usage of average transmitted power.

It was found, considering both eclipsing loss and receliver
noise grating, that the net increase in peak power regquired to
obtain the same performance at a 25% duty ratio as at 50% duty
ratio is about a factor of 3. Therefore, operating at the 50%

duty ratio is more favorable.
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6.6.3.5. RECEIVER IMPLEMENTATION.
5CB 3B, MONOPULSE CONFIGURATTON.

Consideration was given to using a three channel monopulse
receiver, (E,Aa,Ae), a2 two channel receiver with one time
shared difference channel (Z,Aa'e), and a single channel
receiver where the difference channels are time shared and
alternately added and subtracted f£from the sum channel {Eiﬂa’e}.

The single channel approach results in additional loss
in the sum receiver channel of at least 1 dB and consequently
it is not attractive for this application.

The feasibility of multiplexing the two difference
channels to minimize hardware was considered. Phase multi-

" plexing is not attractive for this applicationdue- to potential

cross coupling between channels due to the finite isolation
obtainable. Time division multiplexing appears feasible with
the relatively low tracking rates encountered. The JSC
defined requirements for the purpose of this study specify

a maximum tracking rate of 5°/sec. Examination of the

Mission 3-B rendezvous trajectory indicates a maximum line

of sight rates of about 0.2°/sec at ranges greater than 1 km.

It appears reasonable then to time share the difference
channels, keeping the time share rate at least an order of

magnitude above vhe freguency response of the antenna positioning

system. The time sharing would be accomplished by a solid
state microwave switch which alternately applies the AEL or the
AA signal to the receiver. '
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6.6.3.5.2. USE OF AN RF PREAMPLIFIER IN THE SUM CHANNEL.

Consideration was given to using a tunnel diode

or-a paxametrlc pre—ampllfler in the sum channel in the

re051ver to lower the receiver noise temperature. Neither

pre-amplifier can operate effectively at the maximum return

signal in excess of 0 dBm which is possible at the minimum
range of 30 meters. An attenuator would be switched into the
receive line at a range of about 0.3 km t~ limit the maximum

powexr to about -30 dBm.

The noise figure obtainable from a +unnel diode amplifier
at 156 Hz. is about 6 dB. This is close to that obtainable
with a good quality diode mixer and no significant benefit
is cbtained.

Parametric amp11f1e~s can provide noise figures better
than 2 dB which is an improvement of 5 dB relative to a diode
mixer. It does not appear desirable to use the communications
parametric amplifier for the radar function because (1) it
must be tuned from 13.8 gHz. to the radar frequency of about
15 gHz. and (2) the diplexer also must be tuned or switched.

Tf the communications transmitter is used fur the radar,
the signal-to-noise ratics will be adequate without a
parametric amplifier, even for the minimum size 0.5 meter

antenna.

In the case of the 1 meter diameter antenna the transmitter
power reguirement can readily be achieved with a solid state
transmitter and the extra complexity of a parametric amplifier
is not required. 1In the case of the 0.5 meter antenna the
trade-off favor the use of a parametric amplifier rather than
the larger transmltter if a separate transmitter is used for

the radar.
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6.6.3.5.3. MIXERS.

Using a balanced Schottley diode type mixer such
as- the Hewlett Packard No. 5082-2724, and allowing 0.5 dB for
mismatch and resistive loss of the diode holder, a mixer noise

figure of 7 dB can be realized over a wide temperature range.

6-6.3-5-4- IF AMPLIFIERS-

A total gain of about 154 dB is required at
intermediate frequency to raise a signal at zero dB SNR in
100 Hz. bandwidth referred to the mixer input to a level of
1 volt for the signal processing circuits. The total dynamic
range in the skin track mode is the sum of the range variation
(22km to 30 m) which causes a 115 dB change in signal level,
and a radar cross section change from 1 m2 to perhaps 100 m2
which adds another 20 dB to the dynamic range. The total
dvnamic range required for the cooperative mode considering
a range variation from 560 km to 0.03 km is 85 dB.

To avoid overloading the receiver, a 30 dB attenuator

would be switched in the receive lines in front of the mixers

‘at a range of about 300 meters tc 1imit +the maximum signal to

about ~20 dBm at the minimum range of 30 meters.

An IP prewaﬁplifier mounted on the back of the antenna
along with the mixer provides about 30 dB gain. Its output
remains linear over the 105 dB dynamic range of the signal
at that point. The amplified 10 mHz. IF signal is fed over
2 transmission line to the 10 mHz. IF amplifier located on the
boom.

‘ . , .

The 10 mHz. IF amplifier has about 80 dB gain and 65 dB
AGC range. The signal is down converted to 1 mHz. and
further amplitied by 44 dB. The 1 mHz. IF amplifier has an
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o AGC range of about 40 4B.

The gain and phase match of the two receiver channels
to the output of the 1 mHz. amplifier will be within 1.5 dB
and 10° respectively.

6.6.3.5.5., I0CATL OSCILLATOR.

The mixer diodes require a microwave local oscillator
signal level of 1 milliwatt for best noise figure. The two
balanced mixers require a total of 4 millivatts which must
be coherent with the transmitted signal. The local oscillator
signal is generated by a frequency multiplier which accepts
a signal near 100 mHz. from the frequency synthesizer and
multiplies it to the IO frequency near 15 gHz.

i
i
i
i

o 6.6.3.6. PHYSICAL CHARACTERISTICS OF DEPLOYED EQUIPMENT.

A summary of weight and power requirements Ffor the
§? elements of the radar located on the antenna and on the boom
is given in Table 6.6.-3. The use of a 1 meter diameter
antenna was assumed in sizing the trénsmitter._

A summary of overall weight and power required by the
deployed portion of the radar is given in Table 6.6.-4.
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TABLE 6.6~3  PHYSTCATL CHARACTERIS
OF DEPLOYED PORTION

TICS OF MAJCR ELEMENTS
OF RENDEZVQOUS RADAR

Elements Mounted on Antenna

Monopulse Combiner
Circulator

Limiter

Switch (SPDT)

Balanced Mixers (2)

IF Preamplifiers (2)
Frequency Multiplier
Mounting Strudture & Cover
Cabling & Connectors .

Elements on Boom
Transmitter/Modulator
Freq. Multiplier

Freg. Synthesizer

10 MH 1F Ampl (Dual)

1 MH 1F Ampl (Dual)
Structure (Part of boﬁm)

Cabling & Connectors

Weight, kg

0.2
0.15
0.1
0.1
0.2
0.1
0.15
0.5
0.2

1.5

Power, watts

R




TABLE 6.6-4 PHYSICAL CHARACTERISTICS OF DEPLOYED EQUIPMENT,

Element Weight, kg Power, watts

Blectronics & microwave

on antenna 1.5 5.5
Blectronics on bhoom 2.2 122
Antenna and feed l.6

Antenna gimbals including
elevation and azimuth motors,
rotary joints, waveguide and

synechros 6.6 100 peak,
' 34 average during
Search
Boom structure 3.1
Rate gyros (2} ' 0.91 6
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6.6.4. IMPLEMENTATION OF MAJOR ELEMENTS OF ELECTRONICS
ASSEMBLY,

A block diagram of tha electronics assembly is giwven
in Figure 6.6.-2. A detail description of the signal
processing is given in Section 6.4.

6.6.4.1. VELCQITY AND RANGE MEASUREMENT.

. The sum IF signal, at a frequency of about 1 mHz.
plus doppler and ranging frequency, is applied to two mixers
excited in quadratire from a 1 mHz. reference frequency. The

I and Q outputs of the mixer are amplified and limited and
~applied to the frequency tracker and to a fast Fourier transform

processor which functions as a filter hank. The digitizer
for the FFT processor samples the hard limited doppler, or
doppler plus range signal at rate twice the maximum signal
frequency and provides an I and Q set of digital words to
the FFT processor.

The FET processor is mechanized in software within a
small micro—computcr to function essentially as a bank of
contiguous filters with 3 dB bandwidths of either 100 or
267 Hz,. corresponding to the use of the 0.5 meter diameter
antenna or the 1.0 meter antenna respectively. The presence
of the signal is detected by the FpPT processor which generates
a "signal detectedq" signal which stops the antenna search
program. '

The antenna would be allowed to coast past the target
where the search program is terminated. However, the antenna
location at the instant of signal detection is placed into

. Memory and the antenna is driven back to that location.
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i;; The frequency tracker is slewed to the signal freguency by
a digital command from the FFT processor. After initialization
of the velocity, range and angle measurements as described in P ?
Section 6.4, the tracker alternately tracks the doppler and the
doppler plus range signal. Digital words representing these -
two quantities are applied to the data converter which is mech- L‘?
anized in software within the microcomputer. The computed range
and velocity information is applied to a data formatting function
Wlthln the micreocomputer which provides target range, velocity,
azimuth angle and angle rate, and elevation angle and angle rate
in a format compatible with the space shuttle data systems,

e
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6.6.4 .2 ANGLE TRACKING

The 1 MHz sum and difference signals are mixed with a sig-
nal from the freqguency tracker which is maintained 5 KHz above
the doppler or doppler plus range frequency. The signal frequency
applied to the angle track circuits is then constant at 5 kHz.
The difference channel is demultiplexed and both the sum and dif-
ference signals are filtered by band pass filters centered at 5 KH
with a bandwidth of about 500 Hz . The filters are made about twice
the bandwidth of the doppler tracking filter to minimize phase shift.

The filter outputs are applied to phase sensitive detectors
which yield a dc output related to the angular displacement of
the target from the monopulse axis. The detector outputs are
filtered and applied as an error signal to the servo amplifiers
which drive the antenna positioner.

‘ The antenna search program is generated in the microcomputer,
& converted to an analog voltage by the digital to analog converters
and is applied to the servo amplifiers during the search mode.

Lo
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6.6.4.3 PHYSICAL CHARACTERISTICS OF ELECTRONICS ASSEMBLY : N

A summary of estimated weight and power for the subassemblies ;?;u
and structure of the electronics assembly is given in table 6.6-5. .
The power supply is sized to provide power for the 10 watt peak ke
power solid state transmitter. f£¥?3

The size of the electronics assembly is estimated at about
7500 cubic centimeters (25.4 x 16.6 x 17.8 cm). The weight is
about 4.8 kg ({10.6 pounds) and the power dissipated within the
assembly is about 81 watts.

The total amount of regulated power reguired is about 20.7 watts

for the electronics assembly and 119.5 watts for the deployed assembly
for a total of 140.2 watts. An efficiency of 70% was assumed for the
power supply which results in a power dissipation within the supply

of 60 watts.

e

6.174




i
e

TABLE 6.6.5 PHYSICAT. CHARACTERISTICS OF THE ELECTRONICS

ASSEMBLY

i i

oAt i ON R e P T

Subassembly

Angle Track

Servo Amplifiers (during search)

Synthesizer

Mixer Lirnmiter & Digitizer
Frequency Tracker
Microcomputer
Synchro/Digital Converter
Buffer and Interface
Power Supply

Chassis & Interconnect

Weight, kg

0.14
0.18
0.14
0.14
0.28
0.28
0.14
0.14
2.27
1.10

4,81 kg

Power, watts

0.3

10
1.0 i
0.3
0.3

8

0.3

0.5

60

0

80.7 o
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