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I .  INTRODUCTION location. In the genera l concept , a ground-
based laser radar was employed to

The US Army continues to develop determine rocket spatial position and roll
essentially free-flight or ballistic rockets for orientat ion as a function of time. The
providing counterbatter y and area tire.  The position and roll data are processed throug h
free-fli ght rocket can deliver high volumes a ground-based computer which predicts
of TOT tire for the destruction of high- the rocket trajectory and impact point ,
value , time sensittve . area-type targets. It a compares this with a reference trajectory
relatively inexpens ive guidance and control desi gned to impact at the target location .
package could be integrated into the free- and then generates trajectory correction
fli g ht rocket such tha t  the accuracy o f t he s e  si gnals which are coded on the laser radar
missiles was increased to the 2.0-2.5 mi l beam or an auxi l iary RF l ink and
range. their effectiveness ag ain s t hard po int t rans mi t ted  back to the missile receiver and
tar gets could he s ig n i l i c a i i I l ~ incre a sed , guidance control units . In th is  manner , the
Such a hi gh-accuracy . command-gu ided r o c k e t ’s r aj e c t o r v  is c o n t i n  u o u s l s
ball i stic rocket could rep lace some general compared to a reference trajector y and
and direct support cannon and art i l lery t r a iecto r \  corrections are made to fo rce the
units in fire support roles calling b r  rocket ’s predicted impact point to agree
munit ions to be delivered on targets with wi th  the  target location , thereby greatl y
hi gh precision and destructiveness and roles increasing impact point accuracy. This
where augumentat ion fi res are delivered in system is called G R O W L A R  for Q,.uided
close support of maneuver elements . Rocket With Laser ,~ ,ada r .

An in-house research and development The p r i m a r y  l i m i t a t i o n  of t h e
program at MI RAI ) ( ’OM resulted in a GROWL . AR concept is weather and cloud
concept for a relativel y low-cost, command- at tenuat ion of the laser radar signal. To
guided ballistic rocket with projected c i r c u m v e n t  t h i s  p r o b l e m , a more
accuracy sign i f i can t ly  better than  the best conventional microwave or millimeter
accuracies obtainable wi th  the comp letely wavelength radar has been proposed to
free-fl i ght rocket I I I .  In this  concept , the replace the laser tracker. In this case, the
missile is equi pped with  a receiver , a low- radar would perform the same function as
cost guidancc package, a u n i q u e  the lase r tracker previously described —

polarization sensitive passive retroretlector provide position and roll dala as a function
to provide roll position in formation , and of time on the missile over the trajectory
side thrusters o allow the ballistic traj ectory flight path. The missile retroreflector mi ght
to be corrected to agree with a computer- take the form of a passive Van Atta array of
generated reference t rajectory designed to antenna elements which would be located in
produce rocket impact at the target the trai l ing edge ofone of the missi le fin s , or
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an active radio frequency tran spondercould radar systems will be specified. After this ,
be used. t h e  missile antenna would linearl y their performance characteristics (range.
polarize the returned , retransmitted or tracking accuracy. etc.) will be calculated
reflected si gnal so that roll orientation compared. A recommended radar tracking
processing could be accomplished in exactl y system c o n f i g u r a t i o n  wi l l  t hen  be
the same manner as wi th  the laser tracker. deve lo ped .  Ma jo r  c o n c l u s i o n s  and

recommendations are presented in the last
the pr imary objective of this study is to section of this report.

determine the feas ibil ity of a microwave or
millimeter wavelength radar for satisfy ing 2. PROPAGATION DATA
the tracker requirements in the command- BASE
guided ballistic missile concept and to
develop a pr el imi n ar~ des i gn for such a A. ATTENUATION
radar if it prove s feasible. Some of ’ the
specifi c tasks which wil l  be a pa rt of this At tenuat ion  of electromagnetic signals .
study include ( I )  examina t ion  of the especially at microwave and millimeter
propagation effects on polari zat ion of wavelengths , by the “clear ” atmosphere and
electromagnetic si gnals so that the various by rain is an important system parameter for
factors which produce depolarization can be terrestrial target detection and tracking
identified and the accuracy of roll position r ad  a r s , p o i n t - t o - p 0  i n t g r o u n d
estimation can be determined :(2 ) ana l ysis of c o m m u n i c a t i o n  and e a r t h - t o - s p a c e
various retrorefiec tor confi gurations and communications systems. As a basic result
their polarization and signature properties of these interests, a large body of
in comparison with the radar signature experimental data has been assembled on
properties of the unaugmented rocket; (3) attenuation of electromagnetic signals;
development of severa l t racking radar numerous theoretical calculations and
candidates and tradeoff analysis of these predictions of atmospheric and weather
systems based on such factors as range attenuation have also been developed . The
performance , clutter rejection , tracking resulting data base has been analyzed and
accuracy, cost , and complexity ; and (4) modeled by several researchers with -

recommendation of a suitable radar , somewhat varying results. In this section , an
attenuation model will be defined which will

In the following sections of this report . be suitable for tradeoff analysis and
the necessary propagation and target prediction of performance for the various
reflectivity data base will be developed and candidate missile tracking radars .
described , depolarization effects will be
identi fied and quantif ied.  retroref lector A genera l , and almost universally
confi gurations will be analyzed , and various accepted , attenuation model is given below. 
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A = A + Qual i t y  data relating to radar rain
clear hac ksc atte r , especially at the higher

In t his equ at ion . ‘\ represents the orre -s~ i~ microwave and millimeter freq .:encies . are
tota l  a tmosp heric a t t e n u a t i o n  in d I f km : considerabl y more limited than data

is the  “clea r a i r
’S a t t e n u a t i o n  and K is r elat ing to a t tenuat ion by rain.  Perhaps the

he n orn ina  I r a i n f a l l  in m u  Ii  mete l  s per htwi  best current ly  availa ble data at the
ruin hr) ftc paramet er  \ us g eneua l l ~ frequencies of interest in this stuuy were

t m e . u t e d  as a ~s e ;uk  lu n c t i o n  o I l  I c q i~ .‘nc’. ai~d obtained by the ‘S Army’s Ballistic
sometime s of tempc iatur e and po la r  i / a t i o u i  Research I.aboratorv and Georgia ‘l ech in a

I he co ef f ic ien t  \l I5 .u s t r o ng  t un c t u on  of series of measurements conducted at
t i e q u e n c~ hut  us • i r e l a t i s c l ~ ~ i’. ik t u n c t i o n  McCoy Air Force Base. Fl orida , in August
ot te m pera ture  and p o la m u / a t u o i m  and September . 1973 12 ,41. These data form

t he basis for  the hackscatt cr model given
I he a t t e n u a t i o n  model gis en in laNe / helo~ - .

~ as generated from c o n s e r  % a t i % e
experimenta l data gm~en in Re lc r e tuc e s  2 and t h e  most generally accepted rain
3 and generalls agr ees s~ u t l i  a t t e n u a t i o n  hae kscatter model is the following
models de~cloped b r  rada r  propagat ion expression:
analysis and per formance predi ct ion .  t h e
m odel g u % en  in 1~thle / will he used in B
subseq uent performance calculatio ns for  V

the ca ndidate mis sile t r ack ing  radars , where B~ represents the rain backscatter
cross section per unit  volume in M~, M 1. and

B. BACKSCATTER R is again the rain rate in millimeters per

In addi t ion to a t t enua t ing  microwa v e and hour ( m m - - hr) ; E) is an exponential

mi l l imeter  radar signals , ra in also reflects parameter which is weakly dependent on

significant energy to the radar. lt ~is rain f requenc y ,  while the parameter C is strongly

“backseatter” competes and interferes with dependent on frequency. Values for the

the target reflected s ignal  in the radar parameters (‘and 1) were derived from data

r c c e i s e r . t h e r e b s  l i m i t i n g  t a r g e t  presented in References 2 and 4 and are

detectabilit y and the radar range presented in Table 2 as a function of

performance. 1 herd ore , a complete ~~~~~~~
specification and ana ly s is  ol a radar ’s
performance in adverse weatl~er requires No exp licit data relating to rain

modeling of the rain hack se atter  in order hackscatte r a~ 16 (IHi were presented in

t hat target-to-rain clutter r at i o s  and these references : therefore, the values for (‘

result ing radar range performance can he and I) at 16 GH, given in Table 2 were

calcu lated. ii.t erpo latcd f rom the 10 (IH~ and 35 (iHi

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ .
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TABLE 1. PROPAGATION ATT ENUATION MODEL

Vrequ (Qlz) :
~c1~~lr B/l~~) N

10.0 0.02 0.0087 1.144

16.0 0.05 0.039 1.124

35.0 0.13 0.239 1.034

TABLE 2. RAIN BACKSCATTER MODEL

c

9.4 1.3 x io
_8 

1,70

16,0 8,52 x io.’8 1.70

35.0 1.25 x io
_6 

1.71
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value s by assuming that B5 us dependent on As seen in these figures. on-axis polariza tion
frequency raised to the fou rth power (B , -t 4 ). isol ation t or  this antenna exceeds 35 dB in
‘[he resulting model given in TaF ’1e 2 f or rain both the elevation and azimuth planes.
back scatter will he used in later sectio ns of
this report to estimate levels of rain clutter Al t houg h the on-a xis po larization
and deter mine M l  I requir ements for the isolation of this antenna is relativel y hi gh ,
missile tracking radar , moving off the principal planes or into the

side lobe reg ion results in a significant
C. DEPOLARIZATION EFFECTS decrease in the antenna polariz ation

isolation. For this antenna , the polarization
The sketch shown in F igure / il lustrat es isolation decreases to betwee n -17 dK and -

t he  p r i m a r y  f a c t o r s  w h i c h  produce 20dB at the 3 d B  points of the main beam.
depolarization of the t r an smi t t ed  radar this is a general characteristic of reflector
signal. the antenna a n t i  associated r irdorne antennas . l’olariiation isolation is worst in
(f). the intervening propagation medium,  the planes which are rotated 45° from the
both clea r air and ~idver  se wea t her (2 ) . and princi pal planes .
the ia gei scattering characteristics (3) arc
the rimar~ polarization—de t erminin g To minimi z e depo larization of an
elements which must he considered in antenna in the case of off-axis reception or
developing a syste m design which includes a transmission , it is essential that a primary
polarizatio n technique for indicating feed having good polar i zation isolation be
ins tan t aneous  missile rota t ion al  or roll used. Several pri mary feeds satisfy ing th is
position . Each of these factors  will be requirement have been developed 110-121 .
discussed individually and hounds on the O f f - a x i s  polarization properties of
depolarizat ion factor s  wil l  he derived in this (‘assegrainian and front-led paraboloidal
section. antennas have been considered in several

references I 13- l6 J . Where necessary.
(I) AN FFNNA A N I )  ASSOCIAFF1) cancellation techni ques can be used to

K A l)OM E. A well -d esi gn ed and achieve cross polar ization isolat ion
manuf~icturcd reflector an tenna  with a approaching 60 dB I I 7J .
horn-t ype feed can he expected io achieve S

polarization isolations of between 35dB and Water on the antenna, especially the
45 dl4 . with 4{}d lf being a realistic , nominal primary feed aperture, can produce
value 15-81. Figur ez 2 and 3 illustrat e the signif icant  cross polarizat ions fls—2 l J.
ant enna performance achieved in an X- Worst-case values for cross polarization in
hand pa rabolic reflector a n t e n n a  desi gned these an tennas  varies between - 13dB and -5
and develoned by Georg ia l cch for a dlf when the prim ary feed aper ture is wet as
polar i za tion diversi ty processing radar J 9 J .  compared with a dry or clear weather value
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I
of approximately 40 dB . Snow on antenna tropospheric refractive index will he
feed ape rt ure s and radomes can also considered small and will be neglected . It
s i g n i f i c a n t l y  lower c r o s s - p o l a r i z a t i o n  may he necessaryto invest ig ateandquant i fy
di scriminat ion 118 . I9 .22~. Propa gation tests these effects somewhat more exactl y at some
conducted at 19,0 ( i i i,  OSCI a 4. 1 km path later time during the system definit ion and
showed that  cross polari z ation was reduced eva lua t ion  phase should they become
to 24 dH when radomes were covered with impor tant .  i’hus . the primary contributor to
snow . Heated radomes are typ icall y used to propagat ion—induce d depolarizat ion is
circumvent this  problem. Radomes are adverse weather , normall y rain.
obviously e f fect i v e in redu cing cross
pol arizat ion from rain also. Spray ing water Depolari zation by canted raindrops is the
on th e radome of an antenna having a largest contr ibutor  to total propagation—
imminal  po l a r i z a t ion  i so la t ion  of 40 d If induced depolarization and is a resu lt of
rcsultcd in an i so l at i on  reduction of oiil~ I hot  ii d i  f t c  remi t ía I a t  t en  u a t  io it a n d
to 2 dR. differential  phase shift between the two

o r t h o g o n a l  p o l a r i z a t i o n s .  (‘r o s s —
( 2  PR () P AG A I I  () N M 1: 1) 1 M . polarization discrimination ( Xt ’t )) is the

I)ep olar iz at ion introduced by th e medium parameter normally  used to qu antif ’v rain—
throug h ss hich an electromagnetic sign al induced depolarization effects and is
propagate s can normall y he a t t r i bu t ed  to defined as the ratio of the power receised in
either c’ear weather depolar iza t ion effects the princi pal polarization channel (parallel)
or r a i n — i n d u c e d  ( h a i l . s now , et c . )  to tha t  converted into the orthogonal

depolari zation. (‘auses of clear weather polarization channel.
depolarization are pt ’imaril ~’ the  o f f—a x is

characterist ics of the t ransmit  and receive
- 2 0 1og~~a n t e n n a s  ( pre s iou sI ~ d i scussc dt .  ra y

bending due to hulk retract ion , ot mul t i pa t h
propa gation due to eithe r ground reflections and
or st rat itic at ion of the I iopo sphei ’ic
re f ract is e indes Since the r a dar  t racking,

= 2O log fcom nmn.n rid —gui d a nec s~~st cut  considered
herein ss i l l  norma ll~ t tack at elevation
ang les abose 4’ a nd. the ie t o t  e. in norma l where l i i  and F~ are the co—polari zed
operat i on wil l  ti es L’r experi enc e main heani received f ie l d  (the same as transmitted or
g rou rid i n t e r c e p t . gr ou nid - ref lect  n on— parallel ) ,  ~ l~ u is the cross polarized field
intlt icei f depolarization can he neglected . In  t ransfe rred f ron t  I’~ . and .~E5 is th e cro ss
addition , dep olarizat ion produced by hu lk  po larized field tran sferred f r o m  F11. Kec~use
rd r ac i  ion an d  s t r a t i f i c a t i o n  of t lie the rai n at tenuation tot vertical polarization

I 1



is less than that of horizontal , the cross- figure shows that XPI) has a maximum at
polarization discrimination for transmitted 30 6Hz for hi gh rain rates. 1~gure n
vertical polarization is expected to be better illustrates the relationship between Xt ’I)
t h a n  for  t r a n s m i t t i n g  h o r i z o n t a l  and propagation distance computed at 193
polarization. Figure 4 15 1 contlrnm this (1Hz for various values of rain rate. From
point. Measured values for XPt ) 5~ average this figure , it is evident that XPI) , especially
approximately 2 to 4 dB better than XPI)115 in vertica l polari zation , tends to saturate t’or
for a fixed attenuation. In addition , theory high rain rates as the propagation distance
prcu~.ts and measurements have confirmed becomes longer. The saturation values can
f 5 J that both 45° linear and circularly be approximated  by the fo l lowing
polarized waves suffer severe depolarization relationships:
effects perhaps 10 to 12 dtf worse than 

— 20 log cot •vertical. 
‘

~~~~
‘

and

In Figure 5. X Pt ) is shown as a l’unetion 20 log t&i •
ot’ frequency for various values of rain rate.
The average raindrop canting ang le is 5 deg. where ~ is the average drop canting ang le.
and the pro pagation path is I km. This For a canti ngan g le of5de gXP O saturation

40
ATTENUATION IN HORIZONTAL POLARIZATION ( d  B)

FIgure 4. Var iatIo n of tour XPD values with signal attenuation.
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approaches -2 1. l6  dB as given by these frequencies in the 106Hz to 356Hz range;
equations. I’his value is confirmed by the the polari zation isolation exceed s -33 dH
data given in Figure ó. almost 90 percent of the time.

l’ahle 3 compares cross polarization Based on the data reviewed above , a
values (XP I ) 5 11) calculated by various conservative or worst-case value for rain-
researchers at 1 1 G h z oser a I kni path t’ora induced depo larization over the paths
IS deg canting angle and various rain rates lengths (20-40 km) and frequencies (5- 18
ranging from 1.25 to 100 m m/h r  123 1. Cross ( I H i f  of interest in the study will be assumed
polarization values tend to saturate at to be -22 dB to -25 dB . with the transmitted
approximatel y -25 dB t o  2 6 d B fo r th i s  set of polarization assumed to be vertical.
coii dit itin s.

(3) TARGET INDUCED DEPOLAR-
IZATION EFFECTS. A complicated radar

I ong-term measuietnents of X P 1) have or scatterer , such as a missile , having several
been made in various countries for both physically separated scattering centers or
terrestrial and earth-space links. Figure 7 surfaces is very polarization sensitive and
summarizes the cumulative dis tr ibut ion will always produce depolarization of the
statisti cs of XPI) gathered from recent electromagnetic energy scattered from its
p u b l i c a t i o n s . P a r a m e t e r s  ot t h e  surface. Unfo rtunately , very little data have
measurements are listed in TuNe 4 . (‘lose been taken on missile depolarization
inspection of these ~‘t ir ses indicates that  the characteristics in general and , in particular ,
polarization isolation between the two for the Little John missile. Theoretical
linearl y polarized channels exceeds -25 dB analysis of missile radar cross section and
approximatel y 99 percent of ’ the time f’or prediction of both parallel and cross

TABLE 3. COMPARISON OF CALCULATED CROSS POLARIZATION
(XPDVH) AT 11 0Hz, AFTER EVANS AND THOMPSON [a3]

RAIN RATE tn~r’, hO 1 
~ I 

12.5 2~. e.o 100

~ v \ \ S
- 1 I  ~SI~ ~4 4? 00 3~ ~.1 31 84 00

Od’ . ~~R’\ 
. 

I

\~ -‘.R ,tlI~ II 5, ‘.~~‘\ — ~,,I % ( ~ 47  1 5 - . ~7 $ 7  l~ .‘7 4$

~~ 79 4 4 1 3  -~~ 1

I s , ;  \‘~~. t  I I I

74 ( - 0 7 4  4~ i i  3s 04 3 1 7
I ~~ s p~ Ih H • • ‘ \  5, -
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poLii iza t ton s igna tu i es  is ~in ex t reu wI~ A passive retroretlector based on a Van
tli t I icult a n al~ t ic~il pi oh le in . tIs u~i ll~ Atta array technique is proposed elsewhere
req u ii i ng large comput ci  progi .iins and in this report as an approach which

~igiiiIic.in t machine t u i tc  increases the apparent target RUS and ,
s i m u l t a n e o u s l y ,  ach ieves  im p r o v e d

Some data of limtt ed r ekvanc e to the p o l a r i z a t i o n  i so la t ion  in t h e  s i gna l
problem of missil e i, si ini lar to .i 1 it t l e  .lohn ) t r a n s m i t t e d  back to t h e  radar .  A
depo lar izati on were taken on the HQM-34 .~ conservat ive estimate 0 the polarization
and BQM-341 target drones at the US Au isolation which can be achieved with this
Force Radar Target Scatter ing l) is- ision retrore tlector techniques is -19 d 13 to -25 dli.
t R A l  S(’ -\ F) . F loll orn an Ai r  Force Base , In addition , active augmentation of the
Sew M ex ic o Both parall e l and cross m i s s i l e  s i g n a t u r e  u s i n g  a beacon
polarization monostatic and hi st atic RCS transponder on hoard the missife and a \ a n
dai,i were measured at a t ueq uc n cy  of 5.5 Att a re-radiating antenna array can be used
( H z .  1)etaulcd Inspection of these data to achieve still larger polarization isolation
indt ~.ites t h at . f o r  s e r t u c a l  t r a n s mit  and target RCS if necessary .
polari zation , t he i etlected inoi los tj t  Ic cross
polarization conipoitent sa i t e s  between -23 (4) lOTAL SYS ~EM DEPOLAR-
dii and -5 dii ssi th respect to the parallel I /A l ION if we assume that each of the
component for the UQM-34i drone os-er depo htrizat ion effects considered in this
the 30 deg interval about the tail-on aspect section is a statisticall y independent .
(the inter val of most interest tor the random process . then total depolarization
command-guided missile radar ) The mean can be calculated ~~ using a root-sum-
polarization iso lation sa lue over this square (r ss) relationship. If
inter v al is appr ox im at e ly -8 to -12 d 13.

If thcse d~ t .u a re assii i n ed to be Ic.i~~lLihIs D4 depolarization contributed by

r e p r e s e n t a t i s c  o f  t h e  s c a t t e r i n g  antenna radome combination ,

characteristics to c t h e t i l i ssu l e of in tere st  ( this  1) , = depolarization contribtited h

~issUI11pt  ion is nec cssar s for  the  present since the pr opagat ion path . and

no other reles ant dat a arc as ,uil ahl e ) , the n DI = target induced depolarization ,

the m issi Ic ~1epot.u ri / es suf f ic ien t l y  to
p rec lude  h ig h - a c c u r 4 u ~~ ro l l  p o s i t i o n
measur ement based on i’ p ola r i i . it uon the total depolarization , L I .. is

signature suthout augment at ion  of th e
miss ile hackscatt er signature and control of
its polarization properties D~ J~ 

+ + (3)

20
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For the fol lowing assumed depolarizat ion combination. In order to utilize signals
values , whose amplitude us independent of roll

ang le. use of ’ circular-linea r polarization
-35 dii = 3.16 \ It) ~ combinations is desirable for the path from

015 -23 dii 5.0 \ 10 ‘ the ground-based radar to the missile.
0 = -19 dli = 1.2 \ 10 

~~. Circular polar ization could be transmitted
b~’ the ground-based radar and linearthe total sy stem deploration is .

_________ 
polarization received at the missile , or linear

D
~ -,/169.i x 1O’

~~ transmitted by the ground-based radar and
circular received by the missile.

— -18.8 ~~ (4)
There are certain advantages to the

For this  examp le, the t otal depolarization ~ 
ground-based radar radiating circular

dominated by the target depolarizati on polarization and the missile receiving linea r .
effects. pr im ariI~’ in the simp licity of the missile

antennas. However , certain comp lex it ies

3. ROLL M E A S U R E M E N T  are incurred in the ground based radar. On

CONSIDERATIONS the other hand, reception of circular
polarizati on and re-radiation of linear

A basic requirement for a G R O W l  A R polarization by the missile requires a more

missile us a knowledge of ’ miss i le roll angle in complex antenna configuration on board

order to enable appropriate side thrusters ~ 
the missile, while simp lif ying the ground-

he actuated to generate required cour se based radar system.

corrections The concept considered roll
ang le measurement uns o l ses  the use of a Ih e choice of polarization might he
missile-referenced polarization re-radiated influenced by propagation considerations if
by the unissik as a means for determining the significant differences were exhibited
roll angle of the missile by a ground-based among the various polarizations. While
radar sensor differences do exist , they are sufficiently

small to be considered neg ligible. For
It us generall y desirable to uti l ize a linear examp le, at I I  GHz in 5 mm hr rain ,

polari zation ~as opposed to some other different ial at tenuation between horizon tal
polari zation , such as circular )  re-radiated h~ and verti cal of 0.0 11 dli km and a
the missile as a means of ’ sensing missile roll differentia l phase shift of ’ 0.5l~ ” , km has
ang le Such a linearly polarized si gnal ma~ been reported 124 1. Whil e propagation
he generated by either an active beacon- effects of this magnitude can produce
transponder (one containing a microwayc appreciable cross polarization for circular
source) or by an entirel y passive reflector polarization (on the order of 10 to 12 dli ).

2 1
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the effects on circulari ty are relatively small , t h e  use of ictroref lectors in general
resu lting in negligible modul ation in necess itates use of the same polar ization on
receis ed power as the missile rotates , reception ; in order to achieve a signal with

ampli tude substantially independent of roil

t he follow ing sectuons treat sesci at topics ang le, the reflector should be illuminate d
concerned with implementing the concept of w ith a circular l y polarized signal and use the
po larizat ion for missile roll and ang le same linear polari zat ion on reception and
measurement topics inc lude a di scussion re-transm ission.
of methods of roll angle measurem en t .
retror e flector configuratt on . .iual ~ sis of ~\t  the ground-based radar sensor , the
maximum radar cross section of a in u s s i l t ’ ang le of the incident signal is determined
retroref lector. and consideration of some and the t~ t) ambi guit y of missile position
addit iona l  reduct ions in retror et lector rad ar IC\Ol ’.eIi l’he l80~’ ambigu ity of missile
cross sectio n which would be incurred ss hen po sition may be resolved by f ’iring a known
implementing such concept s thrus ter  carl ~ in fl ight and then determining

mi ssile roll ang le by obsersing the motion of
A METHODS FOR ROLL the missile ; once missile position has been

ANGLE MEASUREMENT d e t e rm i ned , it us then  r elatis e l~
- - . st raig h t fo rward to “remembe r ” or keep - ‘
I he concept of roll ang l e nlc ,usurc rn cfl t

• - , . t ra ck of missile roll angle throughout thebeing considered (or the (~RO~~ t A R  - - -
- - - - - - flig ht. Receised polarization may beinissile in souse s the radiat ion of a hod~ - 

‘ -
.. , - - . determined in several ways , inctud~ngfixed l inear po aruzat i on b~ the missile and 

-
- - - - - - - ~I )  observing modulation of signals receiveduti l iz at ion of thus polari zation in format ion  

‘ -
- - - - - by a linearl y polarized receiver as the missileto determine mis sile rol l ang le. I he signal at

- - ‘ - rotates , or (2 ) actually measuring thet he missile is produced in response to signals
received polarization using a dual-polarizedfrom a ground-based radar , and a passise

- sy stem. Because of data rate and accuracyr e t r o r e t l e c t o t  or an a c t i v e  beacon -

requir ements . only the second techniquetransponder s~stcm ma~ be used to generate
- will be considered.t he missule -rd erc ui c cd lun e a r lv polari zed

signal I ‘SO pos sible simplified block
diagrams ot rn i s s i I ~ beacon-transponder hgure 9 shows a simplified block
sy st e ms are gi scn in Figu re s’ The d i a g r a m  of t h e  a n t e n n a  r e c e i v e r
con f igura t ion  u t i l i i i n g  Ess () an t ennas  configuration for a dual polar ized, ground-
permits a choice of d i ff e rent  p ola riz ati on s based radar which radiates circular
(such .u s circular ‘l inear )  for reception and polari zation while rece iving two orthogonal
re-tran smission , whil e tha t  using a single linear polarizations : the ratio of these two
a n t e n n a  r e q u i r e s  use of t h e  same orthogonal linear polarizations isa measure
polarizat ion on recept ion and tr ansmission. of the angle of the receised linear

22
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(b)

Figure 8. Possible missile beacon transponder configurations using
(a) separate antennas for reception and transmission, and (b) a
simple antenna.

23

I
’

t. ~~~~~~~~~~~~~~~~~~ - -  - - - - - - - - .   -



—:--- - — -. . 

~~~~~~~~~~~~~~~~~~ —~~~~~
‘ - 

‘
-.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

!~ ~t - ~ 
•
~~

I
~~~~~~~~~~~~ 

‘It ’. .,
.-~~~1:~~~ 

1’ 4~~
h

,. . : di II~
~~ ‘~ .“ . 

, I I
-‘ ._ I ut ,~i . 1 . .  - I’

~

;. 

~~ 
Li,J ij .~~~

’

~~~~ 

~~~~~~~~~ H:

11

_ _ _  

1’

I

~~ ~~~~~~~~~~ ,‘~~~~~~~
UI I : ~‘ ‘l~. i.

I. .‘ :~ ~. :~.

:—j
:~~~~

’

~
V---- ~~~~~~~~~~

c -

~~~~

— it;
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘
~~~~~~:

‘; . “
~~~~

‘ I

I ~~~ ~~~~

‘ ‘

~~

— 24

— --‘ -— - - -a.—-,, ~~~~~~~~~~~~~ ‘.. “ -----..- . .  - - -



~ 1~ L•’ - -
~~~~~~

-.-‘ --
~~~

- - .- - . -  —-----— ---—-—-—-—-- - - - - --

polarization. The transmitted circular channel for range tracking and selection of
polarization is generated by creating two track polarization.
equal ampli tude orthogonal linearl y
polarized signals differing in time phase by This system can produce the angular error
900 On reception , the two linearly polarized for vertical and for horizontal polarizations ,
signals are processed to generate angular a measure of polarization , and the
error signals and the logarithm of the sum amplitude of the two linearly polarized
signals subtracted to yield the logarithm of channels over greater than a 70 dB dynamic
the rat io of the two linear components. All range of received signal. Subsequent signal
of the devices in the block diagra m of Figure processing can be used to select the error
9 are standard , commerciall y available signal for the larger of received signals for
items including the power divider , phase further processi ng, calculate the angle of the
sh i f t e r , c i r cu l a to r s , dua l -po la r i zed  received polarization , and perform the
monopulse  a n t e n n a s , a n g l e  t rack  range tracking function.
processors, and logarithmic IF amps and
detectors. B. R ETROREFLE CTOR

CONFIGURATIONS
Two of the components of such a

subsystem are less widely know n than some Acceptable retroreflectors for the
of the others. The fi rst is a dual-polarized GROWLAR Missile should have a number
mon opu lse feed assem bly, and the second is of features , including:
the IF monopulse subsystem to generate the
error signals. Dual mode couplers have been • Re-radiation of a sing le linear
developed at Georgia Tech [25J and have polarization
been produced commercially by Microwave
Development Laboratories (MDL). MDL • Large effective radar cross section
has combined four of these couplers with
appropriate hybrids into a dual-polarized • Small variation in radar cross sect ion
feed. Such devices are available as stock with changes in viewing angle
items in the 5.5 GHz and 9.5 GHz frequency
bands  and t echno logy  is r ead i l y • Simplicity and low cost
available to extend these techniques
to both higher and lower frequencies. The • Adaptability to irregularly shaped
IF monopulse subsystem to generate the apertures
error signals is also available as a
stock item generating error signals over Reflectors such as dihedrals , trihedrals,
dynamic ranges as great as 70 dB and spheres and flat plates all Iail to have some
provides for incorporation of an amplitude of these desired properties. However , an

25
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arra y ol the \ iou ‘~t ta  t p c  2~i i i t iki tn g then ,
linen a i s -  po int tied ele m ent s  does possess the
desired pr operti es (SfA~)(G1_)

Simplified thcor~- of the Van Atta arra s
indicates a wide angular tange ovci which at a range R from the scatt ering elementthe radar cross section remains rather high
Whc i~ the mutual coup ’ing factor s and other I’ti~ de f ini t ion of t-adar ci oss section ismore exact consider ati ons are in c luu d eil in
the analy sis , the var ia t i on of i adiu r  cm IIss  2 u r n  Isection becomes more cxtr cine hut s t i l l  R ~ 

~~acceptable for this  appl u c at ioui

‘5’C. MAXIMUM RE’TRO - for the fni f ield case I~ reduces to I bu s
REFLECTOR RADAR CROSSL SECTION 

lIm fs~i~1c\ f i— 
‘
~~~
‘ R •“ 

~~~i~~~~~) 
I~1’he se n t i e i  u n g  s tu eui gth of t h e

retroreflector , or i t s  radar ~ i t i s s sectio n . us

an esscnt ma I piece of ’ u nf ’or uiua t ion in
determining feasi bili t y of these ioU angle — A~\_ .
o~easuremeuif techni ques . While  a number
of factors infl u ence the a~’h ucs able t a dn i  

~ related to the reflector b camwidths incross section. an uppe r hound on I he the tss o prin cipal plane s h~-achie vable rad ar cross section tiia~ be
obtained hs assu ming that  all of the energ\
incident on the reflcctoi a pert u re is i t ’ ç~ ~~~~~radiated wit h the ma st  mu in gain ach ics-a hie
with the ava ilabl e a pert nrc

where e~ and ~ at e  the bcan iwidths in heIf the tollo~ ing quant it ies a t  i- defined , two princi pal planes in degrees.

S power tfensut ~ of inc idet it f ield I ’or constant i l lu m in a t i on
A effective inte rcept it t-en
S~ 

— power ( ICuts i tS of i-c i adia t ed t r~dianq 1. 02 ‘~/~tfield
(i gain of the re -radiating u in te n ui a  where

in the direct ion of meulsuire tnent
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A operating wavelength An i mportant related question is the value
a = aperture size of ’ radar cross section of the remaining

portion of the missile. By shap ing and
Converting to degrees , selection of appropriate geometries , the

cross section of the missile (with exception
o 59 x/a .  (7)  of the exhaust p lume and the exhaust

opening ) can be significantly reduced since
Substituting E quat ions (7 ) into E quations only a dominant  rear view will be presented
(6), to the radar. I’he worst-case condition is the

41,000 a1a2 11. 78 a1a2 
condition for which burnout has been

C = achieved and the exhaust nozzle and
propellant chamber are visible to the radar.

(8) In stuch a si tuation , complex modes may be
excited within  the resulting cavity; exact

Substi tut ing Equation (8) into E quat ion(S ) ,  analysis of these fields is a difficult problem ,
and the s ’iah il i t v of supression techniques is

1 1.7 8 A a a
i 1 2 unclear. M a x i m u m  values of R( S may he

2 
-

estimated 1w proced u res outlined above.
I’hcse values show that the rat io of

and if au a~ (as a rectangulam - aperture ) us controlled (reflector ) to uncontrolled
associated with the scattering area A 1, then (missile ) radar cross section is given by the

ratio of the squares of the areas invoked .

= 
11.78 A~A8 i.e. , for a 10 in. diameter nozzle,

(9)

(1911) = -17.07 dB ,
(‘onv e r sa t i on s  w i t h  M l  K A I )COM (1TXS ) 2

personnel indic ate au a i’ea of th e f l i t  of ’
approxima tel y I I  i n .  (5 1/ 2  \ 2 in. ) .  or i l lus t ra t ing the need fo r  reduction of radar
70.97 cm or 0 0071 m .  I h u s . if ‘\ = A. = cross section of uunaugm entcd portions of
0007 1 m i’. then the missile for the case when a passive

rctrorcflector is to he utilized .
5 .9x10’4 2

-
~ m

I) . RETROREFLECTO R LOSS
FACTORS

where A u s in meters.
lh e  theoretica l li mit derived above can , in

A numbe r of values of o at different practice , never he achieved. Additional loss
frequencie s are summarized in Thhk’ 5. factors include (estimated losses):

27
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TABLE 5. MAXIMUM RETROREFLECTOR RADAR CROSS SECTION

f (Qiz) \ (meters) a (m
2) a (d~n2)

1 0.3 0.00659 -21. 80

3 0.1 0.0593 -12.26

5.5 0.0545 0.20 -7.02

7 0.043 0.323 -4 .90

9.5 0.03158 0.059 -2 .28

16.5 0.01818 1.79 2 .52
35 0.00857 8.075 9.07

70 0 .00429 32 .30 15,09

95 0 .00316 59.49 17.74

2M



• Polarization mismatch (cir- hackscattering of the prop agation medium;
cular from ground to linear characteristics of ’ the antenna,  wavegu ide
on missile) 3 dH and component losses; and floise figure . to

mention only a few.

• Collector coupling and mis-
match losses 2 dB ‘l’o simp lify the frequency tradeoff , t wo

basic analyses were performed. ‘l’he fi rst
• Apert ure inefficiency 2 dH analysis assumed a constant-size aperture

(un t i l  the beamwidth became unreasonab ly
• Retroref lector direct iv ity due small), while the second utilized a constant-

to misalignment of ret ro- bea mwidth configuration. Comparisons
reflector axis arid loss to radar were made of the single pulse received power F

as a funct ion of range to the missile for the
The last of ’ these factors us a func t ion  of the cases of’ bot h a passive reflector located on
backsc attering characteristics of t h e  the missile and of an active beacon on
retrore flector. the missile trajector y , and the hoard. Howc~cr , in most cases , the
range to the missile , In order to analyze the constant-aperture condition was the one
magnitude of some of these effects, a which most realistically reflected the system
parabolic trajectory with a QF ot’40° and 40 constraints of physical size and is the only

km range was anal yzed . A Van Atta-typ e one presented here . A detailed analy sis of
ar ray was assumed f ’or the retrore flector effects of signal-processing techniques was
because of its large backscatteringangte and not carried out since it was felt that
its s implici ty  of imp lementa t i on .  A i m p r o v e m e n t s  r e s u l t i n g  f rom such
variation in radar cross section of processing would he equally applicable to
I sin(ir / 2cos~~~

4 was assumed I 27 ~. Results all such systems. It should be noted that  the
art summarized in TuNe O. indicating that choice of diffe rent aperture sizes would
the Van Atta array can hold dir ecti s- i t ~- change the numerical results of the analy sis
lasses to rather small levels . hut not the relativ e levels of performance as

a function of frequenc y .
4. FREQUENCY TRADEOFF

ANALYSIS Results of ’ these analyses indicate that in
clear air , one would maximize signal-to-

A central tradeoff’imi overall s%-stcn i desi gn noise ratio ( S N R )  by going down in
ins oRes the choice of operating t’requency . fi’cqucncy for the constant-beamwidth ease.
l’his is a somewhat complex analysis. while one would maximize SNR by going
ins-ok ing a number of factors, includ ing up in frequenc~’ (‘or the constant-aperture

avai lable transmitter desuces; hack- casc~ When one considers e ff e ct s  of
scattering from the missile ; a t t enua t ion  and atmospheric attenuation for rain rate ot 4

29
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TABLE 6. LOSS FACTOR DUE TO RETROREFLECTOR DIRECTIV ITY —

40 km RANGE , 40 O.E. VAN ATTA A RRAY

Missile Missile Reflector
Altitude Altiti.xle Angle, 0 Reducticrt

Range (1cm) (1cm) (deg) (deg) In RQ , dB

1 0. 81 38.59 0.42 0. 00

2 . 12 35.53 2.37 0. 00

32.21 4.07 0 .00

10 t~ ,‘q 22.78 9,39 0.00

15 i’ S ?  11.86 15.82 0.03

20 8 . 1 )  0 22 .76 0.13

25 ? 8 7  -11.86 29 ,33  0 .35

30 6 . 2’~ -22 , 78 34 . 59 0.68

35 ~~~ -32 . 21 38.20 1.00

40 0 -40.00 40 .00 1.20

:10

,,
~~~~ ~~~~~~~~~
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mm ’hr , one finds that SNR is maximized where (1 = the gain in dS , relative to
for X-band (9.5 GHi) operating frequencies isotrop ic. However, once beamwidth
for the constant-aperture comparison. An became less than 0.4 deg, a constant
exhaustive analysis of ’ the constant- beamwidth was used because of pointing
beamwidth case was not further  considered , and acquisition problems associated with
since it was felt that the antenna aperture narrow beamwidths. Peak transmitted
size limit represented a more realistic powers were selected as being representative
comparison , of easily fieldable technology at each

frequency, as were the noise figures. Losses
Details of the analysis are presented in the were those associated with a 5-ft lengt h of

following section. standard waveguide . and reflector cross
section was obtained from Section 3. Pulse

A. C O N S T A N T  A P E R T U R E  rate frequency was selected to give an

COMPARISON FOR A unambiguous range of approximately 40
PASSIVE REFLECTOR km and pulse width was chosen to yield a

t ransmit ter  duty cycle of 0.00 1 , a s-alue
The case for the missile t racking radar represen tatis -c of many magnetron-type

system operating with a S-ft aperture t ransmit ter  tubes. The receiver ban dwidth
tracking a target consisting of a passive was chosen as the reciprocal of the
missile reflec t or wa s in i t ia l l y  analyzed. transmitted pulse width.
Representative system parameters are

presented in Table 7. Frequencies were These radar parameters were then
selected as being in the major radar bands inserted into the free space radarequation to
over the frequency range of interest , y ield a s-alue of received power as a function
Antenna gain and bandwidth were for a 5-ft of range:
( 1 .52  m) aperture reflector antenna using 

~ 2P C ”
t Ac ,

0 (beamwidth) 70A d r 
— _ _ _ _ _ _ _

where where

0 = beamwidth in degrees P, = received power
A = operating wavelength R = range to the missile.
d = antenna diameter.

This value was then converted to dRm ,
and losses accounted for , and compared with the

equivalent noise power for a 4 mHz
C = 10 log~o (30 ,000/0 ) bandwidth and the specified noise figure to

:31
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determine the S\ K. S~ K as a funct ion of these values to the rad ar sy stems describe d
range is plotted in hguri ’ 10 for the system in flthle’ ~ . one obtains variations in target—
whose parameters are gis-en in 7~th/ e ‘. to-ruin clutter ratio with range as given by

uigs~rc ’ 12. thus, the signal-to-rain clutter
I - sam inati on of F igure /0 shoss s tha t  the 1-at l o  is ma x imiz e d  at 35 (1 11, hur is unIv

single pulse ~~ R is maxi mized at 35 ( H,; sli gh t l y  low era t  95 ( H , a n d  16.5 (UI , . Als o
however, i t should he emphasi zed that this is note th at  si gnal—to—clut ter  ratios art’ such
for the clear a ir  condition. When rain at tha t  coherent rrocessing can pros-ide
rates up to 4 mm hr is taken into  account, si gntt ican t l~ enhanced perform ance due to
the picture changes somewh at , the large dif ’krentia l radial velocity exist ing

bet ss een the  missil e and rain c lut ter .
t)sing data of Section 2 . ii is det ermined

that for .u 4 mni hr r auti  r ate , t ss o—s a%
atte nuat ions ot t) , 12 dB kin .iie experi enced B. CONSTANT APERTURE
at 95 (UI,. 04$ tI ll km at U ’S (U I , . and COMPARISON FOR A
2 2 5  dB km at 35-0 (UI ,;  it is •un t ic ip a ted  MISSILE WITH AN ACTIVE

that  it w oul d be n eg I igihI ~ small  .ut ~ ~ ( j l I i  BEACON 
- 

-

I neorporat ing these d,i t a nIt 0 tl i  is a na l~ si~ .

the behas ior shoss ii in 1’ igur e II  f o r  s~ K In the anal y sis presented in the previous
a function of range is obtained. paragraphs. there are a number of problem s

sstiic)i can be identified, even with this
l)ata presented in F igur e II  shoss tha t  cur sors ’ anal ~ sis , Signal—to—clutt er rat io is a

m aximum performanc e at 40 km tange is significant problem for operation in the
achieved at an operating Ir equen c~ of 5 5 ra in , probably necessitating that coherent
(I Hi . but operation at 9 5 (UI, giscs similar l)oppler processing he utilized . 1’o improsc
performan ce. 1-or ranges  less t h a n  s i g n a l - t o ~n oise  r a t io s , p u l s e — t o — p u l s e
appr oxima te I~ 12 km . t~perat ion at I 6.5 integration riia~ s~ el i need to he employed -

Cl-I, provides enhanced S’~R. lii addi t i on , depolar ized scatter ing t’ro m the
rem ainder  of the missile may he a s ign i f i can t

‘\ t’inal consider ati on u hen comparin g problem. .is may ground clutter during the
the 5-arious frequencies is t h a t  of ’ targ e t—to— in i t ia l  acq uis is t ion  phase , ‘\ll •sf these
ruin clutter ratios ss hich ss ould he probl em s nia~ he alleviated h~ use of an
encountered sshen operating in r a in  ta l es  of act ise beacon on the missile which is ottset
up to 4 mm hr. I )ata sun ini arl ied in Secti on in f requency from the ground—based
2 indicate a radar ci oss section per unit iiiterrogator.
volume , a,, of -68.6 dIl ni rn ’ at 9.4 (III,;
-60 4 6d B ni~ ni ’ at 16 (UI ,; and -48.74 dIl Recent deve lopments in solid-state
m m ’ for operation ~i ~~~ ( i l l , ,  -\ ppl~ ing sources hold considerable pro mise for

:1:1
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reducing size, weight , power consumption Thus , the beacon case offers the
and cost of beacon systems. A set of advantages of improved SNR , essentially no
representative radar and missile parameters rain or ground clutter , and freedom from
is given as Table 8. Missile antenna gain was polarization effects associated with missile
calculated on the basis of the allowable area backs catt er ing . to name only a few- , but
on the rearportion of one fin for an antenna , requirec increased cost per missile for
while the peak power was chosen to be additional on-board equi pment.
compatible with available solid-state
sources. Parameters summarized in Table 8
were used in the beacon radar equation to 5. SYSTEM ACCURACY

calculate values of received power , ANALY SIS

PtYrA 2 ‘i’hc primary contributors to angular
= _________ ‘ and / or range error estimates of target

1 ?~~R position for a tracking radar are:

and then losses, noise fi gure and receiver • Radar-Dependent Tracking Errors
bandwidth were used to calculate signal-to-
noise ratios as a function of range. which are — Thermal Noise
summarized in Figure /3.  These data show — Multipath

that SNR is maximized at 9.5 6Hz , but that — Antenna Boresighting
all of the frequencies analyzed offe r — Wind Loading
adequate SNR for almost any application. — Servo Noise

O p e r a t i o n  d u r i n g  r a i n  degrad es  • Target-Dependent Tracking Errors

performance of a beacon system also;
however , effects are not as severe , because of — Glint

the larger initial SNR and because only one- — Scintillation

way attenuation (as opposed to two-way — Dynamic Lag

at tenuat i on)  must  be accommodat ed.
Again , referring to Section 2, one-way • Radar-Dependent Translation

attenuation values of 0.06, 0.24 , and 1. 13 Errors

dB / km were calculated at 9.5, 16.5. and 35.0
6Hz , respectively. App licati on of these — Pedestal Leveling

values to Figure 13 reduces SNR, but even — Azimuth Alignm ent

for the 35 6Hz case at 40km where one-way — Pedestal Flexure

attenuation is 45.2 dB , an SN1 R of — Data Take-Off Nonlinea rity and

approximately 20 dB is achieved . Resolution
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• In strumentat ion Et -r~ rs angu lar track error for a nionopulse
processor is given by the followin g

— Reading Errors expr ession:
—- Stabili t y of Reference I ns t nmns e itts  0

t = _ _ _ _ _ _ _ _ _ _ _ _

Obviously , not all of these poss hk error ~~ J (B-i ) 
~~ r’

12
~~~~ 

(2S/N)

sources will  be applicable to the command— ( 10)
guided missi le scenario and sonic sources where
which affec t angle t racking  .tccuracs 

= 3 dh antenna beamwidth(pedestal error s, for example will  h ave no
effect on range t r acking accuiac ~ - Error km = monopul se err or slope factor
contr ibut i ons due to these soutces . w hidi Br - I (matched receiver product of
are estimated to be s i g n i f i c a n t  for  t h i s  receiver bandwid th and pulse

~ipp Iicaf ion , are considet-ed in the folloss ing length )
subsections of th is  sect ion , a nd ta b ul at ion s  I - PR F
of the estimated tot a l  angula r . i a tige . a tid fin - servo noise bandwidth
rol l errors lot - sevet -al co nf i gu t  . i tu ons  of the

- - I 2flnt e f f e c t i v e  n u m b e r  of h i t sc o m m a n d — g u i d e d  m is s i l e  i - ada m - a l e
smoothedpresented.

S N = single pulse signal-to-noise ratio

A. ANGULA R TRACKIN G
ERRORS Additional receiver system loss (actors

which could aff ec t  f inal error values are
‘l’he fol lowing en-or sources are expected detector toss. system matching loss , and

to have a signi f ’icant effect on th e a ngular range—gate collapsing loss. Since the signa l—
tracking accuracy of th is  m ad ~i i proces sing techniques t o he used ‘ii th is

radar are not s-ct well def ined and losses due
• I he: mal \otse to these hictors at e expected to be h’Iatlvd\
• Glint  small , they will he assumed to he ncg~gth le
• Scint illation and - or esscntia lh equal foi - all r ad at
• I )~-ni~mic I ~~ s~ st ems evaluated and hss wi l l  not be
• Mecha nica I I nsf i i i  mei it a t ion considered fur t her.

( l  I I I F R M A l  \OI SI -  l o ,  purposes l a k i n g  km 1 5 7  and ~Im S Hi as
of th is  t ra ck  tu g error ana h sis , a monopulse repr esentative of t r acking  radar s suitab le
(ra cking processor w i l l  he assumed for  all lot - this  app lication and usin g the  candidat e

~‘onhgur ~it ions of the miss ile t ra cking radar. r - a d at - t echnica l palamet er s given in the
Ih e  app i -oximafe  t het -ma I i t oi se— ind uced preceding sect ion, wi th  the p aramn t ’te r s

•10
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pertinent to the t rack error ana l sis ~1t ( I l  I N I AN I) SCIN I I I  I A l fl)N .
reproduced below- , 1- quat ion 10) citit he Scint il ) at ion error tot the monopulse
s~ I~-ed for  the ther m al noise angular  Inicket- is iero since CaL-h estimate of target
tracking error, a-i . as a function of single- position is made on a single pulse rath er
pu lse signal- to-noise ratio . than on a sequen ce of pulse s. For a tar get

with a uniform distributi on of sca tt erers
over a linear dimension , the angular glint
err or . a , is given in r adians by

_ 8
3/43

t 
. ./_-

~
i- ( I I )

0.35 - l~~/R ( 1 2 )

fo r  t he fo ll owing i ada r cont ig u m at ions

—

Frequency (QIz) &
3 (degree) 

~r 
(Hz) i~m(Hz) Inn

9.5 1.45 3750 5 1.57

16,5 0.84 3750 5 1.57

35.0 0.4 3750 5 1.57

The thermal noise-induced angular  error is where l.~ is the effective cross-range target
plotted in Figure 14 as a function of received dimension or span (cross- lange distance
S, N for the thrce sets of radar paramete rs between major scutter ers ) , and R is the
given above. If ’ the receive S N >  10dB , the range to the t arget. In lieu o f defmni t i ~e dat a
angular error is kssthan0 . lB mifl i ra dia n for on glin t  f rom the missi les of inter est , this
aH three radars. The angul ar error at any e q u a t i o n  is g e n e r a l l y  .iccep cd as
range can he determined from this set of r ept -esenhin g an tipper hound on the
curves by obtaining the S N r atio at the expected glint- ind u ced error. t o m  purposes
range of interest from cu t s  cs gisen in th e  of this anal~ si , two cro ss—range spans were
preceding section and thets icad in g the used : an I of 2~ inches which corresponds
angul ar  error f ron t  / icur e /4 at this  S / N - to two primary scuflerers located at the tips

41



1 . 0 .  MON OrI t si— Ni l t.
‘I’ HA ( ‘NE Il

I’ 37 50

t~i i i z S l l Z
‘...~ 03 I .450(x—b and)

-, 
‘

.
~~~ _,_ 

~~~~~~~ k in = 1. 57

I.

a:
0 •~~
a: 1) 84a:

a:
0.4

0z
‘C 

-

ti-s

o .02z
‘C
a:
~LI .01
I-

.002

- 0(11, —I——
S 1(1 tS 211 ~~ ‘ 3fl

SING LE PU LSE SlON ~~L /N0lSE (dWI

Figure 14. Thermal noise track Ing error.

42

a - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

— -— - -- -.—-~~~~~~~~~ - — — -----—-~~~~~~~ ~ —- -~~---~~ -—~~~~~~ 
.—-

~~~—-- -— ~~~~~~~~~~~~~~~~~ 
-



of two S 1 2  inch hori ,ont al  st ahi l i .’ing h its d cr i s a t i s e s  due to An,, which are limited by
on an I I  inch diameter missile , and an F. of the maneuverabilit y of the target, there are
5 I / 2 inches which corresponds to assuming apparent or “geometricat” accelerations and
two primar y scatterin g centers separated by higher derivatives which are caused by the
the length of one stah i l i i in g fin .  ih e  radar observing the t arge t in a spherica l
ca lculated glint-induced errors b r  these two coord inate system. Thus, even a target
assumptions are given in Figu r e I S as a moving at a constant rate in a straight line
funct ion of target range. Fhese values will cause the angle servos and tracking
should he considered as cons erv at i ’.c filters to operate with varying rates ,
estimates and as upper hounds on the g l int-  depending upon the location of the target
induced tracking errors for this radar. wi th  respect to the radarand thedirectio n of

the velocity vector.
(3) I)~~N A M l ( ’  l AG . l h c  sers o or

tr acking f i l te r  d mimic lag error in t racking Fi,i,’ure lO i l lustrates the geometry of the
a targe t is determined by the valu e s of the r a d a r  t r a c k e r /  m i s s i l e  l a u n c h e r

-~~ scrs-o track f i l te r  error const ants  and 1w the c o n i h i n a t  ions  and a t y p ical miss i le
real and apparent s cIoci t~ . aceeler ati on , ari d trajector y . l h e  missile launcher and radar
higher der isa t iv cs  of targe t ang le s tew-ed by tracker are assumed to be co-located . Other
the radar. I t the targe t has a linea r velocity t h a n  the relatively small a i imutha l  motion
V~, and acceleration A~ . th e radar w i l l  see to correct the tr aj ectory path and reduce
angular comp onenf s given by impact error and, perhaps , trajector y

deflections due to wind and missile sp in and
as~-mn tct ric aI  shape forces , almost all
angular motion associated with this

W V /R s i n  A -
in in 13) geometric scenario is confined to the

cles-ation p lane . with the maximum rates
occurring a f te r  apogee on the dow-nleg of the

and t r aj e c t o r \  - 1— o l l o w i n g  r e l a t i o n s h i p s
developed h~ Hat-ton I 281 for the peal% or

. ma xi mu ni sal  ucs of t he angular  trackin g
Wm 

= kmf R  ~n It ( f 4 )  mates in the elevati on plane ,

wh ere W~ is the rca I align Ia t i-ate of the
target . R is the targ et range , a mi d .-\ and 13 are
the ang les between the \~ ,. and A vectors . E We 

= V
~/R ( 15)

respccti’.cl~ . and t he radar heatu . In
addi t ion to the se rates and hi gher
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2 b and width  for a first-  or second-order
E — We 65

~
’
~nJ~~ 

+ A
~

/R s%st en i h~ the hol lowin g relationshi p.

( l ( ~) 2Ka — 2 .5 (1 7 )

under the fol lowing assumed condi t ions  w here $~~ 
is t he sers o band w idth (assumed

0 
to he 5 U, as typ ical for the type of radar

12 < 0 < 40° tra cker suitable for  this application ), both
the selocity and acceleration lag error

\ ,,( M A X )  22(X) bps tma s imum downk ’g comp onent s ~‘an be calculated

tr ajC ct Or ~ for  I I  in mi s s i le  at ~ 1 2 )  \ eloci t s hag er ror  = NV , K~ 002 mr
ti nder the assutiiption that K l (X)0 , and

Arn( M A X )  -g ~~ 2 1  
acceleration lag error = W . K ,, = 00 1 mr for
a L (~2 •~ I K. = 2~~t~’) ~ . As is normall~ the

,ind selecting R - 30 k mu .is i cpi ~‘sc n t a t  is e of ~,isc , t he s eloci t ~ lag error predominates.

the m a x i m u m  iangc  .1) si hidi cotnnt an d
guidance and radai ti.ic kiitg m nmg ht cease. (4) M E C H A N I C A l  INSTRUMEN-
the ma x imum r a d am angu l a r  t rack ing  i ,i tc~ TATION. Table U lists fixed or “bias” and

in the eles ation plane a m c  noise or variable tracking errors typical of a
track mount and servo system that might be
used with the tracking radar for this

We(l’~ X~ 
671/ ~O . 3 flnV St?C application. The values given in Table 9 are

based ~n errors measured for the AN FPS-
Ui monopulse tracking radar mod ified by

and data f’or the optical theodo lite tracking
fliount which is under consideration for the
radar mount . in some cases, the values

~~ (~~~~ X) = o. ~~~~ ~~~~~~~~~~~~~~ - 

shown represent the result of operating
C exper ience ~e.g . collimati on and alignment

c i t  om ), w hereas others arc based on typ ical
measured , or calculated . x-alues. The

\ I . ik t ng  the fo l low mug . I ss umnp i ions for  the  m - opo s  p h e r i c  t ef ’r ac t  ion t e r m s  are
scboci t s , K.. sets  o ot t m . i c k  l ib ic i  “ et or repre senlatis-e of ty p ical conditions where

const ant ” and t cea b l m n i ~ t h a t  th e .i~-ccIei . l t i t tn  the target is about 5’ above the horizon. The
error constant , K ,  is re lated to the s e t s  o tota l (noise atid b ias) tracking error
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TABLE 9. MECHANiCAL/INSTRUMENTATION ERRORS

Error Source 
~~~1e Error in Mils rms
Bias Noise

Boresight Axis Collimation 0.025 -

Boresight Axis Drift 0.04 -

Wind thading (50 n~ h) 0.02 0.012
ServoNoise & Unbalance 0.01 0.02

Radar t~pendent Tracking 0.052 0.023

Leveling, North A1igri~’nt 0.015 -

Orthogonality of Axes 0.02* -

Mechanical Deflections 0.01 -

Thermal Distortion 0.01 -

Bearing Wobble - 0.02*
Data Gear Error - 0.03
E~code.r Error - 0.025(16 bits)

Radar Dependent Translation 0.029 0.044

Tropospheric Refraction 0.05 0.03

Total LI ”~ En~ r 0.078 0.058

*Fra~ Tracking ~bt,~~t Design Requir~nents
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r es u I t  i n g f r o m t he  m cc ha  n i c a I calculated and shown. For the assumed
instrumentation factors given in i’ahlt ’ 9 is conditions . the X-band system gives the best

overall tracking performance. The K~- and

~ ~0 078~ ~ = ~ ~~~~
- 

K1-hand systems provide excellent tracking
performance in the clear but degrade
significantl y in 4 mm hr rain. In fact , these
calculations indicate that the K,-band

(5) TOTAl .- t N G I ’ f  ~~ I R A ( ’ K I N ( I  system wil l not track i n 4 m m ’hr rain at a 30
FRROR. Referring to curses in Section 4 , km range.

which giv e S N versus range for  both clear
and 4 rnm ’hr rain propagation conditions . B. RANGE E R R O R  ANALYSIS
the sing le pulse received S N ratio l’or the
three radar sy stems (X-hafl d .  K -hand . and I he aehiesenwnt of the desired range

K.—band ) under consideration can f~ .tec u mj c% t~ one which  involves a numbe r of

determined and then used in conjunction ta ~iot  s . i n c l u d i n g  data quan t i za t ion .
with Figure 14 to estimate the the rmal  noisc t t a t ~~m i t t e I  f i t t e r , lag. mul t i p ath . thermal
induced angular  t racking error. I he noi se, and the amount  of pulse-to-pulse
calculated thermal noise error and receised int egrat ion Of these contributors , two —

S N ratio for both clear and 4 mm hr therm a l noise and allowable amount of

propagation conditions are show- n in j’~~ j~’ pulse-to-pulse integration — are limiting

/ 0  for a radar-to-missile range of 30 km and factors on system performance for this

additional system losses of 8 dB for the X- application. The rms range error due to

band radar. I I  dH for K , .  and ( 2 d B  for Ka- thermal noise is given by 1 29)

These additional system losses are for a c~
passive reflector RCS augmentation sy stem ~r ________ 

(18)

on board the missile and generall y result 2J~~~S/N

from such thin g s as polarizati on mismatch where
at the missile, collector re-radiation -

- . - a the standard deviation of the  range
coup ling mismatch losses , augmentation

error .
a n t e n n a  a p e r t u r e  m n e b l i c i e n c y ,  and
directivit  losses due to the misalignment of t he s cbocit~ of light ,
missile ax i s  and line- of ’-si ght to the radar
(antenna pattern losses) r the cfl’ectis e pulse width (i c., Ii B~,

n = the  etl’ectis e number  of pulses inte —
The other angular t racki ng errors grated ,

previously calculated in this section are also 
,

summarized in Table 10 and the total rms and

angular t racking  errors for each system are S N = the  signal-t~~noisc p ower m a t i o .
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However , when n is greater than one, the Substi tut ing
target wi l l  move between recei s-ed pulses , k = 1/3
possihI~ introducing additional uncer ta int y .
In general . such total  motion during the Vr = 4788 fps
i nt egration period should he kept small; ci = 125 f t
howes er . bo , the hig h l~ determin i st i c  flight
paths of these ii iss iles . one could shif t  t ime and
references f r on  pulse to pulse in order to
col lect data f rom the tar get.  l o  reduce prf = 3750 ,
sy ste m data-processing requirement s , one
wo uld l ike  to as oid th is  complexit y ;
unf ’ort unatel s . in man s cases t h i s  is not one obtains
possible

I o illustrate this fact , consider t l ~e 5.11 (S/Ny 1/3 -

requirement that target motion d u r i n g  the

integrat io i i  period he some small  f r ac t ion . k .
of ’ the integrated range err or.  t h e n  one can for examp le, for an S’ N ratio of 10. n = 2.37.
write:

Such undesirably smal l values of pulses
integrated make velocity correction quite
desirable. The analysis for allowablef v  \ i CT( n I = I ________

- k numbers of pulses integrated is the same as

~ 
prf 

/ ~ 2j 2n S/N 
) 

the above case. hut with .~V replacing V.,
where ~ V. is the uncertainty in velocity due
to all causes ,

solving for  n . one obta is I hu s .

/ c i  prf k\ ~
”3 -1/3 ,

I Ct prf k ~ -1/3 ~~
AVr 2J~~

J 
(S/N) (. 0)

n 
I (S/N)

~~V 2 f l  J - - - . .Subst i tu t ing Equation (20) into Equation
( 19)  ( ( 8 ) .  one obtains

— _ ~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~ - - — -  _____



= C. MISSILE ROLL ANGLE
ERRORS

CT

2 
In order to correct the missile ’s trajectory

2J 2(S/N) / c-i prf k ~~~ 
(s/N)~~~

3 accurate ly by firing smaH side thruster

I AVE. 2/1/ ro cke t s  on-board  the  mi s s i l e ,  t he
I instantaneous missile roll ang le must be

known. A polarization-based technique for

(c r)2’13 providing t hi s roll angle measurement
= - information has been proposed and

~
— f prf k ~2/3 described herein. In essence, the signal

2j 2 I AV 2 ~~ 
I ret ransmitted or reflected from the missile

• r I hack to the radar will have a roll-referenced

(S/N~~
113 linear polarization. By measuring both

(2 1) r e c e i v e  p o l a r i z a t i o n  a m p l i t u d e s
s i m u l t a n e o u s l y  in a d u a l - c h a n n e l

If one assumes ~ V = 0. I V,, subst i tut ing polarin ieter receiver , the polarization angle
into Equation (21). one obtains of the missile roll-refe renced and linearly

polarized signal can be measured by the

(125~2/3 radar and the absolute roll position of the
missile determined continuously along the

2 ,JT 
prf k 2/3 trajectory path.

L~
t
~
Vr 2j 1

/ 
However , both the depolarization efforts

considered previousl y and receiver noise
wil l  corrupt  th i s  measurement  and

— introduce errors. For the purposes of this
analysis , assume that  the missile RU S
augmentation system either reflects or25 1’3

= — (S/N) ‘ rclransmifs a linearly polarized signal which
2 .68 is referenced to the missile roll position. lhe

objective of this analysis is to determine how

9.31 (s/NY~
-’3 accurately the radar receiver can measure

the polari zation angle of this rotating signal
Tab le/ I  tabulates a number of range errors with respect to an absolute anglular
and values of pulses integrated for a range of reference in the presence of such previously
signal-to-noise ratios and the same data are considered depolarizing effects as the
presented in graphical form in Figure 17. t r ansmi t t i ng  and receiving an tennas ,
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p r o p a g a t i o n  m e d i u m , a nd m i s s i l e
backseat ter (Sepolarllat ton, and in the / ______________________

presence of receiver noise. I ’he ~iolari m et er o = -
~

. — I ( [ 
/ ~~~~receiver establish es the p o lai i ia t i on angle . H / V 23)

Hi, . of the received si gna l , rel em-enced to
vertica l in this  case , by measur tug the phase I.or esamp le . ii the system achieves a 21) dU
ang le between the two I ine at - polar i z at ion— 1,oI ’iiii’it ion i so latio n ,  the roll angle
receis ed con iponents inca su rement error, ignoring noise for  the

moment , would he

- .  — I  ~~~ I

P 1 AN 
~~~ / ‘

~~~ I T~~~1 ( ~ ~ 
)

t 2 2

= T~~~
”1 (0 .1’

ss- here F. is t he ~iect t i c  I icld s i t  (‘iIL ’t ii ( i f

detected oIf ~ige) a’.sot’ i. i t ~-d w i t  (1 t he
5 7 °iec eiscd ~ert ical polar iz at ion si gn al  and (:,, p

is the hor i z on t a l  compon ent om t-eceis-ed
electric f i e ld ,  t he  same general relationship s are

e q u a ( I ~ - ~a I i d  f o r  c a l c u l a t i n g  r o l l
If we ,tssu t u e . for esa mple . tha t  at some measurement erro l- in the presence of

instant  of t im e t he m i  ss Ic scu ds hack a in t e r f e r ing  noise. For a 20 d H received 5/ N
“pur e .” set t ical l ~ pola riz ed signal , then , mat  io . the measurement ct-i-or due to noise

ttlu no depol ar iz ing elfects .,nd reed s-ct- l imitat ion s would also he ~~~
‘
~
‘‘ 

- and , if the
uose . I , ,  (1 and (I . 0 - - — .u per fect m e a s u r e m e n t  e r r or s  asso c ia t ed  w i t h
measurement - I lowe .. ci . th e ‘.kp. ’Ia ;iiatroti ‘.t eps ’.lari ,a%i on cIlcets and noise are
effects considered pres iousls . I , . ius ini t t i ng assumed indep endent , then the tota l to ll
a rid I-eec is i ng a nf” Ii n. i s . ~ i t ’  pa ga t to  ii ang le measurement errol can he calculat ed
mediu m , and iuuiss ik ’  h.it - k se. l t t ( ’ t . will  as the rms sum oI the tw o  tndt s k iunl  error
g ’ n e r a t e  a h o t  i i o n t . i l p t i i a r i i . i t ion components .
coniponcn t. I - ,,. at t he i , ida , il ’et .is em - In th i s  -

~ (tobil) = (5 .7~~ + (5. 7~~ease . ~~~ r e p r e s e n t s  t h e  i o i l  a ng le
i ne. i sur ement et i m u  od in -ed Ii~ f ht ’se 8 .080
de p oLim i ia t ion e l f t ’ct ’. ~‘. iI1l -e dc~iti i , i i - iza t ioiu
s alues are nt ’i in_ ill s gus dl i  .is pow ci r a t i o ’-..
more comis en m e ri t e \~~i L’S ’. n i l )  lot (I i, is

~I I

a

- - ~~~~~--

- ----- -



Plotted in Figure /8 are both the noise- somewhere around the 10 (iHz region and
only roll ang le errors and the total error in was discussed extensivel y (including effects
estimating the absolute missile roll angle by of adverse weather )  in Section 4.
measuring the roll-refe renced received Imp l e m e n t a t i o n  of the  G R O W L A R
p o l a r i z a t i o n  for a s y s t e m - i n d u c e d  concept using polarization for roll ;‘ ‘g le
depolarization ratio of -19 dB. Over a measurement at radar frequencies was
received S/N range o f 7 d B  to 20dB , the roll discussed in Section 3, and the accuracies
angle measurement errors vary from a achievable with such a system are analyzed
maximum of 25° at 7 dil to a minimum of in considerable detail in Section 5.
8.6° at 20 dB.

6. POSTULATED SYSTEM - 

The basic system parameters and types of

CHARACTERISTICS signal processing which are required differ if

an active beacon-transponder or a pa ssive

- . -  retrore lleetor are utilized on hoard the
rhe analyses to this  point have indicated - - - - -

- ‘ . - - , missile. The use of a passive rctrore llector
that it is feasible to design a radar missile - -

- - - . permits simplification of the missile but at
system for measurement of missile position

the expense of a more complex and costly
and roll ang le. Such a system has a number

- . - . ground-based radar system. The use of a
of unique characteristic , — requirements , - - -

beacon on the missile (preferably offset in
including: - - -

J 

frequency from the radar t r an smi t t e r )

. - - permits a substantial reduction in cost and
• Radiation of circular polarization . -complexity of the ground-based radar while

- requiring a more complex missile. —

• Reception of two orthogonal linear
p o l a r i z a t i o n s  f o r  r o l l  a n g le

- ~, measurement Simplif ications associated with usc of an
active beacon/transponder on the mi ss ile

• A monopulse tracking capability for include
azimuth and elevation determination

• E l i m i n a t i o n  of p u l s e - t o - p u l s e
• Abil i ty to operate in adverse weather 

- ‘ .integration due to the large signal-to-
- ‘ . - noise ratios which would be realized

• Provision for  precise missile range
information

• Elimination of need for coherent
A number of key decisions need to be (Doppler) p r o c e s s i n g  if t h e

made in specifying such a system: the choice transponder frc~uency is offset from
of transmitted Frequency appears to lie the transmitted frequency

L 
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~

— ~~~- — --- --



~~~~-~~~~---— -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

7 7 _ _ _
~I’

ll
/ /
II

‘~ 
I I

-

~~~ ‘C
~ I ,  S.5

~~ I i  ‘D
I II -‘ C
II S
I ,
I ,  ‘0
I I  bL

I, -~~I ,
I I., —
I l l’i , c  C
I ~ 

0 V 0
1 1 w  - -.- —/

//~if 
I

I
II 

‘-,

~~

/1
//

//
1/ CD

/
-

~~~ 

U’.

// 
_ _ _I I -

56

____________ 
-:

- -_---_---_ - -- - •  ---- S -c —--- -— —~~ --- - — -- --- -~



_ _  

- -_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _  _ _ _

I
• Removing the cl’l’ects of missile c o n v e n t i o n a l  c i r c u i t  t e c h n i ques f o r

re fleclis i t v fr ont the si gtial r-eceis-cd at imp lementation.
the radar s~ ste m

h ow-ever , these substant ial  advantages must 7. CONCLUSIONS AND
he we ighed  a g a i n s t  t h e  i n c r e a s e d  RECOMMENDATIONS
cost missile associated with  impkmetua-
tion of such a concept . Design c a l c u l a t i o n s , p e r f o r m a n c e

tradeoffs and projections , and supporting

~\ compilation of characteristics of technical data analysis . as they relate to the
suit able candidate radar systems for  a feasibility of a microwave or millimeter
missil e which uses a pass ive ietrore flector radar for providing position and roIl data in
a n d o tue w h mc h u s es a m u a c t  is - c a command—guided ballistic rocket concept ,
beacon transponder a te  prcsemitcd as JuNe have been presented and discussed in the
/ 2 . amid a simplif ied block d i a gma m of a previous sections of this report . The primary
s~ stem for use wi th  a passis e reflect or is conclusions evolving from these studies and

given as Figure /9 . A block diagra m of the analy ses are sumtn arized below:
system for the act is -e beacon transponder
case wouid appear quite similar , hut w ith I . A tracking system incorporating a
the MOPA chain replaced w i t h  a magnetron passive reflector or active transponder-
transmitter  and with the appropriate equipped rocket will satisfy total svs’em
simp lification s in the signal—process ing requirements.
portion of the system. P

2. When compared with 5.5, 16 
All portions of the systems described in 70, and 95 (il-I , radar systems , an X-

Thhle /2 and Figure /9 are realizable using hand - (9 .5 (~IIi ) radar tracker provides
available technology. While the use of dual— optimum performance.
polarized nionopulse antenna for  radiation
of ’ circular and reception of ’ two orthogonal 3.  P o l a r  i z a t  i o n  t e c h n i q u e s  fo r
l i n e a r  p o l a r i z a t i o n s  is s o m e w h a t  determining missile roll angle with an
u n c o n s e n t i o n a l , it  is a r e l a t i v e l y  accuracy of 5 to IS’ -’ are fea sible a t rada r

straight forward extension of ear l ier efforts frequencies.
on polari iation agile and diverse antenna r
systems conducted at Georg ia tech 29,30J. 4. An active transpomider on hoard the

Similarly , the choice of polarization for missile simplifies the tracking radar hut
ang le tracking based on th e larger of the two results in more electronics on the missile
linear received pot ari ,atio ns is somewha t and , consequently, a more expensive H

un cons entional h u t  require s onl y missile.

r~7 
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5. Conversely, use of a passive reflector 2 , Develop a detailed design for a
system on the missile simplifies missile missile beacon tr ansponder.
electronics and reduces missile costs , but
requires a more complex tracking radar.

3 . G e n e r a t e  cost t r a d e o f F s  and
Corr -:sp on ding to the  conc lu s ions  comparisons between passive reflector

listed above, severa l ret’ommen d~it ions a mu d a c l i s  e be a con—equi pped roe k et
were generated as a result ot th is  s tudy concepts,
and di scussions w i t h  M 1k Al) ( ’OM
t e c h n  ica I p e r s o n n e l ,  l ’he se r eco in—
memudati ons arc : 4. Fxa mme mu lt i ple rocket tr a cking

sy stem concepts and tra cking radar
I n i t  m a t e  a t h~~o r e t  i c a l  a n d  l’cqliirem emuls .

cx p cr in u enta  I pro gr a m u to in . .  est i gat e
v ar ious  r e t r o r e l l e c t o r  c o n t i g u t - a t i o n s
and t n i s sml e  r e t I c c t i s i i ~ polaui. ’.itioii “ . I ) e v c l o p  “ P r o o f — o f — c o n c e p t ’’
charat ’t er mst i e s . s\ ste in design and demonstr at ion  p lan.
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APPENDIX A
MONOPULS E COMPARATORS

MON OPULSE ANTENNA FEED COUPL ERS
MDL monopuis e ante nne feed coupiers are desi gned from proven stock
components , and provide excel lent phase and amp litude contro l to assure deep
nulls and minimum boresi ght shift with frequency. Dual po iari zati o n mono ’
pulses employ ing ortho gonal transducers in conj unc t ion w ith hybr id
netwo rks are av auiabi e. Th is unique design permits th e use of both aor.~onsaj
m d vertical polarization in any antenna feed wste m. Matching polar izers to

, -———0er,~(at e circular po iarizatio n are also available upon request. Described here
are ju st a few typical designs of th. many mono putse antenna feed couplers
availaoie. MDL w ill be happy to quote on custom’designed monopu lee
anten na feed coup lers so meet your special requirements.

MAXIMUM VSW~~ ’ ~ IN? P0~~~~~~~~~HAS..15~. “ PHA E~~~ VARIA TI0N~t 4
ÔUTPIiT

~~~ ERROR
____ - . -.-

, 
, 

- 

MA M

R~0~-~~C FREI1~~~J
_~~~j GLE POLARIZATION

~~~~~~~~ ~0Qj~j l 28CM26- 3 1.30 1.50 1.40 30 .25 50 40 2.5°
34,’ ). 36,1.) 23CM16- 1 1.30 1.50 1.40 30 .25 5° 4°

W H4 2 23.0- 24.0 42CM16-t 1.25 1.50 1.35 32 .15 50 40 2°
15.3- 17.0 5 1CMI 6— 1 1.15 1.25 1.25 

— 
40 .15 3° 2° 10

WR62 15.5- 11.0 62CM16’ l 1.25 1 .35 1.35 35 .15 30 30 2°

8.5. g O 913CM26.t _1_15 1.25 1.2j,,,,,,,,, ., 40 .10 3° 2° 10
wif SO 8.5 . 9.6 90CM46 1.15 1.25 1.25 40 .10 

& 
30 2° t O

..L.LJ-5 112CM36 UD 1.50 1.50 40 .10 30 2° 10

_L.35- 8.3 1 2CM44 1,20 1.50 1.50 40 .10 3° 20 1°
Wa112 15.8.5 II2CMIS 1~1S 120 1.20 40 .10 3° 2° 1°

1.5.8.5 I12CMS€ _1J5 120 120 dO .10 3° 2°
7.55 .8 .4 112CMZS 1.25 1.25 1. 25 40 .10 3° 2° 10

1 WR1 31 5.4. 5.9 131CM26 1.15 1.20 1.20 35 .10 350 1.5° 1° 
—

5.4. 5.9 JB1 CM16 1,15 1.20 1 20 _.....,~,,j5 10 35° 15° 1~
Wft18 7 5.4 .5.9 187CMZS 1.40 1.40 1.40 30 .10 6° 4° 2°

WR 229 3.7 .4.2 229CM16 1.20 1.30 1.30 dO .10 3° 2° 1°
W~l 284 3.7 .3.15 284CM 6 1.25 1.35 i35 35 .10 3° 2° 1°

SiNGLE POLARIZATION .150 HEIGHT 
__________________________

WR 9 O 8.5- 9.6 C9OCM 1S 1.20 1.25 1,75 40 .10 3° 2° 10

DUAL POLARIZATION
III WA S O 8.S- 9.6 90CM66 1.30 1.25 1.25 40 .1 0 3° 2° 1° 

— 

il l

WR 187 5.4 .5 .9 181CM36 1.40 1.30 1.30 35 .15 3° 2° 2°

RdrwErn any two adjac ent a,ms that compr ise s sum patte r n.
-. Beween any two adjace nt arms that compris e a ditler pgi ce pattern.
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APPENDIX B
THREE CHANNEL MONOPULSE IF SUBSYSTEM FOR

DUAL AXIS PROCESSING

1 IWL I I  I I  f~~
—] Ar

OUADR •‘~“ IP PHASE VIDEO
LIMITER DETE CTOR AMP

so’

our.De “~~

DIVIDER LIMIT ER HYBRID

I 
so’
ii

I 0’ 
s rI

I 90’OIJADR ~~~ IF PHASE VIDEO
1 

I 
HYBRI D I DETECTOR AMP

ISOL

SIP ovIwi
— ITERM INAT EW HENNOV US(D)

IF MATRIX

I-I HG now offers a comp lete 3 channel monop ulse bores ight app lications , it can also be used in angle-

Ii proce ssing subsystem. The ise of this subsystem error types of syste ms.
TC f l TOVC S the critical interface proble ms normally Packaging is stra ightforward. An IF matrix , a

L’n~.o un ter ed by the system designer. The block dia- detector matrix , and three matched limiter chan .

c ram configurat ion is designed for in-phase signal nels are all mounted to an aluminum baseplate ,

in puts , and reflects a fi eld prove n , straightfor ward with all power connectors brought out to a si ngle

u~e of the necessary IF elements. Other inpu t phase barri er strip. 11 desired , all the indi vidual modules

conf ig urations can also be supp lied when require d. can be removed from the plate and be separately

While the subsystem is used mainly in return -to- moun ted in the user ’s system.

cent. , Settling
Freq. Informa ti on Accura cy Time Accu racy

Model (Mt-td) BW(MHZ) BW(MHz) (nsec) (degrees ) Price

MPD3O1O 30 10 2 0.1 ±3 54 .750

MPI)6010 60 10 2 0.1 ±3 4.750

MPD6O2O 60 20 4 0.08 ±3 4 ,900

MPD7O2O 70 20 4 0.08 ±3 4 ,900

MPD16O2O 160 20 4 0.08 ±5 5,500

ADDITIONAL SPECIFICATIONS
1. Accurac y is bores ight error in elect rical degrees (Th is is the ralio accuracy express ed in degrees )
2 Input dynami c range ; -e 5 to — dBm
3 inpUt level difference ; d channels can be up 10 30dB below ~ channel
4 input impedance 500(VSWR 1 5;1 Mom)
5 Supplem entary IF ou lpu l: App roX . 7 dO below I channel in put. Ideally sui ted b r  driving a log IF amp lif ier cha rs ,

Impedance and dynamic range compat ible with RHG ICLT log amps.
6. VIdeo Output impedance; 75 Q (source VSWR 1 1.2:1).
7~ Connec tors; SMA
8 Power; ± I2VDC ( ± 1 5VDC available NIC. add Suf lix .~~~

‘•)

9 IemPerai ure vs. accuracy; 0k. 50 ‘C: rated acc uracy —30 10 + 71 ‘C: I twi ce fated deg rees r
NOTES:
I See Glossary for d etaIl ed def l n i f  Ort of terms 2. SpecIal parametera. other f reque ncies , et c. are avall ab le_COniSCt tac k

E~~IU=Oc~~ RHO ELECTRONICS LABORATORY.INC
161 East Industry CoufI U Oaer park . New York 11129 U (516)242-1500 U TWX 510 227-6083
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IF PHASE DET ECTOR SUBSYSTEMS
• Self~conta ined • Small size • IC construction • MIL grade

• Tracking radars • Inte rfe rometers • Direction Finders • Test Equipment
_ _
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R u G  now oilers a line of compk ’te IF phase det ec- components , and video amp lifiers , requiring only
mo r s uh~ys iems . These phase detectors produce direc t IF input and video output connections and DC
cou pl~d video ou t put(s) that are funct ions of the power for operation , Each subsystem is fully cali-
i t t ’ ,t antaneous phase difference hc t sse en the IF in- brated and ch~ racterized. This eliminates the usual
pIll s , ove r a wide range of input levels. The phase interfacing and alignment difficulties encountered
d etectors are opt im~zed for pulsed signals , but are when assembling a system from individual corn~equally useab ie for CW or analog inputs.  pOnent s.

The phase detector subsystems are intended for This data sheet describes three of the most corn-
u s e  in monopulse and int erferometer receivers as mon ty pes of phase detectors. Other configurations
st e ll as for use in inst rum entati on. They are comp lete are available on special order.
subsystems, incorporating all necessary limiters . IF

G 
P RHG is pleased to provide this section to assist professional engineering personnel

with some of the new “language” being used in the field.

Angul ar Accura cy Settling Time
A nqu la r accura cy is def i ned as the d lt t e rence. In degrees, be- Set ll ing time is the time required for the phase detector output
t . ’,ePII t he actual Input phase dllf erenca and the phase dit fe r - to st ab liiz e within raied accuracy limits . b r  a pulsed IF Input
I ’ ~~r’ det ermined from the outp ut voltage using the nominal
Phase dete ctor transfer tun ct ipn t o these phase detectors ac Dyn ammc Range
c u racy ‘a guaranteed lqr phase angles with 45’ of crosso v er The phase detector is guara nteed to be within rated accuracy

Fqr cosIne Out p ut as long as both Inpu l levels are within I he specified dynamic
— < < - 4S• ~~ • < < • range , and as long as the difference in Input lev els is no greater

C iii Slfl~ Output. 
- -  - — — t h a n  30 dB.

- 

~~~~: 
~~~~~~~~ -135 ’ . -. 45 ’s  ~~~~~ 45 ’ . Informat ion Bandwi dth

— 
The inf ormation bandwidth is the subsystem 3d B IF bandwidth

Ratio A ccurac y f re lerred to th e inpu ll. The video bandwidth ’s ampl y wide lo be
CjI• -i I - - I - , , n  t f l  bo ies gnt System thp lev el s and phase po larity transparent to the information bandwidth .
-Ii IT ’ , . 5 IO ,tt ~-.,pnCCl inpu is i c l at i r e  io the ~ ts um l Inpu t . are Accu ‘
‘I “ .U SU” IJ Inn accuracy 5 IJeb, ned as how closel y the system racy an WI
- iA ‘ T ~ ’ I.t C’ OSSOvPI . I e Lero A ieve i This accuracy IS state d The acc uracy bandwidth is the range of center trequenci es

I’ n ?i ’J hn%i r.lt ,nn Of .511 t hat * 11  prOduCe a ze ro Output over which fated accuracy ,~ maintained ThIS is Ihe necess it y
• .,i •,., less th~ rt the Information BandwIdth.
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