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1. I N T R O D U C T I O N

The performance ol a mil l imeter  wavelength command guidance system is determined
primari ly  by the accuracy w ith  w h i c h  the mil l imeter  radar can track the missile and the target.
The accuracy of a mi l l ime te r  wave beamrider is also determined by the radar tracking errors ,
and , while active and semiactiv e RF terminal  homing systems may not emp loy separate
radars , their seekers are subject to the same tvpe~ of tracking errors. It is important , therefore ,
that their  sources of t racking error s which l imi t  the performance of these systems be identified
and careful ly evaluated in the cor.t ext of a millimeter wave missile guidance system.

Among the most important sources of these errors are therma l noise , receiver noise, target
noise . multi path . clutter and propagation errors . Although these same error sources are found
in radars operating at conventional frequencies , their effects are often found to be both
quantitatively and qual i ta t ive ly  different in the millimeter regime. Thermal noise , for
examp le, is frequency dependent , and receiver noise depends upon the quality of the
components that are available at a particular frequency. Clutter , multipath and target noise
depend on the ratio of the wavelengt h to the physical dimensions that characterize the
roug hness of the surface and hence are strongly frequency dependent. Thus theory which has
been developed for lower frequency systems may or may not be directly applicable in the
mil l imetric regime.

Another pj~obIem in apply ing existing theory to missile guidance radars is that land combat
situations often involve geometries that are not considered in most conventional analyses. For
example , most discussions of “low angle” tracking consider antennas and targets that are a few
tens to a few hundred meters above the ground , whereas in a typ ical land combat situation
both the antenna and target elevations may be only one or two meters. Such extreme grazing
angles will invalidate the assumptions of many analyses.

In this technical note , an attempt is made to survey the various sources of tracking errors
and to evaluate their effect on a millimeter wavelengt h missile guidarce system operating in a
typ ical land combat environment.  The major goals of this study are: ( I ) t o  identify the sources
of tracking error which are most important in determining the performance of a millimetric
wave system; (2) to suggest ways of improving system performance by reducing or eliminating
these error sources; and (3) to identify areas in which additional experimental and/ or
theoretical investi gations are needed to satisfactorily characterize the tracking errors .The
major emphasis of this report has been directed toward multipath effects , clutter , and angular
target noise (g lint) since these are the areas in which a millimeter wavelength system differs
si gnificantl y from a low frequency radar. 
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2. RECEIVER NOISE

The tracking error in a mi l l imeter  radar due to receiver noise can be evaluated using the well
known relation ’

1 40 BGT ( I )
V~ T (s/N)

Where Or is the rms tracking,  error , 0 ~ is the  beam width , k, is the error slope , B is the IF
bandwidth , r is the pulse width , S/ N  is the IF signal to noise ratio , f. is the pulse repetition
frequency, and $ is the servo bandwidth.  The quant ities CD and CA are the detection factor and
the servo factor. For signal to noise ratios greater than a few dB , the factor (CD ! CA) may be
taken as unity. Equation ( I )  is appropriate for a conical-scan track ing system; the error in a
mono-pulse system would be the same except that the canstant 1.4 would become unity.

In app lying Equation ( I )  the signal-to-noise ratio is computed from the radar range
equation ( I ) .

2 2  —2 c~R
~ 

P,~,G A c y e

~~~

. = —  

3 4  (2)
(4’r ) R k~IBN~J.~

where Pi is the transmitted power , A is the wavelength , a is the radar cross section , a the
atmosp heric attenuation , R the range to target , k Bo ltzmann ’s constant , T the noise
temperature , N~ the receiver noise factor , and L the system power losses , G is the antenna gain
given by

G — 4’
~~~ I
A 2 (•

where A is the antenna area and i~ is an antenna efficiency factor. Likewise the antenna beam
width can be estimated from

o = 0 .885  (4)B Dv’~

I. 1).K. Barton , Radar Sisfem Ana/rsis Artech House, Dedham , Massachusetts . 1976, p. 279.
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The application of E qua t ion  ( I )  to (4 )  is s t raight  forward and is no different at millimeter
wavelength than at o ther  regions of the R F spectrum. The magnitude of some ofthe quanti t ies
involved are somewhat different at millimeter wavelengths however.

A. A N T E N N A  G A I N  ( G )  A N D  B E A M  W I D T H  (Oi ’)

Since the  be amwidth  is p ropor t ional  to wavelength for constant antenna dimensions , the
millimeter waves are capable of obtaining narrower beam with correspondingly greater
antenna gains. From E quations ( I )  to (4) it can be seen th at  the tracking error is proportional
to the wavelength squared. Hence mill imeter and submillimeter wavelength systems are
inherentl y more accurate than longer wavelength systems. It should be noted , however , that to
obtain the same antenna efficiency at the shorter wavelengths requires that the antenna
structures be manufactured with proportionatel y ti ghter tolerances.

B. POWER ( P-c)

The power available in the millimeter region using current devices is considerabl y less than
at longer wavelengths. Some tubes such as the Extended Interaction Oscillator (EIO) are
capable of delivering tens of ki llowatts in the millimeter region; however , most tactical systems
would require a solid state transmitter.  At present solid state oscillators in the millimeter
region are relat ively low power. A typical U~4PATT diode can deliver about 1.5 W peak at 95
GHz , 0.75 W at 140 GHz and 0.38 W at 220GHz. Unfortunately, these devices havevery poor
coherence properties , and Gunn diodes , which are more coherent , provide onl y a few tens of
milliwatts at these frequencies. Althoug h the output power of presently available solid state
devices is marginal , it seems likely that I M PATT diodes capable of delivering 5 to 10 W may
be available in the near future and that improvements will be made in the coherence properties
of these devices. Guenther and Carruth have done a recent survey of millimeter wave sources. 2

C. NOISE F I G U R E

In general , the noise figures of millimeter wave receivers are considerably poorer than most
microwave receivers; typ ical values are 6.5 dB at 94GHz. , 8.5 dB at 140 GHz , and 13.4 to 16 dB
at 230 G I-I z for uncooled detectors. 3

2. B.D. Guenther and R.T. Carruth , Millimeter Wave Sourc es for Radar .4 pp h eat ions , US Army Missile Research and
Development Command. Redstone Arsena l . Alabama . Technical Report.

3 J. Wa idman . Millimeter and Submillimeter Wave Receiver., . US Army Missile Research and Development Command,
Redstone Arsenal . Alabama , Technical Report T E-77-l 7 , IS July 1977 .

5



[) . SYSTEM LOSSES

S~ stem u ssc~ ilIC much hig her at mi llimetr ic wa~ c frequencies than at microwave

f requ encie s. Conv en t I ona l  ssave gu id e may ha~ e loss as high as I dB foot. Slot guide or quast-
optical techniques ma~ e\hlhlt l ower losses .

E. P R O P A G A T I O N

Atmosp heric a t tenuat i on  is much greater in the mill imeter region that at longer
wavelengths. There are atmosp heric windows at 95, 140 , and 230 G Hz; however , as one goes to
higher frequencies, each window displays greater clear air attenuation than the previous one.
Transmission throug h dus t, smoke and fog is much better than in the optical or infrared
regions.Transmission through rain is particularly poor since the drop size is on the order of a
waveleng th in the mi l l ime t c r  reg ime .

Typ ical adverse w- :.ther a t tenua t ion  at 95 GH z would be about 3-4dB , km. This would
correspond to fog wi~ 30m visibili ty or 4 mm, hr. rain. For a more comp lete discussion of
millimeter wave propagation see the report by Gamble and Hodgens. 4

F. TARGET CROS S SECTION

Some measurements of the radar cross-sections of mili tary targets have been made.~~ It is
clear that narrower beam widths  and hig her antenna gains tend to favor the shorter
wavelengt h systems. However , these advantages are offset b~ the lack of powerfu l sources ,
hig h losses and poor propagation charact eristics.

A typical millimeter wave radar mi ght have the fo l l o wing .srameters:

~\n t enna  E) iameter [) 0.5 m

Antenna Efficiency 0.6

4 Wi (iambIc and ~.D Hodgens. Propaga tion, of 41,lhmet, ’r and Suhm ilhi,nerer Wale.,. US Army Missile Research and
l)cselopment Command . Technical Report TE-77-14 Redstone Arsenal . Ala bama . 22 Ju ne 77.

5. 1) \ Richer, D.G. Bauerle and i.E. Know, 94 Gil: Radar C r ~ .s .s Section., of I ehieles, Ballistic Research Laboratories
Mem orandum Report No. 2491 . Aberdeen P rosing Ground . Maryland , June 1975.

6. Radar .tlihhimeier Wave Ba cksc alter Measurement., and ilard Target., . Eng ineerin g Experiment Station. Georgia Institute ot

I ~~hnoIngv . Atla nta, Georgia. July 1976.
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Waveleng th A 3 mm

Pulse peak power l’ t I W

I ~trget C. it~s~ ~5CCt tOl l  a 20 m

..\ tm osp heri c . \ t t cr l u a t l o n  0.5 dB km

Range R

IF Bandwidth  B 2 x 10’

Pulse Wid th r 50 nsec

Noise Factor 8 dB

I..osses 1. 13 dB

Error Slope k, 1.5

Pulse Repetition Rate 1, 20 KHz

Servo Bandwidth /3 20 HZ

For such a system the beamwidth OB would be 6.8 mrad and the antenna gain 52 dB. The sing le
pulse signal-to-noise :atio would be 3. 1 dB and the rms tracking error 0.044 mrad. From this
example i t is clear that with fairly large antenna and good propagation conditions, the
tracking error due to receiver noise can be kept small. For the values used, glin t and multipath
error will undoubtedl y predominate. However , under degraded propagation conditions or at
longer ranges, receiver noise could become impor tan t .

3. PROPAGATION EFFECTS

There are two types of propagation error. First there is a variation in the refractiv e index of
the atmosphere with altitude. While this effect can cause considerable elevation error in long
range search radar , it is clearl y unimportant  for the relatively short , near horizontal paths
being considered here. The second source of propagat ion error is random fluctuations in the

L .~~ 



re fr act i ~ c index  due to a tmosp heric t u r b u l e n c e  I liese f luc tua t ion s  can lead to f luctuat ions in
bo th the  apparen t  ang le ot a r r t ~ al and l a n g e  I he mean squa r e  ~alu es of these f l u c t u a t i o n s  can

be expressed as f ollow s: ’ •

= /~9. Rt~N
2 x i0 6 (5)R 0

= x 2 ( 10 6) (6)

where OR and a.~ are t h e rms fluctuations in range and angle of arrival respectively; , 2 is the
mean square variat ion of the quantity N = o( n-6) x l0~ where n is the refractive index; Qi ,, is a
scale factor  assoc iated wi th  the turbulence : and R is the range. Both ~ and ~~~~ 2 depend
strongly upon the prevaling meteorological conditions. It should be noted that Barton’s 2~ and
C52 

= N O 1 2~, are not the usual inner  scale and s t ruc ture  constant commonly denoted by these
symbols. Using the values of .~N and /~ given by Barton we find that for a 5 km range the
maximum expected value of GA is 2.3 x I0 -

~ rad and a max imum value of OR is approximately
10cm. Clearly the range fluctuation is insi gnificim t and the angle of arrival fluctuation is small

co mpared to other sources of angle noise.

Equations (5) and (6) are commonl y used to estimate the angle and range fluctuations in the
microwave region where the wavelengt h is large compared to the inner scale of turbulence. For
the frequencies of interest in this study the wavelength is only 2 or 3 times larger than the inner
scale (which is typ ically is on the order of I mm). Therefore, these equa tions may no t be stric tly
applicable in the millime ter regime. Other expressions for angle of arrival fluctuations have

been derived for optical frequencies when the wavelength is much less than the inner scale.
Fante g~v~s the following expression:

2 2.19C
N
2
L

GA (7)

7 . R it Muchmorc. and \ I) Wh ellon . “I ine ot Sight Prop ragation Phenomena II Ray Treatmcnt~
’. Proceedings IRE Vol. 43 .

1955. pp. 1437.49.

A 1). Whcllo n . ‘se,,r l ucid Correction iii line 1)1 Sight Propagation .” Procee dings IRE Vol. 43 . 1955. pp. l459-l466 .

8 
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r
wh ere I) is the receiving aperture diameter . 9 Assuming I) to be 10 cm , E quat ion (7) gives a
salue of 1.5 x 10~ rad fo r  (1 ..~ which  is i l l  reasonable agreement wi th  the results obtained from
Equation (6 ) .

Al though the agreement between the resul ts of Equat ions (6) and (7) tends to increase our
confidence in the statement that  the propagation errors are small for these ranges , it st i l l does

not preclude the possibili t y of larger f luctuat ions being observed when the wavelength and
inner scale are approximately equal. There has been no known theory developed that has been
validated for mill imeter wavelengths nor have any experimental data at these frequencies been
found.

4. M U L T I P A T H

A. THE M U L T IPATH EFFECT

Whenever a radar , or a radar target , is located near the surface of the earth there will be
inevitable reflections which will modify the radar antenna pattern causing false targets or ,
more likely angular errors in the radar tracki ng. In extreme cases the radar may even track on
the reflection of the target in the earth ’s surface rather than on the target itself.

To understand the mu lt i path phenomenon consider a radar antenna located at “A” and a
target at “1”, ( Figure 1). To be specific , it can be assumed that the radar is an amplitude
comparison monopulse , a l though essentially the same result would be obtained by
considering a phase comparison monopu lse or conical scan radar. In the absence of a
multi path si gnal the apparent ang le to the target measured from the antenna boresight is

0 = F (8)

where A and B respresent the si gnal in channel A and B, respectively. Since these signals are
proportional to the antenna gain in the direction of the target we may rewrite Equation (8) as

I I
0 = F 

l GA~~B I 
(9)

9. Ronald I.. Fante.”Eiectromagnetic Beam Propagation in Turbulent Medic.” Proeeedungs of the Insti tute of Electrical and
Eleni r n ,n i ,~ Engineers , Vo l. 62. 1974 . pp. l669.1692.

9
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Here GA and G11 represent the antenna gain of the A and B channels in the direction .~ T. Now
in the presence of mul t i p ath a si gnal is not only received directly from T but also a second
signal reflected by the surface of the earth.  This signal will be proportional to G’A and G’~
where G’ denotes the antenna gain in the direction AR.  Now the apparent target direction
beco mes

( G + G )- ( G +G )

— (G
A+G

~
) + 

B~~~B~ i

Multipath will then cause an error (O’— O )  in the elevation ang le.

The multi path signal may add to or cancel the direct signal depending upon the path length
difference in the direct and mul ti path channels. The multi path error may, therefore , have
either sense. In fact , it is well know that in the presence of specular multi path the elevation
angle error will oscillate with increasing deviation as the range increases at constant target
elevation.

The magnitude of the multipath error depends upon the strength of the reflected si gnal. This
in turn depends upon the antenna gain in the direction of the image and the reflectivity of the
surface. I f the  angle to the target image is large compared to the beam width then the multi path
will be small. In fact the one sure way of eliminating multi path is to make certain that the radar
main beam never strikes the ground. Likewise if the reflectivity is small the multipath effect
will be small. The reflectivity is usually taken as tO

= exp [_ (4~~G h S ~~fl*)2] ( I I )

where p,, is the specular ref lect ivi ty(usua l ly  in the range 0. 1 to 0.3 for radar wavelengths). ~ is
the grazing ang le. i/ i the wavelength , and Oh the rms surface roug hness. From this equation it is
clear that the reflectivity increases with decreasing angle and decreases with increasing surface
roughness.

In addition to specular reflections , there may also be diffuse reflections from the earth’s
surface. Whereas the specular reflection appears to come from a distinct point , the diffuse

10. ()asu d K. Barton .”l is ~~ An gle [ rack ung , Proceedin g s of the Institute of Electrical and Eleitronics Engineers , Vol .62 . 1974 ,
pp. 6K7-704 .

L ~~~~~~~~~~~ 
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el l ect ion wi l l  appear I t )  ori ginate  over art extended area , the so-called glistening surface.
terms of effect on I r a ck ing .  the  d i f f u s e  mu l t i path , being incoherent , will always cause the
apparent  target pos i t ion  to be depressed. Th i s is in contrast to the effect of the specular
mu l t ipa th  which can cause an elevation error of either sense.

B. T H E O R E T I C AL AN A I . Y S I S

A considerable amount  of both exp er imenta l  research and theoretical analysis has been
devoted to mul t ipa th  effects. A recent collection of papers summarizes most of the published
results .~ Unfor tunate ly  most of the published results are concerned with microwave
frequencies and conventiona l radar geometries. A number of assumptions of these anal yses
may not be valid at mil l im eter wavelengths and~ or for the geometries that will be encountered
by a radar used to guide a ground based ATOM. In particular the following differences in the
millimeter wave ATGM guidance problem and a typ ical tracking radar should be noted.

At millimeter wave frequencies the surface roughness is at least equal to the wavelength and
pr obab l y will be orders of magnitude greater. It is not clear that the usual treatment of surface
reflections is valid for extremely roug h surfaces.

The typ ical “low ang le tracking ” analysis considers targets tens or hundreds of meters above
the reflecting surface. in a typical land comb~t situation both the radar antenna and the target
may be only a meter or two hig h and may be separated by several kilometers. Thus the grazing
ang les are much smaller than those usually considered. At these extremel y small grazing
angles the reflectivity may deviate from the assumed values. Shadowing, which is often
neglected, also becomes important.

Another  effect of small grazing angles concerns the finite size of the radar antenna and/ or
the target. For a finite antenna (or target) the multi path is not a sing le ray but consists of a
bundle of rays from each point on the target to each point in the receiver aperture. Therefore ,
the mult i path is not reflected at a sing le po int but over an area on the ground. As the grazing
angle becomes small the refl ecting area becomes large. In fact , at very small grazing angles this
area becomes essential ly the entire reg ion between the antenna and the target. The path length
from the target to the antenna will depend on where the reflection occurs within this area. For
any realistic surface the variations in path length for energy reflected from different points will

I I .  P. Beckman n and A . Spiuuchino . The Scattering of ES! Waves froni Rough Surfaces. Pergamon Press . New York . New
‘sor t , l963.

7 2. 1)avid K. Barton, ed., Radars , i s u lun ie4: Radar Resolution and ,Sl ulrip ath. s . Artech House. Dedham, Massachusetts , 1975.
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be many wavelengths. 1 hu s the mul t i path signal wi l l  he incoherent even in the case of specular
ret lections. This ~s ill not only reduce the magnitude of the multipath but may also destroy
characteristic cyclical behavior of speeulai nnul ii path error.

Only a fe’s~ workers have considered the multi path problem specifically at millimeter
wavelengths and in general their treatments are not very satisfactory.’5

~~ Dees and
Schuchardt assume specular reflection leading to a cyclic error which is probabl y incorrect at
mill imeter wavelengths. ’ ’  These authors  also neglect shadowing. Thompson and Killredge
assume an unrealistic (for purposes of this report ) an tenna  size. Shackleford and Gallagher
adopt a very simple approach which, while not rigorous, may still give reasonable estimates of

the multi path error.’7 These authors simpl y assume centroid tracking on the center of intensity

of the target and its image, the latter being weighted by the surface reflectivity computed from

Equation (II). Clearly this approach assumes incoherent addition of the direct and multi path
channels even though a specular reflection is assumed. Their approximate expression for
multipath error is

_ 0 p

where it is assumed that the squint  ang le has been selected to maximize the tracker
performance.

Apparentl y,  no analysis of multi path at millimeter wavelengths has considered shadowing
nor have any geometries other a plane surface been treated. Also , it has been suggested that for
extended targets. glint and multi path arecloselv interrelated. Ifthis is indeed thecase, then an

adequate theory of multi path should include the effects of glint.

73.  Ju l ian W . Dees and James M. Schuchardt . Effects of Multipath on Millimeter &amrider St’s tems , US Army Missile
Research and Development Command . Redstone Arsenal . Alabama. February 1978.

14. Victor W . Richard . I..;s’ ..4ngle Tracking at Mill imeter 13’ai ’elepugt hs , US Arm ’, Ballistic Research Laboratories , A berdeen
Proving Ground . Maryland.

15. General Research (‘orporation. Proceedsng.s of 1)ejen.ce Advanced Research Projects Agenct . Santa Barbara . California ,
January  1977 .

16. Samuel 0 Dunlap. Selected Topic.c on Radar Mulsipa:h. US Army Missile Research and Development Command.
Redsione Arsenal. Alabama . November 1975,

17. R.G. Shackleford . and ii. Gallagher . Millimeter 14’as’e Reamr,der. I’S Army Missile Research and Development
Command. Redstone Arsena l. Alabama. Technical Report T R.CR.77-7 . August 1977

18. F. H. Thompson. and F.A. Kiltredge . A Studs of the Fea.cihil,,s ‘f t  ~ssng .t.~ Gil: and 94 Gil: as a Means oflmpros’edLusw
Angle Tracking. National Research Laboratory Report 2249 . May l97 1 . Ad~anced Development 725108 .
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C. E X P E R I M E N T A L  DATA

There is very l i t t l e  expe r imen ta l  data on mul t i path effects at mill imeter wavelengths. A
recent test of a mil l imeter  t r ack ing  system indicated that the average error in elevation was no
greater than the azimutha l  t racking error. ” Although inconclusive , this tends to indicate that ,
at least for the terrain used, a relatively h at, grass-covered field in these tests , the multi path
error is small compared to receiver noise and glint.  Additional experimental studies have been
conducted at the US Army Ballistic Research l.aboratory 20-So In general these results indicate

that the multi path error is typ ically less than one-tenth of a beam width. It is understood that

BR L has conducted additional tests of millime ter wave mul t i path before and after mowing the
range 3t  These results are as yet unpublished.

19 PR IVAT E COM SI UNICA1 ION
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Memorandum Report N ,  4(13. , ‘sd ’.ance d t)es r lopme nt 33109 ’s . May 1962 (Confidential).
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25. lW . O’Dell. Final Reps,r t for Missile Guidance Suh.s v stem Fea.cibili tt ’ Program - Phase 2 (U). General Precision
Laboratories Report No. 14990 , June 962, (Confidential(
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28. J .E . Kammerer and K .A. Richer . 4.4 MM Wavelength Precision Antennas and Mount , Ballistic Research Laboratories
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1). M U I .  F l PATH R F I ) t J C T I O N

A cons iderab le  a m o u n t  of e f f o r t  has been devo ted to develo ping techni ques for el iminating
or reducing m u l t i p a t h .  In  thi s section the ‘sarious techni ques which have been described in the
radar l i te r a ture  w i l l  he re ’s tewed . and t h e t r  appl icat ion to millimeter guidance will be
discussed.

I he sur e~l ‘st a~ of eliminating mu lti path is to exclude the earth’s surface from the radar
beam. Ihe most stratg ht forward way of making sure that the beam does not strike the surface
is to reduce the beam divergence as much as possible. This in turn can be accomp lished by
using the hig hest f requency possible , by using the  highest frequency possible , by using a large
dia meter an tenna  and by a hig h an tenna  efficiency. Ti~ choice of operating frequency will
clear !~ involve a design trade-off bet ’sseen the  reduction of the beamwi dth by use of higher
reque ncies on one hand and reduced available power and increased atmosp heric attenuation

on the other. The antenna  size will  he l imi ted by practical consideration and the antenna
efficiency by manul ’actur ing tolerances. Since it is desirable to use as small a beamwidth as
possible for precision t racking.  reduction of mul t i path by beamwidth reduction puts no new
requirement on the system. Even if the radar beam is made small enough to prevent the  main
beam f r o m  s t r i k ing  the  earth ’s surface , it is still possible for mul t i path returns to enter the
antenna th rough  a sidelobe. The antenna should , therefore , be desi gned for maximum
sidelobe suppression.

A second means of preventing the radar beam from striking a reflecting surface is off-axis
tracking.~

7 In this technique the axis of a monopulse radar or scan axis of a conscan radar is
deliberately pointed abo .‘e the target and tracking s performed with a fixed bias in elevation.
Clearly this will reduce the intensity of the beam striking the ground and hence reduce main
lobe rnu ltipat h . Off-axis tracking could have an additional advantage in a differential
guidance or beamrider system since it would allow the missile to fly a trajectory above line-of-
sight. Because of the very low target hei ght . off-axis tracking will not be able to comp letely
eliminate multi path. but it should be hel pful in reducing it somewhat. Off-axis tracking should
be easy to implement. The main disadvantage is the reduced antenna gain when working off-
axis. Unless the mul t ipath  error is large, the gain in tracking accuracy obtained by eliminating
mult ipath may not offset the loss of si gnal-to-noise due to reduced antenna gain.

32. W It Bockmtller and P.R. Dax . Radar I ‘ is log ic 7ra ik is ,g  Studs , National Aeronauti cs and Space Administration
C ontract Report Ni, I 387. Westinghouse Flectric C orporation, Baltimore Maryland. June 1969.
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Other ‘ssay s of reducing the  m u l t i p a t h  r e t u r n  include ra nge ga t ingand  velocity gating . I tcan
easi l y  be shown t hat lot’ a p lane e a r t h  the  direct  and m u l t t p a t h  ranges are

= /~~ T h R
) + R {i  + 1 (h T

_h
R

) 2

] 
( 13)

R = /~~~T
+h R

) + R [ 1  + 1 (h
T+hA

) 2 ] (14)

where h 1 and hR are the target and radar elevations and R is the “over the ground” range. The
path length difference is then

2h h
A R = R - R

0~~ 
T R  (~5)

and for a target moving parallel to the surface the velocity difference is given by

2R 2R 2 h hm _ D~~ T R d R  16— 2t 2t R 2 dt

where d R ,  dt is the radial velocity of the target. From Equation ( 1 5 )  it is seen that for elevation
on the order of meters and ranges on the order of kilometers that the path length difference will
be on the order of millimeters. Likewise , the velocity difference will be some five orders of
magnitude less than the radical velocity of the target. It is clear that neither range nor velocity
gating can distinguish between the direct and multi path returns.

It has also been suggested that polarization could be used as a basis for discriminating
against the mul t ipath  return. In princi p le the reflection from a surface should be independent
of polarization at grazing incidence. There is , however , some experimental evidence to suggest
that even at low angles the reflection from most terrain may be somewha t polariz ation
dependent. This has led to several schemes for using depolarization of the multipath return as
a mean’, of rejecting it. Root and Cullis, for example, have proposed a technique which they
call polarization processing where consecutive pulses are transmitted with alternately
horizontal and vertical polarization !3 Horizontally polarized pulses are also shifted 900 in

3 3 I loyd W. Root , and RN . Cull is. Multipath Environment Ac tis ’e RF Seek er (MARFS). US Army Missile Command
Re port.
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phase with  respect to the ‘se rt ica llv polartied pulses. . The return signal i s separated In to

hori ,onta l  and ver t ica l  p i s l a r i i a i o n s  and the  phase difference in the  two channels  compared. If
t here is no depo l ar i i a t i on .  t h i s  ‘ss i l l  he e i t h e r  +90’ or -90° . depending upon whether the signal
is an odd or e ’ser i bounce re turn .  Wi th  depo lari iat ion a d i s t r i b u t i o n  of p hases wil l  be observed.
For mul t i path reduct ion Root and (‘ullis ‘suggest using the returns near +90° and -90° . The
stronger si gna l would he assumed to be due to mu l t ipa th .

[‘he mul t ipa th  could be reduced by m i n i m i / i n g  the surface  reflectivity. This would be done
by choos ing a wavelengt h at which the ‘surface absorption is large , by using a hi gh frequency to
make the surface roughness large compared to the wavelength or by a proper choice of
polarization.

In fixed radar installations passive screening is frequently used to reduce both multi path
and clutter. However , this is clearl y impossible for a tactical missile guidance system.

Another techni que for reducing mult ipath is to change the frequency of the transmitte d
signal sufficiently to cause the mult i path error to go thro agh a comp lete cycle , thus averaging
out the error. The frequency could be varied on a pulse to pulse basis or could be swept during
each pulse. In either case the requirement is that the phase difference between the direct and
multi path returns be varied by at least 2 ir rad during the measurement period. The Ballistic s
Research Laboratory has experimented with this techni que and claims that the results indicate
that wideband frequency diversity appears promising not only for multipath reduction but
also for reducing target noise and background clutter. ~‘ The princi pal difficulty that we see in
the use of frequency agility in ground-to-ground situations is that the small path length
differences involved will necessitate an excessivel y large bandwidth. From Equation ( I S )  It
follows that

4~rh~ (df}  ( 17 )

whe re ~~ is the difference in phase between the direct and multipath channels and d (~4) is the
change in this difference for a frequency change M. From Equation (17) it is clear that for  h
(the geometric mean of h1 and ha), less than a few meters, an excessive frequency cha nge wi ll
be needed to produce the desired 2 ir rad change in phase.

34. R. McGee , Multipath Suppression isv Swept Frequenet’ Methods . Ballistic Research Laboratories Memorandum Report
No. 1950 , Advanced Development 682728, November 1968.
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All of the methods for reducing the mul t ipa th  error discussed so far  have attempted to
min im l i e  or e l i m i n a t e  the  reflected signal  or to resolve the  target and its image. A second class
of techniques accepts the r n u l t ipa th  re turn  as ine ’s i tah l e  and treats the image as a second
unresolved target. ‘Fhese techniques generall y emp loy monopulse radars with more elaborate

bea m pat terns , sy m metrical error pat terns  and asymmetr ica l  monopulse . use addit ional
information about the target conta ined in the quadrature component of the radar return
complex ang le techn i ques or use statistical estimation theory mult iple  target estimation. We
will not attempt to describe these techni ques in detail since there are many variations of each
and since they have all been extensively described in the literature. ’2 Each of these techniques
has been carefully reviewed for app licability to a mill imeter wave guidance of a li ght , ground
based A ’rGM. It is estimated that these techni ques are generally difficult  to implement and
offe r only slight reduction in mult ipath.  In addition , many of them have serious limitations
which make them unsuitable for this application. Complex angle techniques , for example , are
subject to serious ambigui t ies  and also require calibration at a specific site. Considering the
problems with these techni ques, it is not believed that  any of them will prove to be usefu l for
millimeter wave missile guidance systems.

5. TARGET NOISE

Target noise refers to fluctuations in the radar return due to characteristics of the target.
These fluctuations are primarily of two kinds: i.e.. amplitude noise or scintillation and angle
noise or glint. There are other types of target noise such as range noise , Doppler noise , etc., but
these will not be considered here.

Both amp litude and angle noise depend upon the power spectrum of the fluctuation s
introduced into the radar return by target motion. This spectral density cu(h) is usually taken to
be a triangular function with maximum cu0 at zero frequency and a cut-off frequency fg given
by

2 w L
f ~~~~~~ (18)
g A

where w~ is the rate of change of target aspect and L is a length characteristic of the largest

target dimension. Alternately w may be taken to be a Markoffian Spectra

f 2

w = w  ( 19)
0 

~
2 

+
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‘I’he t racking error due to ampl i tude  noise can be computed in a manner similar to that used to

find the error due to thermal noise. i.e.. b~ equating the modulation required to produce a

given amount of po’s~er in the sers o channel to the power introduced by the noise. For a
con ical scan sy stem this  is given by

= O . 6 7 O BIw ( f s )
~~~ 

( 20)

whe re t~ is the scan frequency and f3~ the ser ’s o bandwidth.  Barton has shown that for f5>>  f5
and for a Raylei gh target E q uation (20 ) reduces to

o •  2 70~ _____

fs ~~g0~ (21)

using the values for f3. amd 0 assumed in Section 2 and assuming f, = 100 Hz and f8 = 5 Hz.
This value of 5Hz for t is close to the value computed from ( 18) for a 3m long target crossing at
30 km, hr at a range of 3km and a wavelength of 3mm. Most large amplitude vehicle vibrations

are also at frequencies in the range of a few tenths Hz to a few Hz. Thus 5Hz seem as to be a

reasonable maximu m value for f8 for land targets. We find that a, is less than 0.02 mrad, which
will be generally negligable compared to other error sources. t

Ang le noise or glint is associated with fluctuations in the apparent angle of arrival of the
reflected wave at the receiving antenna. These fluctuat ions arise from interference between
waves reflected from different parts of the target. As the target range or aspect changes . the

way in which the waves interfere varies , causing the apparent target centroid to wander
randomly. The maximum excursions can be extremely large; in fact, for two point sources the

glint error can be 90° for certain amp litude and phase relations between the individual returns.
A real rada r will not track this extreme fluctuation due to practical limitations such as finite
antenna size and limited servo bandwidths. However , it is possible for the apparent target

centroid to lie outside the physical target.

Estimation of the tracking error due to glint involves assumption about the distribution of
the individual scatters which contribute to the radar return. In an earl y paper Delano
considered a collection of scattering centers with random phase and various spatial

19 
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distr ibutions . 55 Delano gi ’ses the root mean square  f luc tua t ion  of the effective radar center
about i ts  mean position as

o = 
L (22)g /7~

’R

(‘or scattering centers located in t’sso groups at the end’s of a target of length L and the value of

L
a =
g

for the scatters uniformly spaced along L. A common practice is to assume that the glint error
is Gaussianly distributed with an rms value

a = 0.35 (24)g R

which would be characteristic ofa non-uniform distribution ofthe scattering centersalong L.
It should he noted that Equation (24) implies that the apparent radar center will be outside the
ta rget approximatel y l0~’~ of the t ime.  As a numerical  example , consider a 3m target at a rangc
of 3 km. The g l in t  error ‘s~ouI d be 0.35 mrad and would increase with decreasing r ange.

The applicability of Equation (24) clearly depends upon how well the actual target
resembles a random array of more or less equall y strong scattering centers. It has been
suggested that  a typical vehicle does not resemble this ideal distribution of scatters but consists
of a relatively small number of “hot-spots” or “sub-targets” that are strongly reflecting. These
sub-targets themselves mi ght consist of a collection of random scatters. If this were the case,
then Equation (24) would be applicable to each sub-target (with L being a dimension
characteristic of the “hot spot ”) rather than being applicable to the vehicle as a whole. The sub-
targets referred to might be a wheel , a plate oriented in the proper direction or the corner
between two plates that act as a corner reflector, etc.

The usual model Equation (24) and the sub target model are expected to lead to quite
different tracking behavior. In the former case the glint error will lead to a uniform , wander of
the tracking spo over and occasionally off the target. In the later case the glint error will be

35 Richard H Delano. “4 Theort of Target Glint or Angular Scintillation in Radar Tracking. “Proceedings iRE, vo l.4 1 1953,
p. 1 778
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small most of the t ime , sin ce I . ~s small , but  wi l l  have an occasional large excursion as the
tracke r loses lock on one sub-target  and lu m p s  to another .  A~ ai lab le t racking  data tends to
indicate that smalt t r a c k i n g  e r ro i s  s~i th  occa sional  large excursions are in fact observed at
millimeter wa~elcngths . lending credibility to the sub-target concept.’9

Very li ttle work has been done toward modeling militar y targets at millimeter wavelengths.

A ttempts have been made to describe a tank in terms of the radar cross section as simp le
shapes that could he related to the vehicle ’s features. Unfortunatel y, this has yet to produce a
model of much practical value. Nor has a statistical model for a collection of sub-targets been

developed. Clearl y more work is needed in the area of target modeling.

There are a numbe r of ~‘savs in which the glint error can be reduced. One of the most widely

accepted ways is by means of frequency agilit y or diversity .37 Here the frequency is changed
either by FM modulation of the pulse or by changing the frequency from pulse to pulse.
Changing the frequency changes the phase relation between the waves reflected from
individual scatters causing a rapid fluctuation in the position of the rad ar centroid. If the
fluctuation is large and occurs in a time that is short compared to the time required to make a
measurement of angle , the n the glint effects will be averaged. It can be shown that the
frequency change necessary to reduce the glint corrolation function by one-half is:

t~f ~~~ (MHz )  (25)

where D’ is the depth of the target in meters.3~ To si gnifican t ly reduce glin t the pulse to pulse
frequency shift must be large compared to this value. Unfortunatel y, for a tank target most of
the reflection may come from the surfaces nearest the radar. Thus the value of D’ will not be
the actual depth but the depth over which significant radar reflection occurs. In a direct frontal
or side-on aspect this distance may be small, hence the required frequency agili ty may be larger
than anticipated.

Lind gives a more precise method of estimating the glint reduction for a given frequency
agility!9 We assume that the frequency is varied on a pulse to pulse basis and that the

Jfr A.W . Stra iton. Radar Target Modeling at 94. and 220 Gil:. Final Report on Contract DAAG29-76-D-O iOO. US Army
Missi le Research and Development Command . Re dstone Arsenal . Ala bama , January 1978.

37. David K. Barton. ed. . Radars. i ’ ol. #5: Frequeni i’ .lgiliti and Diver .siti. Artech House . Dedham , Massachusett s 1977 .

38. Ray Howard . “Improving Radar Range and Ang ie Detection wit h Frequency Ag ility. ” Mis ’ross a ve Journal , \ lac 1966.
p . 6 3.

39. Gor an t.i nd . “ Reduction of Radar Tracking Errors with Frequency Ag ility. ” Instit ute of Electrical and Electronic s
Fngsnee ri Tran.cac,i,’,ns .lero.cpa ’e and Electronic Si- s tem. AES-4 . l96 7 , p. 4 10.
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indiv idual  pulse frequenc i es  are un i fo r  m l y  d i s t r ibu ted  over the frequency range ~~l ‘rhen

the total g li nt power is

= L/6’rr (26)

and the zero frequency glint spectral density of a fixed frequency radar is given by

= n2/f g (27)

where f5 is the characteristic glint frequency from E quation ( 18).

Now the decorro lation function for the glint is written:

C -5p = 2 (~8)
c ~ fma x

where

C
(29)

Now the zero frequency spectral density for the frequency agile radar is

2
w = 

~~~~~ f r/2  + ~ c~ o (30)

and the effective number of independent samples is given by

(3 ’)

Consider a tank 6 m long crossing at a range of 3 km with a speed of 36km/s being tracked
by a 94 GHz radar , then

(36 k M/ H r ) / ( 3 6 0 0  sec/Hr) 0 . 0 0 3  rad/sec

and

26wfg = —r— = 12 Hz
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I f t h e  effec t ion va lue of 1) as 1.5 m is taken , then ~ I = lO 5H,. t f ~~~~fmas = ~Ø9 Hzis assumed ,

then p5 = 0.2. Wi th  a prf of 20 kh ,

w = 0.158 m2 Hz 1
0

and

—2 2 —1w 3.16 x 10 m H z

Hence for the high prf being considered , the approximation:

N i/pa

may be used,

For the example giv en, N 5.

Finally, the glint error for the frequency agile radar may be expressed as

(agile) = °g 
(fixed freq.)/V~

Therefore in the preceeding example the error would be reduced by a factor of about 2.2.

From the example calculation it is seen that frequency agility should be able to significantly
reduce the glint if the target reflections arise at appreciably different ranges. This would be the
case if the target were crossing at an ang le. In a direct frontal or side-on aspect most of the
radar return might come from a sing le plane of nearly constant range. In this case the apparent
depth of the target will be so small that the effectiveness of the frequency diversity is
significantly reduced.

A second way of reducing glint would be to increase the range resolution to a point that only

one sub-target would be in the range gate. The rms glint would then be small because of the

small dimension of the sub-target, and leaps from one sub-target to another would be

eliminated. This technique has some problems , however. First , by discriminating against part
of the target one is reducing the reflected power and , hence, the signal-to-noise ratio. This mas’
not be as serious as it seems, however , since when the system is tracking on one hot spot , the
return from the remainder of the target may be treated more like clutter than signal. A second

difficul ty is the very narrow pulses required. To be effective, thi s technique sould require range
resclutions on the order of tens of centimeters which imp lies nanosecond or sub-nanosecond
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pulses. Finally , tracking on one hot-spot may lead to guiding the munit ion toa  point near one
edge of the target. With the addition of o ther  noise sources, this could lead to missing the
ta rget or to h i t t ing  the  target at a poin t  tha t  o t te rs  very l i t t le  chance of a kill.  Clearly, then ,
there must be a trade between tracking a point near the center of the target with relatively large

L rms error and occasional leaps and tracking with greater precision on a point that could be

near the edge of the target. The resolution of this question requires consideration of target

vul nerability, missile guidance characteristics, lethality and other factors.

6. CLUTTER

Random reflections from the surface of the earth (ground clutter), from particles in the
atmosp here (weather clutter) or from material intentionally dep loyed to defeat the radar
(chaff clutter ) will tend to degrade the tracking performance of a radar. In this section the
effect of ground clutter on a millimeter wave radar is considered.

In order to estimate the ground clutter from a flat surface, an effective clutter cross-section

o~ given by

= (32)

is considered where A5 is the reflecting surface area and a0 is a constant which depends upon
frequency, incidence angle and the nature of the terrain. For low depression angles A5 may be
expre ssed by

A
B
R CT 1

— T ~~~ 
(33)

where ô is the depression angle and the other quantities have been previously defined. The
beam divergence is given by

The relative clutter cross section a5~ can be estimated for any frequency and incidence angle
from the relation

Go 
= ~Cl + C2 

log [
~I 
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where O~ is the graiing ang le. A is the wavelength , and C,, (‘2 ,  C5, O~ and A0 are empirical
constants which depend on the terrain. Values b r  these constants are given in Table 1. The
relative clutter cross section computed f r o m  E q uation(35) for a frequency of95 GHi is shown
in Figure 2 (solid curves).

There have been few good measurements  of c lut ter  at mil l imeter  wave lengths . 5 ’6 ’40 46 The
measured values of a, vary considerabl y due to differences in terrain. For this reason no
att empt has been made to p lot the measured data , but the range of measured values of a~ has
been indicated on Figure 2 (cross hatched areas). It can be seen that for 95 G Hz the value of a,,
estimated from Equation (35) agrees reasonably well with the experiment.

TABLE 1. CONSTANTS FOR USE IN ESTIMATING RELATIVE CLUTTER
CROSS-SECTION FOR VARIOUS TERRAIN

C1 C2 C3 TERRAIN
dB dB dB (Deg.) (Cm) 

________

16 26 8 35 1.0 Crops
20 26 10 35 1.5 Grass
31 18 15 25 1,5 Loam
28 18 15 25 1.5 Gravel

25 25 15 30 1.5 Snow
39 32 20 25 2.2 Concrete
11 26 8 35 1.0 Trees
6 5 3 30 1.0 Urban

40. George M. Green , Welsey H. Shaw and James P. Stewart . Target Background Measurements Using Pulsed Millimeter
Wave Seeker . Martin Mar ietta Aerospace Corporation . Orlando. Florida . 19 November 1975.

4 1. R.S. Roeder , et . al., Millimeter Wave Semiac live Guidance Si’srem Concept Investigation, Sperry Microwave Electronics
Division Report No. SJ242-847A-5. Final Report. Defense Advanced Research Projects A gency Order No. 3146 .
November 1978.

42. ..lpplii ’ation of Millimeter Radars . System Planning Corporation. Ar lington. V irginia, Final Report on Defense Advanced
Researc h Projects A gency Order 2353. 3 i  December 1973.

43. NC.  Currie , F.B. Dyer and R D .  Hayes, Radar Land Clutter Measurements at Frequencies of 9.5, 16. 35. and 95 GH:,
Technical Report No. 3 EES!GIT Project AI485. Cont ract No. DAAA25.73-C-0256 . Atlanta. Georg ia , 2 A pril 1975.

44. J.M. Loomis. R H . Farmer and T.D. Hodgens. Millimeter Wave Beamrider Test. US Army Missile Research and
Development Command. Redstone Arsenal , A labama . Techn ical Report T-78-27 . Septembe r 1977.

45. H F .  Kins , Ci . Samites , D.E. Snow and R I .  Col l iton, “ Terrain Back s catter Measurement at 40 and 90 GHz .” Institute of
1:/i’ -, rica! and Eleeironie.s Engineers Tran.sa i tu ,ns A P—I 8. 197(1. p. 780

46. C R .  Grant . and B.S. Yap lee , “ Backscatterin g from Wat er and t .and at Centimeter and Millimeter Wavelengths .” Proc.
IRE 4T . l95 7. p 976.

25

_ _ _ _ _ _ _ _ _ _  __ - - A



U, ‘ s ~
0) .! (A

•— ~~2 0

0)

C

t~ =~~) 0
— C 0 ~~

= I_ ,

~ o a
E C~~~ w
-.~~~~~ 0 ~~

0 Z Cfl ci, w
w~~~O4 O ’( < .!O o. !E o

C
O i ~ ø~ .j

0 =

: f:

~~~~~~~~ I

26

L -.-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r - 

~~~~~~~~~~~~~

. -. .

~~~~~~

. -

~ 

.. -

~~~~~~~~~

- - 

~~~~~~~

Barton recommends the  use of the f ’oIl o~ ing va lues of a, . when the exact nature of the terrain

and the incidence ang le is unkno s ~ n: ~j ,. -2od H at A 3 2cm . a,, - IS  dB at 8.6 mm.’ From

Equation (35) it is seen that the frequency dependence n t  a,, is proportional to C5 log (Af A0).
Using the average of all values of (‘ i ,  a,, at 95 ( j H i  is estimated to be

o ~~ —10 dB (36)
0

This value of a,, is also indicated on Figure?. As can be seen, it represents a worse case estimate
for all terrain except gravel and moderate graiing angles.

In order to estimate the importance 0 clutter on a millimeter radar in a ground combat

situation , a95 GHi  radar using a I o c m d i a m e t e r a n t e n n a w i t h a n a n t e n n a efficiency of6O%, a
pulse width of 10 nseconds, and a range of 5 km should be considered. A relative clutter cross
section of -20 dB . which is on the order of the largest measured value for grazing incidences
and is 10 to 20 dB greater than the value predicted by Equation (35) will be assumed. With
these assumptions a clutter cross section of 1.7 m 2 is obtained.

Typ ical tank targets have radar cross sections of< I m2 to approximatel y 100 m 2 depending
on aspect ang le. A value of 20 m 2 is typ ical of most aspects and is frequentl y assumed for the
purpose of analysis. Although the predicted clutter cross section will be on the order of the

target cross section, in the worst case it will generally be at least an order of magnitude smaller.
In estimating the clutter the maximum range, a pessimistic value of a0 and a fairly wide beam

divergence have been assumed. Minimum antenna size and lowest millimeter wave frequency
were assumed. Increasing antenna size and! or frequency will decrease the beam diameter and,

therefore , reduce the clutter. Therefore , in practical cases the clutter cross section will actually
be less than the above value.

On the basis of the preceding analysis it appears that by the use of relatively narrow beams
and reasonably short pulses , clutter can be reduced to a tolerable level so that special clutter
rejection techniques will not be required.
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TABLE 2. PARAMETERS USED IN COMPUTING CLUTTER CROSS SECTION.

Antenna Diameter 0 ‘10 cm

Antenna Efficiency 60%

Frequency f 95 GHz

Beam Width 0$ 32.5 mrad

Depression Angle  5% or less

Pulse Width  ~
- 10 nsec

Range A 5 km

Clutter Area Ac 172 m2

Relative Clutter Cross Section a0 -20 dB (m2/m 2)

Clutter Cross Section 1.7 m2

7. TOTAL TRACKING ERROR

A. CONTRIBUTION OF ERROR SOURCES

If the angle fluctuations due to each individual tracking error are independent, gaussian

random variables , then the mean square fluctuation in the tracking ang le will be given by the
sums of the individual mean square fluctuations that is,

2 2 2 2 2 2 2
TOTAL = °N + 0A + 0m + °s + °g + °c + °sv (37)

where the terms on the right hand side of Equation (37) are the mea n square tracking errors
due to receiver noise , propagation effects , mult i path , target scintillation , glint , clutter , and
servo noise , respectively. With the exception of servo noise each of these terms has been
discussed in a previous section of this report.
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It is instructive to examine the funct ional dependence of each of these terms on the various
system parameters. 1 he range dependence of each term is shown in Figure 3. As can be seen
two terms, the receiver noise and the  propagation noise increase wi th  range. Receiver noise has
the stro nger dependence . Increasing as the range squared in the absence of significant

atmospheric attenuation. When there is appreciable attenuation , the thermal noise will
increase much more rap idt~ t h a n  R 2 due to the presence of an exponential factor in the range
equation. Two of the noise terms , gl int  and c lut ter , decrease with increasing range and the
remaining terms are relatis clv range independent. The total tracking error will therefore be
predominated by thermal noise at long ranges and by glint at short ranges. As can be seen from
Figure 3 there will be some intermediate range at which the total tracking error will be
minimum. Thermal noise and clutter can be reduced by increasing the antenna size thereb y
reducing the beamwidth. Target noise will also probabl y be reduced due to aperture averaging
by the receiving antenna .Thermal noise is inversely proportional to the pulse width for

constant peak power. Clutter , on the other hand , increases linearly with pulse width due to an
increase in clutter area. The other terms are independent of pulse width for the range of
parameters of interest in clutter area. The other terms are independent of pulse width for the
range of parameters of interest in this study.

Only the thermal noise term depends on transmitted power. Thus it is clear that increasing
the radar power will increase the maximum range at which a given tracking accuracy can be

obtained but will do nothing to improve the accuracy at short ranges where the error is due
primarily to glint. It should be noted that if there is appreciable atmospheric attenuation

present, the tracking error will increase rap idly with range once thermal noise becomes the., R

predominant source of error. Since the dependence on range goes like R e’~ and the
dependence on peak power like p”~ 

‘~~
, it requires a very large increase in power to obtain a small

increase in maximum operating range.

The operating frequency enters into the thermal noise term in two ways. First, there is an
exp licit dependence on the inverse square of the frequency due to decreasing beamwidth
obtained at higher frequency. Second, there is an implied frequency dependence through the

frequency dependence of the atmospheric attenuation constant and , to a lesser degree , the
system losses. Thus the choice of an operating frequency wi l l  be primar ily a trade-off between
narrow beamwidth at higher frequencies and better propagation at lower frequencies. This

trade-off will be discussed in more detail in the following section. Availability of components

will also influence the choice.

The other error terms are only weakly frequency dependent. The clutter cross section will
vary a few dB over the millimeter wavelength range, and atmospheric turbulence effects may
change sli ghtly but this in general will not influence the choice of operating frequency.
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B. APPLICATION TO A M l l . l . I M L ’ F E R  WAVE R A D A R

.~\s an example of the performance that can be expected with a millimeter wavelengt h
tracking radar , the t racking  accurac y  versus range for a typ ical millimeter wavelength system
has been plotted. l’he system parameters chosen are:

Operating Frequency f 95 GHz

Antenna Diameter D 0.5 m

Antenna Efficiency 60%

Peak Power Pt 1 W

Target Cross Section a 20m2

Atm ospheric Attenuation 0.5 dB/km

Background Temperature T 273° K

Pulse Width r 50 nsec

IF Bandwidth B 20 MHz

Receiver Noise Factor NE 8 dB

System Loss L 13 dB

Error Slope k, 1.5

Pulse Repetition Frequency fR 20 KHz

Servo Bandwidth f3 2 Hz

Target Extent I. 2 m

Depression Angle 0°



E arth Surface Roughness 0 .  25 cm

Earth Surface Retlectivity 0. I

Scan Frequency f, 100 Hz

Glint Frequency f~ 5 Hz

Figure 4 shows the tracking error that results from thermal (receiver) noise , angle noise
(glint), target scintillation and mult i path. It is clear that at low ranges glint will be the most
important source of error and at long ranges receiver noise will predominate. The best
tracking accuracy will be obtained at a range of about 4600 m. At this range the rms angle
fluctuations can be expected to about 0.2 mrad.

The error calculations shown in Figure 4 assume no reduction in gli nt. As previously stated,
most millimeter wave sources have a natural frequency “chirp ” and additional frequency
agility could be incorporated to reduce glint. Figure 4 therefore represents the worst possible
case in so far as the glint error is concerned. Fig ure 5 shows the total tracking error when
frequency agility is used to reduce glint.  Here N is the number of independent samples
obtained during one measurement period. Value of N of I represents no frequency agility and
N corresponds to the case of the glint error having been comp letely eliminated. As shown
in a previous section of this report , N 5 in a reasonable value for millimeter radars. In Figure
5 it has been assumed that the range independent errors (scintillation , mu)ti path , servo noise)
contribute a total of 0.05 mrad to the total tracking error.

Figure 6 shows the effect of increased atmospheric attenuation on the system tracking
performance for both a frequency agile (N 100) and a non-ag ile system. The atmospheric
tracking error is p lotted for the ideal case (0 d B / k m )  and for attenuations of 2 and 4 d B / k m .
These were chosen to represent adverse weather conditions such as 4 mm! hr rain very heavy
(visibility less than 20 m) fog.

The previous fi gures have assumed a target extent of 2m and have included multi path. They
are therefore representative of the elevation errors in tracking a tank or similar target. To
calculate az imuth  errors , for a side aspect , the extent should be about 6m and multi path
should be omitted. Typical azimuthal tracking errors are shown in Figure 7. It is interesting to
n while the min imum tracking error was increased by a factor of two, the range at which this
minimum occurs was extended from 4600m to 7Ofj Oin.
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Figure 4. Receiver Noise , Angle Noise (Glint), Target Scintillation and mu ltipath
error as a funct ion of range for a typical millimeter wavelength tracking
radar (Elevation Angle).
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FIgure 5. Effects of freque ncy agilit y on trackin g accuracy.
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Figure 6. Effects of atmospheric attenuation on track accuracy of both fixed
frequency and frequency agile radars.
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Figure 7. Azimuthal tracking error as a function range due to glint , receiver noise
and range indepe ndent sources.
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8. SELECTION OF O P E R A T I N G  F R E Q U E N C Y

As mentioned in the pr c~ b u s  section . choice of operat ing frequency is largely a trade-off
between better propag at ion at lower f requencies  and the improved tracking accuracy
obta inable at hig her frequencies because of the narrower beamwidths. To investigate the
dependence of t rack ing  performance on frequency, the peak transmitter power required for
precision t racking has been computed for ranges of 3, 4, and 5 km in each of the atmospheric
windows from 35 ( i i i ,  to  462 GHz. For comparison , the power required at 100Hz was also
computed. For the purpose of these calculations , it was assumed that the tracking error was

d ue to the combinat ion of g l int  and thermal noise. It was further assumed that the radar would
he f reque n cy ag ile with a diversity sufficient to yield nine independent samples of the glint
spectra for each measurement of angle. A range independent error of 0.05 mrad was included

to allow f o r  sCr ’o noise , target amplitude noise and multipath effects. The required tracking

error ~ as taken t o  he that rms angular deviation corresponding to a Im diameter circle at the
target : i.e..

(38)

The tracking error equation can then be expressed , as

= a2 + ( 0 . 0 5  x 1o 3) 2 (39)

hence

0 5  2 
= 

0.35 L 2 
+ + (5 x i0 5)2 (40)

R I~~R

After substituting the appropriate expression for a~ Equa tion (40) may be solved for the
transmitter power needed to give the specified tracking accuracy. Taking the transmitter
antenna to be I m in diameter and all other parameters the same as those used in section 7, we
ob tain

P 
— 

2 . 7 2  X 1019 R 6 e2
~~T —  — 9 2  (4 i )

f (0.196 — 2.5X10 R )
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Tab/c 3 shows the power computed from (41 )lor ranges of 3.4 and 5 km and frequencies of 10,

35, 94. 140, 222, 345, 414 and 462 OH,. Also shown in lab/c 3 are the assumed values of
attenuation for each atmosp heric window. These values are representative of a moderate rain
(4mm hr at I5°C or hea~ fog.

TABLE 3. PEAK POWER REQUIRED FOR PRECISION TRACKING
IN ADVERSE WEATHER

Frequency Attenuation Peak Power (Watts)

GHz dB/km R -  3 km R - 4 km A - 5 km
10 0.0 11.4 71 319

35 1.4 0.527 6.2 52.9

95 3.9 0.321 11.5 313

140 4.8 0.225 12.9 510

222 7.0 0.744 121 13x io~
345 19.0 2x 10 6 8x 101° 3x10 18

414 28.0 2.5x 10 11 6x10 17 1x 1 0 25

462 
- 

65.0 2.5 x io~ 2 x io~ 7 x i0~~

The required transmitter power, expressed in dBw, is shown in Figure 8.Although the
computed points are connected, it is not intented to imply that it is possible to interpolate
between them. On the contrary, they are outside the windows the attenuation, and , therefore ,
the required power will be very large.

From Figure 8 it is seen tha t at ei the r 35, 94 or 140 GHz the required transmitter power will
be minimum. At which frequency the minimum falls will depend upon the range. Above 220

0Hz the power requirements increase rapidl y. Clearly, the 35-140 0Hz region appears to be
most likely to allow precision tracking at moderate ranges. Although the required power at
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Figure 8. Peak power requirement for precision tracking in adverse weather as a
function of frequency.
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220 OH i  t~ somewhat greater than at Io~ .er frequencies , this window cannot be rejected on the
bas is of this  ana l y s is .  It should he remembered , however , that for a given type oscillator the
maximum available output power decreases with increasing frequency and receiver noise
factors tend to be ~orse at high f requencies . 1 hese factors will  tend to favor the operation at
lower frequencies.

9. CONCLUSIONS

A number of sources of error affect the tracking performance of millimeter radars. These

include receiver noise , target noise , multi path , clutter and propagation errors. As long as
reasonable antenna sizes, a few tens of centimeters, and reasonable power, a few watts, are
available , the contribution of receiver noise to the total tracking error can be reduced to an
insi gnificant level at least under good propagation conditions. Under degraded propagation
conditions, e.g., heavy rain the receiver noise may predominate.

With the exception of atmosp heric attenuation , propagation effects such as turbulence and
refraction are un impor t an t  at these frequenc ies and in the geometries typ ically encountered in
land combat situations.

It appears from availab le data that by using the narrow beams and short pulses available in
the millimeter region , clutter can be reduced to an acceptable level so that special clutter
rejection techni ques will not be required. The possible exception might be a target concealed in
trees. In this situation the clutter would fill the beam and would be unresolvable in range.

A reasonable amount of terrain backscatter data is available. However , because of the wide .
diversity of terra in that must be considered , additional data would always be useful.

Targe t noise is a significant source of tracking error. Glint models of military targets in the
millime ter regime appear to be inadequate to accurately assess the magnitude of the glint
errors. The theoretical treatment of glint used in many analyses is oversimplified. Additional
work , both theoretical and experimental, is needed in this area.

Much of the theory of multipath error that has been developed for conventional radar may
no t be app licable to millimeter radars operating in a land combat situation. There are two
reasons -for this: (I) The surface roughness is many times larger than the wavelength, and (2)
the geometries are much more extreme than those normally considered in “low-angle

tracking ” situations. Existing theory indicates that multi path is a severe problem. The little
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experimental data that is available seems to show that multipath effects are not as large as
expected. Clearly, more work is needed in th is  area , especially in develop ing a theoretical
description of the mu l t i pa th phenomenon.  An adequate theory of multi path at millimeter
wavelengths should consider both specular and diffuse components of reflection and should
include the effect of glint since glint and mul t ipa th  effects are interrelated. Static multi path
measurements should be made over a wide range of ang les and terrains.

Various techni ques are available for reducing multi path . These include frequency diversity,
complex angle tracking, maximum likelihood estimation , off axis tracking, polarization
diversity, etc. In general , these techni ques appear to be either ineffective in the environment
being considered , or else too comp lex to imp lement in a missile guidance system.
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