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ABSTRA CT

The invest igat ion of the NFMRAD .by s ta te -of - the-a r t  LSI microelectronic
hardware was per :formed . The hardware required for a representa t ive
implementation of NFM RA D was investigated and critical hardware items
were identified. It was found that the high-precisio n , high-rate complex
multipliers required at each channel of NFMRA D had the major impact on
system cost . For the parameters  con sidered in this stud y , these multip liers
add an incremental cost of approximately 300 thousand dollars compared
with a more co nventional radar de sign app roach. It was found that for  the
parameters of NFMRA D considered in this study,  peak antenna sidelobes
of -2 5 to -30 dB can provide adequate sidelobe clutter suppression for all
but severe radar scenario s. An ja rnmer nulling algorithm that takes
advantage of the parallel receiving channels of NFMRA .D was analyzed and
found to wo rk well against a single ja mmer . An alternate approach to
NFMRA D was suggested that could provide MTI and an ECCM capability
with a substantial reduction in pr ice below the price of the full NFMRA D
implementation. .
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EVA LUATIO N

1 . This is the Fina l Report on Contract F1 9628—76—C—0175. It

covers analysis of the Null Filter Mobile Rada r (NFMRAO) carried

out between April 1976 and ~~~~~~ 1977. The ana l ysis inc l udes the

detail system design of a typ ica l airborne radar system , an est.imate

of the hardware requ i red to do the extensive si gna l processing , and

an analysis of the vulnerability of the NFMRA D system to jamming .

This work was done under IPO 28.

2. The work is of importance because it clearly identifies and puts

into perspective many of the problem s encountered in implementing an

airborne surveillance rada r required to detect slow moving ground

‘

~ targets from stand off distances . The report shows that the NFMR.AD

concept may be a viable alternative for a stand off surveillance radar.

( J. LEON PO IR IER
Project Eng i neer
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1.0 SUMMARY

Dete ct ion and t racking of moving tar get s are a p r imary concern of the
tj nited States Air  Force . Surveillance radars  that emp loy moving target
indication (MTI) provide impo r tant information that is utilized for the alert
of an oncoming threat .  MTI is als o utilized as a means of gathering intelli-
gence data re garding movement of enemy forces . The high precis io n of fered
by moving target tracking (MTT) radars provides the accuracy required for
guidance oi weapons.

A problem that has plagued MTI/MTT radars is poor signal-to-clutter

~erformance. The Rome Air Develooment Center (~R
_ADC/ETER) has been

involved in develooin g methods for the improvement of signa1-~o-clutter
perfo rmance of a i r - to-ai r  surveillance radars .  One techniqu e, termed the
Null F i l t e r  Mobile Radar (NFM RAD), des~~ - in References I and 2,’i~
bas ed on the placement of antenna nulls over angular regions that correspond
to the b andpasses  of dopp ler f i l t e r s .  The NFM RA D conceoc involves utili-
zation of a seoar at e  receiving beam for each do ppler f i l t e r  which is accom-
plished by p erf ormin g all beam forming and doooler f i l c e r i ng  by di gital
processing. The resolution and coverage rate required of NFM~~A D are
reflected in a large amount of computation ocr unit time. .~ieretore , any
practical implementation of the NFM RAD that o f f e r s  high reliability an~ cos t
effectiveness must be realized with LSI microel ectronic t echnology.

The objective of the study reported herein was the investigation of the
feasibi lity of implementation of the NFMRA D by stat e -of - the-ar t  LSI micro-
electronic techno logy. The major  task was to determine the p rocess in g
hardware required for a representative implementatio n of the NFMR~~.D.

1. W . B . Coggins, C. 3. Sletten , and F. S. Holt , New Concepts in AMTI
Radar , ’ Proc. Adaptive Antenna Systeni s Workshop, Volume i, Report
No. NRL 7303 , Naval Research Laboratory, Washington , D. C.
September 30 , 1974 , pp. 93- 110.

2 . W . ~~~~. Goggin s , C. 3. Sletten , and F . S. Holt , New Concepts  in
AMT~t Radar , Microwave Journal ,  January 1974 , pp . 2 9 -35 .
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A no ther task was to de termine  the perfo r mance that could be expected of the
NFMRA D implementat ion.

The bas ic NFMRAD concept  is pr e sen t ed  in Sec t ion  2. A dis cu ss ion  of
the sys tem des i gn considerat ions , includin g t r ansmit t e r  waveform ?aram-
eters , receiver Power profiles, AID converter dynamic ranges , dopoler
filtering and beamforming, and detection sensitivity, is provided in Section

3. A functional d e s c r i ption of a NFMRAD implementat ion is given in Section
4; a desc r ip t ion  of each oi the major  sys tem segments  and the imp lications
of these  segments  with  r ega rd  to their h a r d w a r-~ implementat ion a re  included .
A detailed desc r ip tion  of the functional  imp lementa t ion oZ a j a mm e r  nulling
technique and a prel iminary evaluation of its pe r fo rmanc e a re  orovid ed in
Section 5. A three-channel MTI approach  is introduced in Section 6 as
?Otefl t ial ly more  cost  effectiv e than the full NFMRAD approach.  The three-
channel approach provides ECCM and de tec t ion  of t ar g e t s  that r es ide  in either
math.Lobe or sid elobe clutter .  Conclusions and recommendat ions  for the
follow-on study are provided in Section 7.

7
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2 . 0  THE NFMRA D CON CE PT

Moving target  indicato r (MTI) radars are designed to detect and t rack
targets that have motion relative to the ground beneath them . A stationary
MTI radar can distinguish between moving and stationary ta rge t s  on the
basis of the doppler frequencies of the radar echoes which are different for
a target with a ve locity component radial to the radar and the ground . A
problem may be encountered , however , when the MTI radar itseLf moves
relative to the ground because the return f rom a moving target  and a
stationary target may have the same doppler frequency.

The AMTI problem is illustrated by Figure 1 , in which an a i rc ra f t  is
shown moving at a velocity v0 and angle 8 f rom a stationary target . The
doppler fr eguency of the echo fro m the stationary target is given as

2v0
~d ~~~~~~~~~~~~~~~~~~~~~~~~ 

( 1)

and the power of the echo is proportional to the two-way power pattern of
the antenna. For uniformly distributed clutt er , the c lutter s p ec trum has

the form of the antenna patt ern as shown in Figu re 1 in which t~ e mainlobe

clutter doppler has been shifted to zero frequency.  If the discrete station-
ary target has a large radar cross-section , it will be significantly larger

in amplitude than the average clutter return and will have a large spectral
component at a frequency given by Equat ion ( 1) .  A moving target in the
mainlo be of the ant enna with a radial velo city v 1 with res p ec t to the radar

platform will also produce a large spectral  compon ent  at fr e quency
2v i /X .
The radar detects moving targets by f i l ter ing the radar return  with a

set of contiguous bari dpass filter s and comparing the outputs of the filters to
a threshold level. The filters will cover a band of f requenc ies  that span the
PRF interva l. The doppler f requencies  of fast  moving t a rge t s  general ly  w~li
be g rea t e r  than the mainlobe clutter spread so that for  AMTI the dopp L er
f i l te rs  may exclude clutter as shown in Figure  lc .

3
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N 
~~AT~~~ A~~ TARGET

a. Scenario

UNIFORM CLUTTER

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

o FREQUENCY —~~~~~~~ PRF

b. Tar~~.t plus clutter spectra

• TWO FILTERS RESPOND:
ON E IS TRUE MOVING TARGET
AND THE OTH ER IS GROUND TARGET
THAT CAUS ES FALSE ALARM .

o FREQUENCY PRF

c. Doppler f i l ter  responses

Figure 1. The AMTI problem.
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The prob lem with utilization of a set of clutte r f i l t e r s  and compar ison
with a thresho ld , as indicated in Figure ic , is that large discrete  stat ionary
targets  as well as moving targets are detected. In the NFMR.A D techni que ,
this problem is overcome by the placement of deep nulls over the appropr ia te
angular sector of the antenna pattern to prevent the clutter f rom enter in g the
dopp ler filter . The basis for the clutter suppression is that the powe r
returned f rom any stationary scat terer  at angle 8 and frequency g iven by
Equation ( I )  are proportional to the two-way antenna power pat tern in the
direction 8.

The NFMRA .D concept is illustrated in Figure 2 . Figure 2a is an antenna
pattern in which a null has been placed in a sector about that corresponds
to a band of frequencies centered at f0. As indicated by Fi gure 2b , the
antenna pattern produces a clutter spe ctrum in which the clutter including
discrete stationary targets at an gl e 8~ and dopp ler frequency 

~ 
are sup-

p ressed . Consequently , stationary targets  at azimuth will not pass
through the dopp ler filter centered at £~~~. On the other hand , moving targets
with radial velocity v~ ~\f Q

I2 that are illuminated by the mainbeam of the
antenna will not be suppressed and will pass through the doppler filter .
Therefore , since clutter in a passba nd of th e dopp ler f ilt er cen tered at
is re ject ed , any signal detected at the output of this filter can be identified
as a. moving target .

In the NFMRA D , a different antenna pattern is required for  each of a
bank of doppler f il ters  that are formed simultaneously as indicated in
Figure ic . Since a large number of different antenna pat terns must be
form ed simultaneously , nulls are  placed only in the receiving p at t ern  and
the receiving beam formation and nulling is per formed by digital proces s ing.
THE RECEIVING ARRAY WEIGHTING

The NFMRA D approach utilizes a combination of tempor a~. (d oppler )  and
spatial f i l ter in g to maximize the ta rge t - to-c lu t te r  ratio (TCR).  The :wo
types of filtering are complementary in that the clut ter  passed by one f i l ter
is re j e cted by the other while they both pass the echo fro m the moving ta rge t
oi interest , i. e. , the antenna suppresses clutter that passes throug h the
bandpass of the doppler f il ter  and the doppler f i l ter  suppresses  main lobe

5
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a . Antenna pattern

CLUTT ER SUPPRESS ION FACTOR
(UNIFORM CLUTTER SPECTRUMI

~~~~~~~Th\ 
~~~~~~~~~~

FREQUEN CY ~~ PRF

b . Target  plus clutter spectra

FILT ER RESPONDS TO
MOVING TARGET WITH
DOPPLER

c. Dopple r f i l ter  response

Figure 2 . NFMRA D clutter reject ion concept .
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clutter . The f i l ters  are designed by selectin g the response characterist ics
for one filter and determining the weig hting coefficients of the other f i l ter
f rom the selected character is t ics  to maximize T CR. From such a design ,
the sidelobe s of one filter are supressed by the nulls of the other filter .

For the NFMRA.D doppler filter and beamforming design , doppler
filters have been sele cted with certa in passband characterist ics and low
sidelobes for mainlobe clutter suppression. Then , based on the selected

doppler filter characterist ics , the receiving array weights that maximiz e
TCR are determined . An expression for the r eceivin g ar ray  weighting has
been derived by Goggins and Schindler (Re fe ren ce  3). A lthough the array

weightin g derived in Reference 3 was not used explicitly for any of the
results presented in this report , it would be employed in a system imple-
lementatiori . Since application of the appropr ia te  receivin g array weighting
is the basis for  the whole NFMR.A D approach , the discus sion pr esen t ed here

would not be complete without giving the relat ionship of these wei ghts with
the system parameters. Therefore , a summary of the derivation of the
r eceiving array weighting wil l be given that parallels the derivation given
by Goggin s and Schindler .

A block diagram of an a r ray  of M antenna e lements  is sho wn in Fig-
ure 3a . It feeds signals to a beamiorrrier to produce the output z ( t )  that is
fed to a dopple r f i l ter . The relat ionship between the input and output of the
beamformer is given as

z ( t )  = ~~~ 
W~~~ yk(t) w~ y (t )  (2 )

k l

where
T T

~~

y ( t ) T 
= (y 1( t ) ,  y, ( t ) ,  .. .  ,

T transpose of w

3. W . B. Goggin s and S . K . Schin dler , ? rocess inz  for Maximum Si~~ a1.-
to - Clutter in AM TI Radars ,  A F CR L - T R - 7 - 4 -0 5 7 7 , November  19, 1974 .
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RECEIVING BEAMFORMER

ELEMENTS — — —
I I> t ~\~~ \

Y2 (t ) I1~’\W2 I

DOPPLER
FILTER

YM (t )
W M

— 
_ 1

a. Complementary filters

BEAM FORMER

M T S  

r (t)

b. E quivalence of (a)

Figur e 3. Complementary doppler - f i l t e r in g and beamformin g.
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and

comp lex conjugate t ranspose of w.

The cri terion for selection of the weighting w is the maximization of the
TCR at the doppler filter output. Since the bearn.former and doppler filter
are Linear operations on the input vector~~( t ) ,  the order of these operations
may be interchanged as shown in Figure 3b to facilitate the de r ivation of the
optimum we ights .

If a moving target  is ~ angle 8~~ as shown in Figure  3b , that pro duces
an echo with a dopp ler f~ ‘ncy in the passband of the doppler f i l ter , then
the desired si gnal at the s~~- o f doppler fi l ter outputs can be expressed as
the column vecto r 

-

s(t) = k 1S~ . (3)

where S is the scattering matrix of the array of antenna elements ,

exp(jkd sin

exp(j2kd sin 8
~
)

e =

exp(jMkd sin

k = 2~~ /X , and is a constant that deoends on parameters of the radar range
equation. The target  powe r at the beamformer output is given as

TP~~~E~ w~
c s (t ) I 2j

or

TP~~ 
~~~~~~~

. ~~2 (4 )

where

a Se

E denotes an ensemble average

9
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and

denote s absolute value

• If the output of the ar ray of doppler fi l ters of Figure 3b is written as

z(t) = s(t)  c( t )

where  C T (t) = (c 1(t) , c2 (t)  cM( t ) ) T and c~(t )  is the clutt e r passed by
the ith doppler fi l ter , then the clutter power at the beamlorrner output is

C? = E c(t)  2

= w* E~ c(t )  c~ ( t ) ~ w

where E {c(t)  c~ (t ) 
~ 
is the clutter covariance matrix of the a r ray  of dopple r

filter outpu ts. The expression derived by Coggins and Schindler is:

CP~~ w~~Bw (5)

where the components of the matrix B are

N N M

= ~~ S~~~ Sqp ~~ ~~ ex~ [ j ( rn- q)  kd
m=l  q= l  i= l

2

F I Pt (sin ~ y~) f( sin~~ y~ ( 6 )

• Smn = the components of the scat ter ing matrix S

I

• M = Number of array elements

= cos L ZM j Not the same y
~ 
used for tne stgnal at an element

d = element spacing

k = 2 ~r/\

= radar wavelength

F(~~) dopp ler filter transfer function

10
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a ( X / 2 ) v

y
r 

= aircraft velocity

= transmitted power pattern

f(8) far-field pattern of the individual elements which is assumed equal

for all elements

From Equations (4) and (3), the T~ R is given as

TCR x (7 )

Equation (7)  is the Rayle igh quotient which is maximized when

w = B ~~~ a ( 8)

As would be expec ted , the derivation given above shows that the optimum
re ceiving array weight ing is a funct ion of the physics of the a r ray  as we ll as
the ve locity and frequency of the radar platform . In particula r , w d e pends

on the dimensions of the array and the patterns and seLf and mutual impe-
derices of the elements of the array. The patterns and irnpederi ces of the
elements can be predicted theoretically to some degree of accuracy.
Becau se the ele me nt paramet ers are influ enced by the air f ram e which is

generally quite complex , in mo st case s actual m eas ure ment s ar e needed to

obtain accurate values for f(8) and S. The individual elements would have

d ifferent patterns rathe r than the identical patterns assumed in the derivation .
Moreover , flexures in the airframe will cause a variation of i(8) and S as a
function of time that may be a significant source of errors . In addition to

the phase and amplitude errors introduced by the uncertainties in the antenna

array characteristics , other sources of errors such as velocity measure-

ment errors will contribute to the overall errors introduced to the weighting
function.

The objective of the study reported here was not the analysis of the

sources or the effects of errors; however , this issue is important and will
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be addressed durin g the followon study period. Mc fl.venna et al.
(Refer ence 4) have performed an analysis for the prediction of pattern
performanc e for given phase and amplitud e e r ro r s .  In the followon to this
study, Hughes will analyze the various contr ibutors  of e r ro r s  to establish
their nature and magnitude so that Mc tivenna ’s results can be utilized to

determine the expected pattern perfo r mance of NFMRAD .
In the remainder of this repor t , the feasibili ty of implement ing  the

NFMRAD concept will be discussed without considering the adverse effects

of uncertainties in the parameters f rom which the receiving a r ray  wei ghts
are computed. In particular doppler filtering and beamforrning are detailed

in Section 3. 3 in which it is implicitly assumed that the appropriate array

weighting coefficients can be made available.

4 . . F . Mc Ilvenna et al. , Phase and Amp litude E r ro r  Sens i t iv i ty  in
Null Steering Antennas. AFCRL report in progress .
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3. 0 SYSTEM DESIGN CONSIDERATIO NS

This section addresses  the pr inc i pal issues regarding the system design

of NFMRA D. The baseline NFMR.A D parameters  and t ransmit ter  waveform

parameters  utilized for this study are presented . Beamfo r rnin g and doppler

fil tering are con sidered , and special features unique to the NFMRA D

approach are relat ed . Clutter is discussed in regard to its relat ionship

to the selection of the tran smitter  waveform parameters , dynamic range of

rec e ivers , and A I D  converters and the requirements on the null f i l ter ing.

A ja mrn er  was postulated and found to be the determinin g f ac tor in dyna mic

ran ge requirements.  Th is sect i on concludes with an evaluation o f the detec-

tion perfo r mance of NFMRA D under the assumption that clutter is adequately

suppressed .
BASEL~~ E PARAMETERS

To evaluate the feasibility of the NFMRA D concept , an operational

framework must be defined. It is highly desirable to limit the numbe r of

variable parameters , and insofar as possible , parameters will be assig ed

either worst case values or reasonably typical values , depending on the

criticality of the parameter .
The ass um ed general mission for the NFMRAD sys tem is fence or area

air s pace sur ve il lance , similar to AWA~~S. Moving airbo rne targe ts  are

to be de t ec ted , then at the discretion of the operator , may be t racked con-

tinuous ly or intermitt ently with a t r ack / sea rch  interleaved mode . The

inclus ion of the capability of detecting ground moving ta rge ts  should greatl y

enhance the eff ect iveness of th e radar; th is f ea tu re , however , is not in cluded

in the baseline NFMRA D system which is treated in this repor t . It is

recommended that gro und movin g target  detection be ser iously considered

as a growth feature.

The radar platform is assumed to be a MC 135 flying at an altitude of

30 ,000 feet with a velocity of 270 meters per second . A second platform

at 60,000 feet and 160 meters per second does not present any problems

that differ s ign ificantly fro m those of the fas te r  and lower  ~1at form. This
r eoort  will concentrate  on the 30 , 000 feet  altitud e and 270 m/ s  velocity

paramete r s .

13
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The minimum target cross section is 1 square meter . This valu e is
considered to be a worst case , since most airborne targets are in the

2-10 m2 (or higher) bracket. The maximum target velocity is assumed to

be 600 rn/s. The NFMRA D system parameters which are assi~~ed fi~ced

values are •

1. The t ransmit  fr equency - 300 MHz (~\ = 1 mete r)
2. A 32-element physical array wi th 0. 4 to 0 . 3 ?~. spacing, mounted

along the air cra ft fu sela ge

3. An azimuth search scan ±60 degrees from aircraft broadside

4. A “step scan ” of 40 mainbearn positions over the 120 degrees

azimuth surveillance sec tor

5. A 120 degree sweep that is to be covered in 30 second s, providing

a 750 m s  dwell time a t each azimuth Qosition

6. Range coverage from 20 to 150 n. thi. (In track, the coverage

window is ±0. 5 n. mi. about target range. )
7. 60 meter range resolution in search , which provides approximately

4000 range bins ata 2. 5 MHz rate

8. 13 meter range resolution in track , which provides about 60 range

bins at a 10 MHz rate
9. Updating of designated targets at a rate of 2/second/target.

Finally, the capability to adaptively control the ant enna pattern for

anti-jam purposes will be included in the baseline NFMRAD system.
TRANSMITTER WAVEFORM

There is a fundamental dilemma in the selec t ion of th e PRF . To enable
the sidelobe clutter spectra to be preserved unambiguously with rio over-
lapping or folding, the PRF must be 1080 Hz or hi gher for  a 270 r n / s
platform velocity , since the forward lobe s will extend to +340 Hz and the
back lobe s go to -.340 Hz . For unambiguous range coverage to 150 n . mi ,
however , the PRF must be res t r ic ted  to a maximum of 540 Hz . Clearly a
Z:L discrepancy exists in the requirements for having both velocity (sidelobe

clutter) and range unambiguit~ Several possible solutions are considered:

1 . Lower the transmit frequency to 150 MHz . Now a PRF of 340 Hz
provides full clutter frequency unambiguous coverage and 130 mile
unambiguous range coverage .

14
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2. Keep the 300 MHz transmit frequency and set the PRF at 1080 Hz
and use some range resolving method to dist inguish targets  below

* 75 miles f rom those between 75 and 130 miles.
3. Maintain the 300 MHz carrier frequency , use a 340 Hz PRF , and

• fo rm two nulls per receive beam to attenuate the ~idelobe clutter
in a given doppler filter.

4. Retain the 300 MHz transmit frequency , establish a range
unambiguous PRF of 540 Hz but abandon the distinctive NFMRA D
approach of comp lementary bea m s and filt ers altogether and rely
on low antenna sidelobes to provide the required signal-to-clutter
ratio.

I.E the t ransmit  f requency were halved to 150 Mi-~z , the number of ele-
m erits in the ar ray would be reduced f rom 32 to 16 , reta ining the same
physical size of the array. Then the degrees of f reedom available for  null
for mat ion are redu ced , and the width of the antenna rr..ain lobe is doubled .
In turn , the aximuth resolution is reduced to 20 po sit ion s in t he  ±60 degree
sector , and the minimum velocity of flying target s  (before  falling into the
mna inlobe clutter frequency doma in ) i s raised f rom about 17 to 34 met ers
per se cond. It should also be no ted that the beam will broaden by a fact o r
of two in the elevation dimension , result ing in a directivity loss of 3 dB .

U the PRF were set at 1080 Hz , causing a 2:1 foLdin g in the range
coverage , t ime-sha red  transmis.-sion at two PRFs would be necessary  to
r e solve the range ambi guity . The signal p rocess in g task would be compli-
cated somewhat . But of more importance is that a 1080 Hz PRF causes
the very s t rong ‘altitude return to appear in range  coincidence with
80 mile ta rge ts , and the ‘ ma in bang blanking of th e radar at zero ra ng e
will also appear at 75 miles.

For a 300 MHz trans-mit  f r equency  and a range unambiguous PRF  of
340 Hz , the requirement of forming two nulls with 32 variable eleme nts is
quite tractable . In fact , the formation of two nulls u s i ng  32 elements is
less  of a problem than one null with 16 elements , es pecially since addit ion al
nulls to adap tively counte r j amm ers are a fur th er re qu iremen t .

The abandonment of the basic NFMRA.D con cept  in favo r of a low s ide-
lo be sing le channel con vent ional radar configuration , of course , is alway s

15
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a possibil ity. But the pu rpose of this f easibility s tudy would be de f eated if
the effort  were diverted f rom the distinctive NFMRA.D fea tures  to a more
conventional approach . In the NFMRA D eva luation p rocess , however , a *

projected NFMRA D system must be compared with its more conventional
counterpart , both in regard to comparative performance and relative costs .

One basic question is whether or not the’ complementary receiv e beam and
doppler filter approach is really necessary for the achievement of accep~ .ble

signal to clutte-r ratio s.
In v iew of all th e fo r egoing considera t ions , Hug hes believes the 300 MHz

transmit frequency and 540 PRF are the best choices.
The fo llowing para meters  are assi gned to complete the NFMRAD wave-

form specification:
1. Average power - 1000 watts
2. Peak power - 25 , 000 watts
3. Duty cycle - 0 . 04
4. Pulsewidth - 60 ~~
3. Pulse compression ratio - 150 (search), 600 (track).

BEAMFO RMfl’~G AND DOPPLER FILTERTh~ G

The beam.formin g aspect  of a NFMRA D system is s t ra ig ht forward . The
output f rom each of the 32 receive channels is converted to in-p hase and

quadrature compon ent s by an IQ detector , fur th er converted to digital form
with an A / D  conve rter , and co mp lex weighted in a digita l comp lex multip lier .
The 32 weighted digital words f rom the 32 channeLs are s imp ly summ ed
together to fo rm the desired beam . This p rocess  is the dig ital analo gy of

a phased a r ra y antenna in which the signals f r om  the individual antenna ele -
nients are coherently co mb ined together in a waveguide or o the r  ana lo g
summing network. Th e feature which mos t distinguishe s the NFMRA D
sy s t e m from similar radar s is th e simultaneous for m at ion o f 32 receive
beams out of common input data f rom the 32 antenna elements.  Thus t he re
is not simply one sum of 32 t e rms , but 32 sums of 32 d i f ferent  sets  of
t e rms , each set hav ing 32 me mbers .

mach of the 32 rece ive  beams has an associated dedicated d i s c r e t e
fi l ter . The function required of a f i l ter  is to pass the doppler  fr equenc .es

16
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correspon ding to the portion of s idelobe clut ter  nulled by the pa r t i cu la r
receive pattern and to reject all other frequencies , especia lli those oi the
strong mainlobe clutter.

The characteristics of a doppler filter which should be considered for
the NFMRA D signal p rocess ing  application are

1. Center frequency

2. Bandwidth
3. - Skirt steepness

4, Sidelobe response

3. Passband flatness
6. Impulse response.

The baseline NFMR.A D specification for the number of receive beams ,
and thus for the number of dopp ler fil t ers , is 32 . Ordinari ly the f i l te rs
would be equally spaced over the 540 Hz PRF (16.9 Hz spacing). Of course ,
since the filters are formed individually and not collectively as in a fast
Fourier t ransform mechanization , there is the freedo m to place the center
frequencies of the fi l ters in a non-uniform manner . In this way the c lutter
powers in the fi l ters could be equalized , fil ter widths that corre spond to
varyin g ant enna pattern null widths could be varied as a function of the
azimuth angle s of the nulls . But it is believed that the use of consis tent
filter widths and thus uniform filter spacin g offers  the advantages of havin g
common fil ter integration t imes and overall system simp licity , and it is
assumed that no p r e s s i n g  requirement exists for  any other  f i l ter  a r r angement .

The center  frequency of a filter generally is de termined by the r ace
of phase rotation imp licit in the co mp lex multiplication applied to the f i lt er
input data . This complex multiplication may be considered to operate on the
data to f requenc y shift the spectrum so that the des i red  f i l ter  cente r  fre-
quency is translated to zero doppler ~DC). The remaining filte r c i rcu i try ,
then beco mes a low-pass filter , Minimum system complexity probab l y
would result if the fre quency shifting comp lex coefficients were  combined
with the bea mforming coefficients , and one co mp lex multiplyin g operation
could serve both the beamforming and dopp ler f i l ter in g re qu irements .

17
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The simplest doppler filter is a digita l accumulator which has the

familiar ‘ sine x/x ” frequency response; however , the relative ly high side-

lo~be response of this filter makes it unacceptable . Amp litude weighting *

of the data entering the accumulator could be used to provide any desired

level of sidelobe response — with a penalty of increased fil ter bandwidth and
thu s a lessening of the filter ’ s signal - to-noise  gain (amplitude weightin g
loss) .

I.E finite impulse response ( FIR) f i l ters  are implemented and the filter
fo r mations do not overlap,  (I. . e . , a given set of data is uniquely weighted
and accumulated in a single functional opera t ion) ,  then the amp litude
weighting may also be combined with the phase shift ing function at the
complex multiplier . In thi s case , a doppler filter would consist  of a simple
di gital accumulator (an adder and storage regis ter) .  If it were  desired to
have over lapped filter fo rmation , then multiple accumulators are required ,
each with a precedin g amplitude wei ght er . The phase shifting (or f requency
shifting) function incorporated in the complex multipliers would serve all
the overlapped accumulators , and no dup lication wo~ 1d be requ ired.

If infinite impulse response ( lIP.) f i l ters are selected , the complex
multipliers may be used to shift the desired frequen cy to DC , allowing the

f i l ters  themselves to operate at zero dopple r . Since an I~~. filter is by
nature “ self-overlapping” , an output is available with each input data point ,
as oppo sed to an F~~. filter which does riot have a valid output v~alue until
all data within the impulse response interval has been entered .

The basic purpose of the dopp ler filter is to enhance the signal-to -
clutter ratio of the target return. The various filter characteris tics listed

p rev iously i. e. , center frequency , bandwidth , skir t s t ee pness , sidelobe

res po nse , passband flatness , and impulse res pon se , ar e para me t e r s which

dete rmine the signal- to-clut ter  improvement  of the f i l ters . From frequen cy
domain cons iderat ions alone , the mo st ideal filter would be a rectang le

positioned in frequency to correspond to the null está.bl ished by the beam

for m ing coefficients , having a fla t res pon se across the pass ba nd , and vir-
tually comp lete reject io n ever ywhere else . Su ch a filter , o f co u rse , re quires

an infinite impulse response and is not realizable . Since (in search at least)

the antenna beam is pointed at a given direction for a finite interval of rime

18
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arid durin g this t ime a f in i te  number  of pulses a re  t ransmit ted , any f i l ter  that
may be used , especially in the t ime domain- , has obvious constraints .
Additionally it should be recognized , that the hardware implementat ion of
any proposed filter should be examined carefully. Often an “opti mum ’
fil ter , on the basis of mathematical analysis alone , may require appreciably
more hardware (by a facto r of 10 or more) then a compromise or approxi-
mate f i l ter  whose perfo r mance d i f f e r s  only by a few tenths of a dB .

With the above discussion as ba ck ground , the candida t es for the

NFMRA D doppler f ilter are narrowed to
1. An adaptive filter
2 . A fixed character is t ic  infinite impulse response ( tIP.) f i l ter
3. A fixed characterist ic  finit e ithpuls e response (FIR ) f i l ter .
A daptive clutter rejection filter s theoretically offer the greates t  si gnal-

to-clutter enhancement of any implementation. They have been proposed

and discussed in various technical art icles,  But , as should be ant ic ipat ed ,
they are by far the most intricate arid complex in a ctual digital hardware.
Although clutter exhibit s certain s tatistical fluctuations , no valid rea son s
exist to ju stify the comp lex and expensive adaptive filter approach for the
NFMRAD system. W hile the a p riori jammer Locat ions are completely
unknown , thus jus t i fy ing  adaptive anti-jam null p lacemen t algori thms , the
gen eral chara cterist ics of ma inlobe and sidelobe clutt er , in power and

frequency are determinist ic  enough to indicate the use of fixed character-
istic filters .

Inf init e impulse res pons ive filt ers estab lish po le s and zeros  through
feed- fo rward and feed-back paths that include wei ghting coefficients , as

sh ow-n in Figure 4 .
This particular filter has three poles and three zeros. Although a

given IIR filter can assume many different forms , in general su ch a f ilt er

will require considerable hardware in its imple mentation for  anything more
extensive than a simple one or two pole f i l ter . Specia l care must  be given
to the num ber of bit s ca r ried in th e interio r of t he filter , s ince high gains
can occ ur ea sil y at certain internal  po ints arid r equ i re  a large number  oi
bits in the dig ita l realization o f the filt er . As previously m ention ed , the
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Figur e 4 . Typ ica L inf inite impulse res pon se filter .

advantage of an tIP, filter is that it is “ self-overlapping” , and after an initial
filter s ettling period , an output is available with each new input sample.
The output may be sampled as often as desired , usually as dictated by the
filter bandwidth , which in turn determines the correlation characterist ics
of successive f i l ter  outputs. -

Since the NFMRA D mainbearn is pointed in a given direction for a finite
duration and since a moving target will rema in in any range bin a limited
amount of time , actually no ‘ infinite ’ impulse response  can occur , only a

truncated segment of the impulse response . The impulse response of any
fil ter must be in actuality finite ; thu s , it see m s obvious that the bett er

approach is to directly deter-mine the fi l ter ’ s impulse response through
weighting the data as they appear at the f i l ter  input and accumulating the
resultants. This , of course , is the standard FIR approach.

Assuming that the NFMR.AD dopp ler fi l ters are to be FIR in fo rm , then

the time dur ation and the a ctual values of the impulse response need to be
determined. Fro m the baseline parameters  given earl ier  in this repor t ,
the formation of 32 contiguous doppler f i l ters  requ ires at least 32 data
samples for  the filter formation.  With 60 m range bins , a maximum

expected target velocity of 400 m/ s e c  and a PRF of 340 Hz ; a maximum of
60 x 540/400 81 valid samples exists for  a doppler filte r under wors t  case
target conditions, so that the impulse response should range ‘oetvJeen 32 and

81 points.

20
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The weights or values of the impulse response determine the filter ’ s
frequency response. One suggested response is as shown in Figure 5.

The sidelobes of the filter are down a certain amount to properly reject
the sidelobe clutter riot nulled by the receive antenna pattern. Add itional
attenuation is provided for the rnainlobe clutter frequency , as shown.. This
filter characteristic can be achieved by two cascaded filter sections or
alternatively by a single section whose impulse response is the convolution
of the responses of the individual Sections.

The ‘ safest” doppler f i l ter  character is t ic  would be when all sidelobes
are down the amount dictated by rnainlobe clutter. Any strong signal or
interference at a doppler frequency different  f rom that of mainlobe clutter
would be filtered out also. The price paid for a fi l ter with uniformly low
sidelobes is minimal. For example , the “loss ’ associated with 70 dB
Chebyshev weighting is 2. 2 dB , and this loss can be more than recovered

MAINLQBE
CLUTT ER

CLUTTER
SPEcTRUM

SI DE LOSE
cLt.IrTER NULL

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

Figure 5 . Proposed dopp ler f i l te r  f requency response .
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with overlapped filter formation arid nearly twice the post detection

integration (PDI) ratio compared with non-ov erlapped f i l ter  formation. The
real wei ghts of a 70 dB Chebyshev f i l ter  (32 sample points) are given belo w.
The weights are  symmetrical about the center weig ht: 17 is equal to 16 ,
18 is equal to 15 , 19 to 14, etc.

Number Chebys hev
16 1. 000000
15 0 . 9 7 07 7 1

14 0 . 9 1 43 7 9

13 0. 835700

- 

- 12 0. 739929
— 

- 11 0. 633947

10 0 . 524611
9 0 . 418289
8 0 . 320288
7 0 . 234481
6 0 . 163126
5 0 . 106907
4 0 . 0 6 5 1 4 4

3 0 . 036134
2 0 . 017347
1 0 . 007482

The frequency response  of a f i l te r  weig h ted as above is shown by the
solid curve (th e left hand side) of Figure 6 . Also sho wn are the uppermos t
portions of the two adjacent doppler filters (dashed l ines) to i l lustrate the
overlapping of the contiguous filters . All sidelobes Lie at or below the

dashed 70 dB level. If it were desired to provide a steeper roll-off , then

more than 32 samples will be required for the filter formation. The follow-
ing weights are an example of the possibilities with 64 samp les.

22



~~~~~~~~~ - -~~~*- 
-- -~~~~~~ - - -.- -_-— -----. — -,

/0a.

I

-
~
0 .

_ ... ........i — L

_ao t -
0 6.375 33 .750 50.625 67.500 34 .375 10L250 113 j 2 5

DOPPLER FRE QUEN cY , ~Z

Figure 6 . DoppLer filter frequency character is t ics.

Number Chebyshev Co sine Product
32 1, 000977 0 . 999024 1. 000000

31 0.993344 0.991230 0.984632

30 0 . 9 732 3 4  0 . 97 5 70 2  0 . 95 4 4 6 5

29 0 . 955954 0 . 952562 0 . 9 1 0 6 0 5

F 23 0 . 92 6 9 5 1  0 .92 1 9 9 0  0 . 354640
27 0 . 891804 0 . 884225 0. 788555
26 0 . 851198 0 . 3 3 9 5 6 1  0 . 7 1 4 6 3 2
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Number Chebyshev Cosine Product

25 0. 805913 0. 788346 0. 635339

24 0. 75679 5 0. 730982 0. 553204 . -

23 0. 704735 0. 6679 14 0. 470702
22 0. 650643 0. 599635 0. 390148

21 0. 593424 0. 526678 0. 313597
20 0.539956 0.449611 0.242771

19 0 . 48506 9 0. 369037 0. 179008 —

18 0.431522 0. 283384 0. 123236

17 0 . 379993 0. 199902 0. 075962

16 0. 331063 0. 112661 0.037298

15 0 . 285210 0. 024541 0. 006999
14 0. 242801 -0. 063770 -0.015484

13 0. 204096 -0. 151584 -0. 030938

12 0 . 169246 -0. 2382 16 -0. 040317
11 0. 138302 -0. 322988 -0. 044670

10 0 . 111221 -0. 40524 1 -0 . 045071
9 0 . 087879 -0. 484332 -0 . 042562
8 0 . 068082 -0. 55964 5 -0 . 038102
7 0.051583 -0. 630591 -0. 032528

6 0.03809 1 -0. 696617 -0. 026533

5 0 . 027287 -0 . 7572 09 -0. 020662
4 0 .018838 -0 .811892  -0 . 0 15294
3 0 . 012409 -0 . 860242 - 0 .0 1 0 6 7 5

2 0. 007674 -0. 901880 -0. 006921

1 0. 005923 -0. 936481 -0. 005547

Again the weights are symmetrical about the center of the array so only
half the values are shown. These weights were generated by multip lying the
weights of a 64 point 73 dB chebyshev filter -b y the cosine of 0 . 43 x 540 Hz
phased so that the peak lies at the center of  the array.  The fre quen cy

charac ter i s t ics  of this f i l ter  are shown on Figure 6 (on the r i g ht ~‘.a~ ” by
the dash ed curve . Portions of adjacent f i l ters a re  shown by the dotted curve.
This fi l te r has a f la t ter  top and nar rower  base than the 32-po in t  f i l t e r . The

24
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penalty for employing this filter is increased hardware required for- a

fourfo ld fi l ter  format ion  overlap. This additional hardware requ i rement ,
howeve r , is not major .

Figure 7 shows how each filter might “fit  in ” with a typ ical antenna null.
The antenna pattern shown was formed with 32 elements and is a result of

another program at Hughes . It is believed to be fairly representat ive  of the
type of nulls the NFMRA .D antenna might form. The 32 poin t filter might be

sLightly too wide , although the 37 dB co mbined antenna-f i l ter  attenuation
peaks mi ght be acceptable (da shed l ines) .  As would be expected , the n a r r o w e r
64 point  fi l ter does bet ter  (dotted l ines ) .

0 -

-10 -

-20

~~~-30

p.

O ;
•

7 0 . 1in~ \~ - -

20 18 16 14 12 10 3 ~ 2 -~ 2 4 ,

AZIMUTH , DEGR EES

Figure 7. Combined antenna null and
do ppler f i lt e r  cha rac te r i s t i c s .
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It should be generally conceded that the 64 point filter presents better
overall performance in the frequency domain than that shown in Figure 7,
for example . But there should be assurances that rio penalty has been paid
in overall detection performance , etc. This topic covered in the following
paragraphs.

The signal-to -noise gain of the filter is deter-mined by the amp litude
weights. The DC amplitude gain is the sum of the weights , arid so the D C
power gain is ~he sum squared. The A C power gain is the sum of the square
of the weights. The signal-to -noise ga in is the square of the sum of the
weights divided by the sum of the square of the we ights . For the weights
given for the 64 sample filter , the si gnal- to-noise  gain is 1. 5 dB below
32: 1 coherent integration . Thus , the amplitude we ighting loss may be se t
at 1. 3 dB.

With a PRF of 540 Hz , 40 beam po si tion s to be cove r ed in 30 seconds ,
the dwell time per position is 75C ms and approximately 400 pu lses are
transmitted during this period , if 32 pu lses were used t o for m the filt ers
without overlap , then the PDI ratio would be about 12:1 . With 64 pulse
fi l ters and overlapping to yield a PDI input with each 16 pulses (after an
initial 64 pulse period) , the PDI ratio is 22:1 . As shown in Appendix A ,
the effective PDt ratio is 19. 9 :1 , and the increase in PDI f rom 12 :1 to nearly
20:1 clearly compensate s for the 1. 3 dB weighting loss. Additionally, the -

mainlobe response is quite flat , and thus the filter straddle loss is minimal.
The detection performance  of the NFMRA D system using the recommended
64 pulse filters is given later in this section.
CLt TTER CONS~~~ERA TIO NS

Clutter power is suppressed in NFMRA D fair l y far  “do wn stream” and
may, in fact , achieve fairly high powe r levels in individual channels before
suppression occurs. Clutter levels should be examin ed fo r several reaso n s:

1. Consideration of the aliasing or clutter fo ldover aided in select ion
of the ?RF of the t ransmit ted waveform as discussed in the
previou s sectio n.

2 . The clutter profile can be utilized in es tabl i sh ing  the rece iver
sensit ivity time control  (ST C) arid dynamic range .  in a j a m m i n g
environment , however , the dynamic range of individual r ece ive r

26

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
--.- -~ - ~~~~~  - - -



r w -- - 
___ 

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

~~~~~~~~~~~~~
- 

~~
- -
~- -

~~~~~~~ 
- -

channels may be dictated by the j a mm e r  power levels r a th e r  than
clutter levels.

3. For a given clutter model , the s igna l - to -c lu t t e r  ratios ( SCRs)  can
be de t er m ined and utili z ed in th e es tablish ment o f the re quirements
for the null depths of NFMRAD .

An expression for the clutter power in the individual receiver channels
is utilized for the calculation of single channel clu tter profi les in this sub-
section . R_ A D C/ E T E R  provided the clutt er mod els for  L ands and moderatel~r
rough sea that wer e u sed for ca lcula t ions . The model was also utilized
in computation of ambiguous to nonambiguous clutter power levels which
provided the insight required for PRF selection . This subsect ion concludes
with a calculation of the SCR at the doppler f i lter  output as a functio n of
antenna gain ; the S C?. calculation s hows the c lutter suppress ion  that mu st be
provided by the antenna for detec tion of a given sized target .
Expression for Clutter Power

An expression can be derived for the clutter in a receiver channel by
considerat ion of the geometry shown in Figure 8. If the t ransmit t ing  antenna
with gain 0T illuminates an area on the ground as shown in the figure, then
the power density  of the illumination is

A

~ C
~~~~~~~ T

2
41T R

wh ere

= peak transmitter power

The power re f lected f ro m the area is

Prefi. I L  0~~~c

where A
~ is the effective clutter area as shown in Figure 3 ari d o~ A 0 is the

r adar c ross- sec t ion  of the patch . The clut ter  power at the radar recei1er is
A
P C A (~ A )

~~~~ T T e 0 c
2(4 Tr ) R
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~~~~~ ANTENNA \
~~~~~ R 

/
T RANSMl~~~ NG PA~~~ERN FOOTPRINT

~~ ~~~~~~ CLUTT ER AREA . A
~

Figur e 8. Geo metry for  clutter calculat ions. 
-

whe r e A e is the effec t ive area of the receiving aper tu re . If the radar  tran s-
mi ttin g antenna is uniformly weighted , then the effective width of the clutter
patch is g iven by th e 4 dB bea mwidth of the antenna . The length of the patch
is simply th e rang e resolut ion length projected onto the ground which is
cT sec(~~) / Z as shown in the fi gure. The clutter area , t he re fo r e , is given as

so that the received clutter power is given as

P C
T 

A o’ c~ sec(~b) sin (9 )T e O  0
0 2(4~ )

2 R3

.vhere is the 4 dB bearnwidth.
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The grazing angle ~ can be given as

- - l h  X X
= tan (~~~~~~

-
~
-

~~~~~
--) - —

where

I h R 2
X = R v l ~~~

(
~~÷~~)

h is the altitude of the a i r cra f t , and a is 4 / 3  radius of earth where  the 4 / 3
factor is utilized to account for the tend ency of the t ransmi t ted  wav e to follow
the curva tu re  of the earth. 

-

The Clutter Model

The clutter data collected for this study by Dr. Poir ier of PJ~D C/ E T E R  is
presented in Figures 9 and 10. The two sets of curves in these figures show
the lo g-no rma]. variation appropriate for farm land and sea clutter. In these
curves , the cross-sect ion a- is given for value s of the grazing angle ~ ranging
from 0 to 90 degrees.  a-(in dB) is assum ed to obey a log-normal distribution
with a mean value of a-0. The center curve in each case represents ~~~; the
upper and lower curves represent the 94th and 16th percentile values,

respectively. The broken curves in each f igure are an esti~~ .:e of the vaLes

expected fo r  small grazin g angles; these value s w e r e  computed f rom the
- . x i ,  . -expression -r= K sin ~i where xi 1 tor land clutter and xi = 1. ~ :or sea

clutter.
A number of additional data points a re  shown that represen t  the mean

valua of the cross-section repo rted for  cities or mountains or that have been
used in the performanc e specifications in several new radars. Lxi general ,
the se point s are representative of a-0 for  the UHF and .L-band f requenc ies .
From the figures it is seen that the majority of the additional data points
are within one standard deviation of the mean value curve; th e re fo re , for
this study the central solid curves were  used fo r  -a-0 in eva luation of system
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Figure 9. Land clutter data. . -
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Figure 10. Sea clutter data.
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performance . The references cited by Dr. Poirier in presentation of the

clutter data are given as References 5 through 8 in this report.

Clutte.r. Ambiguities

The NZMRAD clutter model arid Equation (9) were  utilized in calculating

the ambiguous to noxiambiguous clutter ratios for various PRFs , rada r alti-

tudes, and radar carr ier  frequencies.  The antenna size utilized for  these

calculations was I rn by 16 mn , and it was assumed to be unif ormly weighted

for both transmission and reception. Becaus e of the large 60 degree elevation

beamwidth for this case , th e an tenna gain decreases  by less than 1 dE from

150 to 20 n. rni . range when the a i rcraf t  altitude is 30 , 00 0 feet  and the beam

is pointed at maximum range. Moreov er , = K sin (
~

) a h R  so that clutter

follows approximately an R4 power profi le .  - -

The nearly constant antenna gain over the range swath can cause very

large near-ambiguous to unambiguous power ratios as shown in Elgure h a .

Two cases ar e show n in which~~nbiguities exist in range. As can be seen

from these clots , the clutter returned from far range for a particular pulse

can be exceeded in pow er level by more than 30 dB from the ambiguous near-

range clutter from the next pulse. Iri addition to the prob lem of resolving

ambiguities , the situation shown in Figur e 11 imply a larze  receiver

dynamic ra nge that cannot be comp ensated by STC. The carr ier  frequency

can be 1ov~ered so that doppler clutter foldover and near rang e ambiguitie s

are avoided and far  range ambiguities are far  down as shown in Figure llb.

As pointed out in the precedin g section , however , lowering the ca r r ie r

frequency reduces the number of degr ees of fr eedom for null f or mation and

the directivity and gain of the antenna which in turn reduces the sensitivity

and resolution of the r adar. The considerations given here  support the

selection of PRF and carrier frequency given in the preceeding section.

3. F. E. Nathanson, Radar Design Princio1e,~ McGraw-Hill, 1969.

ô. R. Carlson and L. Greenstein, A Distributed and Discrete C1’:.tter
Mod el for AWACS , lIT Research inst. , Tech. R pt . , No. 2 , 1969.

7. W. W. Guinard , NRL Terrain  Clutter Study , Phase I , 1967.

3. Private communications concerned with performance/design goals for
a number of new radar systems , 1975.
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(continued)

Figure 11. Ambiguous clut ter  returns.
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Figur e h I .  (concluded )
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Figure 11. Ambiguous c lu t ter  re turns .
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Clutter Powe r Profiles

For the radar parameters given earlier and the clutter data given in

Figures 10 and 11 , E quation (9) was utilized to calculate the clutter power in

a sing le receiver  channel as a function of the time delay after a transm itted

pulse. These calculations were  made for  a transmitting antenna size of 2 x

16 meters  and a receiving element size of 2 by 0. 5 meters .
Plots of the land and sea clutter return power profi les are given in

Figure 12. A unit of time delay on these p lots correspo nds to h / S O  of a

PRI so that 50 units correspond to a range of 130 xi. niL For these plots ,

the transmitting beam was pointed at 0 degrees azimuth and 150 n. niL range.

The null seen at h / 9 .  ms time delay is caused by the f i rs t  null of the antenna.

From Figur e iZa , it is seen that the mean value of land clutter varies

over a range of 37 dB. For the parameters listed in the figure , clutter from

minimum ran g e obtains a level 50 d B above thermal noise. Sea clutter varies

over a larger range but is g enerally at a. lower level than land clutter; for the

parameters listed maximum sea clutter is only 30 dE above thermal r-oise.

Land clutter which may ext end from thermal noise to 60dB above thermal noise

would employ a large receiver dynarn ’ - ran ge unless STC were  employed. The

clutter contour s essentially follow 1 /~~ va riation because a-0 KIR;  t h e r e for e ,

if an S TC were  employed that varied as ~~~~~ for ranges from 20 to 130 xi. mu.

the dynamic range of the receiver channels could be reduced by 35 dB. As

described later , however , the dynamic range of the receive r channels could

well be determined by the dominating jammer power level.

Signal-to-Clutter Ratio

The most expedi ent method of computing the signal-to-clutter  ratio of a

doppler filter output of a rang e bin is to consider the area  of a clutter patch

competing with a target; the dimensions of the clutter patch are determined

by the range resolution and the dopp le r f i l ter  bandwidth.

Under the assumption of nonambiguous range coverage, the ground

clutter competing with a target at range R will be that from an annulus w .:h

a height a and a circ~~~f erenc e 2~~- as defined in Figure 13a. t is seen

that a is the component of the length on the ground covered ~y the p~~se ~en gth

normal to the line of sight from which

a = ‘- taxi ~
33
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Figure  12. Clutter return power prof i les .
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Figur e 12. (conclud ed)
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Figure  13. Geometry for s ignal- to-clut ter  calculation .
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where  ~ is the grazing angle of the transmitted wav e with the ground . From
the fi gur e it is seen that taxi h / r  so that the area of the azinulus having a
height a and cir~~ nuierence Z~ r is

a (Z~rr )  = i- tan ( € ) ( Z i r r )  = i- (h / r ) ( Z ~ r)  = 2~rh

The area of a segment oi the annu.lus covered by the angle ~ as shown in
Figure l3b is Zir h r(~~~~I2~~~) = ~~~~ The equivalent clutter radar cross-section
is

h~~~i (CFOF) (10)

where r~ = -70 /sin ~ and CFOF is the clutter fold-over factor .  Notice that
the clutter cross-sect ion given by E quation (10) is somewhat pessimistic
because of the flat earth approximation.

For a 2. 5 MHz NFMRAD range-bin rate , the range bin width is 400 xis
that corresponds to 200 feet  or 60 meters.  A.n altitude of 30 , 000 feet is

equivalent to 9000 meters .  A typ ical value f or ~ (the azimuth angular w idth
corresponding to a dopp ler f i l ter)  is 2 degrees or 0. 035 radian. if CFOF = 2
then the equivalent clutter cross-sect ion in a range bin of a doppler filter is

a- = (9 000 ) (60) (O .  3 5 ) ( 2 )  sin
0

~

a- (11)
= 18,900 s~n ~

Equation ( 1 1 )  was computed and plotted in Figur e 14 for  the mean value of
the clutter data given in Figures 9 and 10. As can be seen from Figure 14 ,
the average value of never exceeds 1800 m’ or 32. 6 dBm 2 for the param -
eters  used here.  U a SCR of 13 dB is required for  a 1 square meter target  in
the main beam , then a ~vo way antenna mainlobe- to-s idelobe ratio of 47.6  dB
is  requ~r ed which should be fa i r ly  easily achieved without adaptive null
f i lte  ring.

Fact ors that WL1 lead t o more stringent ante nn a sidelo ’oe recuirement s,

however , a re ( 1 )  an ~n cr e ase  to 60 , 000 feet altitude that will requ:r e  a3p r ox:-
matelv 6 dE b ower ~~o- -.’iav sLde lo ’oe g ain , ( 2 )  a reduction ~n ta r get . .
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cross-sect ion by perhaps as much as 10 dB to allow detection of missile s , and
( 3) an increase in clutter level by 10 dB or more (e. g. , the 84 percentile
level plotted in Figure 9 is 11 dB greater than the average value used he re  at
10 degrees grazing angle). Based on thes e factors , a two-way mainlobe-to-

. sidelobe ratio of 80 dB or more could be required for a very difficult scenario.
It is thus implied that if a -30 dB sidelobe ratio is achieved for the transmit-
ting pattern , for  example, then null dep ths of -50 dB may be required f or the

receiving pattern. As mentioned earlier , the NFMRA D concept studied under
this contract is an open-loop approach that is suscepta ’ole to er r o r s  so that
achieving -30 dB null s may be difficult. During the follow-on study, achiev-

able null depth s will be predicted with the consideration of e r ro r s .  The
conclusion made here ,  however , is that for  the parameters considered in
this study , the NFMRAD can provide excellent target  detection performance
with rather modest antenna sidelobe requirements.  Detection performanc e
is considered further later in this section.
JAMMER CONSIDERATIONS

A j amming threat model was not defined for the feasibility study reported
herein. Since the consideration of jammer nulling is part of this study , how-
eve r , a threat model was postulated. The threat postulated for  this phase of
the study is a sing le, continuous noise j ammer that emits an effective radiated
power (ER? ) of ~O dB above 1 watt. ER? = ~~~~~ where  P~ is the avera ge
power and G3 is the antenna gain of the j ammer. Althoug h the NFMRAD fre-
quency is between the VHF and ~HF television bands , 50 dBW is a fair ly
typical ERP for  a hig h powered  television station and shoul d represent  a
reasonable threat model for  the analysis presented here.

The power received f rom a j an’~rner is given by the familiar path L oss
eq uati o~.

- 

PJCJA 
1’JR 4~rR J

w h e r e  A~ is the effective area  of the receiving antenna and is the rang e to
the j ammer.  The power that may b e r e ce~.ved ‘oy a sing le channel from a
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50 dBW ja mme r at a rang e of 20 xi. mi. can be determined by considering
the terms of Equation (12) :

P~ G~ 50 dB(W)
(4r r ) - 11 dB
R3

2 (20 xi. ml. ) -91 .4  dB
A e (70 percent efficiency) - 1 . 5 d B  (M 2 )

~ JR = -53.9  dB(W)

If the receiver noise figur e is 4 dB, then the the rmal noise power in a
10 M~-Iz band is -130 dB(W); therefore ,  the ja mmer- to-noise  ratio (SNR) in
a single r eceiver channel is 

-

JNR = 76. 1 dB

For the evaluation of ECCM performance in Section 5 , a JNR of 75 dB was
employed to correspond closely to the j ammer levels used here. In the
furthe r definition and eva Luatior~ of ECCM technique s to be performed during
the follow-on study, a thr eat survey will be conducted to establish a ja mming
threat that probably will be different than that used here .
DYNAMIC RANGE

If STC were employed that compensated fo r  the h R  two-way loss , then

the clutter contour oi Figur e 12a would be essentially con stant over the
20 to 150 xi. xiii. range. Therefore , the dynamic range required for uniform

clutter is determined by the CNR at maxim~~~ ran ge. The a- 0 mean level is

12. 5 dB above thermal noise , and the 84 percentile level is 22. 5 dB above

thermal noise for the parameters given in Figure lZa. The curves given in
Figure 12 apply to uniformly dist ributed clutter; however , there will also
be large discrete  clutter points wh ich in an extreme case may have a radar
cross-section of o-= 106rn2. The peak power received by a single channel
f ro m a dis cr et e tar g et is given as

A

(4Ir R t

42

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



F’
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘“7”~~ 
-
~ - ____________________

where  the terms are
A
P(peak power) 44 dBW

GT 2 1 . 5 d B

a - ( l O 6rn2 ) 60 dB(rn 2 )

~~ 
(70 percent efficiency) -1. 5 dB (in2

)

2
(4iT ) -22 dB

Rt
4 (150 n. rni. ) -217. 8.dB(ni2 )

~ R (peak) -115.8  dBW

Sinc e the thermaL noise level of the receiver is -130 dBW , the peak
target- to-thermal  noise level is

CNR (discrete , 130 n. mi. ) = 14. 2 dB

From the consideration of clutter, it can be seen tha t by employing STC
an A/D converter dynamic rang e of between 20 and 30 dB would be adequate.
On the othe r hand , f roin  the j arnmer cons iderations , a j ammer at a rang e
of 20 xi. xiii. that emits 50 dBW of power produces a JNR of 76. 1 dB in a single
receiver channel; this jarniner level is approximately 26 dB above the
maximum mean clutter level given in Figure l2a. If a large discrete  ‘.vith
a- = 10 6rn2 were  located at 20 xi . mi. rang e , the n the sing le char~nel CNR f o r

that discrete is 49. 2 dB which is approximately equal to the maximum mean
clutt er level of Figure 12a.

From the above discussion , it is seen that a 50 dBW j ammer at 20 xi . ml.
range exceeds mean level c lutter by at Least 26 dB and 84th percenti le level
clutte r by at least 10 dB. Even a 30 dBW j ammer at 20 xi . xiii. range or the
30 dBW jammer at the 150 i. xiii. range would produc e power Levels in a
sin gle receiver channel that exceed or are at least comparable to the sing le
channel clutter level. Consequently, the dynamic range required of the
rece ivers  and the A ID conver te rs  following the rece ive rs  will be dictated by
the ja mming threat .

________________________________________________________________________
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The disto r ti on added by A ID conversion should be suuficiently low to
allow cancellation of ja mme r s by applying adaptive weig hts after  the AID
conversion, If the JNR = 76 dB and distortion is required to be less than the
r eceiv er noise level , then the distortion added should be less than -76 dB
below the A/D  converter input level. The gain of the radar receivers preced? -
ing the A/ D  converters and the number of bits of AID conversion determine
the distortion level. The distortion level g ene r ated by a saturating AID
converter when the input signal is assumed Gaussian was analyz ed by Gray
and Zeoli (Referenc e 9).  They show that the distort ion pow er can be divided
int o two parts, one due to quantization 

~~~~ 
and anothe r due to saturation

so that the total distortion power added by r . h e A / D  conversion process
over the input power , a- 2 , can be wri tten as

P Q S

a- 2
For a given number of bits of quantizatioxi , increases and SN / a-2

decreases as the A / D  converter input gain increases,  and there is an oPtimum
value of input gain that minimizes 

~N’°
2

- Gray and Zeoli considered 3 to
10 bit AID converter s;  the optimal value s of is well approximated by

7 - 6M (dB)

where M is the number of bits of quantization. ~ M 14 , then

which is an acceptable level of disto r tion f or the JNR considered here. If
14 bit A ID converters are employed , then the receiver  gain shoul d be set so
that

A/ D  saturation ~ 5 a-

9. 0. A. Ora’, and 0. W. Zeoli, tQu antizat ion and Sa~~r a t ion  No i se  due to
Analog-to-Digital Conversion , IEEE Trans. on Aero s~ace andElectronic Sys tems ,  AES~ 7, 2 2 2 - 2 2 3 , Januar y 1971 .
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Sinc e the receiver  should not saturate before the A/ D  conver ter,  the
saturation level of the receiver  should be at least 14 dB above the average
j a.rnxner power level. In conc lusion , to handle the 50 dEW jammer at
20 n. xiii. range , a 14-bit A/D converter is required and the receivers  inust
be able to operate linearly with output power levels 90 dB above the thermal
noise level of the receivers.
NFMRAD DETECTION SENSITIVITY CALC ULATION

The assumed pertinent NFMRA D system parameters which determine
det ection sensitivity are given below :

Average transmitter power 1 kW
Transmit frequency 300 MHz (

~ = 1 meter)
Antenna array 2X . x l 6 ) ~
Pulse repetition frequency 540 Hz
(PRF)
Receiver noise f igure 4 dB
Maximum target rang e 150 n. ml.
Minimum target area 1 square meter

System losses are discussed in later paragraphs.

In the sear ch mode , a 120 degree azimuth scan sector is to be covered

by 40 discrete azimuth positions (3 degrees spacing). This compares favor -
ably with the nominal 1/ 16 radian ( 3 . 6  degrees )  beaxnwidth. The azimuth
secto r is to be scanned onc e every 30 seconds, which results in a 730 ins
dw ell time at each azimuth position. With a PRF of 340 Hz , 405 pulses are
transmitted at each 750 ins dwell time. It is assumed that this f igure is
rounded down to 400 pulses.

Each dopp ler filter is formed from 64 pulses, but because of overla~ oing,
a dopp ler filter output is available with each 16 pulses ( after the initial 64
pulses at each beam position).  Sinc e 64 2 1 x 16 = 400 , post detectio n
integration (PDL) of 22 dopp ler filter outputs occur s during each dwell time .

The radar range equation will be used to determine the s ignal - to-noise
ratio at the dopp ler fi lte r output , and then an approach which follows that of
Marcum and Swer1ing~ will be used to deter mine the orobabi lity of detection.

I
45

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘-
~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~ -~~~—~~~~~~

-
~~~~~~~~~~~~~~~~~~~

—-- 
~~~~

-
~
- - -

~~~
- -



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

The form of the radar range equation to be used here  is derived f rom the
basic single pulse signal- to-noise equation:

PG2X 2 a - LS/N = 
~(4-it ) R k T

0 N~~E

where

S/N = signal-to-noise ratio
P = peak transmit power
G = antenna gain

= transmit wavelength

a- = effective ~ .:get radar cross-sect ion (RCS)
L = total system losses
R = range to target
k = Boltzrnaxm s cortst int (1 .38  x io

_ 2 3  jo ules/ °K)
T0 = standard referenc e temperatur e (290 K)

= receiver noise figur e

B = effective receiver noise bandwidth in Hz

If the bandwidth B is matched to the inverse of the pulsewidth (or corn-
pressed pu.lsewidth) T , then the terms P/B  in the above rang e equation may
be re p laced by PT. Sinc e the average power 9av is equal to the peak power
times the duty fac tor , or times r/PRI = i-PRF, where PRI is the pulse repe-
tit ioxi interval and PRF is the pulse repetition f recuency,  the terms P/B in
the above equation may be rep laced by Pav /PRF:

P G2~.
2 a-L

S/N = 
av

(4~ )~ R 4 k T0 NF PRF

The p aramet e rs of the r adar rang e equa tion must have cons is tent units

of measure,  of course.  G , L , and ~~~ are dimensionless rat ios .  
~~av ~~

watt s , T0 in degrees  Kelvin, PRF in Hz (cycles per second) , and k is in
jo ules (watt seconds) per degree Kelvin , and so these terms balanc e dimen-
sio nal ly. 4Tr is , of course , a constant . The remaining requirement  is that

a-, and R 2 be in the same unit s , e. g. , meters  squared. LI R were  given
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i~ nautical  miles , then the equatioxi must be divided b y ( 1a52 ) ~~, since there
are  1832 meters  in a nautical  mile.

If the fac tor  ( l 8 5 2 ) ~ is combined with  ( 4 f f )
3

, ~~~, and T0, then the  equa tion
bec omes:

P G 2
~

2a-L
S/N = 

av x 10700
R 4

~~~~~PRF
where

P = average  t ransmit ter  powe r in watt sav
G = antenna gain as ratio

= tran smitted wavelength in mete rs
a- t a rget  RCS in square meters
L = system losses as rati o (less than unity)
R = target  range in nautical m ile s

NF receiver noise figure as ratio
PRF = pulse repeti tion frequenc y in Hz

Since X = c/f , where  c = speed of li ght (3 x io 8 meters/second and
f tr ans~~.it frequency, choosing the units of f and PRF listed below , and
since the coherent integration of xi pulses increases the s ignal-co—noise
rati o by a factor  of xi , the final form of the rada r range equation is

P G2rnLavS/N = ‘ 2 x O . 9 o 3
R~ PRF

where

~ av = average t ransmit ter  power in watts

G = antenna gain as ratio
a- tar get area in square meters
xi = number of pulses integrated
L = total system losses as ratio < 1
R = target range in nautical miles

receiver noise f igure  as ratio
£ = t ransmi t f requency  in 0Hz

PRF pulse repeti t ion fre cuenc y tn ~H z

~~ ~~~~~~~~
_ ~~~~~~~~~~~~~~~~~~
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The numerical value s for most of the above parameters were  listed at
the beginning of this section. The antenna gain, assuming an overall effi-
ciency of 70 percent is given by

G = x 0 .7  l2 S r r x 0 .7  = 2 8 1 . 5

which is equivalent to 24. 5 dB.
The term n is set at 32, the number of dopp ler filters, although 64

pulses are integrated to form the filters. The amplitude weighting loss of I. S
dB is based on 32:1 coherent integration. ii xi were to be called out at 64 ,
then the amplitude weighting loss would have to be 4. 5 dB , yielding the same
ove rall result. This is a matter of ‘ bookkeeping methods. ’

The individua l losses  which compr ise th e total system loss are  estimated
below

RI total 0. 5 dB
Atmospheric attenuation 0. 7
Azimuth beamshape 0. 5
Range gate straddle and IF
mismatch 1. 5
Amplitude weighting 1. 3
Dopp ler fil ter straddle 0. 0
Magnitude detector approx 0. 1
Noisy threshold mean 0. 1
Digital quantization 0. 1

Total losses  5 .0  dB

The atmospheric attenuation of 0. 7 dB for  150-mile two-way transmis-
sion at 300 MHz was derived f rom Blake (Refe rence  10).

10. L. F. B lake , A Guide to Basic Pulse Rada r Maximum-Range Calcula-
tion, Nav al R e s ,  Lab . Rep t .  5868 , December  1962 ( repr in ted  with
revisio n s, D ece mber , 1963); second edit ion , Pt. 1, Nava l R e s .  Lab.
Rept .  6930 , 1969; pt. 2, 1970.
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The radar range equation may be calculated using the famil iar  positive

and n e g a t i v e  -dE equivalent s of the component pa ramete rs .

+dB -dB

b O G  W 30. 0 0. 963 0. 2

0 49.0 L
r in2 0.0  R4 150 n. mi. 37.0

32 15. 1 4.0

0 . 3 G H z  10. 5
?RF 0 .54 0 kHz 2 . 7

107.3 9 6 . 2

T h e r e f o r e ,  S/N = 107.3 - 9 6 . 2  = 11.1 dE.

To convert the 11. 1 dB to a probability of detection , th e false alarm

probabili ty must be determined first .
If it is assumed that a stringent false alarm rate of one per hour will be

in effect,  and it is further assumed that an STC-lik e function will confine false

aj arms to the 100 to 150 mile region, then th e numbe r of ra ng e bins in the

30 xi~ile region is 50 miles tt 1852 meters per mile 60 meters  per range

bin = 1500 range bins. The number of dopp ler filte rs examined for  hit s is

as sumed to be 30 (two f i l ters  contain rnainlobe clutter) ,  making 43 , 000

total cells examined for hits. There are 4 /3  cell array output s per second ,

and 3600 seconds in an hour , making 43 , 000 x 4 / 3  x 3600 = 2 . 1 6  x l0~ cell

examinations per hour. The false alarm probability per cell must be the
- o

inverse or 4 .o  x 10
The actual determination of the probability of detection will follow that

of Marcurn and Swerlin g ( R e f e r e n c e s  11 and 12), specifically Equation (45)

on page 166 and Equation ( 11.2 ) ,  page 277 .

11. J. I. Marcum , A Stat is t ical  Theory of T~ r~ et Detection by Pulsed
Rada r  (mathematical appendix), RAND Corp .  R e s .  Memo RM-753 ,
1943; reprinted in ~~E Trans .  LT -6 ,  No. 2 , pp. 143-2 63,  Apr i l  i9~0.

12. P. Swerling, Probability oi D etection f o r  Fluc~~ atixig T a r g e t s ,  R AN D
Corp. Res .  Memo. R M - l 2 1 7  ( rep r in ted  ~n IRE Trans .  T-6 , No. 2 ,
~~~~~~

. 26 9-308 , Apri l  1960.
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As has been previously determined , the PDI ratio of 22:1 is actually
equivalent to 19.9:1.

Equation (45) f rom Marcum and Swerling is

- 

,-

~~~~

_ exp [-Y b N (1 £n]~~~~~
F A v 2 ~ (Y b - N + l )

where

~~FA probability of false alarm (4. 6 x b 0~~~). This parameter is
designated r N in Marcuni and Swerling.

N = effective PDI ratio ( 1 9 . 9 )
= normalized threshold setting

= 57 satisfies the above. Assuming a Swerling type I target  scintilla-
tion , the probability of detection can be derived from Equation (11.2) of
Marcum and Swerling , which i s

N - i
= (1 ÷ -

~~
) exp (

~ ~~~
)

where

N = PDI ratio ( 19 . 9 )

~~~= signal-to—ne .se ratio (11. 1 dE or 12 .9)
no rmalized threshold (57)

Solving this equation yields a. of 0. 86.

Then it appears that the NFMRA D system , with operating parameters  as
stated herein, should provide excellent detection sensitivity out to the

maximum range of coverage of 130 xi. xiii.

V so
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4.0 SYSTEM IMPLEM ENTATION

This section presents  the functional description of the overall NFMRAD
system and each major system segment. The discussion is divided into
analog and digital processing with emphasis given to the latter. The hard-
ware requirements of individual segments are  considered, with emphasis
placed on those hardware components that have the most  impact on the com-
plexity of an NFMRAD realization. 

-- 

NFMRA D FtJNCTIO N A L D E S CBIPTIO N
Figure 15 is a functional block diagram of the overall NFMRAD system.

The func tions performed by the blocks shown are describ ed briefly in this
subsection. Further details of the functions are given in later subsections
devoted to individual blocks .

I TRACK
UTE~~J 

PROCES SOR Jr
.r RA~~~~~~~~~1 M ~~~

MER __
~ 9 F — JROCESSOR FANTENNA L.._.... ....._. ~ ......J _________

ELEMENT
ARRAY

COEF ICIENT
TR ANSMITrER : COMPUTA flON 

MA S P

EXCITER H 
ii~~~ .f 

__________

OPERATOR COMPRESSiON
______________ COMMAN DS I

DISPlAY

Figure  15. NFMRAD functional  block diagram.
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Major  System Segments
The antenna array Consists of 128 elements in a four  high (e levat ion)

— by 32 wid e (azimuth)  confi guration. There is a ~/2  (0 . 5 meter)  element
spacing. The four elements in the elevation direction at a given point are
co nn ected by a power divider netwo rk; thus the beam has no elevation con-
trol. The 32 arrays of 4 elements are controlled individually to steer the
beam in azimuth. Duplexing circuits that route the receive and transmit
RI ene rgies from the antenna to the receiver , and from the transmitter to
the antenna , res pectively, are shown in the antenna array block of Fi gure
15.

The receiver array consists of 32 s eparate receivers , one f or each of
the 32 antenna array elements . A representative receiver desi gn would
have a. moderate amount of gain at 300 MHz , conversion to a lower inter-
mediate frequency , amplification , and finally conversion to haseband at an
IQ coherent detector.

The transmitter could be confi gured either as a single power source and
power split ter with phase shifting elements in the distribution network to
steer the beam or as a distributed power source arrangement where 32 solid
state amplifiers are each connected to an array of four elements . The beam
steering phase shift function is accomplished here at low level at the input —

to the amplifiers. Thi s latter confi guration appears to offer  the most
advantages , and the transmitter and receiver for  an antenna element may be
conve niently combined in a single module. The exciter (or  master oscillator)
generates the basic 300 M.Hz transmit frequencies and the reference  signals
for the conversion mixers in the receivers , maintaining the required phase
coherency among the signals.

The beamformer converts the IQ detector outputs to di gital for m s ,
multiplies them with complex weights , and then sums the weig hted data f rom
the 32 antenna elements to form the receive beams. In the full NFMRAD
system desi gn 30 or 32 simultaneous receive patterns are fo rmed by wei ght-
ing the data across the 32 receive channels 30 or 32 different ways , and

individually summing each set to create the mul tiple beams . It is evident
that either a large array of moderate speed multi~ iiers ( for  pa rallel
mult iplication) or a modes: number of ul tra-hi gh speed mul tipliers (fo r
serial or sequential multiplication) are required here .  Sinc e each fo rmed
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received beam will go to a single d i sc re te  doppler filte r , it seems obvious
that the comp lex multiplications required for the doppler f i l ter  funct i on
(essentially phase rotations on a pulse-to-pulse time basis) can be combined
with the beam forming complex weights ( ac ross  the rece ive  channels). Thus
one complex multiplication by the product of the f i l ter  and beam forming
coefficients can accomplish two purposes .

The adaptive null computer operates at a lower data rate than the
regular search mode si gnal processor  but uses the same digi~.a1 data . It
operates recursively to adaptively form nulls in the receive patterns where
jamme r energy is detected. It operates in conj unction with the coefficient
computation and stor age f unction , which in response to the adaptive null
inputs , commanded azimuth pointing angle , and sample number (in the dop-
pIer filter formation sequence), computes and stores the complex multiplier
coefficients . This computing function also generates the phase shif t com-
mands for the transmit beam; these go to the phase shifters ahead of the
dis tr ibuted power amplifiers. The analysis and functional description of the
adaptive null computation are contained in Section 5.

The doppler filter processor is actually a relatively simple function in
the full NFMRAD system. Each doppler filter has an output eve ry 16 trans-
mitted pulses ( after an initial wait of 64 pulses at each beam position) but
fo rms each filter from 64 pulses. Thus each filter must have four s eparate
acc umulators since there are four simultaneous filter accumulations at any
given time. Each accumulator is preceded by an amplitude wei ghter .

The post processor  converts the IQ filter outputs into magnitude data ,
perfo rms post detection integration (PDI) , and generates  target  detection
“hits ” with an adap tive th reshold. It also contain s track acquisition logic
and a scan converter function for the display. The track processor processes
the range bins containing the tracked target and forms only the applicable
doppler f i l ters .  Thus the processing volume is much smaller than that of
the regular search processin g function. The track p r ’cessor  receives
monopulse beam or overlapped beam signals so that an azimuth tracking
d i s c r im i n an t  can be fo rmed for the angle tracking loop. Range tracking and
f re quency (velocity ) tracking ar e also perfo rmed.
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The master timin g and mode control function inte rfaces the NFMRAD
system with the operato r controls , generates the basic system clocks and
timing referenc e pulses , pulses the transmitte r , generates  the AID samp-
Ung rates , generates  the azimuth scan pattern , and generally synchronizes
the various functional elements of the NFMR.AD system together.

The PPI display, operato r controls , power supplies, necessary
interfaces , etc. , complete the £NFMRAD system.
Pulse Compressio n

The pulse compression function is shown outside the othe r functional
elements because the initial s tudy phase produced no clear guidance for  its
complete specification. Candidate pulse compression codes include Barker
codes (0 , 180 degree phase shifts), Frank codes (0 , 90 , 180 , 270 degree
phase shifts), other poly-phase codes , and chirp (continuous phase shifts).
The methods of pulse compression encoding on transmit that seem applicable
to the NFMRAD system are FM ramp at the exciter ( chirp), common phase
shifting at the exciter , individual phase shift eri cc”ding at each RI module —

(perhaps using the beam steerin g pha se shif ters  if the shifting rate capability
is high enough), and surface acoustic wave (SAW) devices at either the
exciter or RI modules. SAW devices have largely displaced dispersive
delay lines for pulse compression purposes.

The applicable pulse compression decodin g (on receive)  methods to be
considered a re  SAW components ahead of each A / D  conver ter , di gi tal
dec oding ahead of the doppler f i lt ers , and di gital decoding after  the doppler
filters.

The final determination of the pulse compres~ on mechanizatio n approach
is made during the actual system design. Howeve r , the re  is -o nly a sl ight
ha rdware  cost impact of one mechanization relative to another .  At this

V 

~oint , the best  approach appears to be incorporation of SAW e~ic oding and
decoding devices on the RI modules. The arguments .~.sually 3resentec. ~.n
favo r of digita l pulse compression decoding (greater  dynamic range ,
smoothing oi clu tter spikes, etc. ) a re  not as fo rce fu l  sinc e the A ID
conve rsion is at a large number of b i t s , a s dictated by jamming in t e r f e r ence
considerations.

V 
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HARDWARE CONS ID ERATIONS
The hardware required to implement a NFMRAD system is discus sed

in this section ; the areas critical with respect to co~ t , development effort ,
risk , etc. , are stressed. In evaluating any proposed system not only must
the perfo rmance (relative to mission requirements) be determined as
accurately and realistically as possible through thorough analysis , but the
co st , risk and schedule implications of the hardware  represented by the new
concept mus t be compared to those of alternative approaches.

From a hardware standpoint , the NFMRAD block diagram as shown in
Figure 15 may be conveniently divided between the functions that are ixnple-
rr ertted (fo r the most part )  with analog components and those that are com-
posed essentially of di gital components. The analog blocks are the antenna
array,  receiver array,  transmitter , and PPL display. The remaining seven
functional blocks fall into the digital category.

The 300 MHz frequency selected for the baseline NFMRA.D is relatively
low , and there  are no extraordinary requirements in the parameters  of aver-
age transmitter power , r eceive r noise figure , an tenna beam s canning rates ,
etc. Therefore , no significant hardware difficulties sho uld occur in the RE
componen ts due to any features or requirements unique to the NFMRAD
concept. Similarly, the display should be more or less a standard CRT
type , with no special problems.
Antenna, Receiver, Transmitter, and Exciter

The transmit/receive ( T / R )  module req uirements are s umma rized in
Table 1, and the functional configuration is shown in Figure 16.

TAB LE 1. TRANSMIT/RECEIVE MODU LE FLN C TIO N AL  REQUIR EMENTS

Parameter  Requirement

Center Frequency 300 MHz
RF B andwidth 10 MHz
Peak Power 1 kW (Nominal)
Average  Power 40 W
Pulsewidth 60 ~sReceive Noise Figure <4 dB
Transmit  Phase Shifter 4 bits
Scan Limits ~60 degrees  in a zimuth
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Figure 16. Transmit/Receive module functional confi guration.

Refer r ing  to the block diagram in Fi gure 16 , the exciter provides the

300 MHz transmi tter drive to the array and the local oscillator for  down

conversion to LI of the echo return signals. A 32-port  coaxial manifold

configured from matched power dividers is postulated to provide transmitter

d rive power to each vertical row of Transmit /Receive elements; distribution

via coax at this frequency is probably the smallest and least lossy approach.

A 4-bit PIN diode phase shifter , selected for  its re lat ively small size, pro-

vi.des the ~60 degree azimuth beam scan limits required of the radar.

B eca us e only one phase shifter , powe r amp lifier , etc . , is required for  each

group of four elements comprising a vertical row of elements , a fo ur -way

c oaxial power divider is shown at the output of each module to manifold the

ve rtical elements.
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Within the T/ R  module , a solid-state t ransis to r power amplif ier  (PA)

operating from 28 VDC can be used to provide the req uired transmit peak
power. Although the pulsed amplifier development effort  in this frequehcy

rang e has been modest , a considerable amount of CW development has bee n

performed for  communication , cable television (CATV), and mobile applica-
tions. Transistors  with an excess of 100 watt s cw power exist (e. g. , CTC

BM 100-2 8 , TRW J020 15),  and off - the-shelf ampli f iers ar e available p ro-

viding 500 watt s of power (e . g .,  TRW CT- 13 1-73) ,  thus indic ating that the

solid-state power capability is basically achievable. For a unifo rmly

illu minated arr ay, the 1 kW peak power re quirement obviously can be met

with only a moderate amount of cw - to-peak power enhancement. To effect  a
taper for sidelobe r educ tion, however , the center elements woul d need to

provide greater peak power to offset  the reduced power in th e edge elements.

Since these peak powers undoubtedly would be achieved by paralleling devices

or amplif iers , a basic building-block amplifier can be envisioned where  the

power distribution along the ar ray is provided by appropriately combining

amplifiers in parallel.
At the output of the PA , an is oduplexer (c i rculator)  is shown followed by

the module radiating element. To achieve a linear polarization , seve ral

types of r adiators can be cons idered , including dipoles , loop radiato rs ,

blade antenna , cavity-backed slots , etc. ; the former , when placed in f ront
of a metal ground plane or mesh , would be a simple and compact approach.

At the receive port  of the circulato r , a diode-limiter will provide isola-
tio n against strong reflected transmit power. The low -noise amplifier ( LNA)

foUowing the limiter can be desi gned with existing t rans is tors  for  a noise
fi gure of less than 2 dB. Assuming that the RE losses can be kept below a
w o rst c as e 2 dB level, an overall modul e noise fi gure of less than 4 dB car.

be achi eved easily .
Following the LNA , a mixer is provided to down-convert  the received

radar return to a convenient IF frequency.
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Digital Signal Processing

Di gital signal p rocessing is one of the more recent disciplines app lied to
rada r systems; it is still experiencing rap id growth both in regard  to its
range of application and to the technical accomp lishment int rinsic to the
digital devices themselves.

The fir s t pr oduc tion airbo rne radar to employ full digital signal
processin g was the APG-63 for  the F - i S  fi ghter  in the early 1970s. At that
time Hug hes had to agonizingly trade of f per f ormance against size and cost
of the digital processor .  Factors such as the number of range bins , the
numbe r of dopp ler f ilters , and the number of bits in a di gital si gnal word ,
etc. , had virtually a li n ear relationship on the number of components in the
processor  and thus on its production cost. The values of these parameters
ended up as compromises between performance and cost. Sinc e the time of
the initial APG-63 development , si gnificant s trides have occurred in di gital
c omponents , providing much more functional capab ility per device and thus
per dollar. To illustrate, the original signal processor  desi gn us ed six
memo ry modules containing a large number of 128 bit shift reg ister ICs.
Recently these modules have been replaced by two modules of 1024 bit ran-
dom access memo ry (RAM) components . Also 10 timing and control modules
similarly have been replaced with five modules that use newly developed
components . The component development trend is continuing, with 4096 and
16 , 385 bit RAMs now available , and 6 5 , 536 bit devices predicted to appear
in the near future.  Therefore , where  at one time the di gital implementation
costs of alternate functional approaches had to be considered seriousl y, this
f ac t  now is not as pressing. The cost represented by a given si gnal p rocess-
ing functional operation is expected to continue to declin e with the introduction
of improved components.

For the most part , the digital si gnal processing portion of the NFMRAD
system could be implemented either by a hardwired pi peline processor , by a
programmable signal processor  (PS?), or by a microcomputer network of
some type. Any of these options could be constructed from standard
transi s tor - t rans is tor  logic (TTL) ,  Schottk y TTL , emi t te r -coup led logic

(E C L ) ,  or comp lementary MOS (CMOS ) components. The components could
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be standard off- the-shelf  units from the large  semiconducto r houses , custom
large-scale integration (LSI) chips, or combinations of these. At this point.

a har dwir ed pipe line p rocessor , with perhaps local’ ”mic rop rocess o r

architecture for  track and null computation , const ructed f rom standard
Schottky TTL components seems to best match the NFMRAD r equirements.
A PSP is usually more appropriate for  a system with many different p rocess -
ing modes , or where it is desired to have a common signal processor  for
several different systems. Generally cus tom LSI is us ed for very large
produc tion runs or durin g severe volume constraints. The particular form
a signal processor  takes , however , is often largely the r esult of the

develope r ’ s previous experience , individual p re f e r ence , or pers onal op inion.
With exceptions to be discussed later , the NFMRAD computin g and signal
processin g requirements are quite standard and may be sc aled fr om signal
processors  which Hughes has produced. It is estimated that the adaptive

null compute r , coef f icient computation and stora ge , master  timing and mode
control, doppler filter processor , track processor , and post processor (i. e.

the NFMRAD digital portion less the beamformer) could be packaged in a
uni t costing $30 to $ lOOK (assuming a production run of 50 units) ,  occupying
I to 2 cubic feet, weighing 40 to 60 pounds , and consuming 750 to 1300 watts.

Substantial reductions in these figures should occur as the result of future

digital hardware advances , but even so , it seems obvious that such a

processor is not the pacing item in a NFM.RAD system.
The beamforine r , as it turns out , very definitely is the NFMRA.D pacing

item. The sampling or range bin rate in the search mode is 2. 5 MHz. Thus
di gital data are being generated at a 2. 3 MHz rate in each of the 32 receive
channels. A data rate of 2 .5 MHz ( 5 MHz for  in-p hase and quadratur e

components considered individually) until recently was about the upper con-
ve rsion rate limit for analog-to -di gital conve rters o f appr oximately 10 bits .
Converters with this capability were  priced at $1OK and higher .  Recent
advances in monolithic chips usin g new process  technologies have allowed a
sign i fi cant  breakthr ough in AI D  perfo rmance versus  size , power , and cost.
tt is estimated that a 13-bit converter producing an LQ pair at a 2. 3 MHz
rate would cost  $2000. Hi gher  bit resolutions might be possible , but the

intrinsic noise of the t rans i s to rs  on the chi ps will establish a pract ical  limit
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on the number of bits of the converter.  The A/ D  conver ter  cost , while

sizeable , doe s not appear to be an overriding factor .
Howeve r , each data sample must be m~u1tip1ied by 32 differe n t c omplex

:oefficients to form the 32 separate receive patterns. A complex multipli-
V 

cation ordinarily consists of four real multiplications . Therefore , the
required real multiplication rate is 4 x 32 z 2. 5 MHz in each receive channel.
The state of the art in digital multipliers is well represented by a 16-bit
multiplier current ly being developed by Hug hes for  the Ballistic Missile
Defense Systems Command , Huntsville , Alabama. Its multiplication rate is
250 to 320 MHz , it dis sipates app roximately 30 watts , and i t is packaged in a
2 x 2 inch large area hybrid package. A somewhat op timistic cost projection
for the multiplier is $lOK per unit. Thus for a complete NFMRAD system,

-: req uiring 32 such multipliers , the total cos t is in the neighborhood of $ 320K
and the total power consumption is 1600 watts .

To be thorough , an alternative imp lementation using a lar ger number of
slower , less cost ly , multipliers should be investigated. The prime example

of the state of the art of such devices is the MPY- 16AJ unit recently off ered
by TRW . Since it can multiply at a 6. 2 MHz rate , two units ar e r equired
f or a single complex multiplication per channel. With the 32 complex multi-
plica tion s and 32 channels , a total of 2 x 32 x 32 2048 multipliers are
required for the whole NFMRAD system.

The 1000-up lot price of the TRW LSI device is estimated at 3130 ,
resulting in an overall multiplier cost of about $307K , somewhat less than
the cost of the 32 Hug hes multipliers. But since 2048 rather than 32 corripo~
nents must be integrated into the system , it is su ggested that the real support
cost s should more than make up the difference , Another consideration is that
the TR W units , at 3 watts eac h , will require more than 10 , 000 watt s total ,
compared with the 1600 watt requirement of the first multiplier approach.

A r adar syste m acco mp lishin g the NFMRAD search and track mission ,
but with a single low sidelobe receive channel ra ther  than the complementa ry
receive beam discrete digital f i l ter  a r rangement , could satisf y its beam-
fo rming complex multiplication requirements w ith about 310K in multiplier
components. Thus it might be concluded that the one unique NFMRA.D des ign
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approach of multip le beams and complementa ry f i l t e r s  has a dif fe ren t i a l  cost
of ove r $ 300K.

To further identif y the diffe~r ential costs  of sy ste ms employing various
features , three related radar confi gurations are considered:

1. Conventional airborne search radar with a phased array antenna,
but with standard single channel transmitter , receiver , and signal
processor

2. Similar to (1)  exc ept multiple receivers  and A/D converters  are
used to enable nulls to be placed adaptively in the receive antenna
pattern

3. The complete NFMRAD system.
Th e re lative cost diff er entials of various sy stem components among the three

systems are given in Table 2. The cost fi gures given in the table are
included only for the purpose of showing the relative costs of the three  system
approaches and do not necessarily represent an accurate estimate of the

absolute cost of individual components.

TABLE 2. SYSTEM COST COMFARISONa

Standard System with Adaptive
Item System Null Capability NFMRAVD

Ant enna Array 10 10 10
V 

Receiver (s )  20 100 100
Transmitter(s) 40 100 100

Exciter 20 25 23
A / D  Conver te r (s )  3 50 30
Beaniformer  ---  30 400
Adaptive Null Func tion -- - 20 20

Doppler Filter Processor  20 20 10
Post Processor  30 30 30
Timing and Miscellaneous 20 23 23

Total 165 410 770

a~ mo unts are  in thousands of dollars.
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Beauilorming Function
The functions to be performed b y the beamforrning circuitry include:

conversion of the IF signals at each of the 32 receive channels to IQ video ,

samp ling of this video at the range bin rate (2. 3 MHz in search,  10 MHz in

track , as per the preliminary NFMRAD parameters) ,  holdin g the sampled
values so that they can be converted to digital form b y an analog-to -digital

converter with the number of bits as dictated b y the dy-narriic range require-

ments. Each digital sample must then be weighted by  as many different

complex weights as the nu mber of receive beams being formed. Finally, the

weighted samples must be summed together  in the proper  group s to fo rm the

- - 
beam s .

An if signal is conve rted to LQ video with an IQ detector , which consists
of a pair of balanced mixers that are fed by the common IF signal and whose
ref er enc e signals are 90 degrees out of phase. The frequency of the detec-
tor r ef erence signals may either be fixed at the center IF frequency (in
which case the doppler frequencies in the LQ output will be absolute),  or the

re f erence f requency may be made to vary as par t of a c lutter tracking loop
that operates to keep mainlobe clutter at zero doppler or DC. In this latter
case, the doppler frequencies of targets  will be components of the target&
ground velocities along the radar line Df sight. It is standard practice to
include a mainlobe clutter tracking loop in a digital si gnal p rocesso r  to
maintain the strong clutter energy at DC so that any harmonic s caused by
LQ gain and/or  phase imbalance will fall at DC also. If the sampling rate
(or PRF ) inte rval were  spanned by N f i l ters , and mainlobe clutter app ears

in filter n , then IQ imbalance w ould cause an ?image hl to emer ge in fi l ter
N-n. In the case of the NFMRAD system , spectrum shifting to keep the
niairilobe clutter at zero doppler x~~y prove unnecessary since at the IQ

detectors ,  mainlobe clutter is formed from the transmit beam only (the
receive beams to be formed at a later point in the system) , ar.d LQ gain and

phase balance may be dictated by the much s t ronger  jamming signals
expected. Therefore , a clutte r tracking loop remains as an open question.

The sample-and-hold and analog-to-dig ital conver ter  fu n ct Lons  appear to

be relatively standard. Only the dif f e r ence  between the 7 . 3 M~~z samp lin g
rate in search and the 10 MHz rate in track have to be discu ssed . One
approach would be to require  the A / D  conver ter  to be fully capable of the
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wors t  case 10 MHz convers ion rate.  Since in t rack ori~y two ra nge gates are
pr ocessed , it might be beneficial to have a dual set of sample-and-holds that
are triggered 100 ns apart in time but hold the sampled values so that digital
conversion may be accomplished at a slower rate. This scheme is possible
oti~y if pulse compression decoding is accomplished ahead of the sample-and-
hold function by a SAW (or  other) device. If digita l pulse compression is
used , then the full 10 MH z A/D conversion rate is required.

When si gnal data are carried in IQ form , the “phasor~ representation
of si gnals , often employed as a matter of mathematical convenience , is

actually realized. A sample phasor ( or vec tor ) r ep re s ented by its dig ita l
in-phase (I) and quadrature (Q) components is shown in Figure 17.

In terms of an equivalent polar coordinate system , I = r cos e and
Q = r s ine .  The si gnal strength is represented by the length r of the vecto r
and the signal frequency is indicated by the rotational rate of the vecto r , ê
Of course , the actual signal phasor of an operating system is the complex
sum of many si gnals — thermal noise , clutter , actual targets , etc. — and
the signal processor  extracts the si gnal phas or of inte r est f rom the total
si gnal. For si gnal phasors in IQ form , virtually all linear signal p rocess -
ing operations consist of

1. Phase shifting
2. Amplitude weighting

3. Vecto r summation.
The phas e shift operation alters the angle of a phaso r while maintaining the
vector length. In mathematical terms

I’ = I cos Q sin4’

= Q cos’~’ -
~~ I sin~

where I,Q are the components of the vector before  phase shifting, and I’ , Q’
are the vector components of the vector after being shifted by an angle~~.

Amplitude weighting simply consists of multiplying both I and Q by a
common facto r , a. Vector summation is accomplished by adding 2 (o r  more)
I components together and similarly summing the Q components together.

Phase shifting and amplitude wei ghting opera t ions  may be co mbined into
a single comp lex mult ipl icat ion.  In complex a r i thmet ic  notat ion , a signal
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Figure 17. IQ representation of signal phasor.

phasor is g iven as 1 # j Q , and the complex multiplier is acos 4’ + ja sin 4’,
where a and 4’ are as previously defined. The comp lex product  is a (I cos
- Q sin 4 ’) 4- ja (Q cos 4’ + I sin 4’) . Four actual (real)  multiplications and two
additions are required to perform a complex multiplication.

An alternative method of complex multiplication may off e r so me hard-
ware savings. Consider the general case in which a + jb  and c + jd are  to be
multiplied together. The desired results are ac-bd for the real component
and ad + bc for the imaginary component. If the term s a , b , c, and d a re
arranged in a simple product matrix as shown below

c d

a ac ad

b bc bd

the real component is the differenc e of the terms in one diagonal , and the
im aginary component is the sum of the terms in the other diagonal.

The product (a 4- b) (c 4- d) = ac + ad + bc + bd is seen to be the sum of all
four terms of the matrix shown above. If this product is formed ( through
two additions and one multiplication), and the terms ac and bd are also
individually fo rmed ( through two additional multiplications), then the real
component ac-bd and the imaginary component ad ~

- bc (e qual to
[ac+ad+bc+bdj -ac-bd) require only a fu rther addition and a subtract ion.  The
total arithmetic operations for this approach to comp lex multiplications ,

V 

then , is three multiplies and five additions , as compared to the four  multi-
pli es and two additions used in the no rmal method. Depending on the
particular hardware implementation , the trade of one multiplication for
three  additions may be wo rthwhile. V 

-

The complex coefficients us ed in the beam forming process  may be

precalculated f rom the a i r c ra f t  velocity and other system parameters
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discussed in Sectio n 2 and stored in a memory in a basic NFMRA D design .
The complex weights are used to steer the beam in azimuth throug h a linear
phase shif t profile across the elements , establish the nulls at the desired
angles , and to establish the frequency of the dopple r filter associated with a
particular receive beam by the rate of phase shift from one pulse to the next .
For adaptive null placement to counter j amnmers , a r ecu rsive pr ocess must
be used; this subject is treated in detail in Section 5.

The summation of the weighted data to form the beams is s trai ght-
forward and may be accomplished in parallel with adder trees , or
sequentially by hi gh speed mtxltip lexers and accumulators.

~ oppler Filter Function
In the Lull NFMRA.D concept , each f orm ed receive beam ha s a dedica ted

discrete doppler filter. The simplest filter consists of a comp lex weighter
and an accumulator which sums the wei ghted data (see Section 3). Complex
weighting of the data may be considered a combination of phase rotations,
which establish the frequenc y of the filter , and real or amplitude wei ghting,
which determines the frequenc y response curve of the filter.  Since complex
weighting is required for beam forma tion , the same complex multiplication
can also serve the filter function; the comp lex coefficients are the precalcu-
lated products of the beam and filter weights. Since the heavy weighting
n ecessary to achieve filter s with s tee p s lop es and low sidelobes would r esu lt

in significant losses if butted a r rays  of data were used in the f i l ters , it
seems that overlapped filter formation is indicated. In thi s case , onl y the

phase shifting component of the filter weights can be incorporated into the
beamforrmiin g function , and each overlapped accumulator phase must be pre-
ceded by its own amplitude (real)  weighter. A functiona l block diagram of
the doppler filter function is shown in Figur e 18.

The amplitude weighting profiles are identical but operate at different
points or phases along the curve at any given time. The accumulators need
to store approximately 4000 range bins of I and Q data. Each accumulator
sums weighted data from 64 pulses . Becaus e of overlap s tagger ing,  an out-
put occurs f rom one accumulator every 16 pulses. Each accumulator is
cleared or “dumped’ after  each output and a new accumulation begun . There ,

of course , are 30 or 32 individual filters such as that shown in Figure 13 ,

one for each receive channel. 
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Fi gure 18 . Doppler filter functional block diagram. —

In a “sing le r eceive beam” NFMRAD design , the outputs from the

antenna elements would be combined with only a single set of weights to form
but one receive channel. In this case , the doppler filter function would be a
bank of 32 doppler f i l ters using a fast Fourier t ransform or other algorithm.
T rack Pr ocessor

It is assumed that a desi gnated target  will be tracked in range , dopp ler
frequenc y, and a zimuth. ~A r ange error  is developed b y determining the dif-
ference between the signals in each of two split range gates and normalizing
b y dividing by the sum of the gate signals (“ range discr iminant”) . A Class II
servo is used ; thus the range e r ro r  represents  target  acceleration. The
error  is sent to an augmented integrato r , whose outpu t is proportional to
target  range rate .  A second integrato r c onverts range ra t e  to t a rge t  range ,
and this information is used b y the timing and control function to position the
t rack range gates in time. Figure 19 shows this portion of the tracking loop.

This figure also shows an open-loop frequenc y measurement  (e . g . ,  the
difference between two adjacent doppler f i l te rs )  being used to aid the range
rate output f rom the range t racker .  An alternative wou ld be to form a closed
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Figure 19. Target track functional diagram.

loop system in which the dopp ler discriminant is us ed to position the
spectrum (via a VCO) to center the target between two f i l ters .

The azimuth trackin g loop is shown in Figure 19b to be similar to the
range tracking loop. The output of the double integrator is sent to the beam
pointing function to complete the loop.

Both the data rate and functional operations are quite modest for  the
track processor , and either a microprocessor or dedicated hardwir ed cir-
cuit could be used. Some of the approaches of modern control theory (e .  g.
i~alman fil tering) may be used instead of the classical t rack loops shown.
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Post Processing Function
Figure 20 is a block diagram of a baseline NFMRAD post  process ing

function. It would apply to either the NFMRAD concept of discrete doppler
f i l ters  each fed b y an individual receiver channel or to the more conventional
doppler filter bank formed front a single receive channel.

-- - - 

Since 32 doppler filters (or 30 filters if the two containing mainlobe clut-

ters are not processed) are formed with each 16 transmitted pulse group (2:1

overlapping), the overall filter output rate must be twice the filter input rate ,
or 5 MHz. This rate is fully compatible with general TTL or low power
Schottky TTL digital components , and so an efficie nt word-se r i a l , bit-
parallel (I and Q components in parallel) data flow format can be used. For
the NFMRAD discrete filters , buffer storage must be provided at the filter
outputs to convert the “pul s ed” filte r output data to an even continuous flow at
5 MHz. For a single channel FFT filter bank , data s torage is at the filter
processor  input , and little or no fur ther  buffering is required.

The magni tude detector  approximates the magnitudes of the vectors V

ca:r’ed in their in-phase and quadrature components (I and Q). The approx-

imation f i rs t  determine s the g_reat er of the absolute values of .1 and Q
(de signated X) and the lesser  of z I and QI (desi gnated Y).  The simplest
approximation is to u.se X + 1/2 Y , which int roduces approximately a 0. 1 dB
loss in sensitivity. Somewhat more complicated al gorithms provide greater
accuracy. These include: (1) the greater of X and (7/8X 4 l / 2 Y )  and (2)  the
greater  of (7/8X + 7/ 32Y ) and (3/4X + 1!2Y). if the processor were con-
structed from standard digital ICs , the n the added comp lexity of the more
accu rate magnitude detector algorithms most likely cannot be justified. LI a
custom LSI chip is developed , then grea ter  accuracy probabl y would cost no
more and might as weLl be incorporated. The basic principle of the magni-
tud e detector approximations is to phase rotate a signal vecto r un til it is
close to 0 degrees , then tak e the real component of the rotated vecto r .
Generally a slight scale facto r change is involved. For examp le , it can be
shown that the operation 3/4X 1/2? is equivalent to 0.9 (X cos 33 .7~
Y sin 33. 7

0
) which is 0. 9 times the real component of a vecto r X — jY rotated

through -33. 7 degrees.
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Post detection integration (PDI) is s imply the summation of the 
V

magni tudes of data from the same range bin of the same doppler f i l ter , and
all appropriate range bins o~f every processed dopp ler fi l ter  a re  individually
accumulated. This integration fur ther  enhances the si gnal- to-noise ratio of
target returns , although post detection or incoherent integration is not as
efficient as the coherent integration perfo rmed in the doppler filterin g
process.  One further consideration modifies the above somewhat. Durin g
the relatively long beam pointing time of 750 ms , targ ets with the higher
closing or opening velocities may move through several range bins. Con-
tinued PDI of a r ange bin after  a target has left does not enhance the signal -
to nois e ratio, but actually de gr ades it~ This s ituation can be remedied by
periodically “ slipping ” or shifin g the PDI cells in range according to the
range rate of the targets.

Thus if a. target ’ s range rate causes the return to move through two
range bins during a. 750 ms beam dwell period , then halfway through the
integration period , a given PDL cell which accumulates the magnitude data
from range bin N , will shift to range bin N-i  (or  N+l , depending on the
positive or negative sense of the range rate) and will continue until the end —

of the integration period. Since all possible target range rates must be
accommodated by the PDI range bin shifting scheme , it might see m tha t the
PDI circuit complexity must be increased many fold. However , a given
doppler filter output corresponds to a distinct target  range rate , and so the
ran ge bin shift function is deterministic. Since the 540 Hz PRF has an
unambi guous velocity coverage of only 270 meters per second , multiple PDL
accumulators must  handle the possible ambiguous velocities. For examp le ,
doppler filter 16 (o f 3 2 )  normally corresponds to a range rate of 135 meters
per second, but target range rates of -405 m/s, -135 m/s, and +405 rn/s
will also fold into this same dopp ler filter , and each of these range rates
requires a di f ferent  range bin shift sequence.

Table 3 shows the methods that four  distinct P01 phases ’ use to handle
all target  range rates from -447 rn/ s  to — 624 r n/ s .  Because of the non-
symmetrical positive and negative range rate coverage , there is a break

in the se quenc e in POt A , 3, C , and D between doppler f i l ters  10 and 11.
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TABLE 3. PDI RANGE RATES AND RANGE BIN SHIFT PERIODS

PDI A P01 5 PDL C PDI D

Filte r Number R , M/S Shift R , M/ S Shift R , M/S Shift R , M/ S Shift
- _________________

0 -270 -7~ 5 0 - 270 7. 5  540 3 . 8
1 -262 -7. 7 8 - 278 7. 3 548 3. 7

— 2 -253 -8. 0 17 - 287 7. 1 557 3.6
3 -244 -8. 3 25 - 295 6. 9 565 3. 6
4 -236 -8.6 33 - 3’03 6 . 7  573 3. 5
5 -227 -8.9 42 - 312 6 . 5  382 3. 5
6 -219 -9. 2 30 - 320 6.. 3 590 3. 4
7 -210 -9.6 59 - 329 6 . 2  599 3. 4
8 -202 -10. 0 67 - 337 6 .0  607 3 .3
9 -194 -10.4 75 - 345 5 .9  615 3. 3

10 -185 -10.9 84 - 354 5 .7  624 3.2

11 -447 -4. 5 -177 - 11.4 92 22 362 5 . 6
12 -438 -4. 6 -168 -12 101 20 371 5 .5
13 -430 -4. 7 -160 -13 109 19 379 5. 3
14 -421 -4.8 -151 -13 118 17 388 5 . 2
15 -413 -4. 9 -143 -14 126 16 396 5. 1
16 -405 —5. 0 —135  -15 135 15 405 5. 0
17 -396 -5. 1 - 126 -16 143 14 413 1.9
18 -388 -5. 2 -118 -17 151 13 421 4 .8
19 -379 -5. 3 -109 -19 160 13 430 4 .7  V

20 -371 -5. 3 -101 -20 168 12 438 4 .6
21 -362 - 3 . 6  -92 -22 177 11.4 447 4. 5
22 -354 -5 .7  -84 - 185 10. 9 455 4 .4
23 -345 -5 .9  -75 - 194 10 .4  464 4. 4
24 -337 -6. 0 -67 - 202 10, 0 472 4. 3
25 -329 -6. 2 -59 - 210 9 . 6  480 4 .2
26 -320 -6. 3 -50 - 2 19 9 . 2  489 4 . 1
27 -312 -6. 5 -42 - 227 8 .9  497 4. 1
28 -303 -6. 7 -33 - 236 8 .6  506 4 . 0
29 -295 -6. 9 -25 - 244 8. 3 514 3 . 9
30 -286 -7. 1 -16 - 2 53 8.0 323 3 .9
31 -278 -7 , 3 -8 - 261 7 . 7 531 3.8

Since each POt accumulato r receives an input every 16 pulses (o r  every
29. 63 ins),  this unit of time is us ed as the basic interval in determining the
shift  sequences.  For 60 meter range bins , the n umber of basic intervals
between range bin shifts is 60 x 540 16 2023 divided by the range rate in
m e ters  per second. The shift periods are l isted in Table 3 in ~nits ~f the
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29. 63 ins PDL update intervals . These intervals are given to the neares t
tenth; for  examp le , a shift period of 5. 2 would be implemented as a shift af ter
5 (5. 2 rounded), 10 (10 . 4 rounded) , 1 6 ( 1 5 . 6 rounded), and 21 (20. 8 rounded)

PD! inputs. There are 25 PDI input intervals in a beam dwell time , but the

f i r s t  PDI input does not occur until the fourth  interval because 64 pulses are

required to form a doppler filte r .
Since there  are 4000 active range bins , 30 dopp ler f ilters p rocessed ,

and four PDI phases , there are 480 , 000 dis t inct P01 ce lls that under go

separate accumulation. This might be considered to represen t  a substantial
hardware requirement , but 16K RAM. (random access memory) chips should
be quite common in th e NFMRAD t~zne period , and even if 16 bits are carried
in the P01, the stor age requirement for  the PDI function would be accom-
plished with 480 ICs , or only a few circuit boards of cornp r~n*~nts .

The slidin g window , log converte r s , log threshold ratio s , and co mpar-
ator comprise the constant false alarm rate (CFA~R) hit-mis s threshold
function.

For thermal noise , the magnitude detecto r output will have a Raylei gh
probability density dist ribution~ The-22: 1 PDI (19.9: 1  effective) converts this~~
distribution to approximately a non-zero mean, Gaussian form (a Ray leigh
dist ribution convolved with itseLf abou t 20 t imes).  To achieve a false alarm
probabili ty of approximately 5 x l0~~~, a threshold level must be established
a t about 6 .4c - ( s t an da rd  deviations) higher than the mean. (LI the distribution
were fully Gaussian, then only 5. 7c- would be required. A Rayleigh distribu-

t ion would need a thr eshold 7 . Sc- above the mean. ) For a R a y lei gh distribu-
tion, the rati o of the standard deviation to the mean , c-/rn , is or 0. 523.
The effective 19.9:1 P01 reduces thi s rat i o b y ‘YT~~~, or to 0. 117 . Thu s a
threshold set 6. 4c- above the mean is 6 .4  x 0. 117 0 . 7 5  means above the

mean; i. e . ,  the threshold-to-mean ratio is 1. 73 . Therefore , i.E a threshold
value which is 1. 75 times the noise mean level of the POt outpu t is estab-
lished , then a false alarm probabil i ty of 5 x l0~~ should result  re gardless  of
various gain changes and other sys tem vicissitudes.
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The mean of a distribution ntus t , o f course , be estimated by one

measu rement method or another. The method proposed for  the NFMRAD

signal p rocessor  is to average 16 range bins to estimate the mean value. A
detail of the sliding window implementation is shown in Figure ~t 1. As a
datum enters the 16 long shift register , it gets accum ulated into the contents
of the storage reg ister where it remains until it is subtracted as it leaves
the shift register.  Thus the accumulation r egis ter  maintains a running sum

of the 16 range bins currently in the shift regis ter .  Subsequent division by

16 is a simple bit shift. To enable a range bin to be tested against a thresh-
old derived f rom the mean level of its immediate neighbors , the signal is
taken from the center tap of the shift register. Range bins from the same

PDI phase of the same doppler filter are  run throug h the sliding window

accumulator, of course.

Two considerations modify the 1. 75 threshold ratio. One is that the

mean is , in fact , an estimate and is “noisy ’ . Since 16 range bins are

ave raged to estimate :‘~e mean , the c-/rn ratio of the mean estimate is only
one-fourth that of the si gnal data. The noisiness does become ampli f ied by

the threshold multiplication ratio (i . e. , 1. 75) and effectively is added to the

signal at the comparator. If the threshold ratio based on a perfect  mean

SI GNAL
~ TO LOG

OATA FROM CONV ERTER
P01 

~ 
{ I I J—’’~iiii I

SHIFT REGISTER SHIFT REGISTER

STORAGE
REGISTER

+

~ AV ERAGE
TO LOG
CONVERTER

~ ..:e 2~ . Sliding window accumulato r detail.
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level es timate is designa ted 1 + U , then the ratio C based on an average of
N range bins is given by

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

l - U 2 /N

It can be seen that , if N = ~~~~, C = 1 ÷ U. For U = 0. 75 and N = 16, C
from the above formula is 1. 82.

The other threshold modif y ing consideration is that the si gnal itself is
inc luded in the mean estima te . For a signal r ight  at the threshold level

S = R x ( 15N÷ S)/ 16

where

S = si gnal level to cross threshold
R = corrected threshold ratio (to be determined )
N = noise mean level

Solving for  R yie lds

— 
16S 

— 
16R - I S N + S  - 1 5N / S+ l

Since from the previous discussion N/S = 1/1.82 , R = 1 6 / ( 1 5/ 1. 82 + 1)  = 1.73.
In a straightforward mechanization of a threshold , a ta rg et hit would be

generated if S > 1. 73 i~~ , where S is the signal cell being tested and x~ is the

mean level estimate from the sliding window accumulator.  Since the log is a

well behaved monotonic function , if S>  1. 73 i~i , then log 5> log 1. 73 ~
- log

x~i. Generally it is easie r to implement a base 2 log conve rter  function than
a digital multiplier; ther efo re , the logarithmic version of the threshold is
assumed for NFMRAD .

To preclude sidelobe clutter discretes at the closer ranges from cross-
in g the threshold and causing false alarms , the threshold is increased with
de creasing range . The detection sensitivity of real targets  remains hi gh due

to the invers e range to the fourth power r elationship of si gnal strength. The
threshold increase is similar to an STC (sensitivity time control)  function .
The exact profile would have to be - det ermined from the actual parameters  of
a particular application , including clutter levels.
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A f t e r  h i t s  a re  es tab l i shed  f rom the 4000-odd range bins oi one POt phase
V of a given dopp ler filter , simila r data from another PDI 2hase are run through ,

etc. , until the comp lete array from an antenna dwell time is covered. A hit

colla pse fun c t ion  is used to s tore  hit s in the p rope r  range bin des ign a t ion  as

• t hey  come throu gh and thus colla pse or log icall y “OR ” al l the hi ts  for  the
same ran ge f rom the var ious  PDL phases of the dopp ler f i l t e r s . (This  would
be modif ied if ve loc i ty  in fo rma t ion  were  dis p la yed d u r i n g search.  ) V

The scan c o n v e r t e r  conver t s  the h i t s  f rom the th resho ld  to the signal
f o r m s  sui table  fo r  the d i sp lay med iu m. It is a s sumed  that the pola r coordi-
nate ra nge azimuth sy s t em must  be conver t ed  to x y coo rd ina t e s , as r equ ired
b y the d i sp lay CRT , and that the co ntents  of the scan c o n v e r t e r  m e m o r y  a re
re peatedly and ra pidl y read out to the CRT to p rov ide  a f l i c k e r - f r e e  d i sp lay.
The scan converter p robabl y will i nclud e a controllable t a rge t  aging  funct io n
in which  a tar get hit is d i sp layed br i ghtl y when  f i r s t  gene ra t ed , and the n th is
hit is gradual l y dimmed with  the passage of t ime. Thus hel pful tar get ‘t r a i l s ”
are generated on the disp lay.

It is assumed that a tracking mode will be entered into by positioning a

cu r s o r  about a des i r ed  target  and in i t i a l i z i ng  an a c q u i s i t i o n  sequenc e b y
pushing a track button , etc. Such command s are sent through acquisition

lo gic in the post p r o c e s s o r  so that  the p r o c e s s o r  can “ see ” w h i c h  tar get is
d e s i r e d  to be t racked.  The acqu i s i t i on  log ic examines  the h i t - m i s s  data at
the commanded rang e , fu r the r  compares  all PDI phases  and dop p ler  f i l t e r s
that mi ght have hi ts  w i th in  the ran ge window , and d e t e r m i n e s  the s t r on gest
si gnal. Thus the ta rge t ’ s ran ge ra te  can be used to i n i t i a l i z e  the t r a c k i n g
loops.

Master T~mirig and Mode Control
In a typ ical radar system development program , the timing and control

func t i on  is the last to be des i gned because  the mas te r  t iming  and mode con -
trol function supp lies the various clocks , timing signals , and other control

synchronizing si gnals to the other functional areas. These signals cannot be

spec~iied unt il the design of the receiving circu~tmy ~as been establ ished. :~
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broad terms , the signals generated b y the master timing and control func tion
include

1. Transmit pulse trigger
2. A/D range bin sampling strobe
3. Beam move command 

• 
-

4. Doppler filter fo rmation timing strobe
5. PD! synchronizing strobe
6. Display synchronizing strobe

7. Interface data synchroni zing signals
8. Master clock signals to entire system.
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5.0 ELECTRONIC CO UNTER-COUNTERMEASURE S

The parallel receiving s t ructure  of the NFMRAD lends its elf readily to
incorporation of ECCM by the adaptive antenn a nullin g method. A typical
scenario may be several j arnmers with unknown locations and powers inter-
fering with the NFM.RAD, and the objective of the ECCM is maximization of
the si gnal- to-interference ratio (SIR ) while still maintaining acceptable MTI
performance. This section contain s a description of a computer simulation
of a proposed algorithm that computes a. new weighting function and applies it
to the receiving array during each PRI. The continual changing of the
receiver antenna pattern compensates rapidly for changes in the j arnmer
envi ronment. The proposed implementation works as follows. After the j th
pulse is transmitted , the received signal from each element of the array is
sampled by the A/D converters connected to the I/Q detectors .  The samples
can be rep res ented by a complex colunin vector, 

~~~

., written as

) r l

y2

1j ‘
~k (13)

.
y 3 ~

where
(14)

and I~ , Q~ are the sampled outputs of the kth I/Q detector.
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If j amxner nulling were  not incorporated , then the receiver output for the
pth beam would be obtained by weighting the r eceived samples using a weight
vector , w . ,  w r itten as-J

— p _
W

1
ap

w 2

w. = w 
p 

(15)k

p
w 32

where Iw k~~I are complex scalars that weight the sampled outputs of the
elements to maximize the signal-to-clutter ratio for the pth beam and a

particular doppler filter output according to the basic NFMRA.D concept. The
receiver output, z, is given by the weighted sum of contributions from each

element of the array or

z = ;
t
1~ (16)

whe r e denotes the matrix transpose of 
~~~~~

.

For implementation of the adaptive algorithm for  j ammer nuiling, V

samples should be obtained that have a large jammer-to-signal ratio (JSR)

so that degradation of mainlobe gain is minimized. For a CW jamrner, JSR
is maximized by sampling either irrimediately before or after a transmitted

pulse (as seen by the clutter profile curves) or during the time when radar
return is suppressed by the f i r s t  elevation sidelobe of the antenna. For
pulsed j amming, the choice of samp ling time is limited since the j ammer
must be sensed and sampled during the short time intervals when jamming

is present. This matter is not critical since JSR will always be large ii the
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jamrner is to be effective. Sidelobe blanking can also be used Lor pulsed

jammers and will work in conjunction with the technique discussed here.
In the presence of jamming, w. is not used but instead , the SIP.. is

maximized by using a n ew weigh ting vect o r , ~~~~~, that is computed after  the
jth transmit pulse according to the equation

v. ~~c A . 1 w. ( 17)_J j  -J
I is the inverse of the covariance matrix of the interference , ~~~~., and

.J 3
c is a complex scalar. is defined in terms of the column vecto r of the
inte rference by the relation

A~ =
~~~~~~~~~~~ (18)

where 1.~ is the complex conj ugate transpose vecto r of~~~; Equation (1 8) can
be written out in expanded fo rm as

* *
~~1 ‘ ‘

~~~ ~k ‘ ‘~~~ y 32

y2

A j

y32

— 

* *-y 1y 1 ~ 1~~2 ~~~~~~ ~ 1~ k ...
* ,

~~
- *y 2y 1 y 2y 2 • . .  ....

V : : ( 19 )

~‘k~l ~~ 
‘
~k~ k ~k~’32

y32y 1 y32y2” ~32Y~
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where is the complex conjugate of y~ : From Equation (19)  it is seen that

the element in the p th row and qth column of A . ,  y y , is equal to the corn-p q  
*plex conj ugate of the element in the qth row and pth column , Y qY p This

property can be writ ten concisely as

A. = A. (20)
3 3 V

where A is the complex conjugate transpose of A; matrices with this property
are called Herrnitian.

The inverse of a Hermitian matrix can be easily shown to be also
Herrnitian or

= A. 1 (2 1)

so that the computation of A. is greatly simplified since N . ( N + l ) / 2  = 328
2rather than N = 1024 complex numbers must be computed and stored. The

ins tantaneous value of Equation (18)  is not suitable for  use in the algorithm
since it fluc tuat es too rapidly becaus e of the rapidly varyin g natur e of the
inter ference .  For this reason an estimate of the covar iance matrix is
utilized that weights the previous matrix and the present  data according to
the equation

+ ( 1  _~ ) .xj 1j* (2 2 )

where A
j V . l  is the estimate of the covariance matrix after  the j - l t h  sample.

~ is a real sca lar between 0 and 1 that provides a relative weighting between
pr esent and past data and , t he re fo re , controls the time constant of the
algorithm. The ~dgor ithm used to com~ ute A~~~ eff iciently is based on the
matrix identity

(p÷ y v ’
~)~~ = P~~ - 

~~~~~~~~~~~~~~ 
l)

_ l
y* ~~

.l 
(23)

wher e P is an aribtrary matrix and y is an arbit rary complex column vector.
The factor  (y P~~ y ÷ 1) is a scalar which is readily inve rted , so that
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Equation (23) involves only matrix multiplications and no matrix inversions.

By utilization :an be w r itten as 

- l  -A
3 

-~~~A3 1  aZ [ ~ ~ 
A~~ 1 ~~ 

÷ i] (A 3 1  ~~~~~) ~A 5 1 Y3 )
( 24)

Equation (24)  can be computed rapidly since it re quires no matrix inversions
and only six matrix multiplications and several additions. As stated pre-
viously fur ther  reduction in time results because 528 rather than 1024
complex numbers need to be computed because A 1 is Hermi tian.

In the preceding paragraphs an algorithm was described that should
greatly enhance the performance of NFMRAD in a hostile jamming environ-
ment. Before the value of the algorithm can be jud ged however , the potential
anti-jam performanc e that may be achieved , the de gradation that may be
imposed on the basic NFMRAD fun ctions , and the complexi ty of implementa-
tion of thi s algorithm must be evaluated. The performance parameters of
interest  are effects on the antenna pattern such as main beam gain loss ,
degradation of doppler filter nulls, jammer nulling depths, and general side-
lobe behavior. The parameters of interest in the implementation are layout,

timing, number of multiplications and additions required arid number of
sto rage regis ters  needed. The functional implementation of the al go rithm,
eva luation of its performance , and conclusions and recommendations fo r
further study are given in the remainder of this section.

FTJNC TIONAL IMPLEMENTATION
This section is a description of a proposed functional implementation of

the ECCM al gori thm , and its storage , com putation , and timing requirements
are presented . The chosen implementation is designed to reduc e the o’:erall
computation time used by the algorithm by minimizing the number of arith-
metic operations. The sequence of computations performed in the algo rithm
are illustrated in Figure 22 . After  the ECCM is turned on the inverse
covariance matrix is set equal to the identity matrix, I, (l’ s along diagonal

and C’ s elsew here ) ,

= I. ( 2 5~
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SET INITIAL
RE CEIVE WEIGHT S AND
SET INITIAL SAMPL E PARALLE L
INV ERSE COVARtA NCE /CHANNELS SIMULTAN EOUSLY SET NEW RECEIVE
MATRIX1 / FOR ECCM /WEIGHTS AN D SET NEW

INV ERSE CO VA R lANCE

J

P

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

IPROFIL
E SAM PLED

TRANSMIT TIME —
~~ TRANSMITPULS E UPDATE INVERSE PULS E1 COVARIANC E M A r R IX A  2V 1  

AND COMPUTE
NEW WEIGHTS

Figur e 22 . Timing diagram of NFMRAD incorporating ECCM algorithm.

The NFMRA.D is then scanned to the f i rs t  receive beam position . The non-
ECCM weight vector , w 1, corresponding to that beam position and a given
doppler filter output are available from storage as the initial - on-ECCM
weight vector.

A pulse is transmitted , and the received signals are sampled simul-
taneously by the A ID c onverte r s bez or e the r ada r pu lse returns as shown
in Fi gure 22. The computations required for one i terat ion of the algorithm
that are shown in detail in the flowgraph in Figure 23 are then perfo rmed;
a new inve rse covariance matrix and a new weight  vecto r related by Equation
( 17) resul t. This sequence of events is repeated after  each transm±t pulse ,
and , as will be describ ed , th e weight vector converges rapidly to a vecto r
tha t maximizes the SIR by minimizing the jamming si gnals. The inverse
covariance matrix also converges to a matrix that is a function of the
j amming environment alone and not the r eceive beam position or dopp ler
filter output. At the end of the f i rs t  dwell time , the NFMRAD is scanned to
the next receive beam position , and the same sequence of events is repeated. V

The convergence w ill now be more rapid than previous ly bec ause the sta r t in g  —

inverse covariance will be taken as the last computed inverse  covariazice
mat rix for  the f irs t  beam position which has already converged;  it is
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ass umed that the j amming environment does not change drastically. For
complicated j ammer scenarios , convergence may require  nearly the total
dwell time; however , since Hugh es is updating the same inver se covariance
matrix for all beam positions , at wors t  a single look w ould be missed in a
single direction after ECCM is turned on.

The number of arithmetic operations such as m~~tiplication of two
complex numbers and multip lication of a r eal number by a comp lex number
that are performed during each step of the Algorithm are given in Table 4.
Assuming that one real multiplied by complex operation is equivalent to 1/2
complex multiplication , a total of 3232 comp lex or 12928 real multiplica-
tions are perfo rmed during one iteration of the al gorithm. The additional
time required to perform other operations such as comp lex additions and

square roots is negligible and can thu s be saf ely ignored. The time avail - V

able for one iteration is the time between transmit pulses which is 1. 85 ms
for a 540 Hz PRF so that a complex multiplier with a complex multiplication
rate better than 2 IvIHz is required. This hardware is easily available from
present technology.

The stora ge regis ters  used by each step of the algorithm are listed in
Table 4. The total is only 1260 excluding the program instructions because
the same re gis ters are reused during each iteration of the algorithm ; also
only 1056 rather than 2048 regis ters  are needed for storing the inverse
covariance matrix sinc e it is Hermi fdan .
EVAL UATION OF PERFORMANCE OF ECCM

The scenario modeled by the computer simulation is a single ground -
based ja inmer interfering with the NFMRA.D which incorporates  the ECCM
algorithm as shown in Figure 24-. The model was kept as s imple as possible
during this phase of the study for clarity. It is recommended that a more
extensive evaluation of ECCM performance against a h ierarchy of j ammer
sce narios be perfo rmed in a future s tudy. For the simulation considered
her e , the initial range and angle of the ja rnnier and the j ammer- to- thermal
noise ratio were  specified as input parameters ;  the simulation includes the
change of j ammer angle with time that results from the relative motion
of the a i rcraf t  with respect to the jam mer.  The receive beam posi :ion was
chosen as 6=0 degrees or broadside to the fli ght vector. The weight vector for
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TABLE 4. NUMBER OF OPERA T IONS AND NUMBER OF STORAGE
REG~~TERS US ED BY ECCM ALGORITHM

Numbe r of
Typ e of Ope ration Dist inct

Storage
I RXR Regis te rs

Sequence of Computations CXC 
J

C+C RXC R+R Used

1. Compute and store 4 4

a , 1/a , ( 1 - a) / a  (1

2. Normalize y~, y . = ~~~~~~~ y
5 

32 32 - 64+ 1

3. A~~~11~ 1024 1024 64

~~ - -14. 1~ 32 32 1

5. ~~~~~ =
;(

~~~~
a) 

-l 

3 1

(1 r _y .  A .  y .)a — J J~~~—J

6. 
~~~ ~~ ~ j-l ~~ 528

7. COV (A~~~ ~~ (A~
1 
ij~ 

528 2

8. /a 528 2

— 1
-l  A 19. A. = 528 - 1056

+ COV . (A. 1 ij~ ~‘j~i ~~ V

10. 
~~ 

1024 1024 64

11. Normalize v., v. = v . / I v~ v. 32 32 1—
~ —J —3/  v’ ~ J

TotaLs 2672 2608 1120 7 j 1260

C = Complex Number R = Real Number
85

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



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

FLIGHT
PA TH JAt .IMER

.J

NFMRA O
ANTENNA

JAMM ER
K~~3 ~

j  ANGLE

- 2  
_ _

ELEMENT -

SPACING d 
K 1 

_________________________________________— 

i~~~~~~H LENGTH DIFFERENCE
d sin (0

~Figure 24. Geometry of NFMRAD and interfer ing
arnmer.

the non -ECCM case was constructed by placing nulls over sidelobe clutter
an gular regions corresponding to a typical dopple r f i l ter , and a co mputer
program developed on another Hughes task was used for this purpose .
Although these weights will not produc e optimum target - to-c lut ter  ratios ,
the departure f rom the optimum will be negligible . The wavelength was
chosen to be 1 meter and the platform velocity 270 r n / s  which resul t  in a
ran ge of sidelob e clutter doppler frequencies from -540 to 540 Hz . The PRF
chosen to be 540 Hz for a maximum unambiguous range coverage of 150 n. ir-i
resu lted in a 2 :1 velocity ambiguity and both positive and negative sidelobe
clutter angular regions. The doppler filter chosen for the simulation co~;ers
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from 270. 0 to 286. 95 Hz which corresponds to two angular clutter regions,
-30 to -28 degrees and 30 to 32. 1 degrees .

The interference is the sum of j am.mer signal and thermal noise , and
its jth sample is given by the complex vector , x•~ 

where

( 26)
3 3 3

n. is a complex thermal noise vecto r given by

(27)

where is a complex number equal to the samp led thermal noise at the kth
element. It is assumed that the are samples from stationary random
processes with independent identical Gaus sian probability distributions.
is a complex j amxner vector written as

J i

(28)

J32

where  S, is a complex number equal to the sampled j ammer signal at the kth

element. Jarnmer signals received by diff e r en t elem ents will have diff eren t

time delay s due to different path length s as shown in Figure 24 . Each
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therefore , is sampled from the same j ammer si gnal , 3( t ) ,  but with a different
relative time delay. 3k is thus given by

= J(t . - T
k ) (2 9)

where t~ is the sampling time and is the relative time delay of the kth
element which is written as

(32 - k) d sin (8 3)/ c (30)

where 8~ is the angle of the j ammer from broadside and d is the interelement
spacing as shown in Fi gure 24 and c is the speed of li ght.

Th e j ammer signal is assumed to be nar row band so that it can be
expressed as the product of a slowly varying envelope and a carrier  or

J 0 (t) exp (j2 ~r f 0 t )  
- 

(31)
3 ( t)  =

er welope ca r r i e r

where f 0 is the carrier  frequency. Equation (2 9)  can then be written as

3k = 30 (t 
~~~ 

exp (j2i~f~~(t
5 

- (32 - k) sin

J 0 (t. - 

~~~ 
exp(jZTrf 0 (t. - 32~ sin 8~~)) (32)

exp(j kk 0 tJ 0 )

where k 0 is the wavenumber and tJ 0 is given by

= d sin (e s ) (33)

so tha t

k 0 tJ 0 = Z~r d sin (34)

w h e r eX  is the wavelength. Substitution of Equation (3 2 )  into (28)  yie Lds
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J 0( t .  - 

~~ 
exp (jk 0 U 6 

—

Jo ( t ~ - T
2

) exp (j2k 0 1J0 )

= exp (j 4 ~0 ) (35)

~~ 
(t~ - ~~) exp (j~kk0 U 0 )

J0 ( t  - T32 ) e~cp (j 32 1(~ U 0 )

where

= Zirf 0 (t.  - 32~- sin 8 3 ) (36)

Since J0(t) is slowly varying , the relative delays can be neglected , and thus
it may be assumed that = T

1 
j~ (23) .  The terms can then be factored 

-—

ou t yielding

exp(jk 0 tJ G )

exp(jZk 0 tJ 0 )

j  = exp(j~~Q )J 0 (t . -T 1) exp(j kk 0 U 0 ) (37)

exp (j 32 k0 U 0 )

Each term in the column vecto r of (2 3) ,  exp(j kk 0 U 0 ) ,  i s the well -known

complex phase facto r of a linear antenna array.  
~~~~~ 

( t .  - 
~
-
~~~ ) 

is assumed to
be sampled from a stationa ry random process with real and imaginary parts
that are Gaussian and essentially uncorrelated over a sampling interval.
The random numbers used to simulate samples of the j ammer and the ther-
mal noise are computed using random number generators , whi ch ar e
available in the DEC 10 computer library which was used for  the s imulation.
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Several parameters were  computed during the simulation to evaluate
the system perfo rmance .

One parar~ eter of interest  is the antenna gain versus angle obtained at
the jth iteration of the algorithm. G

5
( e ) , which is defined as

G~(e) = ~~~ ( 8) ~ 
2 (38)

where

exp (jk 0U)

exp (jZk 0U)

(39)

exp (j k.k 0U)

exp (j32k 0U)

and
U = d s i n 8 (40)

Plots of C~($) fo r increasing j will show the gradual pattern imp rovement

resulting from repeated use of the ECCM algorithm. A related parameter

is the integrated power over the angular regions corresponding to the dopp ler
filter frequency band which is defined by

1
5

(8
1 

e z ) = f
8Z G d e  (41 )

where  and 8, are the lower and upper limits of an appropriate angular
region. The change of Lj with increasing j will quantitatively estimate the

NFMRAD degradation resultin g from repeated use of the al gorithm. Another
important parameter is the j ammer-to -noise ratio at the j th  i terat ion , which

is given as

(JNR)
5 = (JNR) 0 G . ( e . ) / G

0 
( 8 . )  (42)
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(JNR)~ estimates how rapidly the jammer is nulled by repeated use of the
algorithm.

The simulation was run for  cases whose parameters  are consistent with
those used in the rest  of the study. These parameters  for  the case whose
numerical results will be discussed here are given in T able 5. The j ammer
was xiulled deeply and rapidly as shown in Figure  25 which is a plot of
jam mer-co-noise ratio versus time for 24 iterations of the ECCM al gorithm.
JNR dropped rap idly from 75 to 45 dB. during the f i r s t  5 iterations and then
dec reased at a slower rate to 0 dB during the next 19 iterations. This
behavior is expected because the initial inverse  covariance matrix , A 1 

~~~
, was

equal to the identi ty matrtx which deviates considerably from A24 . As
described in Section 5 more rapid convergenc e will be achieved for  successive
receive beam positions and doppler filter output s assuming that the j a.znmer
environment does not change drasticall y since we will be updating the same
inverse covariance matrix that has already conve rged. Assuming that ten
ite r ations of the algorithm are sufficient for  convergence during the second
and succeeding beam positions and a typical dwell time of 0. 75 s , only
2. 5 percent of the dwell time will be needed for the algorithm to converge .

TAB LE 5. PARAMETERS CHOSEN FOR SIMULATION

Parameter Valu e Assumed

Jammer-to -Thermal  Noise Ratio 75 . 0 dB
Jamrner Range at t = 0 20 n. mi .

Jaxnzner Angle at t = 0 20 degrees
PRF 540 Hz
Airplane - Speed (KC -l33)  270 rn / s

~ (Weight Par ameter)  0. 9
Receiv e Beam Direction 0 degrees
Doppler Filter Frequency Band 270 to 256 . 955 Hz
Element Spacing 0. 3 waveLength
Car rie r  Frequency 300 MHz
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Figure 25. Jainmer-to-noise ratio versus time.

The znainlobe gain loss after 24 iterations is only 0. 016 dB and the
general sidelobe structure is good as shown by plots of antenna gain versus
angle before and after 24 iterations of the algorithm in Figure 26 . Unfo r-
tunately, the NFMRAD performanc e is degraded as evidenced by filling in of
the two null regions. The integrated powers for  these two reg ions were
computed according to Equation (41) and are  listed in Table 6. In the
process of nulling a j ammer , degradation of low sidelobe s in the vicinity of
the jammer will generally occur. The degradation generally diminis h es as
the separation of the j ammer and sidelobe region increases.  The effect of
j ammer position is illustrated by the greater null filling of the positive
angular region as compared to the negative angular region as shown in
Table 6.

For extremely large j amnier-to-therrnal noise ratios numerical  prob-
lems occur in implementation of the algorithm proposed herein.  These
problems resul t  f rom the fact that for  hi gh power j ammers , the matrix

~~~~

. y . ,  which is singular , fo rces  A . to be ill-conditioned. Becaus e of the
non-linear effects of A / D  conversion and saturation , however , it is not
anticipated that ill-conditi oning will r eally be a problem; nevertheless ,
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Figure 26. NFMRAD antenna patt ern versus angle.

TAB LE 6. INTEGRATED POWER OVER ANGULAR REGIONS
CORR.ESPOND~NG TO DOPPLER FILTER

FREQUENCY BAND

After 24 Total
Before ECCM Iterations ECCM Change

Angular Region j = 1 3 = 24

I . ( -3l  degrees , -27 -51. 200 -47.277 + 3.923
degrees)  dB

I~(Z9 degrees , 33 degrees) dB -51. 573 -40.085 +11.488

potential computational problems should be investigated fu r the r  in the
follow-on study.
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CONCLUSIONS AND RECOMMENDATIONS
The results of the simulation show that the ECCM algorithm is effective

in rapidly nullirig a strong jammer while maintaining acceptable NFMRAD
performance. Convergence of the algorithm was achieved within 24 iterations
for a case involving the first  receive beam position and a given doppler filter
output. It should be better than 10 iterations or only 2. 5 percent1 of the dwell
time , f or s uccessive r eceive beam position s and doppler filter outputs because
the same inverse covariance matrix which has already conve r-ged to the
jamr ner environment will be continually updated to compute the new -

weighting vectors. After 24 iterations , the loss of rnainlobe peak gain was
only . 016 dB , and the sidelobe structure was good. The NFMRA.D perform-
ance was degraded slightly. As a result of the ECCM algorithm, the degra-
dation was greater for  angular regions correspondin g to dopp ler f i l ter
frequency bands that were nearer the jammer angle.

Implementation of the ECCM algorithm requires digital hardware that

can do a complex multiplication at a rate better than 2 MHz which is easily
achievable with present technology. The storage required is only 1260

registers excluding the program instructions for the algorithm.

it is recommended that the simulation will be extended to characterize
more realistic NFMRAD situations. Multiple ja mmers with pulsed modula-
tion should be included as a possible jamnmer model. The effect on con-
vergence of the proximity of the jaxnmer angle to the angular regions

corresponding to the frequency band of the doppler filter should be more
thoroughly investigated. Different receive beam positions should be con-
sidered to evaluate their effect on the convergenc e rate and NFMRAD
performance. The numerical problems experienced with large ja mmer to
thermal noise ratios could also be investigated. The effect of computational

errors due to truncation and roundoff should be studied by controlling the
wo rd si z es used in the simulations. The effect of saturation on the
algorithm was not included during the present  phase but should be included
in the follow on study model.
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6.0 AN ALTERNATIVE NFMRAD APPROACH

From the results  in the previou s sections , it was concluded that because
of requirement s for  la rge  dynamic range , the 2 . 3 MHz A / D  sampling rate
and the large amoun t of real-time computation required for  dopp ler  fi l tering
and nulling of sidelobe c lu t ter , the cost  of the complex multipliers required
for NFMRAD is very high. Moreove r, it wa s f ound that for detec tion o f
targets  with one square meter  or g rea te r  radar c ross -sec t ion  against  the
mean level clu tte r level used f o r this s tudy, adequ ate clutter supp res sion
could be ach ieved simply by utili zing an antenna with -30 dB , peak, one way
sidelobes. Therefore , un less it is necessary  to de tec t  ta rge ts  with ver y Low
radar cross-sections, e. -g. missiles for  which o = 0. 1 square meters  or the
clut ter  levels are substantially higher than those used in thi s s tud y, then it
may be more cost  effective to design a low sidelobe antenna that will provide
adequate sidelobe suppression without the null f i l ters .

In thi s section a - -item approach is briefl y described that emp loys low
antenna sidelobe~ c~elobe clutter  suppression and the NFMR.A D concept
for detec tion o~ maizilobe clutter. ECCM is provided by adaptive
multiplie rs fo r  . ~Letn ent  of the array.  This approach will substantiall y
reduce the cost  of NFMRA D by reducin g the high-precis ion complex multi-
plica tion rate and will provide the additional capabili ty of slow moving t a rge t
indication . The description of the approach presented here will be brief;

howeve r, the feasibility of adding slowly moving target indication to NFMRA D
will be studied during the next phase of this program.
GENERA L DESCRIPTION

A block diagram of an al ternat ive NFMRAD approach is presented in
Figure 27 . The t ransmit-receive part of the system is ident ical  to that
consid e red previousl y; howeve r , the digital processor  is simpli f ied c onsider-
ably by perfo rmin g adaptive weighting on all channels for jammer suppress io n
and then combining the 32 channels into three channels for  detection and
trackin g of slow moving t a rge t s .  The NFMRA D concept  c ould be implemented
for  detection of t a rge t s  within mainlobe c lu t t e r  by uti l izing onl y two channe l s ;
howeve r , if it become s n ecessa ry  to track a t a rge t  whil e nullin g c lu t t e r ,
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Figure 27. Three-channel MTI radar  wi th adaptive ja mme r nulling.

then at least  three channels a re  required. The three channel approach
presented here reduces the number of complex multipl ications per channel
from 32 to 1 . 7  per A / D  output which is a reduction by a fac to r of 19. The
1. 7 multiplications per channel is obtained by ass uming that  50 percent of
the channel s requ ire two multiplie r s because of ove r lapp in g of suba rr ays
and that five multi plica tion s per A / D  output  a re  required for  dopp le r

f i l ter in g.
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ADA PTIVE SU BARRAYS
The antenna is divided in to three subarrays  to provide the three channels

required for detec tion and location estima tion of movers whose dopp ler  f re -
quencies are wi thin mainlobe c lu t te r .  Factors  that influence the confi gu ration
of su.barrays are:

1. The sum of the three channels must  have low sidelobe s to allow
detection of movers in sidelobe clut ter

2 . The sum of the three channels should have hi gh dir ectivi ty to
maximize MTI per formance

3. The subarray pa ttern s should be identical to minimize proce ssor
complex~.cy

4. The directivity and separation of the phase centers of the subarrays
should be incr eased to maximize perfo r mance of detection and
estimation. 

—~~ -

.

-

Factors 2 through 4 would lead to the utilization of uniformly weighted ,

con tiguous (non-overlapp ing) subarrays; however, the requiremen t for low

sidelobe s necessitates an amplitude taper on the array. One method for
achievement of low sidelobe s is utilization of a- symmetrical taper on each
of the subarrays and overlapping of subarrays as shown in Figure 28. This

approach has the advantage of high gain , low sidelobe s, identical suba r ray

patterns and better ECCM performance as will be discussed. The disadvan-

tages are the requirement for 50 percent more complex multipliers and a

separation of su.barrays of-onl y one-half the total array length. A tradeoff

among advan tages and disadvantages is required before a definitive approach

can be recommended , but it appears that the advantages of overlapping

subarrays override the disadvantages.

If the subarrays are controlled adaptivel y so that each subarray pattern

has nulls in the direction of jammers , th en any linea r combination of the
subar ray  outpu s will also have nulls in the direc tion of ja rnmers .  B y over-
lapping subar ray s  as shown in Fi gure 28 , each s u bar ray has half the num ber
of controlled elements of the Lull a r r a y  which should provide adequate  cont ro l
a ga in s t  complicated ja rnnier ±reacs . Since the suba r rays  have a large r
beamwidth than the full a r r a y ,  more an tenna  gain is lo s t  when nullin g in the
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Figure 28. Amplitude weigh ting of ove rlapped suba r r ay

mainlobe by pro duc ing a null in each of the s u barray pattern s a s o pposed to

onl y producing a null in the to tal a r r ay  patte rn . Th e increas ed num ber of

controlled elements  and the decreased beamwid th o btained by ove rlapp ing

suba r rays  is a d ist inct  advantage for jammer null ing.  The amoun t of com-

putation required for  adaptive control  of the three subar rays  is less  than

for control of the full a r ray  so that the computational load for  adaptive

nullin g should not be a problem.
GROUND MOV~~ G TARGET ~~DICA T ION (GMTI)

The block diagram of Fi gure 27 shows the three suba r r ay  outputs  feedin g

the AMTI and GMTI processors .  The AMTI u tilizes the sum of the subar ray

outputs with an. amplit ude weighting for  fu r the r  reduction of antenna sid e-

lobes . Doppler f i l ter ing in which the ent i re  f requency interval  between PRY

lines is spanned by 32 filters or so, as described in section 4. 0 , is per-

formed by the AMTI processor .  The fi l ters  tha t span rnainlobe c lu t te r  a re

not used by the AMTI p rocessor , but the mainlobe cl utte r spectra  is

orocessed for GMTI.
The doppler frequencies of slowly movin g t a r g e t s  a re  ontain ed in the

frequ ency band of rnainlobe c lu t te r ;  consequent l y, slow movers cannot  be

reliabl y detected by conven tional MTI . The ~\I FMRA D concept  was ori ginall y

co nceived fo r  improvemen t of detection of t a r g e t s  in sidelobe c lu t t e r ;

howeve r , this n~e thod can be extended to detect ion o f slow movers as well.
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The ma~cimurn spread of rnainlobe c lu t t er  and , consequentl y, the maxi-
mum range of t a rge t  velocities occurs  for  the be~,m pointed at broadside.

For a platform velocity of 270 m / s  and a PRF of 340 Hz , the dopp ler spread

of mainlobe clut ter  is approximatel y 5403 cog 9 , where B is the a~ imu. th
beamwidth and 9 is the azimu th beam poin ting direction relative to broadside.

Since the null - to-null  beamwid th of a unifo rmly weighted a r ray  of 32 elements
with X / 2  spacin g is 1 1 ( 8  cos 9 ) ,  the maximum doppler spread of mainlobe
clutter  is approximately 60 Hz. Since the dopp ler frequency of a moving
target  is 540 sin 9 Hz for the parameters  considered here , any mover with
a relative radial velocity of less than 15 m e t e r s / s  would produce an output
from the GMTI filters.

The NFMRAD requires a separate doppler filter bank for each of the
receiver channels. If the NFMRAD concept is utilized only for detection of
targets in mainlobe clutter , then onl y two channels are required. I! in
addition t~ tar ge t detec tion, accurate estimation of ta rge t  location is
necessa ry , then a third cha nnel is required. Three identical doppler filte r
banks each fed by one of the subarray outputs is dep icted by Figure 29 . For
any dopp ler filter of one f i l ter  bank there are identical f i l ters for the other
two banks so that by combining filter outputs the subarrays can be combined
for each oi the dopp ler filters to maximize T / C  for target  detection and
estimation of target  location.

In. the NFMRA D described in the preceding sections , a singl e doppler
f i l ter  passes clutter retu rn over a range of approximately one-half a beam-
wid th so that null s one-half beamwid th wide were required. I.E such a wide
null were placed within the tnainlo be , then mainlobe gain would be e s s e n-
tiall y destroyed.  Consequently,  extension of the NFMRA D concept to
detection of slow movers within rnairtlobe c lut ter  necess i ta tes  an improve-

ment of dopp ler resolution so that narrowband nulls can be employed. The
best MTI perfo rmance can be achieved I.E the c lu t ter  can be removed by
placing only a sin g le zero  in the antenna pattern for  each dopp le r f i l ter .
Based upon this cr it er ion , the width of the dopp ler f i l ters  can be est imated
by consideration of the width of three channels that a re  wei ghted to maxi -
mize T/C for a d i sc re te  t a rge t  and c lut ter .  This op timum wei ghting which
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Fi gure 29. GMTI doppler processor.

is de r ived in appendix B is given by Equation (B-5) .  U tilizing this weighting
for the case of infinite c lu t ter- to - thermal noise ratio , the gain in the direction
of a t a rge t  was computed as a function of separation of the target  and clut ter;
a curve is presented in Figure 30. From Figure 30 , it can be seen that i.E
it is d~ ~red to suppress clutter b y at least 30 dB at the end s of the doppler
fil t er bar d t~ien the doppler filter bandwidth should be equivalent to 1/2 56th
of an antenna beamwidth. Sinc e the dopp ler f i l ters  must span two antenn a
beamwidths, 312 doppler fi l ters are required. If 1024 pulses are utilized to
form a filter output and the PRF is 540 Hz , then a dwell time of approximately
two seconds would be required for  the GMTI mode. - - -
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SUMMARY
Thi s section gave an introduction of an approach that combines the

32 channels of NFMRA D into three channels that cart be utilized for detect ing
and tracking of targets  that resid e in tnainlobe clutter .  During the next
phase of this stu dy, slow moving target  indication (SMTI) will be studied in
sufficient depth to allow the determination of the feasibility of incorporating
an SMTI capability into the NFMRAD p roces so r design.
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7.0  CONCLUSIONS

The feasibility of implementing the NFMRA iD b y s t a t e -o f - the -a r t  L.SI
microelectronic technolo gy was investigated.  The proces sin g hardware
required for a representa t ive implementation of the NFMRA D was de t e r -
mined and the performance tha t may be ac hieved by this implementa tion
was add ressed. An ECCM adaptive nulliri g al go rithm was investigated in
dete rmination of the an t i - j am capability that could be provided and the
complexity that would be added by includin g thi s capability.

The transmitter waveform parameters  were established , and the
receiver power profiles were determined. Clutte r levels did not impac t
seve rely on th e dynamic range of the receiver channels since STC could
be employ ed to r educ e dynamic range by 35 dB. However , in conside ration
of a po stulated jamming threat , it was found that the jammin g signals in the
individual receiver channel s far  exceeded any other received signals and
pro bably would dic tate the d ynamic range of the receivers and A/ D  con-
verters .  For the postulated threat which was a CW jammer at a range of
20 n. mi. that emitted an ERP of 30 dBW , the receivers are r equir ed to
have a 90 dB dynamic range and the A/D  converters  are required to have
14 bits.

The hardware requirements for  a represen ta t ive  design of NFMRAD
were determined and it was found that although the receivers and A / D  con-
verte rs represented a significan t hardware investment , the digital multi-
plie r s requ ired ~or the complementa ry beam-fo rming and dopp ler filtering
far  exceeded the Cost  of any other major segment of NFMRA D. It was found ,
for example , that the addition of the Comp lex mul tipliers required to per-
form the full NFMRA D function r epresented  an incremental cost  of approxi-
matel y 300 thousand dollars which may be twice th e co s t of an entire ,
conventional, pulse-doppler  radar.

3i gnal-to -clut ter  ratio s at a range -b in /dopple r  fi l ter output were
calculated for  the c lut te r model and ra dar  parameters  considered for  this
s tud y. From the SCR calcul a tions , it was found that -30 dB two-way peak
ancenna  side l obes could provide ade quate c lu t t e r  suppress ion for  de tec t ing
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1. 0 square meter  t a rge t s  agains t  the mean level clutter background. For

severe cases in which the clutter back ground consists of a high density of
large discretes , and it is desired to detect , for examp le , 0. 1 square meter

targets , -80 dB two way peak sidelobes may be required. Thermal receiver

noise presents no problem in. achieving excellent detection performance for

the radar parameters chosen as was verified by a calculation of the proba-

bility of detection for a false alarm rate of one per hour.
The implementation of an ECCM technique was studied in. some detail

and the algorithm was tried through computer simulations. The al go rithm
gen erally worked well; however, for ve ry high .TNR s, problems were

experienced with ill-conditioned matrices that will have to be resolved

durin g the follow-on study.
Sinc e the implementation of the full NFMRA D approach is expensive

because of the very large amount of digital mul tiplication required per unit
time , a sim pler approach was suggested that s till employs 32 parallel
channels for  ECCM but utilizes onl y two or three for  MTI. Thi s approach
relies on non-adaptive, low antenna sidelobe s for  providing adequate side-
lobe clutter suppression and the NFMRA D concept for detection of slow
movers that resid e in. mainlobe clutter.

The general conclusions of this study are that the ~ FMRA D concept  is
technically feasible, although expensive. Several issues arose , however ,

that require further investigation before a design can be offered that repre-
sents a practicable solution to the MTI problem , both in terms of cost and

perfo rmance. One very important area of investigation that has not been

addressed in. the current study is the limitation imposed by errors. The

effects of the airframe presence and fl exures on NFMRA D patterns mus t be
examined. The magnitude and effects of system type errors such as velocity
measurements and RF and PRF instabilities must be examined. It may tu rn
out that, becauseof the erro r contributions , the open-loop NFMRA D appro ach
considered here would not be feasible, in which case a c lu t ter -based calibra-
t-~on tec~u~ique or closed-Loop, null filtering approach may be necessary.
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In addition to the evaluation of the magnitude and effects of errors ,

furthe r development and evaluation of adaptive jammer nulling is required
and methods for reducing the cost of NFMRAD must be considered. These

may involve alternative processor approaches and/or a departure from the

full NFMRA D approach.
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APPENDIX A. EFFECTIV E POST DETECTION ~‘TTEORATION
OF OVERLAPPED DATA

Consider the si gnal processing function shown in Figure A - i .

DOPPLER FILTER - _________

SECTION A -

~

ATA

SECTION 3

Figure A - l .  Signal processin g function.

Input IQ data is amplitude weighted and accumulated in a doppler filter
circuit (fo r simplicity , a DL~ or zero doppler filter is shown). However,
the two halves (A and B) of the filter are ‘out of phase ’ and yield outputs at

alternate times. Figure A-2 shows how the doppler filter sections operate

on common data in an overlapped fashion.

A B A ETC

..- — -.. .— — - -,
W3 . ~~W4 W4 ~~ W3 w 3 .. N4 W4 

~‘ W3 W3 ~“ •~4
I.- ~a. ‘•

~

••
•L ~~~., ‘I. -‘ ,W 2 -

Wi — W 1 W2 ~~~ “~~ ~~ 
..,. Wi— W2 _ 

___ 
~~ W2 W2 ~

I I I I I

1 2 3 4 5 6 7 8 9 10 11 12

DATA SAMPLE NO.

Fi gure A-2 .  Filter overlap operation.
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A gain for  simplicity, for  each dopp ler f i l ter  formation , eight data points
are weighted with the symmetrical wei ghts WI through W4 , and summed in
an accumulator. Thus sec tion A wei ghts  and sums samples 1 throug h 8 as
shown. But section B similarly wei ghts and sum s samples number 5 throug h
ia .  It  is seen tha t samples 5 , 6 , 7 and 8 are co mmon to both the A and B
filter formations , and so there will be some degree of corre la t ion between
A and B. Assumin g tha t all data samples are statistically inde pendent ,
uncorrelated , z ero mean , Gau ssian signals , the co rrelat ion coefficient k
between successive A d-and B section outputs can be easily dete rmined. The

correl a tion coefficien t is the covariance of the two quantit ies normalized by
dividing by the product of their s tandard deviations, and since the c ovariance

is the expected value of their product ,

k = ftW l)(W4) + ~W2)( W3~ + (W3)(WZ) + (W4)(W fl ]  0.a
120.2 C(W 1) + (W2)~ + (W3) 2 + (W4)2J 12cr 2 [(Wi) 2 ( W2) 2 

+ (W 3)~ (W4 )~]

= (W 1)( W 4 )  + (W 2 )(W3 )
(W i ) 2 (W 2 ) 2 + (W 3) 2 -i- ( W4 ) 2

2 . . .where 0. is the variance of the pre-weighted Gaussian signal (and gets
cancelled out) .

In general , the correlat ion coefficient of two overlapped wei ghted a r r ays
is the sum of the products  of the overlapped wei ghts (in pairs )  divided by
the sum of the squares of the wei ghts. For symmetrical wei ghts , only half
the ter ms need to be calculated for bo th the numerato r and denominato r , due

to each term being repeated because of the symmetry.
As shown in Figure A-I , successive. outputs from sections A and B are

magnitude de tec ted  and summed in an accumulato r , i. e. , unde rgo post
detection integrat ion (PDI).  To continue with a simple example , suppose
that  a PDI output is to occur for  each 24 samples of tO input  data (F igure  A - I ) .
I! there  were onl y one section of the doppler f i l ter  op era t ing ,  then there  would
be 3 doppler f i l ter  outputs  to the PDI section durin g the 24 sample in terval ,
since 8 samples comprise each dopp ler f i l ter  fo rmation. 3~ : with a 2 section
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50 percent overlap a r rangement , there would be S doppler f i l ter  outputs

• during a 24 sample period. The 5 outputs from sections A and B are:
Input Sample No. Section Output

8 A
12 B

16 A
20 B
24 . . A

In general , a 50 percen t ove rlap increases  a PDI ratio of N to 2N -1 .
If there were 4 filter sections operating on a 75 percent  overlap ba sis , then

the PDI ratio become s 4N-3.
However, the effective PDI ratio will be less than the numerical ratio

indicated above, due to the correlation introduced by overlapping. The
probability density of the magnitude detecto r outpu t will have a Raylei gh
distribution, and there will be some correlation between successive outputs

which is a function of the correlation of the Gaussian tO signal entering the

magnitude detector. The derivation of the functional relationship between

the correlation coefficients of the magnitude detecto r input and output is
somewhat involved , and is presented in the following paragraphs.

Consider two magnitude detecto r outputs , each the detected output of

Gaussian noise having unity powe r (total) .  Each output has a Rayleigh
probability density, and will have a power of 2. (The input power to the

magnitude detecto r may be though of as unity for  the I channel and unity for
the Q channel , making a powe r output of 2 for  the magnitude de tec tor .
The power in each output may be considered as having a DC powe r cotnpo -
rient  and an AC powe r component. It can be shown (Dwi ght , 850. 1 ffY~~~
that, for a unit power Gaussian input, the DC power of a detecto r output is

~r /2.  The AC power is the total powe r minus the DC power , o r ( 4 - T ) - ”2 .

A- I.  H. B. Dw.g ht , Tables of Integr a l s  and Other  Ma them at i ca l  Data ,
The Macmil lan  Co. , N. Y.
The probability density of the Ray leigh outpu t is given by:

pIx )  xe~~~~~
2 and the value o r mean is given by~~ f~~x2 e~~~~~ dx;

substi tuting y ..ii f y l / Z  e~~’ dy ~fi~r(3 / 2 )
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If the two outputs are multiplied to gethe r , and the product  averaged

ove r a long period of time, the result would be the average of

where tn is the mean or DC component , and 0. is the AC or fluc tuating compo -

nent. The produc t is m 1ni2 0.
1
m

2 
4- 0. 2m1 

4- 0.
i

0.
~
. The average value of

the product is equivalent to the sum of the average values of each of the

terms in th..e product. The product m 1m2 is simply the DC power , riu meri-

cally equal in this case to ir /2. The average values of ~1m2 and ~2m1 must

both be zero, since by definition an. AC fluctuation must average out to zero.

The remaining term is 0.1
0.2. If the AC components were completely uncor-

related , then the average of their products should be zero , because when

one is positive, the other may be either positive or negative, and the product

over the long run should average out to zero. However if 0.1 
and 0.2 are

completely correlated , they are in fact identical and in this case the average

of the product a~ 0~ j5 0. which by definition is the AC power. U the AC

powers are separated into two components , one of which is completel y

unco rr elated , and the other which is completely co rr elated or common

be tween the two dete ctor outputs , then the average c7
1 ‘~ 2 

produc t will have a

zero contribution from the u.ncorrelated components , and will have a con-

tribution equal to the power in the correlated components.  If we desi gnate

the portion of the AC powe r which is correlated by p ,  then the average value

of will be p ( 4 - i r ) / 2 , since the value of the AC powe r has alr eady been

shown to be (4 - i r ) / 2  for a detecto r output with a unit power Gaussian input.

:n con siderin g both the DC and AC compon ents , the ave rag e valu e o f the

produc t of the two detec tors is

= + p ( 4 - i r ) / 2  ( A - i )

Equation 9. 23 of Middleton~~~
2 gives

E 1E2 = ‘~C2E(k0) - (l-k~) K(k0)~

A-2. D. Mid dle t on , An In t roduc t ion  to S ta t i s t i ca l  C o mm u n i c a t i on  T h e o r y ,
McGraw-Hill, NY , 1960.
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n

where 4~ is the Gaussian noise power ente ring the detecto r and k0 is the
pre-detection correlation coefficient , which has been called kin this

appendix. E is the complete elliptic integral of the second kind , and K is
the complete elliptic integral of the first kind. The noise power ~ has been
normalized to unity, and may be ignored.

From Dwight, A -3 
--

E(k) = k~ - 

~~~~~~~~~ 42 
k~ - :

~ 
:
~ 6~~ 

k6 

~~

. . . .) -

And from Dw~.g ht ,

K(k) (l
#~~~~k

2 + i
Z

3
Z k
4 + i

Z
3
2~~~~ Z k

6 + ....)

Combining these series wi.th Equation 9. 23 of Midd1etori A~ results in

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

- + 
1~~~2 + k~~ : : ~~ k6 + ....)

‘r / 2 12 4 12 
. 32 64 - —  0 4 - k  4 -— k  + k + ....

÷(
~~

- 
~: 2 

;2
12 

) k ]

= 
~~~~~~ 

j -~~~~ 
(a n - b~ - c~ )k (A-a)

n l

where

a1 = I , b 1 = 1/4 , and c 1 = 1/2

A-  3. Dw ’.ght .  op. c~t. , 774. 1.
A — 4 .  Ibid. , 77 3. 1.
A - S .  M iddle t on , O~~. C i t .
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and where the following recursive relationships app ly.

2(2n-3)a ,1 = a 
(2n-2)2

- 

2 -

b = b (2n-l)

(Zn)

— (Zn-i )(Zn-3)
C — cn+l a (Zn)

Because Equations ( A - i )  and (A-2)  each solve for E 1E 2, they must be equal
to each other. Setting them equal to each other and solving for p yield s

ir Zn(a - b  - c ) k4~~~-Tr a n n
n 1

Solving the above equation yields

p = 0.914948 Ic2 + 0. 057184 Ic4 + 0.01 4296 k6 + 0. 005584 Ic8 ÷ . ..
Incidentally, it is shown b y Middl e ton’~~

6 that f o r a squ are law detecto r
2p = k .

Given that the correlation coefficient p of the AC component of successive
magnitude detecto r outputs is determined (the DC components, of course, are
always full y cor re la ted) ,  the effective post detect ion integrat ion (PDI) may
be calculated from the numerical PDI ratio and the correlat ion coefficient.
This calculation is discussed below. -

Assume that for  simplicity the AC component of a magr~itud~ dete cto r
output has been normalized to unity. Two successive magnitude outputs may
eac1~ be considered to have an AC power componen t p which is completel y
correlated or in common between the two outputs , and an uncorrela ted
componen t i - p .  I.E there are N successive magnitud e detec to r outputs and
all corre la tion exist s onl y between adjoinin g outputs , then the addition of
these N outputs may be represented as in Figure A-3.

A - o .  :~r:dd1eton , oo.c:t.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 2~N-1)p u A  ation of

: adjacent correlations.

- As shown., the correlated powers p are identically fed to adjacent outputs.
Thus each output (except for the end points )  has 2 pof correlated powers,
leaving 1-2 Pof uncorrelated power. The identical p si gnals , when adde d ,
doubl e in amplitude , or become 4p in power. There are N-I such 4p power
contributors.  As shown in Figure A-3, there are two “i- p ’ and N-2 “l-Zp ”
uncorrelated power contributors , for  a to tal of ( N - I )  4 p + 2 (l-p) = (N-2)
(l—2 p) N ~ 2(N-l)p.

The Rayleigh distributed signal out of a detector (wi th a Gaussian noise
input) will exhibit an AC to DC power ratio of ( 4_ i r ) /~r or about 0. 276. For
no corre lation , an M : 1  PDI ratio will increase the AC power by a facto r of
M and the DC power by a factor of it thus changes the AC to DC power
rati o by a factor of 1/M. This r edu ction of AC powe r relat ive to DC
power is of course the purpose of havin g PDI , and so is a measure  of the
effectiveness of PDI. This can be tu rned around to say that M , the effective
PDI ra tio , is determined by how much the ratio of DC power to AC powe r
has increased. In the example of N: 1 PDI with a corre la t ion coefficiei~t ~~,

the DC power has increased by a factor of N2 (the DC powe r increase is
always N2, regardless of the val u e of p), and the AC power increase was
shown to be N + 2 (N-l)p. Thus, the ratio of the DC powe r increase to the
AC power increase is

N + 2 ( N - l ) p  = 
~~~~~~~ 

M

where M is the apparent PDI ratio , i. e. , the PDI ratio of an uncorrelated
signal  which would yield the equivalent reduc tion in the A C / D C  powe r ratio .

i l l  
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If there are correlations among the data besides that which is between
adjacen t values , then all the various cor re la t ions  will have to be considered
in determining the effective PDI ratio. The derivation of this case is some -
what more complicated , but the procedure is similar to that presented here

for  the simplest corre la t ion situ a tion. The resul t is

NM -  N - I  N -2 N -3  -1 + Z — ~~— p ~ ÷ 2 — ~~--p 2 ÷ Z~~~~~ p 3 
— 

= 

1 +~~ [(N~ 1 ) P 1 + (N - Z) p 2 + ( N - 3 ) p 3 

where

M = effective PDI ratio
N = numerical PDI ratio after overlap

p = correlation coefficient be tween adjacent PDI inputs (or detecto r
outputs)

2 = correlation coefficient be tween PDI inputs havin g one intervenin g
input

P 3 = correlation coefficient between. PDI inputs havin g two intervening
inputs

Etc.
It should be noted that the effec tive PDI ratios anal yz ed here  have been

based upon Gaussian noise only, and are applicable to establishin g threshold

ratios which achieve a given fal se alarm pr obabili ty , etc. The signal-pius-

noise case virtually de fies anal y sis (see Midd1eton~~~~) and would be

required to determine pro bability of detection curves , etc. However , the
tread of the signal-plus-noise case can be found from intuitive argument.

The correlated component of the detecto r input noise apparentl y undergoes

something like the small signal suppression phenomenon , in that it is

reduced by the detection process.

The amount of relative reduction is greater for correlated components

which are a smaller portion of the total power. Therefore , when the intro-
duction of a signal makes the correlated noi se componen t pro port i onally
smaller , the detector output correlation become s even more suppressed ,

and the effective PDI becomes closer to the straight numerical ratio. This

A-7 . M ddleton , O~~. Ci t. , ?~ 4 1 6.
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causes the AC fluc tua tions about the mean of the PDI output to shrink as the

mean of the distribution becomes larger (due to a stronger signal). The net

effect on the probability of detection curve is as that shown by the dotted line

in Figure A-4. The point of the 50 percent probability of detection is

• essentially unchanged.

The computer program which follows (Table A-l ) was used to calculate

the effective PDI of the 64 point filter described in Section 3. The program

was also used to generate the amplitud e weights and determine the actual

frequency response. As shown by the program execution printout (Table A-2)

which follows the program listing, the applicdble correlation coefficients
p
1 and P2 are 0. 053772 and 0. 000804, respec tively. There also is a p 3, but

it may be ignored, because it is so small.

Incidentally, the amplitude weighting loss of about 4. 5 d3 is calculated
relative to 64:1 coheren t integration , which is equivalent to 1. 5 dB relative
to 32:1 coherent integration.

S. GNAL. -T O-NOISE RATIO

Figure A-4. Effect of correlation
on pro bability of detection (with
PDI processing)

113

—~~~~



TABLE A-i. PROGRAM LISTING

FILTER

1:####.# ####.~~ ~~~~~~~~~ ####.~~ ~ ###.~~ ~~~~~~~~~ ~~### .~~ ~ ###.~~ ~~~~~~~~~ ~~~~~~~~~
100 DIM W(l 2 8)
110 READ N, Fl
120 H=73
130 K=3. l4l59265/(N/2)
140 PRINT H:”DB. “ , N ; ” POINT CHEBYSHEV-COSIN E FILTER ’
150 PRIN T
160 PRINT ” NO. CHEBYSHEV COSINE PRODUCT”
170 PRINT ___________ _______  ___________

180 Ht=EXP(H*LOG(L0)/20)
190 A=EXP (2~ (LOG(H 1+SQR(H1”Z-l))/(N-l)))
200 A= (A_1)~2/(A÷l )AZ
210 Sl=S2=0
220 FOR i=r~/2 TO 1 STEP -1a3o V=K *((N + l )_ (2 ’~I))
240 P=I-2
250 Q=N-I
260 X=Q*A

— 270 IF 1>1 THEN 300
280 Y=l
290 GO TO 42 0
300 Y=0
310 Z=1
320 FOR S=0 TO 1-2
330 Y=Y+X
340 Q=Q-l
350 IF ABS (X)<lE-15 THEN 400
360 X=X’~P*Q*A/(Z*(Z+l))370 P=P-i
380 Z=Z+1
390 NEXT S
400 IF I<N/2 TH EN 420
410 M l = l / ( ( 2 _ 2 / N ) *Y ~ COS(V*F 1))
420 Y=Y*Ml*(N_l)/(N_I)
430 Y1=COS(V’~Fl)
440 W(I)=W(N-I+l)=Y*Y1
450 PRIN T USING 460 , 1, Y , Yl , W( I)
460 ~~~~~~
470 S 1=Sl+W(I) *2
480 52=S2+(W(I))A2*2
490 NEXT I

(Continued)
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(Table A-i , concluded)

500 PRINT
510 PRINT ‘AMP. WT. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
520 PRINT
530 Rl=R2=0
540 D=N/4
550 FOR 1=1 TO 3/4*N
360 R1=R1+W(I)*W(I+D)
570 NEXT I
580 D=N/2
590 FOR 1=1 TO N/2
600 R2=R2+W (I)*W (I+D)

‘6 10 NEXT I
620 X=(Rl /SZ)”Z
630 Al=. 9l4948 *X4- . OS7l 84~X A 2+ . 0142 96~ X~’3+ . 005584~X~ 4
640 X=(R2/S2)AZ
650 A2= . 914948*X4-. 057l84*X AZ÷ . Ol4296~ X ’~3+ . 0055843~cX~ 4
660 PRIN T ‘CORRELA TION COEFFICIENTS: ’
670 PRINT
680 PRINT ‘l14” ,”l/2”
690 PRINT “--- ‘ “
700 PRINT USING “##.## ~~### ##.~~####~~‘ , Al , AZ
710 PRINT
720 PRINT “PDI”, “EFF. PDI”
730 PRINT ~~~~~~~~~~~~~~~~ 

740 PRIN T
750 1=22
760 PRIN T I , I / ( l ÷ 2 / I ~ (A 1*( I _ 1) + A Z *( I _ a ) ) )
770 PRIN T
780 PRINT
790 PRINT ‘FREQUENCY RESPONS E IN STEPS OF 0. 1 FILTER SPACINGS~800 PRINT
810 FOR 1=0 TO N/4-1

— 8ao FOR 3=0 TO . 91 STEP . I
830 F=t+S
840 X=0
850 FOR 0= 1 TO N/ 2  —

860 X X+W(0)*2*COS(((N+l)_ (2*Q))~cK~F)
870 NEXT 0
880 G(INT( lO *J+ . O 1)) =2 0/LO G(1 0) *LO G(A ES(X/ S l) )
890 NEXT
900 PRINT USING 1 , G(0) ,  G(1 ) , G(2 ) ,  G(3 ) ,  G(4) , G(5) , G(6 ) , G(7 ) , G(8~ , G ( 9 )
9 1 O N EX T I
9ZQ DATA 64
93O DATA .43
94O END
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TABLE A-2 . PROGRAM PRINTOUT

FILTER

73 DB. 64 POIN T CHEBYSHEV-COSINE FILTER

NO. CHEBYSHEV COSINE PRODUCT

32 •l.0 00977 0.99.9024 1.000000
31 0. 993344 0. 991230 0. 984632
30 0. 978234 0. 975702 0. 954465
29 0. 955954 0. 952562 0. 910605
28 0.926951 0.921990 0.854640
27 0. 891804 0. 684225 0. 788555
26 0.851198 0.83956 1 0.714632
25 0. 805913 0. 788346 0. 635339
24 0. 756795 0. 730982 0. 553204
23 0. 704735 0. 667914 0. 470702
22 0. 650643 0. 599635 0. 390148
21 0.595424 0.526678 0.313597
20 0. 539956 0. 449611 0. 242771
19 0. 485069 0. 369037 0. 179008
18 0. 431522 0. 285584 0. 123236
17 0. 379993 0. 199902 0. 075962
16 0.331063 0. 112661 0.037298
15 0. 285210 0. 024541 0. 006999
14 0. 242801 -0 . 063770 -0. 015484
13 0. 2 04096 -0. 151584 -0. 030938
12 0.169246 -0.238216 -0. 040317
11 0. 138302 -0. 322988 -0. 044670
10 0. 111221 -0. 405241 -0. 045071
9 0. 087879 -0. 484332 -0. 042562
8 0. 068082 -0. 559645 -0. 038102
7 0. 051583 -0 . 630591 -0. 032528
6 0. 038091 -0. 696617 -0. 026535
5 0. 027287 -0. 757209 -0. 020662
4 0. 018838 -0. 811892 -0. 0152 94
3 0. 012409 -0 . 860242 -0. 010675
2 0.007674 -0.901880 -0. 006921
1 0. 005923 -0. 93648 1 -0. 005547

AMP. WT. LCSS=~ 4. 47858 DB.

CORRELATION COEFFICIENTS:

0. 053772 0. 000804
PDI EFF. PDI

az 19. 9254
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FREQUENCY RESPONSE IN STEPS OF 0. 1 FILTER SPACINGS
4

0. 0 -0. 0 -0.2 -0.4 -0.8 -1. 3 -2. 1 -3. 1 -4. 3 -6.0
-8.0 -10.4 -13. 3 -16. 8 -21.0 -26. 1 -32. 3 -40.1 -50. 6 -67.5

• -98. 1 -76.0 -72. 5 -82. 1 -75. 3 -69. 9 -71.3 -84. 0 -74. 7 -69.6
-70. 2 -77. 5 -79. 3 -70. 6 -69. 3 -72. 6 -95. 0 -73. 8 -69. 5 -70. 0
-75. 8 -84.3 -71.8 -69.3 -71 .0 -79.5 -78.8 -70.9 -69.4 -72.0
-84. 0 -76. 4 -70. 4 -69. 6 -72. 9 -90. 1 -75. 1 -70. 1 -69. 8 -73. 7

-102.8 -74.2 -69.9 -70.0 -74.4 -99.5 -73. 7 -69.8 -70. 1 -75. 0
-92. 5 -73. 3 -69. 8 -70. 3 -75. 4 -89. 5 -73. 1 -69. 8 -70. 4 —75. 8
-87.9 -72. 9 -69. 7 -70. 3 -76. 0 -87. 0 -72.8 -69. 7 -70. 3 -76.2
-86.5 -72. 7 -69. 7 -70. 6 -76. 3 -86.3 -72. 7 -69. 7 -70.6 -76. 3
-86. 3 -72. 7 -69. 8 -70. 6 -76. 3 -86. 5 -72. 8 -69. 8 -70. 6 -76. 2
-86. 9 -72.8 -69.8 -70. 5 -76. 1 -87.4 -72. 9 -69. 8 -70. 5 -75. 9
-88. 1 -73. 0 -69. 8 -70. 5 -75. 8 -89. 0 -73. 1 -69. 9 -70. 4 -75. 6
-90.2 -73. 3 .69. 9 -70.4 -75.4 -91.6 -73.4 -69. 9 -70.3 -75. 2
-93. 4 -73. 6 -69. 9 -70. 3 -74.. 9 -95. 8 -73. 8 -70. 0 -70.2 -74. 7
-99.2 -73. 9 -70.0 -70.2 -74. 5 -105.2 -74. 1 -70. 1 -70. 1 -74.3
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APPENDIX B. THREE-CHANNEL PROC ESSOR FOR MAXIMIZATION
OF TARGET-TO-INTERFERENCE RATIO

DETECTION
In this appendix , the three-channel wei ghting func tion for  maximization

of the target-to-clutter plus noise ratio T/(C+N) at a doppler filter output
is derived. Since mainlobe clutter is considered here , nu.iling of clutter
results in loss of target gain; consequently, the optimum depth of a null
depend s on clutter - to - thermal noise ratio . —

Goasider a three-channel system in which each channel has a subarray
patt e r~i given as G0 (8 ) a~ shown in Figure B - i .  Now, consider that a
particular doppler filter will pass clutter arriving from angle 8~ and a
target echo with the same doppler frequency but from a dif ferent  angle e~~.
The objective is maximization of T/ (C+N )  by weighting and summing the
three channel outputs.

Since the doppler filter is narrowband , a narrowband representa tion
can be used for the radar re turn  and thermal noise. Therefore , the outputs
from the three receiver channels can be written as the column vecto r

= G 0( 80) T( t ) t,
0 + G0 (8 1) C (t )~~ 1 + ~ ( t )  ( B - i )

9 AZIMUTH ANGLE
FROM BROADSIDE

00 (9)

Figure B-i. Three channel array.
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where:

/n 1
1= 1~2 J ~~I a z

* 
\73/

/exp(-j~~~d sin e k )

~j r i
\ exp(j~~~ d sin e k )

is the thermal noise at the kth channel; T(t) and C(t) are the complex

envelopes of the target and clutter, respectively. The target-to-clutter

plus noise ratio at the doppler filter output is maximized by applying the

weighting

~~~

= C~~R
1 
~~ (3-2)

to produce the output, z = w*y~. In these expressions , w* is the comp lex -

conjugate transpose of w, C0 is an arbi trary cons tan t, and R is the covari-

ance matrix of the cl.utter plus thermal noise. R can be. written as

R °c ~G0 (e 1 )~
2 

~~ 
+ 

~~n
2 

~ (3-3)

where a = EtC(t) C*(t)}, T
2 is the variance of the noise at an individual

channel, and I is an identity ma trix . Since the concern here is with mainlobe

clutter for which G0(81)
2 is essentially constant, this term is allowed simply

to be unity and o~ 
2 to equal the clutter power that passes through the partic~-

lar doppler filter of interest. From a matrix inversion lemma (Noble 
-

R~
1 can be written as:

r 2
-1 2 I

R 
~ n I~ 

- 

~ ~~~ 
( 3-4)

L
3.13 Noble ,  Applied Linear Al gebra , Prentice-Hal l , NJ,  196~~, 

~~~
. 147 .
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Therefore , the wei ghting that will maximize the T / ( C + N )  is

2

w =~~~ - ~~-opt. 0 2 1 ~1 —0Q~c n

or if

S0(80 - 
~~ 1

) E 
~~~~~~ ~~~~

which is simply the normalized array factor of the three channels , then the

optimum weighting is

2

~~ pt •
~ 0 

- 2 2 S0(90 - e i ) 
.
~~~~~ 

(3-5)

~~ ~~~~~

A T/C improvement factor can be defined as the improvement in the ratio

of gain in the target direction to gain in the clutter direction. This ratio is
given as

F = (
~~~0Pt. 

~~~
) ~~~~~~ 

= 1 +  ~~5 2 (8 0
. e~ )J (5-6)

From Equation ( B - 6 ) ,  it is seen that F increases as the array facto r S0
2 (80 -e 1 )

decreases from its maximum value when = e i ; the re fore , it is
desirable to minimize the beamwid th of S

0 (8 0 - 6 1 ) . The beatnwid th of
S0 (8 0 - is minimized by maximizin g d; however , oth e r  facto r s infl uence

the selection of the subarray separation as discussed in section 6.
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METRIC SYSTD(

SASE UNITS:
Quantlty - 

Un it SI Syutbo~ - - 
Formula

length metre m
• rnau kilogrvn kg

tim, second - s
electric current am pere A
thermodynamic temperature kelvin K

• amount of substanc. mole rnol
luminous intensity candela Cd • ..

SUP?IEbI~~ TARY UNITS:
plan. angi. radian red
solid angle steredian sr

D~~1VTh UNITS:
Acceler atIon metre per second squared -•• mis
activity (of a radioactive source) disinteg ration per second ... (disintegntionys
angul ar acx~eLerati on radian par second squared ... rid/s
angular velocity radian per second •.. rid/s
area square men. •.. m
density kilogram per cubic metre - •• kg/rn
electric capacitance farad F - A I/V
electr ical conductance siemens S AN
electric field strength volt par metre •. Vim
electric inductance henry H V.slA
electric potential differenca volt V W/A
electri c resistance ohm V/A
electromot ive rorce volt V WIA
energy joule I N.m
entr opy joule per kelvin -.. J/K
force newton N kg.mls
frequency hertz Hz (cycls)/s
illuminance lux lx l iiurn
luminance candela per square metre •.. cd/rn
luminous flux lumen Im cd.sr
magnetic field strength ampere per metre - • . A/rn
magnetic flux weber Wb V..
magnetic flux density tesla T Wb/m
magnetomot ive force ampere A
power watt W JIs
pressure pascal Pa N/rn
quantity of electri city coulomb C A..
quantity of hea t joule I N.m
radiant intensity watt per steradian ... W/sr
specific heat joule per kilogram-kelvi n • . J/kg .K
str ess pascal Pa N/rn
thermal conduct ivity wan per metre -kelvin .• WIrn.K
velocity metre per second •.. m i s
viscosity, dynamic pascaj. second •.•
viscosity, kinematic squar e metre per second - - - ml.
voltage volt V WI A
volume cubic mstre - •• Tn
wavenu mber reciprocal metre ..• (wsve l/m
work joule J N.m

— SI PREFE (ES~
Mult ip lication_F,!ctors Prefi x SI Symbol

1 000 000 000 000 — 1012 ten T
1 000 000 000 . 10’ gigs G

1 000 000 — 10’ megs M
1 000.10~ kilo k

~~~~~~~ hec1o~ h
10 • 10’ deka di

0.1 • 10~~ decl d
00 1 • IO~~ con tl c

0.001 • 1 0 ’  miUl Tn
0 000 001 — 10—’ mic rO M

0•000 000 001 • 10 ’  nano n
0 000 000 000 001 — i0— ’~ pico p

0 000 000 000 000 001 • I O ”  fornt o
0.1)00 000 000 000 000 001 • 1 0 ’  alto a

To be avoided where poasibi~ .

~~~~~~~ -~~ - - . .
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MISSION
• of

Rame Air Development Center

RAX plans and conducts research, exploratory and advanced
developr ient programs in coimnand, control , and ccsmsun.ications
(C3) activities, and in the C3 areas of inf ormation sciences
and i..ntelii qence. The pr incipal techni cal mission areas •

are conwiunica tions , electromagnetic g~.zidanc. and c’ontrol ,
surveillance of ground and aerospace objects, intelligence
data collection and handling, inf ormation system technology ,
.lonosph.zic propagation, solid state sciences, microwave
physics and electronic re.Z ia.bility, maintainabili ty and
compatibility.
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