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5 - ABSTRACT

: All known adaptive beamformers utilize some form of

; automatic minimization of the nean sguara error. High

Y adaptation rates though, exhibit a signal cancellation

f phenomenon l2ading to self-jamming by the adaptive antennas.
ﬁ This effact results from adaptive intczacﬁion ba:weenlsiqnal
2 . *and intecrference (i.e., jamme:)“inputs siiul}ineousiy

LE received by an;adaptive antenna. This fééiigéa inveszijates
;; various existing ways of adaptive beanforming for aoise

( cancclling, and signal enhancsment from simpla Adaptive

> Noise Cancellers to Hard Constraint Adaptive Beamformars.
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I. INTRODUCTION

Adaptive antennas have deen undar developmant in various

fomns'du:ing the past two decades, having tnus far proven

:thamsalvos_capablc of rejecting vazious jammiangy signals.

Most aigh performance radar and cémmduicatian*sgs:ems 5211
designed to work in jamming enviiodmeuts curvently
incorporata various :orms of adaptive anta2nnas. Tle
concurreat devalopment of spread spectrua tachaiquas vith
tha'adaptivo antennas provides a set of technoliogias for az
resistant systems. Both of the above tecrnologies aza2
compatible and frequently are used in thi sane system. The -
adaptivc antenna is to attenuate the strong janmiaé sign::sv
as they ippoaz at the front end of the receiver; then spréad
ipoct:un techniques are used to neutralize a la:g¢>numba:'ot
wesk signals that uly not be elininated by'thc:adaptivc
antenna, and to rec er the desired signals.

The uuy‘an adaptive intonna uozks.it-te pass the signal

contaminated with noise through a filter that tends to
isupp:oss the néis. ile lcav1n§ thq’s$gnai anchdngod;,

These kind of filters, known as adaptive filters, have the .

abﬁlity to adjust t oii own parametecrs automatically and
their design :aqui: 8 little or no prior knowledge of the

signal or noise characteristics.




adaptive noise czncelling is a variation of optinmal

filtering that uses an auxiliary, o# referance input. This
input is then sudbtracted from the primary iaput, wnicn is
camposed of both the deasized signal aﬁd‘the undesirad ncise.
Thas ptoceduré of filtering and subtraction is controllad oy
an.adaptivo procass, giving noise teduc;ion whfch. depending
on the particular appli:ation, can result in sign;fi:an:
ncise cancellation. |

The design of an‘adaptive antenna has =0 retaill gijnal
vresarvation, Unfértunately somevadap:ive be@ﬁforne:i i1
use do not perform well in certaicn ¢n§izonmen:: wnecrs
correlated-signal conditicns lead <o éa:ci:l or ;o:ai
canc;liation.ot the desired signal within the antenna.

In that way, although our primary in:ention is tihe
canéclya:ion of ali the undesired int;££sronccs. we create a
self-jamming of the adaptive arrays by tneé so-called
phdnomcnon of siynal cahccllation resulting from the

adaptive 1ptqzac:inn‘bptw¢bu the signal and the jammer whichn

sinultibcously gto‘iocoivcd_by the adaptive.antonna‘i

elements.
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Il1. ADAPTIVE NOISE CANCELLER .

A. BasIC CONCSBT

The pasic bioék coﬁtiguration of an Adaptive Noise
Canceller i3 shown in'Figure 2.1. A sigaalg S, i3
traasaitz2d over 3 channel o a sansor waisa also T3I=lvE3

ndise, uncorrelated with tne signal, Tae camoinad

n°,

sijnal-no:s2 £orrn the primazy iaput 29 %@ canc=llzxn. &

second senssr rec2ivas a noise, ni, also uncaiceti:es wino

(]

the signal, out corzelated in some unknown w3y wizh h

noisa, a,. Tr.i3 second 3enso: provides the so-cailad

reference input o zhe cancellar. Noise, 3y, 5 frlz2cal :
- produce the output, ¥, taar is as close s possisla -

replica of n Output, y, is now sudbtracted frow ch2

oi
primary input to give the finél system'svoutpuc}

z=s+n, -y . . CL (2.1

The refacence input, nl,'is processed by an adaﬁtivo

filter which automatically adjus:s its own uupulso :esponsp.-

-Thxs adjustmont is accomplished th:ough an algc:xchm-thac
responds to an error signal dependent on the fiirer's

. oucpu:. In this way,_usinq the proper adaptive algoritnm,
' the filter can operate undi: changing conditions which

minimize the error signal,

. N
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The 'error signal, e, is feeding the system's output nack
to the 5daptive fiiter in order to adjust the filée: throughn
k\\ a LMS (Least Mean SQuares) adaotlve algorithm and minimiza

the total system output power. [n otazr words, ia an
’ adaptive noise canceller the'outpu: forms an error signal

for the adaptive p:ocess.

8. ANALYTICAL MODEL--NOTCH FILTER RESPANSZ
In order to analyze the adaptive filtar, <2 03

pure sinusoidal for reference input
s (- + ~ - ‘ . (2.2
Xy ® C cos(ugt ?) ' (2

Glover [Ref. 1] has‘showh that Qnde: this zondizisn =ine
' _ dashed box of Figure 2.2(3) can be approxzimated by Eigufe
. L2.2(9). |
' The conventional way of.eliminatinq sucb.sinusoidai
interferences is through thé use of a notch filter. Figura
2.3 shows a single frequency noise canceller, with two
adaptive weights, which are updated through the equations:

‘le+i = wlq + prJ *13 - - | | ‘ (f??f
Wagel T V23 * ey QZJ ,'_' L sz
The kambled reference inputs are: -
13 

/V *
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g
K X173 = C cos(u 3T + 3) ‘,(ZfS)
5!
B ; | Xp3 = C 8in(agiT + 9) | (2.6)
: |
” \ Widrow [Ref. 2] and ([Ref. 3] nas shown that che singlz ;
2 frequency noise canceller has the prdper:ies of a notch 3
N filter! at the reference fraqueacy, ¥ys Daving the ctransi:c |
P P 5
A ' . function: i
. . |
' !
A .{ . :
- o Y(2) /X (2) = H(z) \
NS where A 2
. : o \
PR 3 ' , ' "22 - 22 COS(ZtuOQ 1) + 1 , C
e ’ H(z) = 3 - =3 —— e — (2.7 '
Y ' z2° - 2(1 - ,C%2 cos (2w, 2 7) + 1 - 2uC
% The zeros of the above transfer function arz ioca:eu i
Y . - ’ . !
- a the z-plane at
g '
e - 2J2 % n"-l ' . I . ‘\
f 4 ' ' 2 = e (+] o (208)
[ cs_ . ‘ ‘
Q ' . and are inside the unit circle. 1
y"’. . The bolgs, also inside the unit circle, are located at '
2 . : |
> ~ ucT)cos(2ve 8 V) 2
t | | |
g é (L - 2uc2) - (1 - ucz)cosz(z:uon'l)]l/z (2.9)

I

2t 4y

lpetailed explanation is given in Appendix A. - )
' . | R

Y sy Voo
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Figure 2.4 indicates tie location of polas 2aid zeros in
the z-plane. Since the zeros lie inside the unit circle,
~he deptn of the notch in the transfer function is infinite

at the interference frequency, »,. The sharpnass of tne

o
notch is determined by the closeness of the pol2s to the
zeros. |

Figures 2.5, 2.6 and 2.7 ar2 magnitude pilats £ -.aw
;taasfer func;ion d(z) using as q the value 2f onsz,

differ=at valoes of the adagiation cons:taat 4

C. NOISE CANCELLATION IN THE NARROWBAND CASE

ider ! ase in wnich botn signal and jaans
Consider *He c in h bot x; ! d 3

interference) are pure al“USOldS of Xnown E;equenﬁ zs, is.
fJ; where '
. ' ) .
fs # fJ {2.1G;

Figure 2.3 shows the frequency spectra of both noise and
jammer, and Fiqu:e 2.9 indicates the same spectra aftarc
bexng filtered by a notch filter with cutoff Etequency the
same as the one of the ]ammcr, fJ.
Comparing the two preceding ?1qutas 2.8 and 2.9, we see

how effective the notch fxlter is in cluminatxng s1nusoxda1

1nterfezences. Of course, pure sinusoidal 1nce:ferences ara

seldom found in nature, and still the main disadvantage is

that noise and jammer have to be of different ftequencies,'
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II1. FROST BASED ADAPTIVE BEAMFORMER

A. CONSTRAINED LEAST MEAN SQUARES ALGORITHM
Frost'[Ret. 4] proposed an algoriéhm,_the L.M.S.

algorithm, for adjusting aan array of sensors in r23l zice 2

‘xa2gpond to a desired signal while discrxminaz;n; 3321135

noises. Figure 3.1 i. lustta*»a the basic sa2t-up for
implamenting an L.M.S. algorichm. It is assumes it sas

desirad signal arrives in plane waves from a3 ciosen

dx:ectxon called tae looa dx:eccxon.

- The "algorithm iteratively adapts w2ights ia ocder =3

minimize noise powar at the array output whila raincai~:in;

.chosen frequency rasponse in the look direction. Rejuira-

ments for the algo:xthm is a priori knowledg2 <5£ tne
dxrectxon of arrival and thc t;cqucncy,band of intarest,
puring the adaptive process, the alqo:ithm,prog:eséiQely
learns the statistics of noise arriving from all direct;ons

axccpc the look direction.

A major advantagc of thc const:axned L.M.S.. algo:xthm is

that it haq a sclt-co:toctan £eatuzc, pgunxt;an it to

operate for azbit:atily'long.po:iods of time in,a &igx:al

computer implemcntatibn without dcviatiné’t:om itg

constraints oecaus2 of cumulative roundoff or truncation

errors.
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Noise artiving from the look direction may be filter=d
out by a suitable choice of the frequency cesponsa

characteristics in that direction or by some external means,

B. BASIC PRINCIPLE OF THE CO_NSTRAINTS
L.M.S. Algozithm maintains a chosen fiequency response
in the look oirection‘whlle_minimizing output noise powesv
because of a simple‘:elation petween the look direccion
}f:equency response and the weights in the arzay ot F;gure
3.1, Assumin§ that the look direction is chosen
perpendicular to tne line of sensors, identical signal
componen:s; ar.iving on a plane wavefront perallel Lo *he
line ot.sonrots, appear et the_flrst taps simultaneou;ly 355
parade i-. parallel down -the tapped delay lmes2 £allewiny |
each sensor. However, noise waveforms arriving fron otheZtv
*'.an the look dizection>will not, generally, produce equa;_p
voltage components on any given vert1cal column of taps. |
The voltages, signal plus noxse, at each tap are multiplied- B
" by the tap we1ghts and added to fomm the array output.
Thus, as far as the signal is concerned, the array processet_'
-is equivalent to a sxngle tapped delay line in which each
weight is equal to the sum of the wclghts in the
correspondxng vertical column of the processor, as indicaied

in Pipure 3.2. These summation weights in the equivalant

2Appendix B desc:ibes the tapped delay line filter.
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§ tapped‘delay'line must be seiected s§-as to give the desired
% .. frequency reséonselcharactéris:iéﬁ in,the iook direction.

;;. If the look direction is chosen to be other than the one
%. perpendicular'to the liné of éenso:s, then the array éan oe

W

steered either mechanically, orfélecirically, by.thé‘

K ‘addition of steé:ing time deiays placed immediately after

13 ’ . L ) ’ .

e eacn sensor.

ey Co : :

\ Now consider the array problem of figure 3.2.

7 In vector notation the sanpla tap voltages ar=2

> identifiad as

3 . .

)

{ T,., 4 . iy . -

~ X" (3) = [xl(J)r xz(-))l ceey ka(J)] . {3.1

% , - .

3 . .

. and the sanpled weights as -

s T,., & . o '

A Wi (3) = [wl(J)l ,wz(J)r es oy wa(J)‘ i (3.2)
.wherelj‘represents the sample number. The filter outputs

I '

are sqmmed to fbrm the beémformer dutput.
v AWty - xidy = xT) W (3.9)

1f we denote by C the constraint matrix,-défided as

‘ﬁ‘w 92 B Paeh o tb. a® ."F rE

A ' : . L 3 o 3 .
f c. = [cl' 32' o--.',.cJ] . : : ’ (3.4)
» o
{
‘ 28.
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a KJ xJ dimensional matrix, that conveys the beamformer
structural information neaded to implement the constraints,

then the constrained L.M.S. problem may be stated as

Minimize E(y2(j)] = E(W *X()XT () *W] (3.5)

R

subject to CTW = | ' . 3.9

where.i;is the look-diraction rasponse vectaor
;A

.L = [fl, le ce ey fJ] : (307}

The weights are updated using the constrained L.M.S.
algorithm, which for the case of Figure 3.2 {(assuming =42

sensors), can be written as

(1/2)[w1(jf

w) (3+1) - uy(3 % (3]
- /21w - sy (G xp + (£,/2)  (3.8)
Wil = (1/2)(wa(3) = My (D xp(D]
- (/201w (3) - wy (N (3] + (£,/2) . (3.9)
29
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93(3+1) = (1/2) [93(3) = wy(3) x5 ()]

(1/2) [wy 03) = uy(Dx (] + (£,/2)  (3.10)

ALY
]

weld+l) = (1/2)[wy(3) - wy(3)x,(3)
E - (/D) [wy(3) = wy(I) xg(] + (£/2)  (3.11) |
L3 . !
3 |
j The performance that a FROST pased adaptive peamfornsr
f exhibits is unity gain and flat frequency zéspbnse in tha
4 look direction., A deeé null must be placed at the jammar's
& frequency. Figure 3.3 is a plot of the signal direction
o ' S : ;
3 frequency response, and Figure 3.4 is a plot of the janmmer- 1
;g direction frequency response. Figure 3.5 indicates the
R ' ' -
i; . beampattern of the FROST beamformer, confirming that a deep
. * . null has been placed on the jammer.
:r C . g
C. NOISE CANCELLATION IN THE WIDEBAND CASE
& , ‘ . i - |
g The first case for examinatign is the one of a
( sinusoidil jaﬁmer of frequency, lJ,'gnd‘a broadband signal
R . .
"Q of center froqucncy,ﬁts, where
: _ Ehn 4
. g = &5 | (3.12)
'. : . . .
o
B | . o
> o : ’ . 30 _ S
X . : ’ I ' .
l‘ . : * -
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Figure 3.6 represents the spectrum of the signal, since

Figure 3.7 indicates the spectrum of the stronger sinusoidal

" jammer. Figures 3.8, 3.9 and 3.10 represent results of

passing fhe above described signal and noise through'notch

filters, each one employing a.diffe:ent é&éptétion constant,
Comparing the preceding three figures we sz2e how

important the adaptation constant, u, is and how it can lead

to signal aliasing 5y choosing it to have bigger than progar

magnitude. ‘
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g IV. DUVALL BASED ADAPTIVE BEAMFORMER -
- _
3‘- A. BASIC CONFIGURATION
,g- - B We have already illustrated some relatxvelj slmple
o B szonal/]amme: scenarios and have seen that not only the
. )
4 Adaptive Noise Canceller (A.N.C.), but even tha mos: rigid,
'i ' ' constrained beanionﬁers (Frost A.B.F.) can failvto.pceée:ve
-g | the desired signal from distortion. -
g In this crapter we will review and describe another
§ solution to the noise_cancellation problem and see»haw_he'
: can pieserve‘the desired'signal'at toe éfice'of some
increase in beamformer complexlty.
. The basic conflguraazon of the. DUVALL oased aeamL;:nef
;i [Ref 5] is. 1llustrated in Flgure 4, l. - ‘
] Two observatzons were made by Duvall useful 1n 7
g de\elopxng the Composxte Beamformer (C B.F.). The first‘
2 ,observation was that znteractxon between the dQSLZed s1gnal
. § ‘and the Jammer is the root for the szgnal cancellatlon
3 . phenomenon. Frost expe:zmentally and’analytxcallykhas shown
{' that the presence of both signal and jahmer’eneréy is a
t ,oprerequzsxte for signal cancellatxon, and the output sxgnal
. conta1n1ng correlated szgnal and noise waveforms xs the
'%f phenomenon that makes the sxgnal dxstortzon occur.’
% The second observatxon was thac the sxgnal plays no role -
in the optxmum (1 e ., W1ener) solut1on calculation in a
a 40
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WERARAL 8
-3

A , ; ,

e :

;‘ perfectly steered Frost A.B.F.. In other words, the look-
et ’ : ’ . :

4 ; . o . , - :
& direction response is determined exclusively by the hard-
= . constraints and not by the characteristics of the desired
. signal.
¢ ‘ . . . :

S These two above observations were addressed for

% ' exclusion of the signal from the beamformer.

B éeconsidering the whole structure of the C.B.F., we see

» C : ' : S
™ that the key elements are:

;f ' , 1. An Augmented Array. The array has been augmant=i so
i 5 v that subarrays consisting of multiple elaments appear
BE in place of the individual elements of the orxgxqa;

Ay, array. ’ .

G ' , : :

{ 2. a Preprocessor. A preprocessor operates upon che

'3 . received signals from the augmented array to genarate

: an environment that is free of desired-signal content.,
53 ; : ' 3. An Adaptive Beamformer. The adaptive beanformer is .

required that can be constrained to control che look-
direction response, while nullzng all ]ammxng sxgna‘s.

A Slaved Non-Adaptive Beamformer. The adaptlve
beamformer derives welghts that are copxed to the
slave beamfcrmer, which has the same structure as the
adaptive beamformer but is connected directly to
selected antenna elements and is used to implemernt the

gﬁ ~computed ‘solution and recover the desired sxgnal.

%ﬁ hzee of the above key clements, thc array, the

;‘ ptcp:ocessoz, and the. adaptzve beamtozme:, afford consider-

’; able flexibxlxty. A varicty of spec:fxc :oalxzatxons are

¥

f; possiblq. The ' laved beamformer dasign is intl.xible 1n the

g} ‘sense that,it mirrors the design of the aqaptive‘beamforqu.'

o ' o k . :

? B. PRINCIPLES OF THE DUVALL C.B.F.

|\ ’ . .

'% The general C.B.F. structure of PFigure 4.1 can be

M . . . . ) )

aﬁ specialized to yield the C.B.F. shown in Figure 4.2. Here

*J : ' .
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the desired signal is assumed to be incident from broadside

S0 we can neglect beam steering. The preprocessor is

realized by using two-element subarfays'in a2 ginple 2lement
differencing schéme. The sharing of elements detween
sﬁba:zays provides ve;y‘efficient use of eieqénés; only a.
simple elament is needed beygnd those ardinarily required
for a comparable array. |

In order to ptevéht the desi:éd signal from discortinn
(i.a.,‘signal cancellation), the signal which arrcives froa
the look-direction is axcluded from the beam{?rme: whera tha
adaptive procesé takes place. Under the proposéd scname,
the adaptive p:ocess is only usad to. detezmzne a sat of
we1ghts. These wexghts are copxed into a sepacate, 4
identical pzocesso: which is used to form the output signal.
The C.B.F. scheme can be 1n coopezatzon thh any existing

adaptive algorithm 1nclud1ng the Prost one, as Figure 4.2

‘addresses.

Duc'to the subtiactive'preptocessing, the look-direction
signal épes not appear at the Frost adap;?vé beamformer
inputs, whoso inputs are oniy CGmposod ot thi jaﬁming
sigﬁal. The task of the Frost Algorithm is to place a null
at the jammer direction through the dototmination of an
appropz;ate set of wcxghts and the sxgnal has now no e:fectA
at all. on the deca:mxnatxon of those weights. By coéying

the wexghts the slaved p:ocossoz places the main beam of the

Ty




antenna pattern to the constraints established by the look-
direction and verifies that a null has already been placed
in thé jammer's direction. |

Figure 4.3 rapresents the Duvall C.B.F. in terms of
phasor notation. The jammar components received by the

antenna are indicated by a set o9f equal amplitude inifocinly-

o g
s

spaced phasors, Jb"Jl' Jas JB.and'J4. The phasor iasiss =3
ta2 Frost beamformer are J17 = Jgr Ig = Jy1s I3 = Iy, and

Jy = J3- They are also unifo:m-ampligude, equally-snaced,
and separated oy the same angles as the receivzed Jaamar
components, JO’ Jl' Jz, J3 and Jgq

Since the relative phasé apgles'axe the same in the

TIRREY PP

slaved processor as in the Frast procéssor,'thé beam
pattern notch is formed at the proper bearing angle.

. The phasor arjument applies to Q single jammer at a
‘single frequency. Linearity and superposition apply and
show. that phase relations are preserved for mbltiple'jamme:s
and for bzc;dband as well as narrowband signals,

The uniform linear aztay p:ovides an attra:tive
.structure for the C.B.F. because there is the 6ption of
element sha:xng between subarrays. A reqular array

structure is no:, how.vor, a ptctequxsxtc £or the C.B.F..

The fundgmental.zequxzemcnt is for phase matching between

' the master and the slave beamformers, Phase matching may de

et P e o by
GO T -l

obtained for an arbitrary array geometry by augmenting each

oo,
.

S

45

':e}"f:‘-“e'.':-*':' LU




9.

4 -Jz.

s 3"‘32\!""&“‘;

L] A vy ‘
R

ﬁ.sgbh

DUVALL C.B.F. Phasor Diayram

B Figure 4‘.3. |




ey

original element to form identical subarrays at the =2lement

subarray responses with nulls in the selectad look
direction. The preprocessor outputs must be cophased for

the look direction and applied to the adaptive beamformar

to the slave.

RS A SR D T 0
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locations. 1Identical preprocessors may then %e usaed to form -

while the original elemen: outputs are cophased and applisi

%o
” .



e

V. SPATIAL DITHER ALGORITHMS -

A. GENERAL IDEA

Spatial dither algorithms [ﬁef. 2] have been newly
conceived for the purpose of applying locally controlled
modulation to signals arriving at angles other.than zhe
look-direction, while leaving inputs artiving from t;e look-
direction unchanged. The tachnigue that these.a-;o:i;hms

ara enploying is focused on a reduction of th2 jawn2c powag

densit? by spreading it spectrally. wWhen the spatial dirne-

is used with a coaventional adaptive beamformer, it redaces

" the signal cancellation effects.

Conéeptually, a simple form of spatial dither algoricnom

is represeated in Figure 5.1 and statad as the "3/4-inch

plywood" approach. The elements of an antenna array may oe

imagined to be fixed to a pieée of plywodd which provides
rigid insulating support, so that the entire array may be
moved mechanically. 1In either one or two dimansiods, the

a:zaf iﬁ moved in directions which are ctﬁhoqonql to the

‘look-diroctién. Far~-field eianations arriving from the
look-direction will be undistorted by the mechanical motion,.

. while emissions from off axis sources will be distorted by,

an unusal shiti-otetime~ba§c'£omn of modulation.

| The outputs of tho antopda clcmonis of Pigure 5.1 could

" be applied to a. time délay'qnd sum (nonadapt?ve) beamformer,

48
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Figure 5.1. Spatial Dither Algorithm (3/4" Plywood Approach)
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to a conventional adapti@e beanfonner, or to a Duvall
adaptive beamformer. Spatial dither could be beneficial in
each case. By reducing jammer power coharenca, some anti-
jam protection is'provided witnout adaptive beamforﬁing, and

additional anti-jam protectioan is provided with adaptive

peamforming. Reduction ¢f signal cancellation eff2cxz i1 a

Frost beamformar can be obtained by using spatial dizhas

preprocessing. Breakup of jammer signal structure is 3
possinle form of signal preprocessing applicaole co al:

types of adaptive and nonadaptive beamformers.

s0o . ﬁ:mmw;;;ﬂjﬁiﬁﬁ,

Treea e




VI.' CONCLUSIONS

Adaptive Noise Cancelling isla nethod of optimal
filtering ﬁhat can be applied whenever a suitanvle rafzrzanca .
input is available. The 9;inciple advantages of the n:z vl
that an A.N.C. 2mploys are its édapt;ve éagaailx:y, 1t§ LW
2utput noisg{ and its low signal distortion. Tas adasti
capadliity ﬁllows :hé processing of various s:;nais FRIVES)
oroperties are unknown. .QOutdut anise and signail disctorc:
are jenarally lower than has been achieved with th2 virious
conventional optiméllfiltering configurations.

The FROST beamformer has proven itself jood :a r2
various interference signals ahd enhanéing ;he signai 2%
interest‘for-seie:al sases. Inza2raction, :hodqn; JATANE2
the desifed-signal and the various inﬁerte:ence siynals can
lead to partial, or :ocalﬁ cancellation of thq desired
signal within the adaptive beamformer.

The DUVALL'COmpositp4boam:o:moz,givcs i solution to the
problem of signal canccl;atipn. at thd»éticc of increased
complexity in the beamformer stéuctg:a and hnplamentatiqn.
Under that scheme, ih'ozdcz to prevent signal cdndell;:ioﬁ;
the useful signal .is excluded from the beamformer in which
thc'adaptive'process now takes place to derive a set of

weights. These Q-ights azé now cépiod into:a separate,

51
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identical "slaved” piocessor usad té fo:m‘the éutpht,sighal.;
Tre Cuvéil approach to the probiem is appealing but since it
1S a new deveiopﬁent,'poésible limitations of its
pe:formanée have not yat been assessed. ‘

A WIDROW solution to the problem involves spaéialiyilqr
-aleétzonically, mo?ing the receiving array to nodulaza V
emana:ions teceived off the look-direction without’
distorting useful signals ian the look-direction. This
;pp:oach, calied “"spatial dither”, introduceé.:he 33jiziome .
possioility of modulé:ing or smearing “smnarce" jamneﬁ

signals, thereoy limiting their affectiveness.
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APPENDIX A

ANALYTICAL SOLUTION OF THE A.N.C.

Consider the two-weight noise canceller of Figure 2.3,

and let us assume that the sampled refarenc2 inpu%s irs

X173 ® C co;(ugjr + %)

(n. 1

= in (- + fAL)
X293 C si (JOJT ) .
Figure A.1 is a flow diagram showing signal propagacisn ia
sucn an adaptive noise canceller. The first steg =3 iz

analysis is to obtain the isolated impulse rasponsé Zron ine

ercor, ¢, point C, to the filter output, poiat G, w#ith =42
feedback loop from point G to point 3 broken.

Let an impulse of amplitude, a, to be applied at point <
at discrete time, j = k; that is,

‘J = aé(J - k)

(A.3)
The §(j - k) is a Kronecker delta function, defined as
- 1 for =k
8 - k) (3.4)
' | o - otherwise.
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X
. ,1

Ctale

The impulse causes a response at point D

& C cos(uokT + 9) fokfj = K
0 otherwise.

waich is the input scaled in amplitude by the instanzases.:s

value of x at 3 = k. Tne signal flow Qaci from poin

wt

1.

point I is that of a diyital integrator ~ita t

~d

J ny

~n
e,

an3l2ar

function, 2u/(z-1), and impulse rasponse, 2eulj-1), whare

u(J) is the discrate unit step function

'

-
'

0 for j < a

‘v

'u(j) =

-
.
(U1}

~

PR

1 otherwise.

Cohvolving 2vu(j=-1) with thlJ yieids a respaonsa at poidﬁ z

of

W1y = 2 ¥ @ C cos(u kT + 4) ) ' | ’ A,

"whete 32 k + l. ‘When the scaled and delayed step functlon

is multxplxed by le, the response at point F is obtaxned as

YLJ = Z;Q u_Cz cos(uojf + p)cds(uokr + ) (A.8)
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'wpere j > k + 1. The corresponding response at point J,

N A 3t o e

obtained in a .similar manner, is

% : o

? Yy = 2 4 a Cz sin(w jf + 3)sin(w KT + o) (A 9‘

g 2 Tl ot o

1.

N where jlz k + 1. Combining the preceeding two eguations

!

z yi21ds the response at the filter output, point G:

N Yy = .2|g 3 Cz COSv(u T(3-X%))

3 23 ’ o

A

g , | | |

X = 2 u aC” u(j-k-1l)cos(u T(j-k)) . (Al

3 Note that the above is a function oaly of (j-k) and is thus

9 ' a time invarient impulse r2sponse p:oportiohal to the iipun

J impulse.

. A linear transfer function for the noise canceller may

N ‘ ' o

B now be derived in the following manner.. If the time, kK, is

. o set equal to zero, the unit 1mpulsc :csponse of the linear

:

i time-invar:.ant szgnal-flowupath from point C to paxnt G is

_.

t i

{ 2 . , . v <

; Y3 =21sC u(j-l)cos(u,iT) ' (A.11)

3

g - and the transfer function off this path s

; L _ . ,

L s . R [
:t - ' o ' 2 _ z(z| - cos w,T)

‘. ‘ G(z) = 2 4 C —3 -1

. , : , » 2% - Rz cos o T + 1 .
K _ ' .| 56
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2uC2(Z C0sS w,T - 1)

3 v : - (A.12)
2" - 2z cos w, T + 1 o

This function can be expressed in terms of a radian sampliag

frequency, 2 = 22/T, as

2uc?(z cos(21m03°l) - 1]
G(z) = -—-- 4--»----—-:]-:—-—-——- {3.13:
27 - 2z cos(27s 2 ") + 1

If the feedback loop from poxnt G td pOLnt 8 is now alos
the transfer function, H(z), Erom the przmarg inpur, p)-..

-

A, to the noise canceller output, point P, can be ob%tail 1ei

E:Qn the feedback formula

22 - 22 cos(ztﬁon'l) +1
H(z) = '

3 (A.14)

2% - 2(1 - uc®)z cos(2ru 87h) + 1 - 2022

This equation shows that the noise canceller with a cosine

reference input has the propcrtics of a notch filter at the

reference fzequency along the signal flow path from ptxmary

input to output.
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‘mathematical analyses of adaptive filters ars based on =

implementad either in analogy or digit=al form, The

.the n

. APPENDIX B

' TAPPED DELAY LINE FILTER

The tapped delay line [Ref. 5] is the preprocessor mos:

often used in adaptive filtering applications. Most

tapped delay line model. A tapped dalay line can bde

schemas i

of an adjustaple filter based on an analog tapped d2lay liis

is shown in Figure B.l. Such a delay line has an analoy
input and the output at each tap is a delayed versidh 5s
this input. Thus the nth component of X(t) is‘the Qutput as

th tap and is given by

\,
\

X (E) = x(t = (A= 1)8) - Y

where 4 is the delay between taps and where

~ -
X(t) = | x(%) o - S
- %g(t) N L o ' o o ‘\
x,(t) |
|
¢ A
. S
: . 58
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In digital implémentation, the tapped delay line is
implemented as a shift register 2ither in hardwara, Figure
B.2, or by simulation inside the computer, Figure B.3. A
new digital sample of the filter input'is taken at avery
adap;ion cyclé and shifted into the leftmostfpoSitiqn bE tha
shift register. 0l4d samplas are shifted right by one
position and. the oldest sampIeAis~shiEted out altogetnar

Each position of the shift register is multiplisd by the

(1

corresponding weignt. . Thus the digital output 2f :n=2

[

is the weighted sum of the last N samples of :he input.
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APRENDIX C
COMEUTER SOPIWARE UTILIZED

All rlcts througt this work were ottained 1sing Forctran
~and CSM: language frograas ruanniig on tae I3 3033 zain
frame ccaputer. ' ‘

The fcilowing (CSM2 langyuage 'eto;:an sas usel (3o
varicus different data) to produce tie plots 2.5,;6, 7, 3,
‘arl S. aAs irputs to the progriuz are extered txe coeliicierts
¢f tike trarsfer Zlusnction E(Z)SY\-)/{(A’ S ﬁze ool SEPR- %1
Z-3osain ard as output is tae plot ol ' tle :agniiuée've:sus‘
freqyuercy cf the trarsfer function f(2).

J/3AN1IRA1 JC3 (2507, 1286), ' BaSIXAS' ,CLASS=E
//*ECENAT FE,DONAME=FICT.SYSVECTE,JEST=L03AL

- ¢/ EXEC CSNEXV
/s/%.S1SLI2 LD

e 77 - ‘ZB .
7 Id
7 ‘LD
V74 )

LSW=$153.1851.5P,DISF=SHR, VCL=SZE=3V5003, UNIT=3350.
7/7X.CCBPFINT DD L[UNANY . '
//7X.SISEFINT DD LUMN}
7/X.F1CTIEABY DD &
EPLCT SCAlE=.S EEZND
//%.S1S18 pLs
O“tt.."."“‘.‘ll “0‘.."‘ ‘t‘ﬁ.tt‘t‘t‘ttt.‘ttt‘.‘tt.t‘t‘ )

*THIS FaCGPAM COYPUTES THE FREQUENCY iEaPONS’ of UP IC as

; g TISIH ORDER PIITZR WHCSE IRANSF’B FyNCIION ' .
* Cax Bl IXPRESSED AS: _ *
L4 .. ‘ ' ) X ‘
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i s Al i Y S A M Wb S 4 Vot

. E(2)=7(2)/%(2)=8(2) /D (2)» © 4EsRE *
& , : , k
» o -1 -2 -3 -4 -1 .
% H(Z)®A0+RA1%Z  +A297 +A3%Z +AUZ ¢ ... +A10%Z LANL * .
] _ ]
» : : -1 -2 -3 -4 -19 *
* D(2)=E042 192 +32%7  +3382 +B4SZ + ... +310%Z . * ’
. ) ’ »
% MAGNITULZ A¥D 2HASE aRS GIVEN FOR T4E INTIFVaAl. .
# 9 < % < 2I ONLY SINCE TdAT INFOSSATICY IS .
s REIFFATED CN THZ IBIERVAL I < & <2%2I. ' , *
* QPEASE IS CONSTRAIRED TC PLJS O3 4INIJS 180 DEGRIIS. * 3
' THE CEDINATE IS I UNITS OF &/@I. , . '
L 3 ‘ * s

‘.“‘.O“‘b"“.“‘.““‘t‘“““t.“““‘f.“..‘"““‘#

LIITIAL | |

FENAYE TISZ=WOVREI

Ba3AM FI=3.14159

FARAN #=0.001

PARAY ¥120.325

C1m=2.9CCS (2.9PI%1)

C2==2.# (1.-8)*COS (2. *FI*51) ,
C3a1.-2.*8 | ~ - | o .

11=C1
Bl=Cl
22aC3 | ,

. “‘t"‘t‘.“.‘““‘O.“.t‘.“t“““‘..‘.“‘.“‘.O‘.’it‘.
» INTER THE *A* CORPEICIZNTS ' B
FARAE 20= - 1.0,A2= . 1.,A3=  0O.,a4=  0.,AS=  0.*
FARAD A6e 0.,A7=  0.,A8s  0.,A9% 0.,A10= O0.*
.‘.“‘0“,..““‘.“‘0,‘.“."“““‘.‘.Q.“““‘t..“.“
*  ENIEZR TEE 'E® COEPPICIZNTS. . .
FARAN ECs1.C  ,B3=  0.,88=  0.,85= 0. . A
PARAD E6= 0.,87=  0,,88e 0.,89  0.,810% ~ 0.% :
“..“00““‘..“.“...“‘.“.0““‘,““.‘.".“”OO‘O“ ‘ .
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LINANIC
¥OSC51 _
WaROVEPIVPI o
CEGREE=1E0.3WOVREL
MAG1=20+A1%COS (W) +A29COS (F* 2.) +A3#COS (¥%3.) ...
#RUSCOS (W*4.) +A5%COS (W#S.) +A6#305 (i%6.) ...
#27%C0S (W*7.) +28%COS (N*8.) ...
+19%COS (¥*9,) +A10%CO S (7 #10.)
SAG2=A1SIN (W) +A24SIN (W%2.) +A54SIN(¥%3.) wue
SAUSSTN (W*4.) +ASSSIN (4 95.) +AEwSIN (i%6.) ...
SLTISIN (A%7.) $AEISIN(F*8.) ...
 SAGHSIN(4%9.)+A1CHSIN(W*10.)
MAG3=EQ-+E1%COS (W) +B29COS (W#2.) +B3*COS (¥*3.) ...
+EUSCOS (F%4.) +FSHCOS (F95.) +369CIS (W%6.) ..
+ET#COS (W*7.) +EB*COS (§#8.) ...
+E9%COS (W%9.) *E10*COS (§#+10.)
HAGU=E1#SIN (F) ¢32¢SIK (¥92.) +B3I*SIN(W*3.) ...
*BUPSIN (VoL ) +BEMSIN(We5.)+36%SIN(4%6.) eew
+B7#SIN (7#7.) #BESIN(798.) ...
+BS#SIN(V*9.)+310#SIN(F10.)
HAG=SCET (MAG1#42+44G2492) /S (AT (YAGI## 2+ MA5des2)
 IF(4AG1.EQ.0.0.AND.82G2.EQ.0.0) ANG120.
. IF(MAG1.FE.0.0.0B.8AGZ.¥2.0.0) ...
 ANG1=ATAN2(3AG2,42G1)*180./81
I7(34263.2Q.0.0.ABD.N2GS.EQ. 0.0) AKG2=J.
17 (3263.02.0.0.02. 8AGA. ¥2.0.0) ...
ARG2=)TAN2(NAGR,HAG3)*180./FI
 FHASE=ANG1-ANG2 |
IP(PBASE.GT.180.) PBASE=PHASE-360.
17 (PEASE.1Z.-180.) PEASE=PRASE+360.
TINER PINTIN®I.O . o
- FRINT W,CEGEEZ,NAG,PEASE
CUTPUT RCVRFI,NAG
1ABELl DIGITAL FREQUENCY - RESPCHSE ~ YAGNITUDE
IABEL OF THE NOTCH FPILTER (SOVRPIs§/PI,3=0.001)

(1




ammm&m.ﬂ* RIS TECRCA ST EReRFAT Ll T E

FAGE XYEICT
CUTEUT WCVEEI,PHASE
IABEL FEEQUENCY BESECNSE ~ PHASE IY DPEGEEzZS
IABEL CF.TBZ NOTC3I ZIITESR (HOV:EI=%/P;,1'0 0l
FAGE IXYEICT
END
sTop
ENDJCE
Vedh
/‘
/t
*
The fcllbuidg FCETaal p:bgram was Jsed to produce the
teaspattern of figure 3.5 . '

<
C THIS EECGRAM DOBS ECLAR PLCITING OF 4 SIVEN 20LAR
 FUKCTICN (VTRE(I)) .VS. THE ANGLE (7(I))
INTEGER I,J | ’ |
BEAL W(73) ,42G1(73),34G2(73),
BAG3 (73) , 2aG4 (73) ,VIRE(73),
20,A%,A2,EC,B1,82,C1,C2,C3,
| MAXV,PI,d,51

~n

W N

PI=3. 14159

84=.01

1s,125
Cl-Z.OCOS(Z.‘EI‘li)
' C2==2, ‘(1.-!)¢(CS(Z.°PI'Q1)
Cis1,-2.8

A0=1. .

- A1=sC1

A2s1,

B0s=Q.

B1sC2




32=C3 |
[C €I =1, 72 o
§() = (FICAT(I}-1.0)*5.0%0.017453
& CCNTINUE -
IC 71 =1, 13
¥AGY(I) =AC+ATXCOS (4 (1)) +A2*COS (% (I)*2.)
#AG2 (I) =A 19SIN(% (I))+A2%SIN (% (I)*2.)
MAG3 (I) =B0+313COS (% (I) ) #22*CCS (¥ (I)*2.)
_ MAGS (T) =B I18SIN (7 (I)) +32%SIN (7 (I)*2.)
7 CCNTINUE L
Ic 19 I =1, 73
VTHE {T) 25C3T (1231 () #92¢92532 (I) **2)/
| SCET (*AG3 (I)"Z*HA;LA‘(I) *%l)
() = F{I) * 57.25€ ' :
10 CCNTINUE : .
C *%# NCFMALIZE AND ECAX THE CUTPUT A33AY VIHI(I) #=e
. . .
NAXVRVTHE (1)
ic 121 =2, 73
IF ((VTBE(I)).LE.(Y¥AXV)) GO TO 12
BAXVs YTHE (1)
12 CCHIINUE
DC 131 =1, 73
VIHE (I) = VIBZ(I)/EAXV.
13 CCNZIINUE . o
C SZT UF 1EK618 .
' CALl TEK618
c CALL CONPSS ,
' CALL PAGE(8.5,11.)
CALL BLOWOPR (.€)
' CALL NOBEDR ,
CALL AREA2D(7.%,7.5) ,
CALL HEACIN (*SROADSICE ARRAY PATTEEY',-23,2.,1}.
' € SZT UF POLAR GRID o - S
CALl POLAR(0.0174S, .266,3.75,3.75)
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AT S L S

iiesis

L

£

33‘\}-

it

51.

‘ﬂfy“ﬁ a‘, -‘ ‘d!

-

cari
CALL
caLl
CALL
CALL
CALL

MARXER ( 16)
poT '

CURVE (W ,VIHE,73,1)

RESET ('r0T')

SEID(2,4)
END2L (0)

S10F

END

iiiitsihiﬁﬂi?é
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