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ABSTRACT

In adaptive digital filtering, the Transform Domain LMS algorithm (TRLMS)

*‘.
oS

has shown the ability of improving the convergence rate of the Widrow-LMS algo-
o rithm at the expense of implementing a fixed orthogonal transform. In broadband
= beamforming, each sensor of an array is typically followed by a tapped delay line
o

. to provide frequency-dependent array weighting. The weights can be adjusted
oY
> . . .

' adaptively to steer the nulls of the beampatiern toward any undesired sources.
& For Lcast Mean-Square (LMS) based adaptive arrays in a multisignal environ-
< ment, convergence is highly data dependent and is characterized by highly
3

disparate modes, resulting in slow and noisy adaptation. This work examines the
i feasibility of extending the TRLMS algorithm to the multichannel scenario of
N wideband beamforming for the purpose of improving convergence rates.
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CHAPTER |
INTRODUCTION

In the area of adaptive flltering, the Transform Domain LMS algorithm (TRLMS)
s o has shown the ability of improving the convergence rate of the Widrow-LMS
:S ~ algorithm at the expense of implementing a fixed orthogoral transform (1], {2]. In
= broadband beamforming, each sensor of an array is typically followed by a tapped
& deléy line or digital filter to provide the necessary frequency dependent array
:\-_ weighting. The welghts can be adjusted adaptively to steer the nulls of the
: beampattern toward any undesired sources. For Least Mean-Square (LMS) based
‘ i adaptive arrays in a multisignal envircrment, convergence is highly data dependent
: and is characterized by highly disparaté medes. This results in very slow and noisy
adaptation.

Much atterticn has been given to fast adaptive arrays. The well-studied Compten
o Loop offers a continuous time solution [3], (4], and fast algorithms mcre robust than
the LMS are krown to exist [5]. Orthcgonalization metheds that employ the adaptive
multicharnel lattice filter [6], (7] and eigenvector preprocessors (8] have alsc been
'3\ prcpesed to improve the convergence rates.

This thesis examires the feasibility of extending the TRLMS algerithm to the
multichanrel scenario of wideband “eamforming for the purpese of improvirg
; corvergerca rates. A special class of teamformer, the Gererslized Sicelote

Carceller, is srecifically comsidered. This sirxctie ccnverts the greciem cf
Y :

......................... PR L RS LT ‘\rﬁ("\-{'\f\:":“wf‘\.'-\.A\(\J‘."‘s-‘\{‘.'- ‘.'_.
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- lirearly comstraired acaptive beamforming to crne cf unconmstrained multiple )
.\‘
4 [ )
” reference noise cancelling. Applying the TRLMS aigerithm to this multiple input =
~E: case is nontrivial, as it will te shown that many different arrargements of the input
' g ~:.
v data vectors are possible. In gereral, the performance of a fixed transform
R g
X algerithm is data dependent [1]. The intent hers is rot to develop means by which to o
¥
_;- fcose a trarsform, but to provide an intreducticn to this topic and to determire if B
<. -
" the use of a fixed transform can be justified in this highly data dependent scenario.
=
<. Studles of the performance of the Generalized Sidelcte Canceller based on signal -
‘E: envircment and cn the type of transform chosen will be verified by computer. It N

{

will te shown that the TRLMS algorithm can be effective in scme situations.

Pzrformance aprears to te dependent upcn many factors, inciuding the number cf

NS

serscrs, the nimber of jammers and their angies cf incidence, and the arrangement

P
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.,: of tke data vectors.
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CHAPTER 2
BACKGROUND

This two-part discussicn prsserts the necessary background in lirearly con-
strained adactive teamforming and transform domain adagtive FIR filtering. These
seemingly unrelated tcpics will te first discussed separately, and then later joired
to apply the ideas of transform domain LMS adaptation to improve performance cf
the Generalized Sidelcbe Cancsller, sometimes called the GCriffiths-Jim
teamformer. The beamfcrming applicaticn doubles as an experimental tase in which
tc verify the extensicn cf the =aid adaptive filter to multiple irputs.

Unlese rcted otherwise, assume that all signals are zerc mean and wide-sanse
staticrary, and that all wavefronts are plarar (gererated by a far [lald source).
Assume all anterra elements are ideal ard cmnidirecticral, with array gecmetries
lirear arnd wnifcrmly sraced at distance d.  Discrstized data are assumed ic te

availacle at ezch element.

2.1 Adaptive Eeamforming

Tre teamformirg sroblem invelves selecting 2 desired prepagating scurze

(sigral) in an envircrment where cther undesirzd directicral jammers cr rcises may

“e grasant. Acdsptive teamfcrmirg invecives ‘racking sizral carameters which ares
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weighted 5y a complex weight and summed to greduce the cutput, as shewn n Fig.
2.la. The magnitude ard phase of sach weight can te adjusted adaptively ‘o schieve
maximum signal-tc-interfersnce ratic (SIR), or calculated dirsctly :f the sigral
parameters are kncwn [9]. Crne sensor is commenly used zs a fixed refsrence tc
pravent the cutput from decaying to zero during adaptaticn.

A linear array will have equivalent resgense fcr angles symmetric abeut its axis
(lire formed by the sensors), whereas a circular arrangment can uniquely resperc to
all 3.600. To avoid aliasing due tc spatial sampling by the senscrs, the sampiing
frequency (array spacing) 1/d must be at least twice the spatial freguency cf the
wave, /X, Trerefcre, d S\ /2. Anarray of K sensers kas the capability tc rejec

tc K-! jammers ard pass cne desired signal. This is raticralized by envizsicning
the scluticn cf a lirear system of K equations ard K urkrowns.

Feor brecackard sigrals, each weight in Fig. 2.la. is replaced by a tapced delay
lire, as shewn in Fig, 2,15, to grovide the frecuercy depencent magnituce ard chase
shift cver the cperating tardwicth cof the array. The weights can be zdacted wsirg
many Zifferent algerithms. Alsc, several array configuraticrs can be wsed {8, An
impertant geint is that acapting the weights with a simple aigerithm such as LMS
weuld result in their decaying to zers. This corresgerds tc @ minimizaticn cf the
cutcut, wnich kacrers tc te zero in this case.  As mertizred, an unweightad
r=fersrce senscr can be wmed o pravent this, cawsing 3 mefu cuiolt o Te oresan

aver if ihe weiznts Secame zers. Sowever, lhe desired sigral mav still Te zzmesllsd
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Ore soluticn propesed by Frost [10] places a linear comstraint on the weights to T

prevent their decay to zero. This constraint is also tzed to process the desired § £
signal, fixing its response regardless cof signal-to-interfererce ratio (SIR). Ancther ,
similar lirearly constrained adaptive broadband array will be the focus of attenticn, : ;
namely the Ceneralized Sidelote Canceller. | F ".
“J

2.1.1 The Generalized Sidelcte Carceller v :
Figae 2.2 shows the Ceneralized Sidelcbe Canceller Breadbard Beamformer 2

R

3

(GSC), first analyzed by Griffiths and Jim [{!]. This structure has been of recent :

i
s
=

!

interest tc researchers due to its flexibility and simplicity (9], [12). It is
aprealirg in the sense that any urnconstraired adactive algorithm or filter structure
W, () may te used for its implementation. Fer example, Reference [12] reports

imgroved SiR for the CESC wsing pole-zero filters in place cf ccnventicnal tacped .

¥
Kt e T st TR

delay lires, sithcugh cnly the FIR case will te censiderad here. The cnly censtraint

cn the CEC is that the lccaticn of the desired signal must te known a gricri. . ;
‘--
Tre CSC has a dirsct aralegy to adaptive rcise cancelling with multiple refererce o
iroute, making it easy ‘¢ aralyze and understand. Refer ‘¢ Fig. 2.2. The cdesirsd o
-
- -
Ercactand sigrnal S.(n) impinges upen the array from the lock-directicn, defined as S
g X
the argie 9 = 07 with resgect to :fe array ncrma..  Apprecriate steering delays zt SO
SN
as zach serscr may te wsed for alignment if necessary. Since .(n) is ir phase 3t each {
LR 5 * ) »
."l‘ l.:' “d
: ;f_': szrscr, 4 ls ticcked Trom the Tilter irouts X.‘(r.) oy the sittractive preprocesssing S
LM 4 » ! ? .
oY , . . . . . = _—
LW stage and rerollas o the ‘trimary mowt” charmel ). Thes. S 47 passes 2 ot § >
W srTIv sUiIwt saltared, angosccliiicral srecsssing mav dore v oinseraing s Tixed Tiltar Rt
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o in the d{r} charrel. Any other broacband sigrals 5,(n) (assumed to be uncerrelated
) with S cl(n)) ivirg at angles cff the lock-directicn will have compenents in teth
1 o d(n) and the "refarence irput” chamnels X (n), 1Sk SK-1. These compcrents, although
32 | cerrelated, differ due to effects of the preprecessor ard the spatial sampling process

. cf the array. For example, the contributicn of S,(r) to d(n) is

S S X
N.l(n) = -k—kzisi[m- (k-i)Ai.tpi] (2.1)
- with arbitrary phase ¢, and intersensor propagaticn delay

3 _ 2nd sin6 , (2.2)
= a=55%

-

-’-

N

(- cetermired by argle 8, serscr spacing d, radian frequercy w and its correspording
» .

wavelength A (fer a rcrdispersive media, wA= ccrstant), and sampling period T.

e e th , ,
The contributicn of S, (n) to the k™ reference irput is
-

Y

i .

-

N. (n) = 3,[nT- [k-i)Al-*-d:i] - Si[nT-kAia-qsi] . (2.3
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T2 array cuteet e(n)j=d(n)-y(n} sarves as the errcr sigrnal to te minimized by the

adaptive fliters of imgulse resporse Wi (n). Let X (r) Be 3 vector of length corres-

cerging °o Wk {n}. Tren,

N " K-i + v d
S () = &) - S X (T W R (2.4) <
o k=t < A
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N', () =‘§ N, @ (2.5b)

The classic adaptive noise cancelling scenario [13] is now clear; the primary
irput sigral d{n) ccrsists of a desired signal S 4™ plis a noise comgenent N o, and
the & reference input consists of noise le, which is correlated to No but not to
S4(n). The weights of the W, ’s are adaptively adjusted to cancel (2.5a) with the
multiple references of (2.5b), minimizing e(n) in the mean-square sense while
leaving S d(n) intact.

Tre GSC can te categorized (9] as a "hard corstraint” structure, so called
tecau=e it maintains a fixed leck-directicn respcrnse regardless cof sigral strangths.
Cther predecesser structures with "scft constraints” meke use of training sigrals cr

recuire a minimum SIR to maintain a specified lcck-directicn semsitivity. Cther

Hys

classifications ars ‘"lirearly ccnstraired minimum variance beamformer cr
"maximum likelihced array," which again lmpuy that the output power of the array
can be minimized withowt fear of cancelling any wseful cutput (sssuming uncorrelated
ircuts). A peint werth roting is that as the desired sigral deviates from the leck-
directicn, its wavefrcrt comperents Seccme cuwt of shase st esch serscr. Tnis sigral
then "leaks" imtc the refesrzrce chanrels, since the greprocesscr can o
ccmcletely Sleck il T the r=istive power of this sigral is =igh, the weighis weould
dzct wo carcel S)(n) from o the cwtok, due o cormeisted cormpererts nothe trimar
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Ccech ard Shyrk (12] have shown that the cptimal sclutien for Wk(n) contains

both poles and zeros. This soluticn will perfectly cancel any ccherent interference. iy

e
B
T

0
5

The transfer function, however, containg unrealizable fracticral powers of Z (Z-

Transform variatle) in the dencmimator which correspend to A in (2.2). This RS

e 4
IR 4
1
r

‘e
# -
ey LR
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implies that an effective FIR scluticn will mest likely require a very large flilter R

£
%
l
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order to approximate the impulse response cf the IIR solution. - b
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2.1.2 Wierer Solution for the GSC : =
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Refer to Fig. 2.3. Note that the sensors and preprccessocr stage have Seen

removed {or simplicity. For a K senser array therz are K- reference inputs. Lat

x
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L be the length of the FIR filtar at each reference, represented by the weight vector ]
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W ln) = [w () s () w0 )t (2.5a)

%

ard its correscerding data vecter

IA

*
<

1,
I
AL,

PV

- F

“" :' "' *e ¢y

X 00 = [x 0 % @ L Loxe @ (2.66)

T F

,
v
'

Py

1
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is arditrary, an important point to be considered further in Chapter 4. For this
analysis, W_ and X_ can be arranged by "stacking" the subvectors cf (2.5) as
1 r T
Wi (n) Xi(m)
W, (n) Xz (n)
5T - ) - ) )
W a = . an d Y a - . . (1... 8)
W Xk-1 @
l J \ /

The remairder of the analysis is identical to that for the standard discrete
‘Wierer soluticn (9]. The quantity tc be LMS mintmized is e(r)=d(r)-y(r). Takirg
2
E{e(n) ] yields

2 2 —_— —t o o b
Elelm ] =E[dn) ] - 2E[d(n)wn‘xn] + s[wn‘xnxn*wnl
- 2 _t _t a7 -
=Efdm ]-2W'P +W'R W_ (2.9}

. L . t . \
fr~m which the atteccrrelation matrix R < El Rni n} and ire crcss-correlaticn
vecter P = E[ d(nX| | are cefired. The optimal Wierer scluticn is achieved ty

taking partials of (2.9) with respect to Wy, s
-

2
3E [e(n} ] k=1,2,...,K-!
= 0 1=0G,:,.. Lt .10
BJkl
o vieid the familiar
W_,=R_P, . 2000

.
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iteratively, and the flexibility of the GEC allows any suitable choice.
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Cnre choice

which shows promise cof improved ccnvergence rate over the LMS algorithm is the

Trarsform Cemain LMS algorithm. The next section examines this algoritkm for the

gereral case.

2.2 Transferm Ccmain Adactive Digital Filters

It is known that the convergence rate cf an LMS adaptive filter
the eigenvalues of the input covariance matrix, which in tum are
cower spectrum of the input (2].

filterirg is simply to whiten the input power sgectrum.

is geverned by
related to the

The idea behind transform domain adaptive

This equalizes the eigen-

values, allowing the "medes" cf the system to ccnverge at the same rata. Trne teaut
g )4

of the TRLMS filter lies in the fact that no inverse transform is

recessary; the

trarsicrm acts crly as an orthogeral magping cf the weight vector Wn ard the data

vector X into a demain where the desirsd fower rcrmaiizaticn is feasitle.
il

Tre Widrew LMS algorithm is given by

w =Wn+2penxn.

4
n+i

An excressicn {cr the ccnvergence of the mean weight-error vector is

?
n’ !

e \) - H (e . . P ’ .
~rers /n-W_ - W_Rt, 2( s ‘ra zutsoorrelaticn metrix assumec to
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V. =Q'V.  and szcp/\ot : (2.14)

where Q is a matrix whese columns are the orthercrmal eigenvectors of Rx, and A is
the dlageral matrix of their corresponding eigenvalues, A;. For simplicity, assume
that a distinct eigenvector exists for each eigenvalue. Combinirg (2.13) ard (2.14)

viald
r ? - 3 n ?
E,.Vn]—[l 2uA] Vo (2.15)

which clearly can be separated into N mcdal equaticns. The time corstant for the

if'h mode, calculated from the geometric ratic 1-2pA,, is shown to te (9]
.= 1 /4u],. (2.16)

Clearly, overall convergerce is govermed by the mcce correspendirg to the smallest

eigenvaie, Arrir' A highly discarate eigenvalue spread will result in peor perior-

4

marce. Since the aigenvalues cf R ar= bounded by e minimum and maximum val-

X
wes =f the input sower sgectrum [LE], whitening of the irput results in all eigenvai-
ces teirg identical. Faor fixed levels cf steady-state MCE, A _,  then teccmes max-

Ry T

2], An crthecgeral trarsform permits scme di-

imum and convergence (s improved
rect manipulaticn of the eigenvaiues, the degree cof which degerds cn the trzrsform.

Tre TRLMS fiiter is shewn in Fig. 2.4. For each time index n, the data vecter
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the cptimum Wierer seluticn can te shown to be

L

R,P, , (2.1%a)

-Qcpt =

whera

RS=E[snsn‘~] ard P_=E[d)S_]. (2.19b)

s
The relationship between time ard transfocrm domain solutions can be established.

Frem (2.18) and (2.19) we have

b
R.=TRT ad P=TP (2.20}

ard substitting into (2.19a) yields

-1 3 (T

—_ _ J t _ .1 _ 6"_1‘
_cgcpt-(TRxT) TP, =T Rx Px—(T", Nc

13
r
—

"
ot

This the trarsferm maps the weight vector as well, and (2.21) can be wsed to re-
ccver the time demain soluticn if neseccary.
As discussed in (2], the minimum mean-square errors cf the time demain ard

the ‘rarsferm demain fliters will te identical as icng as T is crthegeral cr,

L)
TT "=«I, (2.22)
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The Trarsform Comain LMS algorithm [2] is given by

*

=w_+n1S 2.23
«n 1 n en & )

9n+i

where ) is 3 constant convergence factor. Similar to (2.13), the mean weight-error

vecicr is
» 1=11-2 ng 24
E[5 1=[1-2R_]"5_ (2.24)
where y_ = w_ - E-opt“ It“is known that unitary transforms preserve the variarce,

ard in tumn, the eigenvalues cf an autocorrelaticn matrix. Therefcre, with ap-
rcpriate selection of 7, (2.24) and (2.13) will rave the same time constants. By
setiirg n = u/x, where ¢ is N, N/2, and N fer the OFT, OCT, and CHT respectively,
idertical performance cf the LMS and the TRLMS filters is axpected [2].

2.2.! Crthegeral Trarsferms

Mary discrete crthogeral trarsforms axist. The thrze which will te ccnsidersc
~ere are the Clscrete Fourier Trarsform (CFT), the Dlscrete Hadamard Trarsform
CET,, and the Discrste Ccsine Transferm (CCT).  The cptimal Xarhuren-Loeve
Transicrm (KLUT) will perfectly decorrelate an inout and diageralize its aute-

sy -

corraiaticn matrix., Tre XLT is based on input statistics and gererslly ot sed in

an zcactive envircrment wher2 sigral carameters are time varving,  deniizz!l i

P’

L4y oy - iy B ; foemems - -t - ] Cm -t g -
2.14), &t invelves sclving for the algsmvectors of R, snd e generzl fast sigerithm
~
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But for real irputs the comglex arithmetic is cumtersome. The tasis functicns for a
matrix regresentation are the familiar comglex exgenentials,

¢ - e‘janm/N :

,m 0 s ),m s N-1. (2.25)

The CCT, a similar counterpart of the CFT, uses cnly real ccefficients, and fast

algorithms exist for a limited rumber of values for N [18]. Its kermel is of the

ferm

t!mza(!)cw{ﬂ(zsz*'i) . 0s)lms<SN-t,

2(0)

A ZN FFT can te used for cocmputation of (2.26) due to the similaritie  -tween

Eaad

tmem. Tre CCT has shown perfcrmance clcser to the cptimal Karhimen-Lceve

Trarsicrm XLT) thar cther trarsicrms for many applicaticns, imcluding image

czdirg and chanrel equalizsticn, and is asymctctically equivalent o the XLT for

Markew! sigraisas N -» o [14].

The CHET has Seen cof great interest die to its computaticra!l simclicity.
Cermpesed of Waish Sasis “uncticrns which take on vaives of +! ard -!, tke CET can

zemputed with simgle additicns and sitiractions.  Fir example, the

for N=

[ R A A
1

LI I L
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21 +
and it has the special preperty that T=T =T

The identity matrix can alsc te cermsicersd as an crthcgenal trarsform.  Sirce
the I matrix simply passes irputs to the weights unaltered, use of this transform in
the TRLMS algorithm is equivalent to the LMS algerithm. This fact will simplify

compariscrs of the TRLMS algerithm to the LMS case.

2.2.2 Self-Crthcgenalizing TRLMS Adaptive Filter

cnsider now the seif-orthegeralizing TRLMS algerithm [2), where

+ 4RSS 2 (2.28)

i&?l

ard

- R
£ vl = (1- ZuRS Rsl“yo . (2.29)

~

R_ is 3 diagcral matrix whcse elements are the power astimates cf sach s, namely,
3 )

&

Rszdiag[ o &y & C o). (2.20)

-
M S
-

L is krown that the trersforms under corsidersticn will zcereximatealy diageralize
thre R matrix. For the cptimal KLT zase the dlagensl elements of Rs will te

ecuivalert ‘¢ the irout veriarcss [17), and RS R_= 1 Eg (2.26) weuid then e
-

- Y ’ - -
IR e =t
- v } , = - - - . s - -
.o .. . . ¢ ] -
Lo e . - — - -y g - cotm b e m g mpagmt oy e - o — e tem mpmem e e et -
NS 8.. TOLIES ITUWNETZLTE Al T.TTRE CTZRARL T, = L, =l ST W2 ZUWED CLTCTLITTE:

VTRV - B < S

\d’
-
Y




o
'.F’ )
p
L3N h:.. .
@
X N
™, “
:-I <
" casas, the residual off-dlagonal elements of RS cause cross coupling of the mcdal )
Y, = s,
o equaticns, resulting in some disparity among the time censtants. The effectiveness ak
. O
"'* N ~ . ¢ . . -
e cf a specific transform is strengly dependent upen the class cof imputs. This is
ol -
illustrated experimentally in [1].
) =
N An effective methed of estimating the power criz(n) is via a single pole low-pass
.J'\
I .‘i\
N filter as given in (2]: o
™ ‘ .-.‘
. s -
oo aiz(n) = Bciz(n-i) + (1-9) sl(n) s, (2.32) -
o
R . Y
where f is the smoothing censtant which centrols estimation accuracy and tracking -
L4 ’ hnd
35 atility. Reference {2] provides a detailed discussion con the effects of cheices of £ :
e o
d‘-‘c - '._.x
N ard initial power estimate a'.l‘(O) on the cenvergence rate.
N .
g
" Thus, the self-orthogenalizing TRIMS algorithm is identical to (2.23) with a B
.
s ; . 52 ™ ; ired
o time varying convergenca factor, namely n=p/ G, (r) . The algerithm to te examired
(P, A
W o
by in this thesis |
) 1
e S
¥
o t - f 2 i * 2
. w,n+l) = wi\n) + —=— e(n) c..l(n) . (2.23) -3
o ¢, (n) -
— -
2
O inis is simply the deccupled version of (2.28). To insure equivalent misadjustment
- ¥
4 ~ A Y
o levels ‘cr the curpese of comparing transforms, the Identity transform will ke used
W in this algerithm in place cf the LMS algorithm. Peower ~crmalizaticn sisc
NA LY . - . ’ I . - 1. .
k &: s.imirgtes the zcrncern for the creger cheice and computation =i the normalizing
1Yo . -
_ facicrin (2.20]
;s.'.'.a
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is to envision the sliding trarsform of Fig 2.4 as a tark of Sardpass filters [18). g
a For the OFT, the transform kerrel (2.25) can be likered to an FIR filter hy(n) of :.J%-.‘_E:.g_,
D . . . :::::::\..:
E: length N with input X . and output s 4(). For 1 = 0, ho(n) has a rectangular impulse 'E::-‘.::-\.:‘j

response, giving a frequncy resgonse of

, - “jle-)w/2
Holed¥) = sin (wN/2) e (2.34)

sin (w/2)

18

o
~(
?

¥
Y

=, %

which is a sinc-type functicn centered at w = 0. At the #h frequency bin

Ve

o
X

-~ ?\1’ 'y
A
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e
R

¥

correspending to the cutput s,(n) and center {requercy 271!/N, the frequercy respcnse

is simply a shifted version of Hq(ejw), equz!l to I—!o(ej (w-27I/N)

). All cf these
filters will have scme degree of overlap which can be lessered ty increasing N cr by
wirdowirg [18]. The pcwer spectr.irn is whitered Oy approgriately scaling each cf

the frequercy birs. For real trarsfcrms (CCT, CHT), the filter respenses are

gererally nct symmetric and may nct have the same bandwicth fer ail frequency
Sins. By comgarisen, the XLT preduces a sgike at each frequency tin, impiying ro

cverlap and cerfect decorrelaticn.

1 ‘.

Thus, the convergence rate cf the Wicrew LMS algerithm can te improved at the -
e
axgerse cf imglementing an orthogeral trarsfcrm ard estimating the pcwer at each pOAEN
SN
- - i . . - A
of the frequercy Sins.  Althcugh cther well uderstocd algerittms such as RLS e YO
2 Daa™
the zdactive lattice mayv te more efficient [C], the ccint Rerz is to exgicre the ;v%a?
- L mp & i C .l P N oy ejboa’ oo L nemy & T o 1 et . via \.f:j
axtgrsicn of the TRLME slgerithm to multicia meferznee irputs for acclicaticn i oy
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N APPLICATION OF THE TRANSFORM COMAIN T
jj';i: LMS ALGORITHM TO THE TWO SENSCR GSC s
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This chacter examires the ccmbination of the topics discussed in the previcus

»
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4 % Y
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SRR b8 TR
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N chapter, cf the applicaticn of the TRLMS algorithm to the two sensor GSC

S teamformer for the purpose of improving its rate of convergence to the optimal <
'.;.- Wierer solticn. Tre analysis for this mcst simple case has essentially already _ S
._:. \4 .

Seen presentad in Secticn 2.2, the only difference being the nature of the desired ard ~

"3

- .
e . . . Y R . - ‘: o
el referance irputs of Fig. 2.4. The main intert here is to provide a feel for the T
-.‘_. -."l
o : : . o
ceeraticn cf the Transform Comain GEC via computer experiments. i ﬁ
- 3.1 Two Serser Scerzario A

A

The two eiement (K=2) GSC snewn in Fig. 3.! was simulated cn a Zanith (S

&

A«

‘r“:‘- Y %

Py

S
PSR

PC =ing FORTRAN.  Semsers werz spaced st s distance d=,\°/2, whera

A _ccrresperds o the wavelength at the array’s center frequency. A breadtand sigral
a ) .

- ard jammer were gererated by colering wmnifermly distributed zero mean pseudc- ks
'F-.‘. o :-‘_
R iy . . s . . N ,
o wile ncise with a foirth erder Butlerworth tandpass filtar. As in Fig. 3.2, its
-"_- ) \.‘ -:‘:
d‘::n' v . : R - iab e I . R /" . . ::,, .'q.‘
Aok rorTmailizec center ‘requercy is w, = w/2 with 3cb tardwicth = w/2. To prevert v
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o simulate a propagating wavefront incident upen the array at angle 9, from

{2.2) the intersenscr delay

A = 2sing (3.1

was implemented using a sinc interpclator weighted by a Hamming window [12],
(21]. Fer this class cf sigrals, the interpolator length which gave a reascrably low

mean-square arror was experimentally calculated to be 11 taps,

3.2 Experimental Results .

The self-crthogonalizirg TRLMS algorithm cf (2.23) was implemented with an
Idertity trarsform of length L=8. A jamming signal ircidert at 20°% was set to be
20 ¢b zbove the lock-directicn sigral. Tre step size ccrstant was chesen as y =.00S

with power rormalization facter 8 =.8 and initial zower estimates &2(C) = .10 . All

weights were initialized to zero. The pletted cutput SIR curve fer 18K iteraticrs is

stewn in Fig. 3.3 . The mean-square error for this "learning curve” is calculataed

using a =iiding wirdcw of {EQ peints.

Next examine the SIR curve for the same data sequerces and carameters using
the CFT, alsc shewn in Fig. 3.3. As expected, the ccnvergence rate is impreved
sitstantially. Even thcugh the comelex numter domain of the TFT results in a
corrpiex cutout, as the 'weights cocrverge the imagirmary part Secomes regligible

zrd cruy the real cart is w=ad in SIR caleulaticrs.
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rct reflected Dy an imcrcverment in its perfcrmance, as the simple CHT werks just
a
as well in this case. Alsc, Fig. 2.4 indicates that all cases are ccnverging tc th |

same soiution in terms of SIR.

3.3 Converged Beampatterns o

Figure 3.5 shows the converged beampattern for the firal weight valies in terms e
of array galn (the ratio cf power out to power in ) in Cb. Since the array gain is
frequercy depercent, the plot was generated by averaging beamgatterns fcr discrete
frequercies over the signal bandwidth [12]. The gain in the look-directicn is O cb as
expected. The frequency resperse of the array at 20° is plotted in Fig. 3.5, cem-
crsirating the attempt to reject the signal over its bandwicdth. The gain fer 6 =2°,
if plotled, weuld show 3 flat resporse over the entire cperating bardwidth. The "] ¢
svmmetry in Fig 3.5 s due to the linear array gecmetry.

Nctice that the initial cutput SIR in Figs. 3.3-2.4 dces ~ct ccincide with the
assigred valee of -20 cb. This is explained by the fact that the summaticn ci the [ -
serscrs 0 form the crimary charnel acts as a converticral teamfcrmer, with each
cerscr weighted Ey unity. Therefcre, scme attemation exists, properticral (o the
deviaticn frem 6=0°. Feor breackard sigrals, this effect deperds on the the scectrim

of the sigra:. Figurs 2.7 stows the initlal beamcatiern, all weights set ‘c z=ro,

sversgzc cver the signai tandwicth of 7/2. As an example, the same ‘ammer 33
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. v -~ ;——C . - [ - - - b
.. fa gy H ‘m ] . — 3 - H PR . -,
s cisced 2t S=E37 1o ccincicde with the drecp of the resporse of Fig 3.7, viewc:ng ‘hz \
.
P
- LS
vl IR e =f Tia 23 Tug SIR mag 3 ~eac 3ts I R S R T ot
. . e T mlEe 2.3 TR Zd 25 3 TE3C 3\art U T I, TuUL She.. TIMVETZIEZE Z -

. , . C A — -
P R W N RN SN - - - - - - - > mmem mem sbmms T - - -
TCTIXxLTalel s LB AR 2Bl Ll o« 29 - .o ZZCEEIT &L P =L .B2SL LusE
-
a
-

T T S AN o
I N A N P I S L AL .,
e A L T A AT IS e AN,




@rra! Gain

in)

ern cktained frem converged weights.

[ 3
!

Fig. 3.5 Beamcat

i3

[
n"(

ey

.

0%

Yorwalizes

L




Initial Armay

Gain in 2B

¢ Eae B

AL -4\.“\ Y

A

Al

B
al
N
8
4
-2
o
g
pase
/nld\
5
Bo
>
;
—
L)
py
K
i
™)
o0
et
L.

| A

L)
-

i,

Jmmn_m_wm.n.u.«Jm

X

T,

1868,

3,

S
LR NS

15i07S

iter

-
I
——— -
- TN St

-
—emmmy -y
wbeustRw 2 we

. SR

- -
- - B
. .2 nitial

-,
-
-

R LR S
)\..-,.) M

PAR



H"W“-m’“!v‘- AR a4 -~ .. ad ok an san aoh iod 2ok tng aad el Sl Aok Aol hell it Safisialh ¢
A .~ ra ke i AAn" Sin e -4 T - Shuc ade - e Agte A SAha it S - Al * i < athe ShlinSiier Ak S ke diiand DA

the array has & fairly uniform rejecticn capability.
.. In gereral, for this simple two sensor case, the CSC appears to ke very well
- 9 o
2 behaved. However, for the three sensor case with ‘wo incident jammers, it will be

revealed in the next chapter that this is not always the casa.

. L
.

.

Ll

rRT
[

b

I}
e

PPV P P S SR R

' 2N

N AD 3 +



it : % >
[ i

Y, . :’
6: :1'
oy CHAPTER 4 " )
s N
22 APPLICATION OF TRLMS TO . o

THE THREE SENSCR GSC

$ 0
')
u ~»

o &,
R A
n_".u &-‘.
::‘.; The three sersor GSC shown in Fig. 4.! has the capability to reject two o

t

> &
L)

RN

jammirg signals ard pass cre desired brcadside sigral. Ccnvergence tehavier for the

;r

st s A

i'ij cne jammer case ls very similar to the results presented in Chapter 3, with
Sy
F‘V. .

G

S

improved cancellaticn ability due to the additioral degree of freedem which -

accomeanies the extra senscr (19]. However, when a second jammer is present, the

A
>

- LMS aigerithm can te very slow and impractical. Ccnvergence tehavior cf the LMS L
- -
" N
algerithm for beamformers in general s characterized by highly disparate mcdes . ;
2 ot o bie wlbr b -
\f\ (2], [4] ccrtaining Scth very slow and fast compenents. To remedy this sitwaticn, D
a) -t -
CRA . - o.
! crehegeral transierms car be used. However, fcr this multi-refererce case, they can o
N -
erter intc the picture in several different wavs, with efficiency degendert cn the 3 _
Q_l’ * Y .:-
"‘: . -~ ~ N - - . .J
oy vyee cf transferm cheeen, the input data, and the crdering of the data vecter X .
" Y ~0Te
o3 2
¥ - e
- &
ey 4.! Ccnvergerce of the GSC for the LMS Algorithm S
7 T
> Sazed =n experimerta. observaticrs, the depencderce cf angle ard rate cf -
}! ccnvergerce will be sstablished.  Although these results are nct interded o te .
Y
L] . o
i A
L) B , Lo . . ~ . -~ - <, ~
o zonoiusive, they serve ' iliustrate the mctivaticn for the wse of trarsizrms. N &
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Fig. 4.1 Three senscr CSC

.

resgorse pletted in Fig. 3.2. A third uncorrelated leck-directicn sigral <f -20 db

o o . : o
was fixed st 6 = 07 as uswal. All carameters and spacings are identical ‘o these

descrited in Secticn 3.2 with the axcerticn cf the filter lergth teing L = 15 cer

refererce chanrel. The self-ncrmalizing TRLMS algerithm of (2.22) was wed cn

3ach weight indeperdently, wsing ro trensform. Jammer ! was fixed at 8,=40° ard

- Al o} .
.ammer 2 w~as ctlaceg at 2,=10%, trials
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A trend that can te ctserved in these curves is that the rate of convergerce
apcears o cecend upen the relative angle tetween the jammers. For exemple, the
SIR levels of Fig 4.2a appear tc decrease as jammer separsticn increases. 10
ersure a valid comparison between the curves cf Fig 4.2, misadjustment levels

must be the same [9]. Misadjustment for the LMS algorithm of (2.12) is given by

The trace of Rx is krncwn to be related to the input signel power axz as No_?, where

N is the dimersicn of R . Due to the power rormalizing facter of (2.32), g l=d?

Q

arg

M= uNe ?/&? = uN (4.2)

Thus, the gercentage of excess mean-square errcr (@] remains essentiaily constant
fer the varices ot sigral powers which may arise with varyirg sngles cf incicerce
(see Agpercix A).

Arcther cctservaticn raveais that the initisl SIR values corresperd (o large
deviaticrs frcm the lock dirscticn. As alluced to in Secticn 3.2, the array 2lsmenrts
in ccmeiration with tne primary channel act as a ccnventicral teamicrmer. This,
scme carcelilaticn resulls frem the armay configuraticn itseif, ard the initial arTsv
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resgective levels of §nin' It is true that §in 'S argle deperdent, since

N
- fa(n)2 n.plg’
v § in= min{Ele(n)?]} = El[d(m? XR < Px (4.3) =~
-C‘:
ks
. cortains the angle depencent quantities P, R, and El¢m?. Hcwever, it will te B
P "
408 shown in later secticns that suostantial improvement in ccnvergerce ratss can te
{ RN
> 5
o made, ard variaticrs n E min 32 rot as drastic as cne cculd te led to teliave. &
e Also, Sy careful inspecticn of Fig 4.2, {rcm the very gentle wpward slcpes, cre can T
o~
38 ctserve that the curves are still very slowly convergirg, even after ‘O iteraticrs.
R R
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- For the sake of completeress, the stcve ncticn was verified by compuiar. A sin- e
~ Z:e troactand ‘ammer was scanred scress the array by cre degree increments fmom
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senscr GSC may te fourd in [12]. Apart frem final SIR values, similar results el
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s attempted due to the high comgutaticnal expense of simulating two jammers.
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This rather speculative discussicn has preserted some evidence suggesting that

’
«
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i

performance cf the LMS algorithm can te very pcer fcr disparate argles of arrival.
Py Time corstants cf adaptaticn and initial SIR values may widely differ, t&t variatic

in §_.,, may rot be as drastic as expected.
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To examine the mccal equaticns for the purpose of verifying that applying
trarsierms in an individwal fashion is sutcptimal, the Wierer solution must te
rederived fer the irdividual case so the structure cf the Rs matrix can be revealed.

Defining the error to be
el =dn) - XFw, - xt w, (4.4)

ard taking E {e(n)?] yields

Ele(?] = E[d(?] - ZP{W, - ZPjW, + WER W, + WIR zW; +
WiR oW, WiR W, (4.5)

where Py = E[d(X,], P; = EMX], Ry = E[X,X{ ], Rz = EX;X; ], and

R 2= Riz‘ = E{X,th']. The time index n has been dropped cn the vecters ard
matrices for simolicity. The Wiener soluticn can be cbtaired by applying (2.10Q) to
(4.5) directly, tut the cbject heras is to minimize (4.5) with resgect to the irdivi-
dual vecters W, ard W, to grocuce Lwe separzte equaticrs, nzmely

3Ele(n)?
S=elint

3 3
C‘Nv, = "2?1 + ZW; RX“ + 2‘”2" szg = O 9 (4..53)

3E e (n)?!

[4
= 2P, +2W,R +2W; R ,;; = 0, (4.2k)
awzl X X

0<1sSL-1).

Saation (4.2) can be arrarged in Sleck matrix form to groduce
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The arrangment of the weight vecter is identical to the stacked crdering of (2.8).
Therefcre, the sclutions derived in Secticn 2.1.2 ard (4.7) are identical. Equaticn
(4.7) helps to clarify the underlying blecck matrix structure of the system
autccorrelaticn matrix Rx' It contains Toeplitz autccorrelation matrices along the
diagcnal, and cress-correlation matrices elsewhere.

Now the effects of an orthogenal trarsform can be studied. Using the definitiors
of (2.20) and the linear preperties of the transform, it can be shown by substituting

(2.20) directly irto (4.7) that

v =1 $ : t  § . -1
_ ) W, TR, T' TR T T P,
g, = T N . (4.8)
P T W, TRaT TRgT T P,

— -1
or in cempact retation, @, = Rs PS. Thus, the system RS matrix for individuslly
acplied transforms can te cbtaired by transforming each of the LxL submatrices cof
R as specified in (4.7).

Clearly, the Rx matrix can never te completely diageraiizad when trarsforms are

acclied irdividwally. For the optimal KLT, Rs tzkes cn the form

[ n 12 }
>‘0 1 A0 12 O
| >\1 Al
) i1 O | A12
M=t -1
12 v 22 v
Ao L2 O Ao \22 | . (4.9)
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The eigenvalues ,\kkl along the main diagcnal of (4.9) are equivalent to the power ﬁ

a‘id at the output of Wi [(17]. Frocm (2.29), the i:h medal equaticn of subvector w, s
Eecomes N
- B n . on 12 o~ ~
Elvy )] = (1 - 2pA /@ vy Q) + [-2pA, /8% ] v, O) o

it

fq - oy1h 12 11 n ) 4 .
(1-2u] u,i(O) +[-2’U)\1/>\'1] U.H_L\O) . (4.10) N

Thus Eq. (4.10) is clearly not decoupled due to the rightmost term. For suboptimal g\
transforms the cross*coupling may involve additional terms. 3

The performance cof transferms in this stituastion is highly dependent upen the
data. Fcr example if the matrix Rx“ = szz = szz, then (szi/’\ui) = ! and the

time corstants of (4.10) would be approximately uniform over i. However, these

time constants would nct necessarily be minimized. Frem Apperdix A, Equaticns

(A.2} and (A.3) suggest that R ;, = R ;; for angles close to zero (A=C). In general, R
b

s M

scme improvement is pessible since R is at least partially dlagenalized. Hewever, o i
~ R > .

this statement is cnly intuitive. An example will be presented in Secticn 4.4.. A

IR

v 3 I . N ~ [ ~ [ T ~

where the wse of transforms in the individal {asnicn actwlly degrades perfermarce. ORI OO0
= b=

AN

AN L

R

4.2 TRLMS Acrlied to the Stacked Vectcr o
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PRSERARA

Cre way o elimirate the submatrix diageralizaticn of the cravicusly discussed b "

il

. . ' . s 7 v . "\'ﬂi

methed s o sttempt o dlageraiize the entire R matrix of (4.7) by acclving s e oA
~ N

A

trzrsferm of lemgeh ZU ‘c the stacked <datz wvector.  The resuiting stmumtire s 2-;.::
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e are ro lenger reiated by a simple wunit time shift. Upon careful examiration cf the :
’ -—d
Ny derivaticn of the TRLMS algeorithm, nowhere is it required thst this te the case. LS
RN -
o Each weight is treated individually, and the delay line is merely a ccnvenient way cf -
5 g
s constructing vectors. The tandpass filter bark aralogy cf Secticn 2.2.3 is no lenger - :
: b
o ’ f . [ .:"
- as clear, but revertheless, the input vector can still te whitened. ;

L A requiremert fcr the TRLMS algorithm to e affective in this case is that R te =

1

diageralizatle. Fer three or more sensors, the bleck matrix R departs from the

f

l‘ l.
‘r ¥
e

s

familiar Teeplitz structure. It is, however, Hermetian symmetric (cr symmetric fer

XN
SR

b 4
P
e

the real case), and a square Hermetian matrix has real eigenvalues and a unitary

g

matrix exists which will diagenalize it [20]. The effectiveness cf the transforms

" -
5 ‘I‘ .'
2

.
T

urder ccresideraticn in this mattar is yet to be revealed. Intuitively, this methcd

o’

DAY
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sheuld cutgerform the individwally applied transform, due to the fact that the stacked B

C}
4

vectcr ‘rarsicrm attempts to dlageralize the system autcccrreiaticn matrix as a

’g? wrele. I
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The crdering urder comsicersticn here is a “colunnwise” crdering, achieved by
thinking cf the weights of Fig 2.3 as being arranged in rows and columns. Thre

resuiting generalized data vector has the ferm

t
xeel_ | e gt g e \
" -txxo X20 Xko Xex-130 X1t Xxj X2y Xk! X(Kk=2)(L-1) X(K—x)(L-uJ .

(4.11)
For the three senscr case, the above focrm is constructed by simply interleaving the
elements of the row vecters X,(n) and X;(n) of Eg. (2.6b). The resulting structure
is shewn in Fig. 4.6 . Thus, the stacked vectcr ordering cf Fig. 4.5 can also te
r=ferred {0 as a "rowwise” crdering.
The cclumn-wise crdering effectively shuffles the elements of R, in Eq. (4.7).

The slements of R for a row-wise ordering can te Zefined as

11t 1 12 12 12 1Y
; To Iy v -y To T co C-t
11t 11 1 12 2 12 12
Ty T Ty T T2 (T To Ty 777 T2
1ot ’ 12 12 )
Ti Iy : Tat To , o
. 1| . . . 12"
e rl . Ax
1t TR 12 12 12
TL-q ’ Ty To | QSRS * Tap Dy
1 12 TIT 12 &2 22 .
R Tast To Tt -t
1 12 2 12 122 22 22 22
i1 Ty T Ty Ty I tt T2
| 1212 . ' 2 2 . !
: :.c :‘o ) . ) ro i
| 12 2
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! Tar T
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The submatrix Rx"" is generally nct symmetric, arnd negative indices are needed.

Appendix A shows that R ;; = szz, Eut hera the distinction remains tc clarify the

-y TOFTETT OO

shuffling of the terms, which results in

fot1 12 112 11 12 11 )
To To Ty Ty Ty T Tper TL-t
12 22 12 22 12 12 22
To To T4 Ty T2 777" Te D2
11 12 11 12 11
Ty ) g Fo To ol
. 12 22 12 :
. . Fo To Ty )
. . i ) )
. To ° . (4.13)
. . . 12
. ©
’ o Y o 22
. of)
1 < 12011 12
TL-1 e Py To To
12 2 12 2
L TL-t e Tt To Do J

Tre shuffling is in accordance with the arrangement of (4.!1). Similar arrange-
ments arise for four cr mere serscrs.
Scme zoints tc be made sbout (4.43) ars
a) If: o szz as indicated in Aggerdix A, then the main dlageral ard every
cther diagcral will contain idantical elements.
&) It is not Tceclitz, but still symmetric ard diageralizatle.
¢t is cleser to a Teeplitz structiss than {4.12) since more than helf of '~

lm - -t } -
dizgerals ccriain aqsl slements.
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diagcnal, (4.13) will have these terms closer to its main diagcnal.

It is krnown that the OF T, CHT, and the CCT will not diagonalize a Teeplitz matrix
but rather a circular matrix, a dyadic matrix, and a perturbed Toeplitz matrix,
respectively {17]. Nevertheless, the performarce gains of these trarsforms for
Teceplitz structures have teen well established {Chapter 3) [!], (2], [11]. Thus, the
mctivaticn Eehind snaping the Rx matrix into a Tceplitz-like structure should te
quite clear.

cr the CHT, it can be predicted that performance for the row-wise and the
clumn-wise crderings will be identical. If the elements of the CHT matrix are
stuffled in the same manrer as (4.13), ro change is cbserved. This is tre for four
or mers serscrs as well. The effects cf the crdering of (4.13) cn the CCT and CFT
is, however, very difficult tc predict, and will be heuristically examired via

ccmeuter exceriments in the next secticn.

<.5 Cemputer Exgeriments

Tre effects cf the three vectcr crderings discussed will ncw te sxamired
axgerimentally for the three serscr GEC. The same sceraric as presentec in Secticn
4. will te sed. The exampies to te presented reflect the general tefavier for
sacn case, ard were selectad from a large series of runs using mary randem numter
sequercss. A.l curves cn a sirgle plot ars assumed to te gererstad from the same
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€.=10°%, 6,=55°. Note that again the effectiveness depends upon the angular specirg.
The two jammers coincident at 10° are effectively scuivalent to cre jammer of
cower = 23db higher than the desired sigral. Thus, improvement for cne incidert
jammer is aleng the lines cf that shown in Chapter 3. Feor closely spaced jammers -~
as in Fig. 4.8, improvement is scmewhat degrzded for this 5° spacing, with
effectiveness also deperdent upcn overail angles cf incidence. Since the perfocrmance
of all three transforms was very similar, cnly the DCT curve is shown for clarity. .
Significant imprcvement (s pessible rot crly for A>Q as ziluded to in Sec. 4.2, but
fer A=A, as evidercad in the wpper pair of curves in Fig. 4.8. Perhaps small s
relative angles cause 9z(w) cf (A.2) (ard in tum Rx‘Z) to be well-tehaved, resulting
in perfermarce similar to the cre jammer case.

Centrary te intuiticn, trarsforms agoiied to the rew-wise crdered vecter for the |
three serscr GSC did net oreduce a significant imerovement over the irdividus!l casa.

we 4.5 zhcws 3 very slight imcrovement cver the individwl CCT fer 2 pair cf

..
n

clesely spaced and widely scaced jammers. Agzin, cirves lor the cther transforms

.
> »

wera similar ard weres cmitted for clarity. Pzrfacs for this tvpe of R strcturs, a
~ .
fixed trarsicrm is ireffective in its disgeralizatizn. Gains are s.ill clearly visible -

for clesely staced iammers, however. Fer cre jammer (6
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Fig. 4.% Insignificant improvments for the rowwise crderirg over the individually Lot
8 applied case.

\rzm. “é
/“””“ 1

ﬁb [ 1468, 2009, 1998, 1399, 136,
™ Thamations

o - - -, . - > — - = P - - 2 "S-
- R e ke Y r- el o hal o di - han=t ol kel o o o F L o B e 1 = - — —
o SiZ. Lo JTIECINCEE ITCNE TTWALER LTEMSIIITNS I IT2 VImE. jEmmer it o=l
-t -
a7
o
ad
A

NN <$."4".("- .
e '_'\-., 2




—v‘wt Y B T T N U W W WV W W v v W e w

Ll
»
[ ]
-

Much more premising results were discovered for the column-wise orderirg,

iRt

specifically for that wtilizing the DCT. Figurs 4.1l shews all column orderad
transforms for the slowly converging €,=210°, 9,=55%ase. The column-0CT shows a
~8db improvement over the identity transform after SK itarations. For this three
senscr case, this was the effect generally cbserved for all angle spacings. To emgha-
size the sutstantial improvements peossible, Fig., 4.12 shows the same curves of
Fig. 4.11 for the CCT and Identity carried out for 60K iterations. Necte the unrea- ., &

nsbly slow convergence using ro transform. The same was dore for the 6,=-60°

ard €,;=50° case of Fig 4.2b, along with the correspending beampattern shown in o |

Fig. 4.13. -
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4,10 zarried cut to SCK iteraticrs (compared with

Col-CCT curve cf Fig.
Tdentity).
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Perfermance imcrovernent for the three senscr GSC acceared tc be a result

scecific o the column-CCT as typified by Fig. 4.14, which srows litile dis-

Rat
X k4 2

mmitility tetween the row and column ordered CFT. Figure 4.15 again reveais tha

e e
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Zereral ‘rerd that all transforms and corderings perfcrm reascrably well for closely

- A
a0

scaced iammers, as here the column-CCT is rno lcnger cutstanding.
To firther study the curicus effects of the cclumn-wise CCT, the same array

strecure was sed Jor jammers of different bardwidth ard spectra. See Fig. 4.16.
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nmer ! was cclored by a fouth crder Buttaracrth filter of normalized center o

R . S :':\:

frecuency we=7/4 and 3db btandwidth cf w/4. Jammer 2 wsed a secord crcer & =
\1

tierwerth filter of we=37/8 and 2cb bardwidth of w/4. Tre filter cf Fig 3.2 was R
zgain sed for the lock-dirsction sigral. Dwe to the lerger wavelergths, lcnger :

sLSvectcr lergths were recessary, sc _=12, resulting in a trarsform length of 64. B
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a
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T: crowvide simiar misadiustment levels as in previcws sxamgles, the step size was

8

: . -~ - o : ~=a . - .\:"

scoroximataly malved ¢ u=.0C2. For 9,=-2C7 arc £,=ES", the cutzut SIR is shewn Y
by ) « 1
| B

. Flg. 4007 forothe row argd coiumn crdered TCT. Tre improvement (s claariv RCAC

.::_.

zs.dert. Tous it accears that for at least this thrse senscr case for tarcoass irouts, e

..J

~

-2 xa z{ 3 ‘rarsizrm can te advantagects, as the cclumn crdersd CCT performs

coreistently well for all argles cof ircidence.
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Little difference exists btetween DFT crderings, showing unique :-:‘;',-_j::
effectiveness of the column-CCT for the three sensor GSC. oy
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sigral and jammer 2 incident at €,=56° were generated by the filter in Fig. 3.2
Results are presented in Fig. 4.18 for the irdicated transforms using u=.004. ard
L=16, giving a transform length of 64.

The five sensor array is capable of rejecting 4 jammers, but cnly two were used
in Fig. 4.18, leaving two extra degrees cf freedem. Note that the Identity transform
performed much better with five sensors than with three as pictured in say, Fig.
4.13. This is due to the extra available degrees of freedcm which arise at the
expense cf using extra sensors (19]. This is not always of best practical intarest,
cue to physical size or ccst limitations. Sersing elements for the GSC may involve
expensive aralcg preprccessors that require perfact balance for the blecking ~re-

precesser of Fig, 2.2, to werk effectively.
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The wse of a transfcrm is still scmewhat effective according to Fig. 4.18,
whera “4cdb imprcvment is achieved. Note that the simple CHT is slightly mere
effective in this scerario than the column-OCT, again exemplifying the high cata
deperdence cn transform efficiency. The individually applied CCT exhibits severely
degraded perfcrmance, most likely due to the subdiagenalizaticn of RX. Alsc, the
cistirctive improvements shown by the column-CCT in the previcus section are rct
seen here.

A third jammer was placed at 6,=-30° to remove cre cf the degrees of freedom.
This resuited in a gererally slower ccnvergence rate, as evident from the 25K
samples needed in Figs. 4.19. Again, uwp to “4 db improvement was achieved, and
no rcticeable diffsrence is seen tetween the row and column crdered CCT shown in
Figs. 4.15a ard 4.19b, respectively. Unlike Fig. 4.18, the CHT of Fig. 4.1% did
~ct cec as ‘vell here.

-1 gereral, convergerce cf these five senscr casses s fairiv gocd withewt a
tmarsicrm, sc .mprovermerts with a transform are nct excectad o te grest. This is
ccssitle at the experse of extra semsing elements. Clearly, performarce is alsc

derercent «gen the number cof serscrs, and gereralizaticrs canrct be made rcm ‘the

‘mr=2 serscr c3se alcre.
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CHAPTER §
CONCLUSICNS

After a brief review of the Ceneralized Sidelcte Canceller and the Transfcrm
Domain [MS algorithm, the two were combined successfully to improve the
ccnvergerce rate for the two sensor case. The performance was very well-tehaved
fer all three transforms under consideration (OFT, DHT, OCT), due to the Toeplitz
rature of the autcccrrelation matrix Rx' '

Accerding tc an aralogy of the GSC to multiple reference rcise cancelling, it

was shcwn that the results of extending the TRLMS to two (cr mere) references are -

rct as definitive. Many arrangements cf the data vector X are pessible.
Sceculaticn cn the performarnce of a transform fer three vectcr crderings was given:
the individwal case, the row-wise crdering, and the coclumn-wise crdering.

Tre three serscr case was the main examgle. For the class of wideband inputs
cornsidered, perfcrmance of individually applied transforms fared well for clesely
spaced jammers orly. Feor cther argles, pcor perfcrmance was attrituted to the
sttdiagenalization of R,

in an stiempt to dlagcralize the entire R, matrix, double lergth trarsforms werz
wsed. Cf all transforms ard crderirgs for the three serscr case, the column-wise
ZCT zcresrad ‘c be micuely effecti.e. 1t erformad corsistantly well cver sil
argiss ard many diTzrent tandwiftts, Farhacs the TCT can diageralize the tpe o7
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Interestingly, Jayant and Ncll [17] state that the CCT can diagenalize slightly

perturbed Tceplitz matrices. The CCT is well kmown to provide near optimal

perfcrmance in numercus cther applicaticns, including image coding and channel
equalization [16], [17], so its distinction here should nct come as a surprise. All
. cther combinaticrns showed pcor performarce, except for the cases of closely spaced
jammers, where mcst all combinaticns gave gocd results.
~ The five senscr case was examined briefly for two ard three jammers. It was
“ cbserved that the convergence rate decreased as jammers were added. Pessible im-
o provements were not as drastic, as cistinctions between row and cclumn orderirgs
x were slight. The main purpose here was to show that the results for the columnwise
= CCT are not gerersl. Hcwever, scme improvement was still possible. [t was also
. revealed here that individuaily applied transforms can actially degrade perfermance
. sutstantiaily over the trensform-less case, again an effect of sucdiagenalizaticn.
Cversll, it was found that improvement of ccnvergerce rates s pessible usirg
g fixed crthegeral trarsforms, but performarce is highly degendent wren input data arc
- the array precessing structure.  Tre desired resuit of teing able to have cre
2 ‘ransicrm that works well for all signals and rumbers of semscrs seems unlikely.
' In an acdaptive envircnment, very little is wswally known about ircomirg sigrals.
Trersfcre, mcre ressarch s needed 'o develcp criteria for cheesing a tramsfcrm
. tased cn simcle krown parametars, such as the numecer of serscrs, the crdering cof
E tme Zata vecters, or gertacs scme figre of merit wnich can te calculstad Mo oa few
» zatz samciss

b zcpears that the <ey lles inthe der=izncing of tne srmav snd Zatz Zscencert
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Mo structures of Rx' Many researchers have used the Hilbert-Schmidt (weak) norm [16]

(-5
‘ t0 calculate the residual correlaticn of a transformed matrix. This figae of merit ]

measiures the ability of a transform to decorrelate its inputs. This has yet to be

m successfully related to the medal time constants of the TRLMS algorithm. This was
<@

[ ]
}a® ==
t@;’,}; attempted in the course of this research but nct presented, since no meaningful trends *
(SN
Q‘h“
s , -
Wi could te ctserved. A more suitable measure may be necessary. -
y Perhaps cther transforms not considered here, such as the Haar or Discrete Sirs -~
n\'r: A
’ ", 0 I} .
RGN Transforms (16] may te more effective. Analysis and simulaticn cf the cptimal
b\.n\ -
\ e
s KLT should be performed. This may reveal any trends and similarites between the o
cptimal tasis functicns and those of a fixed transform under consideraticn.  Alsg, -
R
other vecter orderings may exist (pcssibly cotimal) which will shage R o lnto 3
structure mere compatible with certain transferms. B
Alsc roct attempted here is the comcarison of TRLMS to the perfermanca ard -
: comeutaticna! arficiency cf cther algerithms. Perhaps cther tzchnigues exist which
” 3 t 1 ] i il H &, L3 b 1 "
S are mcre predictable.  For example, a similar amalysis {or the multichanre!l =2
s.'f:::': . . . . : .
o acaptive lattica as applied to the CSC can ke fourd in (7).
w, o b
s . - . a . : . a . )
8 Al=o, & mcra careful study of the scemarics presaentad weuld be informative.
=
LY o
N Sxamining effects of thermal ncise and cther array imgerfecticrs weuld help assess -
- 5 ! P
ol o _ . .
g.& ‘ts practicaiity. Simulaticns =irg cther classes cf data irputs and correlated -3
m., irots, such as may arise {rom multicath interfersnca, should Se dere o test the -
o »
-:.'-j- vaiidity cof the gereraiizsticrs macde rem the axgerimerts cresenied hers, K
’ 'Dd‘ . 1Y
"J.: - . . . . . .- ~, v ~ . e
= terssting resuils may te ctserved U ovhe five zemscr armay with fos imcides ot
SN . — . N _ . - =
jwf;fij aTmmers .ere mumulaied. Ghis wtuld use sl availztle Zegress i Treedom s the .
’ . - - -
e ~
”, A
| ]
-
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twe ard three serser simulaticns did.
! Finally, the extensicn cf the TRLMS algerithm to multiple inputs may also be
» gereralired to cther applicaticns. The various ways a transform can be appiied were

Srought to attention.

g In ccnciusicn, the analysis and experimental results presented here were
:S'. intended to examire the pcssibility of using fixed orthocgeral tramsferms in an
~ adaptive beamforming scenario. Behaviors for some simple inputs were categorized
% ard scme promising resuits were cbtained. This study suggests that further analysis

g ard evaluation of the TRLMS teamforming algorithm may lead to more useful results

in the futurs,
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. APPENDIX A P E
= i
b DERIVATION CF POWER SPECTRA - 0y
N FCOR THE THREE SENSCR CSC -
. -
;;;: ? “
;:;. S A derivaticn of power spectrum and the cross-power spectrum of the refererce ' .
bed o
inputs may bte useful in the urderstanding of the corTelaticns between them. Let ~ A
A0 ®;(w) and d,(w) be the spectral densities of jammer ! ard jammer 2 respectively, A,
:; 'tl :." "\n
.., where w is normalized digital frequency. Without loss cf gererality, lst the topmcst )
e, )
serscr of Fig 4.1 be used as a reference where the respective delays 4, = 4; = Q. ¢ ¢
e
;‘,’-E; The trarsfer functicn for the ith jammer tc the kt'h reference irput (through the R
"vl’,\. - :
N~ creprecessor) is - ‘ o
D> : ko ~-k-1)A, -5 kA, . ’ -
g rli(‘.)-Z : 1-Z ™ . (A.L) o
" ~ .
' Tre power sgectral dersity at the &, reference is . '
A ' 2 2 (A.2 s
e 3, () = HSw) | 9w + [HE )] Sl A-23)
Ny kk
L = 2%, (w) (I - coswd)) + 29,(w) (1 - coswdy) . (A.2%)
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APPENDIX 3
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