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A Sectorized Beamspace Adaptive Diversity
Combiner for Multipath Environments
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Abstract—The beam diversity technique is effective in com-
bating multipath fading in wireless communications. In a beam
diversity system, multiple receiving branches are formed with
multiple antenna beams with distinctive patterns. These beams
are synthesized in such a fashion that the fading phenomena
observed at different branches are nearly uncorrelated. The dis-
advantage of such a system is the lack of adaptivity for cochannel
interference (CCI) suppression. In this paper, an adaptive beam
diversity combiner is proposed for sectorized signal reception.
The diversity branches are formed with several adaptive beam-
formers whose response patterns encompass an angular sector in

the field-of-view of the receiver. With a set of judiciously chosen
weight vectors, effective diversity combining can be achieved Y Y T e o e Y Y
inside the sector, and out-of-sector CCl can be suppressed via
nulling. Simulation results confirm the efficacy of the proposed Beamspace Diversity
scheme. .
Combiner

Index Terms—Adaptive antenna, beamforming, diversity com-

biner, sectorization. l
I. INTRODUCTION

N WIRELESS communications, the channel is usually

impaired by multipath fading. To achieve a reliable com-
munication quality, some kind of diversity reception technique
must be used [1]. In a diversity receiver, several branches are
formed in such a fashion that the fading phenomena observed
on the branch outputs are statistically uncorrelated. Popular
diversity techniques include: space diversity, frequency dive,{rg_ 1
sity, time diversity, polarization diversity, and beam (pattern)
diversity. Among these the space diversity technique is widely
used due to its simple and economical implementation aWdth each sector responsible for a distinctive set of users.
that no extra frequency bands are required. The beam dhis provides a potential solution for increasing the capacity
versity technique can be regarded as a “beamspace” versfprthe communication channel allocated to the system [4].
of the space diversity technique in that the decorrelation Bfcorporation of beam diversity in sectorized signal reception
fading phenomena is performed using multiple beams pointdigtates the formation of a set of narrow beams encompassing
at different directions in space. Owing to the disparity dhe desired working sector. Cochannel interference (CClI) from
receiving patterns, the incoming multipath components a@¢tside the working sector will be suppressed through the
up in different ways resu“ing in noncoherent fadmg eﬁec@dG'ObeS of the beams. This is illustrated in Fig. 1. The beam
at different beams. Experimental results demonstrated tiéitersity receivers are nonadaptive in that the beam patterns
beam diversity is effective in decorrelating the branch signa@sociated with different branches are essentially fixed. A
[1]-[3]. fixed beam diversity receiver lacks the flexibility of adapting

The beam diversity receiver is suitable for sectorized sign#ll response to the environmental changes. For example, the
reception. In sectorized signal reception, the entire field-dRding effects due to a source observed at the receiver are
view of the receiver is divided into several angular sectordifferent for different ranges and directions. Also, strong out-

of-sector CCI will cause severe performance degradation. To
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In this paper, an adaptive beam diversity combiner is
proposed for sectorized signal reception. The combiner is
designed to meet two requirements. First, the diversity beams
encompassing a prescribed angular sector is combined in
such a fashion that the resulting signal-to-noise ratio (SNR)
is maximized. Second, strong CCI from outside the sector
should be suppressed in the sidelobe region of the combined
beam. These can be accomplished by a two-stage procedure: AO : Spread Width
performing adaptive nulling for each diversity beam first, 0, : LOS Angle
then combine the adaptive beams with the maximum ratio
criterion [5]. To avoid the signal cancellation phenomenon
incurred with coherent multipaths or mismatch of steering
vectors in adaptive nulling [6], a signal-blocking transforma-
tion is incorporated. The transformation is constructed so as to Y Y Y .
minimize the difference between the original and transformed
array data subject to the constraint that the signals frogy. 2. Geometry of local scattering model.
inside the sector are effectively removed. The transformed

data, which contain only the CCI and noise, are then usgdnara| the larger the randbetween the source and receiver
to construct a bank of linearly constrained minimum varanGg ihe smaller the angle spread will be, andvice versa It
(LCMV) beamformers [7] for adaptive nulling. Finally, thes€s assumed that the delay spread [12] due to local scattering
LCMV beamformers are combined into a single beam i3 g4 compared to the inverse bandwidth of the transmitted
accordance with the maximum SNR criterion. The combm%na' such that the flat fading assumption holds. Long-delay

. , coII_ect.mg". th_e m!J'“P"%th ,Componenmultipaths due to remote scatterers, which cause intersymbol
in a constructive way. This is similar in principle to thelnterference (ISI), are treated as CCI

RAKE receiver employed in code-division multiple access With a source signal impinging on an array &f elements

(CDMA) systems [8]. By cascading the two stages (nulling and ,gh a narrowband multipath fading channel, the baseband

combining), a single beamformer giving nearly the maximuig,, received at the array at thth sampling instant is given
signal-to-interference-plus-noise ratio (SINR) is obtained. T the M x 1 vector form

is again illustrated in Fig. 1. An alternative approach, terme J

optimum combining, was proposed as a minimum mean-square .

error receiver which achieves the maximum SINR using a (k) = 2%“(9?)3(@ +i(k) +n(k)
single-stage procedure [9]. However, the optimum combiner - .

requires a reference signal (training signal) for computing the =bs(k) +i(k) +n(k) (1)
weight vector, which may not be available in practice. Insteaghere J is the number of (locally scattered) multipat$,is

the optimum combiner can be used in conjunction with thie angle-of-arrival (AOA) of théth path, andy; is its asso-
proposed combiner in that upon convergence, the propossgated complex gain. The;'s are assumed independent and
combiner can be switched into the optimum combiner workirigentically distributed complex Gaussian random variables.
in the decision directed mode [10]. To evaluate the behavibhey are treated as constant over the processing period of
of the proposed combiner, some performance issues are ghigserest due to the slow fading assumptia(®) is the steering
cussed, and numerical examples are given demonstrating \ketor accounting for the gain/phase variation across the array,
efficacy of the two-stage procedure in various environmentahd

settings.

b=>" aa(th) 2)

i=1

_ . _ _ _is the signal propagation vector due to the composition of
Consider a narrowband multipath fading channel in which paths. Finally,s(k), i(k), andn(k) are the source signal,

the field incident on the receiver due to the source is composed|, and noise vectors, respectively, in baseband form. The

of a number of reflected waves with random gains and phasgsmponents of(k) are spatially white with the same power
The receive antenna is an array consistingbtlements. The ;2.

multipath reflections are assumed to follow the local scattering

model frequently used in urban-area wireless communicationg||. D evELOPMENT OF PROPOSEDDIVERSITY COMBINER

5], [11]. The locally scattered multipaths associated with a . . . :

[5], [11] y P A beam diversity receiver results if we forn¥V beams

source, as viewed from the receiver, are modeled as arrivintq : . o
o . . g the array, with each beam pointed at a distinctive look
from within some angular interval centered at the line-of-

sight (LOS) angle. This is illustrated in Fig. 2, wherekp &”eg'zérg"at;‘aet’:a“ecc"’:g zpe.";‘l't‘c')”ga’ ;2'5' c;?z::easlg‘t;et;?:fzfror:;'”g
is the angle spread, arfl} is the line-of-sight (LOS) angle. y v (k) i

In particular, for anyé,, a set of random multipath anglesomputs
are spread out over the intervigh, — A68/2,6, + A8/2]. In (k) = wa(k), n=1... N 3)

II. ARRAY DATA MODEL
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wherew,,, n = 1,---, N, are the beamforming weight vectorsWe refer toT" as the SB transformation. An LCMV beam-
and H denotes the complex conjugate transpose. If the loédrmer working with the SB transformed dafBxz(k) will
angles are chosen such that the beams cover a desirednot cancel the signal, but will instead put all its efforts in
angular sector® in the field-of-view of the array, then asuppressing the transformed CTi(k) and noiseT'n(k). It
sectorized receiver results. By sectorization, it is meant thatthen easily seen that in order for the beamformers to work
the signals from inside the sector are received through theperly with the transformed data, the remaining degree of
main beams with a high gain, and CCI from outside the sectveedom inT" should be exploited to minimize the error

is suppressed through sidelobe cancellation. In other words, by -
cochannel signals are discriminated via sector division. E{|[Tz(k) — 2(k)|"} = w{(T - DRooe (T - 1)"}  (9)

) _ ) where|| - || andtr{-} denote the2-norm and trace operator,
A. Construction of Diversity Beamformers respectively. Incorporation of the linear constraints of (7) in
To ensure an effective sidelobe cancellation in the prethie minimization of (9) leads to the following constrained
ence of strong out-of-sector CCI, adaptive beamforming Boblem:
performed for each of thév beams by choosing the weight ] -
vectors in accordance with the linearly constrained minimum min {(T — DReo (T - )7}

variance (LCMV) criterion [7] subject to: TA, = O (10)

min E{Jyn ()"} = w)! Rowy whered; = [a(8}), - - -, a(f% )] andO is the zero matrix. Some
subject to: w7 a(6!) = 1, n=1,.- N 4) matrix calculus yields [13]

_ Hp—14 \—1 4H p—1
whereR,, = E{z(k)z" (k)} is the data-correlation matrix, T=1-A(A R, A) Row- (11)

and ¢, is the look angle of thexth beam. Invoking (1) and According to (10), the SB transformed correlation matrix

the spatial whiteness of the noise, we have TR,,T" is the matrix closest tdR,, with the signals from
R.. —o2bbT R, + o021 (5) inside © effectively removed. In fact, it is an estimate of the
e v CCl-plus-noise correlation matrix given by

where 02 = E{|s(k)|?}, R; = E{i(k)i(k)"}, and I is )
the identity matrix. The structure of (5) indicates that the R, =R +o,.1l (12)
expectation is taken for the source processes, tredtiag It follows that usingTR...T" in place of R, in (4)~(6)
deterministic. The solutions are well known to be given by should give a set of beamformers which maximizes the out-

_ 1 1o _ put SINR at the look angleg’’s without signal cancella-
Wn = at (62 )R a(6") R a(6,), n=1- N6 ion, However, sincel’ is singular, we deliberately add a
romE e pseudonoise term to avoid invertifiR,, " . This leads to

A major problem of the direct implementation of LCMVthe pseudonoise injected SB transformed correlation matrix
beamforming is the phenomenon of desired signal cancellation

[6] due to the statistical coherence among the multipath signals R., =TR, . T" + ¢l

and the mismatch between the look angle steering vectors =R, +nl — A (AR A)tAY (13)
a(8’)'s and the composite steering vectlr That is, each

of the weight vectors in (6) will either combine the multipattwhere we have substituted (11). The pseudonoise also has the
components in a destructive manner (for a ladye), or to function of “masking” the residual desired signal not removed
put a null for these components (for a smap) in order by T, and can help to improve signal reception@n[14]. It

to minimize the output power according to (4). An effectivéhould be chosen large enough to de-emphasize the desired
remedy to this is to block the signals before beamforming [63ignal, but not too large to distort the interference-plus-noise
The rationale behind the success of signal blocking is that theenario. A suitable choice which proves to offer robustness
beamformer will not attempt to suppress the signal if it cannagainst signal scenario variation is such that< n < Mo?.

see the latter. The signal-blocking (SB) scheme (subtractiVbis means that the beamformers will only put efforts to
preprocessor) proposed in [6] is applicable only to the case&lfminate CCI significantly stronger than the desired signal.
linear array and two coherent components. For the much mdreally, the set of SB transformed LCMV weight vectors are
complicated scenario considered herein, a general solutiorpigained by replacind?,. with R, in (6)

suggested which involves a x M linear transformatio?” 1 L

satisfying w, = — R__a(6%), n=1,---,N.
a”(67)R,, a(6),)

where 6}, i = 1,---, L, form a set of discrete angles wellg The Maximum Ratio Combiner

representative of the working sect&, and 0 is the zero

vector. With a sufficiently largd., we have The weight vectorae,,’s produceN beams with diversity

reception for the desired signal froéh and adaptive cancella-
Tx(k) =~ Ti(k) + Tn(k). (8) tion for the CCI from outsid®. These beams are then linearly
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combined into a single beam C. Algorithm Summary
N ) In practice, the data correlation matrix is usually estimated
w=>Y g, =Wy (15) by the sample average version
n=1

K

whereW = [wy,---,wy]andg = [¢1, - -, gn] IS the combin- R, = 1 Z z(k)zH (k) (23)

ing coefficient vector. To achieve the optimum performance, K Pt

the vectorg is determined in accordance with the maximum

ratio combining (MRC) criterion [5] assuming thate(k) is stationary over the processing period
HvarH ) K. Using the estimate, the proposed diversity combiner is

o ZUTWbs(B)"} (16) summarized as follows.

s E{lg"Wn(k)]?} 1) Determine working sectdd, constraint angleg!’s, and

Unfortunately, the signal propagation vectois not available look anglest?’s.

in practice. A feasible alternative is to replace the combiner2) ObtainR,, according to (23).

signal output power in the numerator of (16) by the combiner 3) ComputeR,, according to (13), withR,, replaced by

total output powerE{|g” W z(k)|?}. Note that with the R,,.

out-of-sector CCI successfully suppressed by each diversity4) Computew,’s according to (14).

beamformer, the combiner total output power is approximately5) Computew according to (15) and (19), witlR,.,. re-

equal to the combiner signal-plus-noise output power, i.e., placed byR,.,..

E{|g" W a(k)*}
~ E{lg" W bs(k)*} + E{|g" W n(k)]?}.  (17)
Since maximizing the signal-plus-noise-to-noise ratio is effec-

tively the same as maximizing the SNR, we can rewrite (18). Tradeoff Between Diversity and CCl Cancellation
as

IV. PERFORMANCE ISSUES

In an adaptive diversity combiner, the total degree of free-
dom for diversity reception and CCI cancellation is fixed. For
example, if anM -element array is employed aid degrees of
freedom are allocated to diversity reception, then the remaining

— N — 1 degrees of freedom are for CCI cancellation [9].
Although the adaptive beamformers in (14) appear to have
W"R,,Wg = \W"Wy. (19) access to the full degree of freedom &f — 1, using up
An alternative expression fap can be obtained by substi-the dggrees of freedom fpr .CCI will inevitably degrade the
tuting (5) in (19) diversity performance. This is becaqse that some degrees of

freedom need be reserved for “shaping” the mainlobes of the
W R, .Wg=~o?W"bb"Wg+02W "Wg= \W"Wg N adaptive beamformers so that effective diversity can be
(20) achieved. For example, the degree of freedom for beamshaping
where we have used the fact that the CCIl is almost cancefed each of theV = 4 mainlobes in Fig. 1 is five, the number
by each ofw,,’s such that¥? R;;W ~ O. It is easy to verify of sidelobe nulls inside the working sector.
from (20) that the modified eigenequation hés- 1 identical On the other hand, the success of CCI cancellation depends
eigenvalues equal te? corresponding to the null space oflargely on the success of retaining the CCI correlation matrix
WHbb" W, and the dominant mode correspondingito- o2 R;; distortionlessly inR,... This is possible only when a
is given by sufficiently large degree of freedom is reserved for minimizing
Hoxr—1yarH the cost function in (10). By imposing angle constraints
g =W W)= W7b (21) in (10), the rank ofT reduces fromAf to M — L, which
wherey = (A — 02)"162b¥ Wy is a scalar. Finally, substi- represents a factor of/M in reduction of its total degree
tuting (21) in (15) gives of freedom. In general, a largé gives better “mainlobe
Hyxr —1qarH performance” (reception of desired signal), and a sthajives
w=W(WIW)" W0, (22) better “sidelobe performance” (cancellation of CCI). A suitable
It is interesting to note that the last expression can be ighoice forL which has been confirmed by simulations is such
terpreted algebraically as the orthogonal projectiod ohto that L ~ AM/2.
the range space oW. This makes sense sinde is the
optimum weight vector for signal reception under the quiescent .
(spatially white noise only) condition. On the other hand, tHa:- Sector Location and In-Sector CCl
range space d¥ represents the subspace of CClI cancellation To determine the working sect&, some kind of prelim-
for the secto®. Projectingb orthogonally onto the range spacanary location method, such as spatial spectrum search, can
of W is tantamount to finding a vector lying in the subspadee used to obtain a coarse estimate of the desired source
of CCI cancellation which is closest to the optimum quiescedirection (LOS angle). The estimate need not be accurate as
weight vector. required in conventional LCMV beamforming, but should lead

aX =

s E{g"W'n(k)2} — oZg"W'Wg
whose solution is the dominant mode (eigenvector associal
with maximum eigenvalue) of the eigenequation
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to a sector encompassing the multipath arrivals. In this regard, ... __
the proposed combiner can be said to be “semiblind” in that 54
effective beamforming can be achieved without the precise
knowledge of signal direction. In a nonstationary environmeng. | B
in which the desired source moves with time, it is necessary /
to keep track of the source to update the sector positiog 20l NI A
and A;. This can be done efficiently, for example, using thed \/v
multibeam location technique [15]. In so doing, the outputs oé 40l

the IV diversity beamformers are used to determine the source

direction via the amplitude comparison principle. 60
It is possible that there exist multiple cochannel signals in

the working sector simultaneously. In this case, the diversity -80 60 40 20 0O 20 40 60 80
beamformers experience mainlobe CCI. The adaptive beam- 8 (Degree)
formers cannot cancel the mainlobe CCI since they have been (a)

removed by the SB transformation. A solution then would
be to treat both the desired signal and CCI as target signals,
and let the combiner extract these signals individually. It can 50| '

be shown that if there aré& (G < N) in-sector signals, e e e
then theG most dominant eigenvectors of (19) will extract ¢ \ /

the G signals individually, as long as these signals are we# | /

separated in spatial angle [16]. That is, the combiner can ,//

“sort” through the in-sector signals by associating each on‘ie -0 /\/ /

with an eigenvector. Some temporal scheme can be usedgo
pick the right eigenvector for the desired signal. Note that th& -100
presence of multiple “large” eigenvalues in (19) can serve as
an indicator of the existence of in-sector CCI.

-150

-80 -60 -40 -20 0 20 40 60 80
0 (Degree)

C. Computational Complexity

The major computational load in the proposed algorithm (®)
involves the inversion Oﬁ (M X M) in (14), which in Fig. 3. (a) Patterns of nonadaptive beamformer bank. (b) Direction gain of
. ) Lo "H o1 SB transformation.

turn requires the inversion d®,, (M x M) andA;" R, A,

(L x L) in (13). With the data-correlation matrix estimated
by (23), inversion of these matrices can be performed via a
fast algorithm such as that employed in recursive least square
(RLS) filtering [10]. The eigendecomposition in (19) can be Computer simulations were conducted to demonstrate the
also performed efficiently since only the dominant mode fgerformance of the proposed diversity combiner. The array

V. COMPUTER SIMULATIONS

required. employed was composed aff = 12 identical elements
Further simplification of the algorithm can be made if weniformly spaced by a half wavelength. The sector of interest
invoke the matrix-inversion lemma [10] for inverting (13) was © = [-15°,15°], and N = 4 beams were formed

at look angles{—14.4°,-4.8°,4.8°,14.4°}, with adjacent
-1 _ _ _ _ _ _ beams equally spaced by a half 3-dB beamwidth of the array
R,. =R, - R, lAt(Af{Rn A~ AR A) 1AfR,, ' (=~ 9.6°). The SB transformatioff’ was set by choosing = 6
~RT 4 lelAt(Af’R;fAt)_lAf’Rgl constraint angles to be
. 717 . S {-16.7°,-10.1°, —3.4°,3.4°,10.1°,16.7°}.
~R," + =R 'A(AR*A) AR} (24) . _
n For reference, Fig. 3 shows the patterns of the nonadaptive
beamformer bank and a typical example of the direction gain
where T(6) = ||Ta(8)|| of the SB transformation. The desired signal
impinged on the array vid = 10 paths, with incident angles
o uniformly distributed over the angular intervil, — A8/2,
By = Bow il (25) 6, + A#/2]. Two cochannel interferers, CCI-1 and CCI-2,
impinged via ten paths with incident angles oyé5° — 5°,
and we have assumed thais small compared to the diagonal45° + 5°] and [6y, 6, ], respectively. The signal-to-interference
entries ofR,., such thail®,* ~ R, +nR,; andR,’ ~ R,*. ratio (SIR), measured for a single path, wer20 dB for CCI-
The expression in (24) involves the inversionRf (M x M) 1 and—10 dB for CCI-2. Note that CCI-2 was a point source
and AfIR;QAt (L x L), which represents a saving of arwith a variable incident angle. The pseudonoise power used
M x M inversion compared to the original form. in (13) was chosen to be = (M/2)o? = 6. The SNR, input
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Fig. 4. Performance of proposed combiner as a function of input SNR. (@)}, 5. Performance of proposed combiner as a function of LOS angle. (a)
Output SINR versus input SNR. (b) Pattern obtained with SNRO dB.

SINR, and output SINR (in decibels) were defined as

o2
SNR=10log;y —&
o

n

Output SINR versug,. (b) Pattern obtained with, = —10°.

The first simulation evaluates the output SINR performance
of the proposed combiner as a function of SNR. The result
in Fig. 4(a) shows that the combiner effectively collects the

SINR. = 1010 a2|b(1)|? multipath components in a coherent way. In particular, the
R; =10log,o Ri(1,1) + 02 difference between SINRand SINR confirms that the two
o2 wH b|? CClI’'s are successfully suppressed. However, the “saturation”

SINR, =101ogy wl Rjw+ olwHw

of the SINR, curve at high SNR, as compared to SINR
reveals that the combiner cannot cancel the CCl's completely.

where b(1) and R;;(1,1) denote the first and1,1)th entry This is because that the interference vector is slightly distorted
of b and R;;, respectively. In the above, SNR was definefy the SB transformation such that the beamformer cannot put
for a single path, SINRwas defined for the composition ofexact nulls for the CCI's. The combined pattern (associated
multipaths at the first element, and SINRas defined at the with a selected trial) is shown in Fig. 4(b) for the case of
combiner output. The difference between SiN&d SINR,  SNR = 10 dB. It shows that the combiner produces a broad
measures the effect of using the combiner. In addition, weainlobe for simultaneous reception of the desired multipath
denote as SINR, the output SINR obtained by the optimumcomponents, and nulls to block the CCl's.
combiner working with the weight vectd®_b [7]. In each of ~ The second simulation examines the effect of signal LOS
the following simulation results, SINR statistics were obtaineshgled,. In this cased, varied from—15° to 15°. Note that in
as an average from 100 independent trials, with each triae extreme cases 6f =~ +15°, the SB transformation is not
using a different set of unit variance complex gains and able to remove some multipath components. This leads to a
complex Gaussian random data seques{es for constructing certain degradation in performance at both ends of the output
R, Finally, the following “standard” parameters will be use&INR plot shown in Fig. 5(a). For a moderate deviation in
throughout the section unless otherwise mentioned: 6,, the combiner performs quite reliably, confirming that the
SNR=10dB 6, = 0° Af=10° des'ired.signal can be received eﬁectivgly over a Iarge. angqlar
region in ©®. As an example, the combined pattern given in
61 = —-30° K =500. Fig. 5(b) ford, = —10° indicates that the combiner achieves
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Fig. 6. Performance of proposed combiner as a function of angle spread.K@y. 7. Performance of proposed combiner in the presence of in-sector CCI.
Output SINR versusf. (b) Pattern obtained witthé = 0°. (a) Output SINR versu8; . (b) Pattern obtained with; = —10°.
this by “steering” its mainlobe to keep track of the desired 50 : o ; . . e
signal. o _ _ 45 Optimal
The third simulation examines the effect of angle spread Proposed

A# of the signal multipath distribution. In this cas&# 40
varied from G to 20°. The result plotted in Fig. 6(a) shows 35/  gnr=20dB :
that combining is performed better for a largel. This is T S e
consistent with the observation that a better diversity receptidg o _
is achieved with a large multipath angle spread [17]. To seg25 ——
that the proposed combiner works for a point source, we shoa%/zo i
in Fig. 6(b) the combined pattern obtained witké = 0°.
Again, both the mainlobe and CCI nulls are synthesized as’
desired, indicating that the combiner behaves exactly like the 10
conventional LCMV beamformer. 5|
The fourth set of simulations evaluates the capability of
the proposed combiner in combating in-sector CCI. In this ° 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
case, the incident angls of CCI-2 was varied from-30° to K
30°. It was assum?d that the (_:O”ec_t eigenvector was a'Waﬁ@. 8. Convergence behavior of proposed combiner with SNR and
chosen for extracting the desired signal when the CCl wasds.
inside the working sector. The result plotted in Fig. 7(a) shows
that an effective combining can be maintained in the preserieeparticular, the desired beam produces a nul# at —10°
of in-sector CCI, as long a#, is not too close to the signalin an attempt to suppress CCI-2.
multipath region. To demonstrate the signal screening propertyFinally, to investigate the convergence behavior of the
of the eigen-based combiner, we give in Fig. 7(b) the patterosmbiner, we used different sample siz€¢ for comput-
associated with the two dominant modes #r = —10°. ing R,,, and plot the resulting output SINR in Fig. 8 for
Clearly, the combiner extracts the two signals individually b NR = 0 and20 dB. As expected, the output SINR increases
forming two beams pointed at the respective source directioas. the sample size increases, approaching §INRr both

5r SNR=0dB
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SNR levels. However, a result similar to that observed in th¢z] B. D. Van Veen and K. M. Buckley, “Beamforming: A versatile approach

i i i i i i to spatial filtering,”|IEEE ASSP Mag.pp. 4-24, Apr. 1988.
ﬁrSt.Slmmatlon IS.' that the. combiner performs relatlvely poor.er[’?] R. Price and J. P. E. Green, “A communication technique for multipath
at high SNR. This is again due to the use of SB transformation” channels,"Proc. IRE vol. 46, pp. 555-570, Mar. 1958.

with a finite sample size. It should be mentioned that thd9] J. H. Winters, J. S. Salz, and R. D. Gitlin, * The impact of antenna

; ; ; ; diversity on the capacity of wireless communication systeniSEE
degradation at high SNR does not raise practical problems Trans. Communyol, 42, pp. 1740-1751, Feb /Mar./Apr. 1994,

since the combiner can be switched to the decision direct@d] s. Haykin, Adaptive Filter Theory Englewood Cliffs, NJ: Prentice-
mode as long as the CCI is sufficiently suppressed. That is, Hall, 1996.

L s - . . ] S. Anderson, M. Millnert, M. Viberg, and B. Wahlberg, “An adaptive
as an initial acquisition device, the proposed combiner is n array for mobile communication system3PEE Trans. Veh. Technol.

required to perform a very precise cancellation of the CCI. vol. 40, pp. 230-236, Feb. 1991.
[12] B. Sklar, “Rayleigh fading channels in mobile digital communication
systems,”IEEE Commun. Mag.pp. 90-109, July 1997.
VI. CONCLUSION [13] D. G. LuenbergerQptimization by Vector Space MethodsNew York:
. . . . . . Wiley, 1969, ch. 4, pp. 84-86.
An adaptive beam diversity combiner for combating multins] m. . Dogan and J. M. Mendel, “Cumulant-based blind optimum beam-
path fading and cochannel interference is proposed for sec- forming,” IEEE Trans. Aerosp. Electron. Sysvol. 30, pp. 722-741,

; ; ; ; July 1994.
torized signal reception. The development of the combin 5] S. Sakagami, S. Aoyama, K. Kuboi, S. Shirota, and A. Akeyama,

involved a two-stage procedure: formation of a bank of LCMV ~ “venhicle position estimates by multibeam antennas in multipath envi-
beams encompassing a prescribed angular sector, and combin-ronments,"IEEE Trans. Veh. Technolvol. 41, pp. 63-67, Feb. 1992.

. - . . . . 6] B. G. Agee, S. V. Schell, and W. A. Gardner, “Spectral self-coherence
ing of these adaptive beams into a single receiver with tIL']e restoral: A new approach to blind adaptive signal extraction antenna

maximum SNR gain. In order to avoid signal cancellation as  arrays,”Proc. IEEE vol. 78, pp. 753-767, Apr. 1990. '
usually incurred with coherent multipaths, a signal-blocking?] A. J- Paulraj and C. B. Papadias, “Space-time processing for wireless
transformation was incorporated in the stage of beamform- communications, 1EEE Signal Processing Magpp. 49-83, Nov. 1997.
ing. Cascading the two stages, a beamformer results which

constructively combines the multipath signals from inside the

working sector, and eliminates strong out-of-sector cochannel

interference. This greatly enhances the performance of the Ta-Sung Lee (S'88-M'89) was born in Taipei,
system. A scheme is also suggested for discriminating t Taiwan, R.0.C., on October 20, 1960. He received
desired signal from possible in-sector interference. Simulati }L‘elg’ég' ?ﬁe‘-”raesf“xg'r\‘ea;'?rnoar:q Tt?]g’valj‘ni‘jgr';ﬁ;s'g
results shows that the proposed diversity combiner exhib Wisconsin, Madison, in 1987, and the Ph.D. degree
robustness against variations in environmental parameters . from Purdue University, West Lafayette, IN, in

a significant performance enhancement as compared to

1989, all in electrical engineering.
. . . From 1987 to 1989, he was a David Rose Grad-
conventional nonadaptive receivers.

uate Research Fellow of National Chiao Tung Uni-

versity, Hsinchu, Taiwan, where he currently holds
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