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ABSTRACT

We describe an adaptive beamforming algorithm for time-
division multiple-access (TDMA) signals that utilizes a mod-
ified least-squares (LS) cost function, and analyze its perfor-
mance using a stochastic model. The beamformer weights
are computed via a two-step procedure: initial weights are
calculated from the training sequence, and these are refined
by a semi-blind algorithm using the modified LS cost func-
tion. The main goal of the paper is to analyze this algorithm
using a stochastic model and Wiener filter theory for the case
when the look-direction vector is mismatched. The perfor-
mance of the proposed adaptive beamformer is also evaluated
using simulated TDMA data.

Index Terms— Array signal processing, least-squares
methods, interference suppression, time-division multiaccess.

1. INTRODUCTION

In cellular radio systems, signals transmitted in one cell can
interfere with those in other cells that use the same frequen-
cies. We investigate an adaptive beamforming receiver that
is designed to suppress this cochannel interference (CCI) in
a TDMA system. Usually, the adaptive beamformer weights
are calculated using only the known training sequence con-
tained in each TDMA slot (burst). However, the CCI affect-
ing the coded data could differ significantly from that during
the training sequence. In an effort to solve this problem, the
equalizer output could be combined with the original training
sequence to construct an extended training sequence for the
beamformer [1]. A modified burst-based LS estimator with
projections was proposed in [2], and a regularized LS algo-
rithm for constant modulus (CM) signals was described in [3];
however, both of these approaches have a high computational
complexity. Compared to previous work, the proposed semi-
blind algorithm is quite simple as well as practical because of
the LS approximation used for the CM signals [4].

In the iterative receiver, the beamformer weights are
updated using the semi-blind algorithm in a multistage ar-
chitecture as shown in Figure 1. In the first stage, the initial
beamformer weights are computed using the known training
sequence, and these are refined using an extended training se-
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quence in the semi-blind algorithm. In the second stage, the
initial beamformer weights are computed using re-encoded
data, and then a semi-blind algorithm compensates for weight
distortions caused by errors in the re-encoded data. For the
stochastic analysis, we assume BPSK signals and employ
Wiener filter theory. We assume that the look-direction vec-
tor is not precisely known, i.e., it has an error component and
thus is mismatched [5].

2. SUMMARY OF THE ITERATIVE SEMI-BLIND
BEAMFORMING ALGORITHM

In the first stage of the algorithm, the beamformer weights
are calculated using a two-step procedure. First, initial beam-
former weights w¢ are computed by minimizing the LS cost
function Jo(wo) = 1! [wox(k) — ty(k)|? where t is
the known training sequence of length m, the subscript b de-
notes the beamformer, the (column) vector x contains the ar-
ray data, and the superscript H denotes complex conjugate
transpose. Second, the refined beamformer weights w are
computed by minimizing

m—1 Jj—1
Ti(wi) = > [witx(k) = to(k)[* + > |wi'zo(k) — 1]
k=m

k=0

(1
where j — m is the length of the coded data. The LS cost
function for CM signals was modified in order to generate
the semi-blind algorithm: J(w1) = S7_! (jwHx(k)? —
1)? = 3 (wiltx(k)x (kywy = 1)% m 3300, (wifx(k)
xH (kywo — 1)2 = S (whzg(k) — 1)2 where zo(k) £
x(k)x* (k)wg. Note that we have exploited the approxima-
tion x (k)w(n) ~ x (k)w(k — 1) when k is close to n [6].
In the second stage, the initial beamformer weights wo are
computed using re-encoded data, and then are refined to gen-
erate w using the following semi-blind cost function:

Jj—1

Jo(ws) = D [wilx(k)—tor (k—m)*+ ) |wilza(k) 1]
k=m

k=m
2
where z3 (k) = x(k)xH (k)wq and t;,. are the re-encoded data
for the beamformer.

ICASSP 2008



FIRST STAGE

SECOND STAGE

. ARRAY . . . .
. INPUT DATA . . . .
) ) ) )
LS LS N GMSK VITERBI LS LS N GMSK VITERBI
ALGORITHM [(/"| ALGORITHM DEMODULATOR DECODER ALGORITHM [/ "| ALGORITHM DEMODULATOR DECODER
*| (SEMI-BLIND) l i 2| (SEMI-BLIND) l 1
Wo W DECODE W, W3 DECODE
CHANNEL BSIC, FN CHANNEL BSIC, FN
’—‘ EQUALIZER 1 ’—‘ EQUALIZER 1
w PARITY w PARITY
MODIFIED ALL-ONES CHECK MODIFIED ALL-ONES CHECK
TRAINING SEQUENCE TRAINING RE-ENCODED SEQUENCE TRAINING
SEQUENCE (FOR CMA) SEQUENCE RATE 172 DATA (FOR CMA) SEQUENCE RATE 172
CONVOLUTIONAL CONVOLUTIONAL |~
BEAMFORMER ENCODER BEAMFORMER ENCODER

Fig. 1. Multistage receiver using the semi-blind beamformer.

3. STOCHASTIC ANALYSIS

We assume that one desired BPSK signal b; and two inter-
fering BPSK signals by and b3 arrive at a two-element array
as shown in Figure 2. b; consists of a known training se-
quence and coded data, b, is interference during the training
sequence of by, and b3 is interference during the coded data
of b;. At the two antenna elements, the received signals x; in
the region of the training sequence of b; are represented by
X = 241, 242)7, and those in the region of the coded data of
by are given by xq = [z41, 242]”. Thus, 241 = by + ba + n1,
o = 01€9% 4 boed?2 4 ng, xg1 = by + bs + ng, and
Zgo = b1 +b3e793 +n, where the subscripts ¢ and d denote
the training sequence and coded data in a slot, respectively.
The {b;} are independent and identically distributed with al-
phabet {—1, 1}, and thus have zero mean and unit variance,
i.e., E[b;b;] = J;;. The additive noise n; is white and Gaus-
sian with zero mean and variance o7, i.e., E[nin] = 070;;.
The deterministic phase §; = —27A cos ¢, /X represents the
carrier phase shift across the two antenna elements, where ¢;
is the angle of incidence, A is the interelement spacing, and
A is the wavelength.

The initial beamformer weights w( are computed from
the Wiener-Hopf equation. Define the correlation matrix
R; 2 E[xtx{{ | where x; was previously specified, and define
the cross-correlation vector

p, = Elx,d;] = Elwnb} zpobi]T =[1 9T (3)

where d; represents the desired signal, and the superscript *

denotes complex conjugation. Let wg 2 [wi1, wia]T be the
initial beamformer weights given by the Wiener solution

wo = R; 'p,. “4)

The refined beamformer weights w; are computed from

. A .\
Xg using wg. Define the vector z = xdxfl{ wy and partition
the correlation matrix as follows:

Roq 2 Elzz") :E[ 2,1 g } )
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where the subscript c¢d denotes coded data and
BlA] = wn Elzaizg wa g |wi + we Elracgyra sy |wy

+win Elza173; Ta27g1 Wiy + W B[Ta12,Ta2 g | wys
E[B] = wn B[z v g2 a1Tg0)wiy + w2 BlTa1 250z a1 00w

+ wi Elza1 g Ta2go]wis + wee B[Ta12,Ta2z go]wys
E[C] = wn E[za2x iy xar 2y Jwii +we BT avgra vy g

+ win B[Ta2731 Ta2 g1 Jwis + Wi B[Tas o Taz® gy |wys
E[D] = w1 E[wa2x 1 Ta1 2 go]wyy +Wi2 B[Ta2 00T a1 T go] Wi

+ wi Blza2rg1 222 go|wiy + wie BT a20 5T a2 go] Wi
6

The components are given by ©
8 4 802 + 20
4770 4 46799 4 270 o2
+2¢77% a,%
4e791 4 4679 4 2679152 4 26793452
4+ 2¢703701) | 90d(01—63) | 402
+20,
47791 4 46799 4 270 o
+2¢77% o
2e 79201 | 979203 | g9 (01+65)
442703700 4 067 01703) 4 452
+20ﬁ
37901 4 3799 4 I(B3201)
+el(01—203) | 2(e % 4 ¢79%)42
4677 + 467% 4 279162 4 27952
4+ 2703701 | 9ei(01—03) | 402
—l—QJfL
267201 4 4e(01103) 4 909263
3991 1 3605 4 (I(201-03) | (i(203-61)

) jos 2
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Fig. 2. Scenario for the stochastic analysis.
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which use the following fourth-order moment [7]:
Bl(z +y)"] = Elz'] + Ely"] + 6E[2”] E[y?] ®)

where = and y are independent zero-mean random variables.

The cross-correlation vector can be rewritten as p,; =Y [zd})]
= E[z] = E[xax}wo] where d; = 1 is the fixed modulus
(because of the BPSK data).

For the semi-blind algorithm, the input correlation matrix
can be expressed as

<H
Ry, =F [[xt z) { qu ” =R;+ Ry 9

where the subscript sb denotes semi-blind. The corresponding
cross-correlation vector is

*

d
Psy = E |:[Xt Z] |: di :|:| =Py +pcd’ (10)
d
and the refined beamformer weights are
wi = R3'py. (1)

In the second stage (shown in Figure 1), wo and w3 are
derived using a similar procedure. The initial beamformer
weights wo are calculated using x; instead of x;. Define

. .. A
the correlation matrix in the second stage as Ry =F [xdx[lf ]

where x; was previously specified. Also, define the cross-
correlation vector

py 2 Exqd’)] = E[xgb}] = [1 &7 (12)

Letting wo E [wa1, wa2])T be the initial beamformer weights
in the second stage, the Wiener weights are given by

wy =R, 'p,. (13)
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The refined beamformer weights w3 are computed using x4
and wy (all steps are similar to those in the derivation for w;
in the first stage). Thus, using the statistics for this scenario,
we have derived closed-form expressions for the Wiener
weights — including those for the semi-blind algorithm.

4. COMPUTER SIMULATIONS

4.1. Stochastic Model

We evaluate the performance of the semi-blind beamformer
using the stochastic model for the scenario in Figure 2. In the
first stage, the simulation steps were as follows: (i) Calculate
the beamformer weights wg in (4) and wq in (11). The angles
of arrival (AOAsS) for b1, b2, and bs were 60°, 90°, and 150°,
respectively. (i) 10% independent samples of x4 were gen-
erated and processed by the beamformers using the Wiener
weights. (iii) The bit error rate (BER) was measured at the
beamformer output. Figure 3 shows that the semi-blind algo-
rithm improves the performance of the beamformer because it
more effectively suppresses the CCI affecting the coded data
of b;. The performance of the semi-blind beamformer us-
ing the LS method in Figure 1 is also examined; observe that
the BER results are similar to that predicted using the Wiener
weights.

In the second stage, since the re-encoded data could in-
clude bit errors, the cross-correlation vector p might be dis-
torted (i.e., look-direction vector mismatch). In the stochas-
tic model, the distorted cross correlation vector can be repre-
sented by p;, = p, + B where p, is defined in (12) and 3
models the cross-correlation distortion [5]. We assume that
(3 is inversely proportional to the signal-to-noise ratio (SNR)
in order to quantify the effects of the re-encoded data errors.
The simulation steps were as follows: (i) Calculate the beam-
former weights wo in (13) and w3. Note that wo and wg are
computed using p, instead of p, in (12). The AOAs for by,
ba, and b3 were 60°, 90°, and 150°, respectively. (ii) 1000
independent samples of x,; were generated and processed by
the beamformer. (iii) Repeat steps (i) and (ii) for 1000 inde-
pendent trials. Figure 4 shows that the semi-blind algorithm
improves the performance of the beamformer, even though
the initial beamformer weights are distorted. This is achieved
because the semi-blind beamformer weights are computed not
only by using re-encoded data, but also by incorporating the
CM component to compensate for the effects of errors in the
re-encoded data.

4.2. Simulated TDMA Data

We also verified the multistage semi-blind beamformer in
Figure 1 using synchronization channel (SCH) data for the
Global System for Mobile (GSM) communications. The
SCH channel coding structure is relatively simple and does
not require additional complexity (e.g., the interleaving in the
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Fig. 4. Stochastic analysis for the second stage.

traffic channel coding). Laurent’s decomposition [8] was em-
ployed to detect the Gaussian minimum-shift keying (GMSK)
signals. A four-element antenna array and four stages were
used in the simulations. One desired signal and two inter-
fering signals impinged on the antenna array with random
angles in the range [0°,180°]. The sampling interval of the
transmitted signals was 7},/8, and that of the received array
data was Ty, (the bit duration). Figure 5 shows that re-encoded
data improves the performance of the beamformer in the first
few stages. Furthermore, the semi-blind algorithm enhances
the performance of the beamformer, and improves the BER
performance of the decoder.

5. CONCLUSION

We have presented a semi-blind beamforming algorithm for
TDMA signals using a modified LS cost function, and an-
alyzed its performance via a stochastic model, including
the case where there is look-direction vector mismatch. In
the first stage, the semi-blind algorithm improves the per-
formance of the beamformer because it suppresses the CCI
affecting the coded data. In the second stage, this algorithm
compensates for the initial weight distortion caused by the
look-direction vector mismatch; the all-ones “training” se-
quence for the CM blind adaptation compensates for errors in
the re-encoded data.
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Fig. 5. BER performance of the semi-blind beamformer.
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