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Abstract: A method of space-time block coding ( STBC) system based on adaptive beamforming of

cyclostationarity signal algorithm is proposed. The method uses cyclostationarity of signals to achieve adaptive

beamforming, then constructs a pair of low correlated transmit beams based on beamform estimation of multiple

component signals of uplink. Using these two selected transmit beams, signals encoded by STBC are transmitted

to achieve diversity gain and beamforming gain at the same time, and increase the signal to noise ratio (SNR)

of downlink. With simple computation and fast convergence performance, the proposed scheme is applicable for

time division multiple access ( TDMA) wireless communication operated in a complex interference

environment. Simulation results show that the proposed scheme has better performance than conventional STBC,

and can obtain a gain of about 5 dB when the bit error ratio (BER) is 10°*.
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With the explosive development of wireless per-
sonal area networks, the requirement for radio channels
is increasing rapidly. At the same time, the new genera-
tion wireless systems are required to have better quali-
ty, wider coverage, more power and bandwidth effi-
ciency. Among the various solutions to the problem,
space-division multiple access (SDMA) is a promising
scheme for frequency re-use to increase the number of
channels with a given frequency spectrum effectively.
Similarly, the diversity technique can improve quality
of reception signals through multipath fading channels.

Adaptive beamforming is one of the essential so-
lutions in SDMA schemes. Recently, much research has
been done for constructing more effectively adaptive
beamforming antenna array to extract a signal of inter-
est (SOI) in the presence of interference, which is
based on utilization of cyclostationarity of man-made
signals by many researchers. The advantages of an
adaptive beamforming algorithm based on cyclostation-
arity of signals are: there is no need of advanced
knowledge of the correlation properties of noise and in-
terference, there is no need of calibration of antenna ar-
ray, and it only needs knowledge of the cycle frequen-
cy of the signal of interest to realize the selection of
the signals. Consider, for example, the self-coherence
restoral (SCORE) of signals algorithm proposed by
Agee et al. """, maximum likelihood and common factor
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analysis-based adaptive spatial filtering for cyclosta-
tionary signals'”, and the cyclic adaptive beamforming
algorithm proposed by Wong et al'” . These algorithms
can provide beamforming gain at a base station with
multiple antennas, so as to increase the signal to noise
ratio (SNR) of links.

More recently, space-time trellis coding proposed
in Ref. [4] which combines signal processing at the re-
ceiver with coding techniques appropriate to multiple
transmit antennas has been able to provide significant
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gain for reception signals. Alamouti
simple scheme for transmission using two transmit an-
tennas in addressing the issue of decoding complexity,
which can achieve the same diversity order as maxi-
mal-ratio receiver combining (MRRC) with one trans-
mit antenna and two receive antennas. The performance
of the space-time block codes is evaluated and details
of the encoding and decoding procedures are provided
from Ref. [6]. All this research shows that space-time
block coding can provide transmission diversity and
improve link quality of multipath fading channels ef-
fectively.

In order to obtain diversity gain and beamforming
gain simultaneously, a natural idea may emerge to
combine STBC with adaptive beamforming techniques,
which use an adaptive beamforming antenna array in-
stead of multiple diversity antennas. However, STBC
based on a diverse antenna system usually requires the
antenna spacing to be large enough, i. e. 10 wave-
lengths of the carrier for a uniform linear array in small
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angular spread environment to obtain low correlation or
independent fading channels. Whereas the beamforming
antenna requires the antenna spacing to be very small,
i. e. half of the wavelength of the carrier to make the
signals received or transmitted be correlated, neverthe-
less, in an environment where there exist independent
multipath reception signals, a pair of transmit beams
can be constructed according to the estimation of direc-
tion of arrival (DOA) of reception signals instead of
two transmit diversity antennas, thus the same diversity
order as that of conventional STBC can be achieved'” .

A method of STBC system based on adaptive
beamforming of a cyclostationarity signal algorithm is
proposed. The method uses the cyclostationarity nature
of man-made signals to achieve adaptive beamforming,
then constructs a pair of low correlated transmit beams
based on beamform estimation of multiple components
of SOI of the uplink. Using these two selected transmit
beams, signals encoded by STBC are transmitted to
achieve diversity gain and beamforming gain at the
same time, and increase the SNR of the downlink. The
method combines STBC with adaptive beamforming of
cyclic signals. Without knowledge of characteristics of
noise and interference, this adaptive beamforming algo-
rithm can obtain the desired beamforming with simple
computation and feasible implementation. Meanwhile, a
space-time block coding algorithm based on two trans-
mit beams can provide the same transmit diversity gain
as conventional transmit diversity antenna systems.
Simulation shows that it can provide better perform-
ance improvement compared with a single STBC sys-
tem using the gains of beamforming and diversity with
simple algorithm.

1 STBC Systems and Adaptive Beamform-
ing System

The two-branch transmit diversity scheme with
single reception antenna'® uses two transmit antennas
and one receive antenna. Fig. 1 shows the baseband
representation of the scheme. Two transmit antennas
are equipped at the base station, and one reception an-
tenna is adopted at a mobile terminal. The transmitted
signals are encoded in the STBC module according to
Tab. 1 firstly. At a given symbol period n, two antennas
simultaneously transmit signals s(n) and s(n +1) re-
spectively. During the next symbol period, —s” (n +1)
and s” (n) are transmitted. Symbols are input in serial
and output in parallel. Assuming that fading is constant
across two consecutive symbols, the reception signals

can be represented as

{r*:(nnj—l)}:[:} —h;l;‘] {s(sn(?l)}+

{v*zinil)} M

where superscript * denotes a complex conjugate
operator; h, and h, are channel response from two
transmit antennas to the reception antenna, which are
modeled as samples of independent complex Gaussian
random variables with variance 0. 5. The noise samples
v(n) and v(n + 1) are independent samples of zero-
mean complex Gaussian random variables with vari-

ance 1/SNR per complex dimension.

s(n) hy
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Fig.1 Two-branch STBC scheme

Tab.1 Encoding and transmission sequence for
two-branch STBC scheme

Time Antenna 1 Antenna 2

n s(n)

n+1 -s*(n+1) s (n)

s(n+1)

The combiner at reception constructs two combi-
ning signals as follows:

{s<ff'i)u}=[z —hh]{r:;nil)} 2

The channel coefficients can be estimated by
{le}_ $(n) S(n+1) "{ r(n) }(3)
h, -§"(n+1) s7(n) r(n+1)
Substituting (1) into (2) we have

§(ny i+ hohy hl*hQ—hzhf‘]
{f(n+1)}_ hih, —hhy R hy, +hh
h'  hy
{ s(n) }+[ 1 2 { v(n) } @)
s(n+1) hy —h L lv(n+1)

These combined signals are then sent to the maxi-
mum likelihood detector. For PSK signals, the maxi-
mum likelihood decision rule for received signals se-
lects s, if and only if

d’(5(n), s,) <d’(5(n), s,) Vizk (5)
where d” (x, y) is the squared Euclidean distance be-
tween signals x and y.

From the above analysis we can find that the sig-
nal estimation and channel measure algorithm of the
two-branch transmit diversity scheme is quite simple
and easy to implement.
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The maximum likelihood decoding of STBC can
be achieved using only linear processing at the receiv-
er. The maximum likelihood detection amounts to min-
imizing the decision metric'®

| r(n) —hys(n) —hys(n+1) > +

lr(n+1) +h,s" (n+1) —hy,s*(n) |> (6)
overall all the possible values of s(n) and s(n +1).
The minimization of (6) is equivalent to minimizing
the decision metric

[ (r(n)h +r(n+1)hy) —s(n) |* +

(hohy' +hyhy =1)s(n)s” (n) (7)
for detecting s(n) and the decision metric

[(H(n)hy —r*(n+1)h) =s(n+1) > +

(hh| +hyh, =D s(n+1)s"(n+1) (8)
for detecting s(n +1). This simple decoding scheme is
described in Ref. [6], and does not sacrifice perform-
ance as compared with MRRC with one transmit anten-
na and two receive antennas.

Since most man-made signals exhibit cyclostation-
arity in a wide sense with the cycle frequency not
equaling zero', this cyclostationarity is only related to
its own property. We may use this property of signals
for signal extraction and interference suppression. In a
beamforming technique, the cyclostationarity can be
utilized to construct adaptive array beamforming.

A signal is called cyclostationary if its cyclic cor-
relation or conjugate cyclic correlation is not equal to
zero at some time delay 7 or frequency shift a. The cy-
clic correlation is defined as

Ri(m) = ([x(mx'(n +7)e™™])_ =

®©

N

lim % 3 x(mxt(n +7)e (9)

n=1

where ([ +]), denotes the time average over an infi-
nite observation period, the superscript + denotes the
conjugate transpose operator, and « is called the cyclic
frequency of signal x(t). Also, the conjugate cyclic
correlation is defined as

R (r) ={[x(mx"(n+m)e ™) (10)
In practical application, the estimation of R (7) is ob-
tained by taking an average over N samples so that

Re(7) = {[x(m)x'(n +7)e™™]), =

%Zx(n)x*(n +7)e (11)

The cyclic frequency of a signal is usually de-
pendent upon data rate and the carrier directly.

Assume that an antenna array is composed of M
elements. The received signal vector is represented by
r(n). Thus for K signals of interest, vector r(n) can be

modeled as

r(n) = Zd(ﬂk)sk(n) +i(n) +v(n)  (12)

where s(n) is the signal of interest, d(6,) is the steer-
ing vector at the direct of arrival 6,,i(n) is the combi-
nation of interferences, and v(n) is an M x 1 additive
white Gaussian noise vector.

As for the algorithm of cyclic adaptive beamform-
ing (CAB)", the objective of the algorithm of spatial
signal extraction is to find out the weighting w accord-
ing to some certain rule, so as to extract K signals of
interest using the following equation:

§.(n) =W} r(n) k=1,2,...,K (13)

Let u(n) =r(n +7)e”™, then R%(7) can be re-
presented by cross-correlation as R,, = R%(7). R,, and
R, are defined as the autocorrelation of r(n) and
u(n), respectively. The weighting vector w in the algo-
rithm of adaptive beamforming of the cyclostationary
signal is determined by selecting two M x 1 vectors w
and ¢, so as to maximize the sample correlation be-
tween wtr(n) and c'r(n), namely

max | ([wrr(n)u*(n)c]), |* (14)
which is under the constraint condition of
wtw=1, cte=1
This rule can be written as
max |wiR ¢ |> =maxw' R, cc'R,w (15)
It is shown that the solutions of w and ¢ must sat-
isfy
1 A
82w =K,c (16)
1 A
8%c=R,w (17)

where § is the singular eigenvalue of R,,. With Egs.
(16) and (17),w and c can be iteratively solved by the
power method'".
Assuming that for multiple signals of interest, all
K SOI have the same cyclic frequency « and are differ-
ent from the cyclic frequency of interferences i(n). For
simplicity, assume that all K signals are non-
correlation. In such cases, the matrix R,, has K left sin-
gular vector of no-zero singular values vector. Thus,
the cyclic adaptive beamforming algorithm uses the
first K left singular vectors obtained from Eq. (16) to
extract K signals of interest. In the presence of K non-
correlation signals with the same cyclic frequency «, if
the steering vectors of these signals are well separated
with each other, that is
d(60,)d(6,) =0 k,le{l,2,...K} (18)
Then weighting vector w, can be asymptotic re-
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presented as
w,~d(6,) ke{l,2,...,K} (19)
Furthermore, if the j-th (j<K) left singular vector
w; is used to extract the k-th signal of interest, then the
SNR of signal can be written as
R, d'(6,)d(6)ww; cos’[d(8,),w; T]

Jk t
wiR,w,

(20)
where
(9w d(6)
AT (6)d(6,)w W,
R, is the auto-correlation matrix of the interference

cosz[d(ek),wj,l]

and noise when the k-th signal is taken as the signal of
interest, and R, - is the auto-correlation matrix of sig-
nal s,

From Eq. (19), it can be seen that the cyclic
adaptive beamforming algorithm tries to set the beams
at the direction of arrival of signals, which is the de-
sired performance of a beamformer, so the algorithm
can work well under the condition of adequate separa-
tion between interferences and signals of interest.

2 Method of Combined STBC with Adap-
tive Beamforming

Fig. 2 outlines the system construction of STBC
combined with adaptive beamforming of cyclic sig-
nals. The transmitted signal s(n) is encoded in the
space-time block coding module firstly, the two-
branch outputs are s(n) and s(n + 1), which are deno-
ted by s,(n) =s(n) and s,(n) =s(n +1), respective-
ly. Then these two signals are sent to the adaptive
beamforming module. The beamformer, based on cy-
clostationarity of signal, selects two non-correlated ar-
rival multipaths d(9,) and d(8,) according to the di-
rection of arrival of reception signals with Eq. (19).
The according beamforming weightings are w, and
w,. In TDMA systems, the operation frequency of up-
link is the same as that of downlink. When the mobile
terminal moves at walking speed, it will arrive at a
well approximated degree taking the DOA of uplink
as that of downlink. In fact, since the cyclic adaptive
algorithm has a fast convergence, when the mobile ter-

Sl(n)Ad " ST(TL) (011 01)
Space- = Adaplive | —< Space-
time beam- _6/\9_ time
" forming 1 g
s(n) | block | block
codin W] an .
& sy(n)| W2 < (a2 6,) decoding

Fig.2 Method of combined STBC with adaptive beamforming

minals are in the state of vehicle speed, there is still
good performance with the algorithm. Thus, the trans-
mitted signal vector can be written as
sp(n) =wis,(n) +wi s,(n) (21)
Assuming that the channel is plain fading re-
sponse, the reception vector at the mobile terminal is
r(n) =w!h;s,(n) +wj hys,(n) +v(n) +i(n)
(22)
Leta,(n) =w;h(n), a,(n) =w;h(n). Compa-
ring Eq. (22) with Eq. (1), the reception signal can
be represented as

{r*:;nil)}: :} _a;; {s<s,f?1)}+
{v*zinin}*{i(i?l)} (23)

It can be seen that, by selecting beamforming
weightings w, and w,, the recovery of transmitted sig-
nals of the combined scheme, with both beamforming
gain and transmit diversity, can be achieved by the de-
coding process of conventional STBC.

The weighting of transmit beamforming is ob-
tained by maximizing Eq. (14) under the constraint
condition of w*w =1 and c¢*¢ = 1. The solutions of
cost function are the eigenvectors corresponding to the
two largest eigenvalues of the downlink channel co-
variance matrix. For a time-division duplex ( TDD)
system, the channel covariance matrix of downlink is
the same as that of uplink, and can be obtained by

_ 15 .
R = N;x(n)x(n) (24)

where x (n) denotes the array samples of uplink at
time n, and N is the number of samples during the
sampling time.

From the above analysis we can find that the en-
coding and decoding processes of the combined
scheme are similar with that of the conventional STBC
method, with the only difference lying in the addition
of beamforming weightings w, and w,.

The processing of the combined method is as fol-
lows:

1) The selection of transmitting beamforming
weighting w, and w,

Assuming that the multiple components of the re-
ception signal are not correlated with each other, ac-
cording to previous analysis, in the presence of K non-
correlation signals with the same cyclic frequency and
different cyclic correlation strengths, that is, R{ (7) #

RY (7), k#1, if there is adequate separation among

S8
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the steer vectors of these signals so that
d(6,)d(6,) =0 k,le{l,2,...,K} (25)
R,d(6,) =0 (26)
then as N— o, the weighting vector w, can be used to
extract the k-th signal of interest. Thus, the base sta-
tion adopts a cyclic adaptive beamforming algorithm
utilizing cyclostationarity of signal of interest to re-
ceive a pair of no-correlated multipath signals from
the mobile terminal, then according to the direction of
arrival of uplink, the base station uses the DOA of the
uplink as the estimation of the direction of downlink
beamforming. So these weightings can be used as
transmit beamforming instead of the two transmit di-
versity antennas in the conventional STBC systems.
2) Space-time block coding based on beamform-
ing weighting
This takes a pair of non-correlated beams ob-
tained from the previous processing as the transmit an-
tennas of a two-branch transmit diversity STBC sys-
tem, then uses the method of conventional space-time
block coding to transmit two signals s,(n) and s,(n)
simultaneously from two transmit beams. The mobile
terminal adopts a single reception antenna approach.
The reception signals can achieve both beamforming
gain and transmit diversity gain.

3 Simulation Results

Fig. 3 depicts the beam pattern of the cyclic
adaptive beamforming algorithm with seven elements
of antenna array in the presence of interference. The
SOI arrives at the array from 40° and 60°. The narrow
band interference (NBI) signal impinges on the array
at 95°. Both signals of interest and interference are
BPSK signals. The SNR equals 10 dB, and SINR is
—30 dB. Assume that noise is AWGN.
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Fig.3 Beam pattern of reception signal of cyclic adaptive

beamforming algorithm with seven elements antenna array

From Fig. 3, it can be seen that the adaptive
beamforming algorithm utilizing cyclostationarity can
provide beamforming gain as well as interference sup-

pression.
Fig. 4 describes the bit error rate ( BER) per-
formance of the method of STBC combined with
adaptive beamforming in comparison to the conven-
tional STBC scheme. The communication channel is
assumed to be Rayleigth fading. From the figure it can
be seen that the combined system has a significant im-
provement in performance compared with convention-
al STBC systems. Fig. 5 shows the BER performance
of the proposed method in the case of different inter-
ferences. It can be seen that when the arrival angle of
interference is different from that of signal of interest,
the proposed method exhibits good performance,
which is the same as that of no interference. Howev-
er, when the DOA of interference is the same as SOI,

the BER performance degenerates seriously.
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Fig.4 Performance comparison of average BER between

conventional STBC and combined scheme
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Fig.5 BER performance of STBC combined with adap-

tive beamforming with different interferences

4 Conclusion

In this paper, a new method of combined STBC
with adaptive beamforming is proposed. The detail of
signal processing is outlined. Simulations show that
the combined method exhibits better performance than
that of conventional STBC systems.
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