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ABSTRACT

In this paper it is proposed a space-time algorithm
for co-channel interference (CCI) and intersymbol
interference (ISI) reduction for GSM/DCS systems.
The temporal channel for the Viterbi receiver and the
beam-former weights for CCI rejection are estimated
Jointly by optimizing a suitable cost Sunction for low-
rank space-time channels.

Compared to the solutions proposed in the litera-
ture, the advantages are: i) the reduction of the CCIs
still using, for the equalization, a scalar Viterbi re-
cetver and ii) the convergence of the estimates within
few symbols of the training sequence. Performances
ere evaluated by simulations.

1 INTRODUCTION

Arrays of receivers in mobile communications al-
low the use of the spatial dimension to achieve co-
channel interference (CCI) impairment reduction, or
equivalently an increase in spectral efficiency, as ca-
pacity is mostly limited by CCL Spatial (angular)
dimension in wireless systems has already been ex-
ploited, both with a switched-beam approach {1] and
with direction-of-arrival (DOA) based approaches
[2). The computational power available nowadays
makes feasible the use of techniques that exploit and
optimize the recejvers Jointly (not sequentially) in
space and time domains [3].

The algorithm presented herein is based upon a
new space-time (ST) receiver which jointly optimizes
the estimation of the beam-former weights and of the
channel response for a MLSE receiver [4][5). First
a reduction of the CCI is obtained with a sort of
optimum combining performed by the spatial filter,
then a conventional MLSE recejver is used, even if
the residual interference is only approximately white
and in general non Gaussian. The key idea for the
cost function is the maximization of the signal to in-
terference plus noise ratio (SINR). Furthermore, the
separable character of the algorithm is particularly
attractive as it yields to a computationally efficient
structure.

The paper is organized as follows: space-time
channel model that extends the temporal channel
standardized in (6] is described in Section 2, the new
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ST receiver based on the maximization of the SINR
is in Section 3, examples and simulation results that
demonstrate the performance in terms of BER are
in Section 4.

2 ARRAY AND CHANNEL MODEL

The mobile radio channel js usually described in
terms of its temporal features: path loss, fast and
slow fading, Doppler spread. When dealing with an-
tenna array systems the spatial dimension must be
taken into account. In a multipath environment the
spatial features of the channel, caused by the relative
positions between the array elements and the signals’
sources, heavily affect the shape of the overall chan-
nel response. Such a response can be conveniently
treated as a random process.

2.1 The Vector Channel Response

For an antenna array of M elements the base-band
equivalent channel of the signal received by the k-th
array element is h(t) (for GMSK modulation the
linearized model is assumed by considering the main
pulse of the AMP decomposition [7]). Al the signals
received by the array can be conveniently arranged
into an M-dimensional vector
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{z} is the transmitted sequence. In general, more
independent sources (users) are present (or can be
considered to have a meaningful power level) in a
cellular system with low reuse distance. The signal
received by the antenna array will be
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where i, , are the interferers’ sequences and n(t)
is spatially and temporally uncorrelated Gaussian
noise (E(n(t)n¥ (¢ + 7)} =0218(7)).

By sampling the received signal at symbol rate T
and collecting N snapshots into & single matrix, the

received signal (2) can be equivalently rewritten as

Q
Y=HX+) HJI +N;
q=1
H is an M x L matrix that represents the channel
samples (L is the memory length of the channel):

H=[h(rT) h((n-1)T) h((n - L+1)T));
(3)

X =[x(1) x(2) Xx(N)}] denotes the non-
symmetric Toeplitz structured data matrix, where
x(n) are L symbols of the transmitted sequence
sorted into a vector:

xX(n)= 1 : : @
Tn-L+1

Equivalent relationships hold true for Hy and Ly(n).
It is important to point out that the structured noise
Z?:] H,I; + N is temporally and spatially corre-
lated, correlation being given by the CCI.

2.2 Generalized ETSI Models

The temporal characteristics of the mobile radio
channel have been extensively modelled, while only
recently space-time features have been investigated
and few experimental results are available. In any
case, for the GSM/DCS system, there are no com-
monly agreed models for testing.

The space-time model considered is an extension
of the standardized ETSI temporal channel chosen
to have a valid model (somewhat arbitrary) for a
multi-antenna receiver that collapses to the standard
one in the one-antenna receiver case. Therefore we
simply added the spatial dimension to the channel
models in [6}, by considering, for each delay 7;, a
corresponding DOA 6,. The vector channel is then

Neaps
ht)= Y a0)AeIhot - 1) (5)
i=1
where a(f;) is the array response vector in the direc-
tion 8;, while the temporal terms A;e=7%: ho(t — 1)
are inferred from the ETSI specifications [6]. By
properly choosing the probability density functions
of DOAs 6; we can model different propagation envi-
ronments depending on the mobile-base station dis-
tance, the antenna array height, the cell urbaniza-
tion level. With this approach we can also simulate
scenarios in which rays arriving close in time are not
necessarily originated from scatterers close in space
(specular multipath).

3 JOINT CO-CHANNEL INTERFERENCE
REDUCTION AND CHANNEL ESTIMATION

For single antenna systems the maximum likelihood
sequence estimator (MLSE) receiver represents the

oy
1 sgmngwy-wxi}

L

Antenna
onay

Figure 1: JST receiver structure

widespread receiver for mobile communication sys-
tem, namely for GSM/DCS standard. For antenna
array systems the receivers can exploit the spatial di-
mension. Based on the optimization criteria, space-
time (ST) or vector receivers can be grouped into two
main classes [3]: the multichannel MLSE (MMLSE)
and the minimum mean square error (MMSE).

The MMLSE needs the estimation of the full rank
channel matrix H and of the covariance matrix of the
CCI. Although these parameters can be estimated
during a (long) training sequence, problems would
arise for non-stationary CCI and/or fast Doppler.
The MMSE algorithm allows the equalization of the
channel and the rejection of the CCI but this also
implies the estimation of an high number of param-
eters (higher than the dimensions of H).

For long training sequences the MMLSE achieves
the better performance (compared to MMSE) as far
as the vector Viterbi is based on a consistent es-
timate of the channel and interference parameters.
However, for a short training sequence (i.e., the 26
symbols of the GSM/DCS midamble), the estima-
tion of an high number of parameters could become
data-sensitive and error flooring can easily occur.

Given the drawbacks of the limited training se-
quence length, the number of degrees of freedom in
ST receiver has to be parsimoniously handled in or-
der to achieve convergence of the estimates at the
expense of moderate loss of (asymptotical) perfor-
mance. The approach proposed herein separates
the space and time processing (also referred to as
rank-one receiver since it relies on the separability of
the channel H) while the optimization is performed
Jointly on space and time parameters.

3.1 The JST Receiver

The receiver have to be designed to cope with strong
CCI and to equalize severely distorted channels. Ac-
cording to the scheme in Fig.1 the algorithm relies



on the beam-former weights w = [wl,wg,..‘wM]T
that reduce the CCI and the scalar MLSE receiver
that demodulates the sequence {z,}. The receiver
structure can be made adaptive to handle the non-
stationarity of CCI or the time-variance of the chan-
nel. The joint estimates w and h for the joint space-
time (JST) receiver can be evaluated by the maxi-
mization of the signal to interference plus noise ratio
(SINR) after the spatial filter (or equivalently after
CCI reduction):

(Wopt, hopt) = argmax SINR (6)
w,h

|wHYHZ
arg max
w,h

o

It can be shown that this optimization can be carried
out with respect to h:

v

Bepe = g X — e (Te)
h# (Rﬂ -RoR,, Ryx)h

Wopt = RypRyxhops, (7b)

here ﬁxxA= XZ(H /N denotes the sample covariance
matrix (Rxy, Ryy are similarly defined). The time
channel (7a) can be found as the generalized eigen-
vector associated to the maximum generalized eigen-
value of (Racc , Rocx = R RyiRyx ).

If the training sequence is white (PN sequence),
the sample covariance matrix is asymptotically
Ry« — I and the Rayleigh quotient (7a) can be mod-
ified accordingly. The objective function is thus ob-

. .. . . 2
tained by minimizing “w” Y -h¥ X" and by con-
straining h to have unit norm:

2
(Wapts hope) = argmip | w#Y — " x| ®
subject to [|n|i> = 1.

The optimum channel hyp follows to be the eigen-
vector Gmip associated to_the minimum eigenvalue

(Amin) of Rax — ﬁ.xyR.;;Ry,(:

hype = Qmins (92)
Wopt = R';yl R'qumim (gb)
2
“ngPtY - hfytx“ = Amin- (9C)

It should be stressed that in a GSM/DCS sce-
nario, as angular or delay spread are small com-
pared to the resolution of the system, a rank one (or
separable) solution has a variance of the estimates
lower than any higher rank solution. Further, this
approach could lead to an adaptive extension.

3.2 Partial Cholesky Factorization

The JST optimization needs the evaluation of the
eigenvector corresponding to the smallest eigenvalue
of the matrix R} = Rax—RaxyRy) Ryx, which is the
Schur complement of R,y in R, where the matrix R

~ | Bw B
e[l ]

The solution proposed here is based on a partial
Cholesky factorization (8] as it allows the control of
the pumerical stability together with a good com-
putational efficiency. R} can be carried out from
a partial (M steps) triangularization via fast Schur
reduction:

R:[{‘J][LH Uu]+[g %;L] a)

R is then computed without inverting the spatial
covariance matrix Ryy. From (11) we have

R,, =LLY
lﬁl«,,; - UL# (12)

that allows (7b) to be rewritten as
LAwWope= Ufhyp. Given hupe, Wop can be
found through a simple back-substitution due to
the lower-triangular structure of L.

The eigenvector corresponding to the smallest
eigenvalue of R} can be obtained from the inverse
power method. This follows from the iterative solu-
tion of

h, = (Ry) 7 hep(n—1) (13)
h,
hoge(n) ol

the normalization |th,]| is introduced to attain the
unitary energy constraint on channel vector h. This
problem can be similarly solved without matrix in-
version. Completing the Schur reduction, we may
write R = ff”; here

f:[{} I?] (14)

and L, is the Cholesky factor of R (ie, Ry =
L.LH). Tterative method (13) can be rewritten as

L,L¥h, = hop(n — 1) (15)

and therefore can be solved with a two-step back-
substitution approach using the intermediate vari-
able u,

thn = Un (16)
Lo, = hgx(n—-1)

To summarize, hope and wop are efficiently de-
termined by three steps: 1) Cholesky factorization of
R via fast Schur reduction, 2) inverse power method
to obtain h,pe through a two-step back-substitution
approach, 3) a final back-substitution for wopt.

Figure 2: Stationary environment performance:
BER vs C/I (three synchronous interferers, TUS0,
5 degrees angle spread)

4 SIMULATION STUDY

The evaluation of the performances of the JST algo-
rithm has been evaluated through Montecarlo sim-
ulations over a wide range of conditions. Perfor-
mance is then evaluated in terms of Bit-Error-Rate
(BER) of uncoded bits (over 2000 TDMA slots) for
various carrier-to-interferer ratios (C/1). The analy-
sig is restricted to interference limited scenarios as
ST receivers are designed to increase the spectral ef-
ficiency of the system by means of a reduction of
the reuse distance. Although the algorithm pro-
posed works independently of the array geometry,
here we consider the case of & uniform linear array
with M = 8 antennas equally spaced by half wave-
length: [a(d)], = eimlk-1)sinf,

In order to demonstrate the benefit obtained by
the use of the proposed algorithm, the performances
of different types of ST receivers are compared in a
stationary environment characterized by one useful
signal and three synchronous CCls uniformly dis-
tributed within the 120deg sector covered by the
antenna array (see Fig.2). The channel model is the
generalized TU with an angular spread for all the
rays of 5deg. The receiver schemes considered in
this simulation are: a single antenna MLSE system;
a switched-beams structure [1); a DOA based (WSF
estimation + LCMV beamforming) approach (2}; 2
MMSE beamforming [9], and the JST receiver pro-
posed in this paper. As shown in Fig.2 the JST so-
Jution provides a better performance almost on the
whole range of carrier-to-interference ratios.

5 CONCLUSIONS AND REMARKS

The space-time processing is known to be beneficial
for the reduction of the co-channel interference mo-
bile communication systems. The joint space-time
(JST) algorithm estimates jointly (not sequentially)
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the beamforming and the channel response by max-
imizing the SINR; the main advantages being i) the
reduction of the CCls still using, for the equalization,
a scalar Viterbi receiver and ii) the convergence of
the estimates within few symbols of the training se-
quence. The parallelism of the JST algorithm can
be exploited for an efficient implementation of the
algorithm.

It is worthwhile to notice that the JST algorithm
represents a separable receiver that is optimum only
when the channel model is separable (rank-one chan-
nel matrix H); in all the other cases the JST receiver
has to be considered as sub-optimum. In the ex-
amples discussed here the JST algorithm has been
proved to be effective but this is mostly because the
parameters of the GSM standard fit reasonsbly the
constraints of a rank-one channel.
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