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Abstract

A multitap transmit diversity scheme for the downlink
is proposed where the transmit weight vectors are adjusted
such that the SNR at each mobile is above a threshold. The
proposed transmit diversity scheme can be applied to net-
works with multipath fading channels and in cases where
the number of cochannels and multipaths are larger than
the number of antenna elements.

1. Introduction

The capacity of a cellular system is limited by the
cochannel interference (CCI) and Inter-Symbol Interference
(IST). CCI is due to the interference caused by users sharing
the same channel. If the delay spread in a multipath chan-
nel is larger than a fraction of a symbol, the delayed com-
ponents cause ISI. In the uplink, adaptive receiver beam-
forming schemes have been widely used to reduce the in-
terference at the base station. In order to optimally reduce
CCI and ISI, the space-time diversity combining has to be
implemented jointly. Because of the large delay spread in
the wireless channels, the joint space-time processing will
improve the performance by reducing the CCI and ISI and
increasing the SNR significantly [1]-[3].

Most often, deploying antenna arrays at the mobile is
impractical. However, transmit diversity can be deployed
at the base station to improve the downlink capacity. In
scenarios where antenna arrays are used at transmitters, the
beam-pattern of each antenna array can be adjusted to mini-
mize the induced interference to undesired receivers. The
transmit diversity and receiver beamforming are substan-
tially different in nature. Receiver beamforming can be im-
plemented independently at each receiver, without affecting
the performance of other links, while transmit beamform-
ing will change the interference to all other receivers. As
a result transmit beamforming has to be done jointly in the
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entire network. Moreover, in receiver beamforming a lo-
cal feedback from the receiver output is used to adjust the
combining vector. In transmit beamforming, the probing
has to be done at the mobile, while the beampatterns are
adjusted at the base stations [4]. In Time Division Duplex
(TDD) systems where the uplink and downlink channels are
reciprocal, the uplink channel information can be used for
downlink [2], [5].

In [6] we proposed a distributed algorithm that jointly
optimizes the mobile transmitted power and the uplink
beamforming vector at a base station. In this work we pro-
pose an algorithm that finds a set of feasible space-time
transmit diversity weight vectors and power allocations to
achieve the required SNR at each link in the downlink.

2. Transmit Space-Time Diversity

Consider a set of M cochannels where only transmitters
are using antenna arrays with P elements. In the following
we will present an algorithm that finds a set of multitap di-
versity weight vectors for transmitters such that the desired
SNR at each mobile is guaranteed. As we will see later, the
transmitted power is also controlled by the transmit diver-
sity weight vectors. The block diagram of a multitap trans-
mit diversity system is shown in Fig. 1. The structure of a
splitter is shown in Fig. 2. It should be noted that there is
a dedicated multitap diversity system at the base station for
each mobile.

The received signal at the ith mobile is a superposition
of the transmitted signal and its delayed versions, generated
by the multipath channel. The transmitted vector by itself
is a weighted combination of the desired signal and its de-
layed versions. Suppose at each link there are L paths. Also
assume that in the steady state, the weight vectors are time
independent, and denote the diversity vector at the gth tap
of the bth base station by wy(g). With that as given and
the slow fading assumption, the received signal at the ith
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mobile is given by

B Q-1 L
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Xuip(t — T — qT) + ni(t),

where p;;, models the log-normal shadow fading, ol, and
Gy are the Ith path fading and loss from the ith mobile
to the bth base station, respectively. 'r}b denotes the path
delay. The length of equalizer is denoted by Q. a;(6;) =
[a},(6) . .. ak;(8,))7 is the array response to the signal com-
ing from the th mobile at direction §;. Thermal noise at the
ith mobile is denoted by n;(t). The signal u;(t) can be
expressed as a function of the message symbols s,(n) by

k
up(t) = Y gin(t — nT)sp(n),

n=0

where k = | ], T is the symbol interval, and g; models
the effect of waveform and channel response. We assume
that a filter with the impulse response f;(t) is used at the ith
receiver whose output is sampled at symbol intervals (¢t =
kT)

b=1 ¢=0 n=0 I=1
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yi(k) =
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where
Rk —n) = [gu(t—nT —71h —qT)fi(t — kT)dt
= [gu(t —7h) fi(t — (k —n — ¢)T)dt,
and

ni(k) = /ni(t)fi(t — kT)dt.

That is, the channel can be modeled by a discrete impulse
response given by

L
hy(n) = Z ai (01)1/ pisGinatly Rip (n).
=1

Assuming that the length of the discrete impulse response
is N, we can rewrite (1) as

B Q-1N-1
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+ n,-(k).
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It follows that

B Q-1
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where
H,;b = [hib(O) hib(l) - hzb(N — l)],
and
sp(k)
Sb(k‘) =
Sp (k - N+ 1)
Define
w;(0)
Wb = ‘ )
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and
X,’b(k)
Xip(k) = : )
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where x4 (k) = H;p\/Pssp(k). Then the received signal at
the ith receiver is expressed as

yi(k) = waxib(k«') + n;(k).
b

@

We evaluate the SNR at each mobile as a function of the
gain matrix H,;,, weight vector W, and transmitted powers
P,. The vector X, (k) is given by

Hz’b vV Pbsb (k)
Xip(k) = : 3
Hip/Prsy(k— Q + 1)
We assume that the transmitted signals from different base
stations are uncorrelated and zero mean. The total received
power at the :th mobile is then given by

& = E{lyi(k)*} = > W E{Xup(k)XE (k) } W,
b

Using (3), we rewrite the received power as

B Hisy (k)
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where IV; is the noise power at the ith mobile. Suppose the
signal transmitted from a source is also an uncorrelated zero
mean sequence of symbols. Then (4) can be simplified as

B
&= PBW{GyWy+ N, (5)
b=1
G is a block matrix whose pgth block defined by
[Gib]pq = HibJp,qu, (6)

where J,, , is a matrix which only has ones on (g — p)th
diagonal in parallel with main diagonal elements. Assume
we are estimating s (k — Q/2). The desired signal power is
then given by

PWi gughi W,

where

hii.(o)

The matrix G;; can be separated into signal and interference
matrices:

Gii = G} + Gy,

where G, = g;;g/. The power of the desired signal at the
ith mobile is given by P;W,; G, W, and the interference
power is > PbWbHGbeb, where

b#1
G{b={ 7

otherwise
The signal to noise ratio at this receiver is given by

Gy

Gy~ G M

i

PWHGSW;

I = ‘
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We define the transmit diversity problem as to find the
power allocation and weight vectors such that the link qual-
ity is satisfied at each link. That is,

Ti=v, (G=1,...,M).

Consider a set of beamforming vectors A = {Wj,
..., Wp}. A set of cochannel links is feasible if there ex-
ists a power vector P, and a set A such that the link quality
is satisfied for each link. For a fixed beamforming set A the
power allocation is given by

PbeG,{bWb + N;
WHGSW,

P = ’Yi(Zb )-

In matrix form the above equation can be expressed as

P =D,FIP +u, ®)
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where
[Fw]ij = WlI-IG;th

and

N ™ }
WIGHLW: 7 WH G0 W

D, = diag{

u,, is defined as

7 N;

T WG W

If the spectral radius of D,,F7 is less than unity, the ma-
trix I — D, FT is invertible and its inverse is positive. The
solution to (8) is then given by

P=[1-D,FIl]'u

The above solution can be achieved using an iterative algo-
rithm where at each iteration the power vector is updated
by
1 T
P! =D, F_P" +u.

In the following we consider the problem of joint compu-
tation of a feasible set of combining weight vectors and
power allocations. In order to achieve a feasible solution
for downlink, we run the diversity combining for a virtual
uplink network whose channel responses are similar to that
of the downlink, and at each iteration we use the same com-
bining vector for the downlink. The algorithm steps at the
nth iteration are as follows:

Algorithm:

1. Diversity combining and equalization for virtual up-

link:
S PnWHGLW, + N, WEW,
WEGEW;

W7 = argmin-y;
Wi
. Virtual uplink power update:
Pt = Dy [n]Fy[n]P™ + fy[n],

. Downlink power update:

P™ = Dy [n]Fy[n]P" + uu[n],

where
[Full] | = (WD GlwWr,
and
. 71 ™
D, [n] = diag ey -
Inl = dioo G Wy (Wi P Gy Wiy

Positive vectors 11, and 11,, are defined as



. _ vN{(WHFwWp
[3at], = Twryragwe
and N
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The transmitted downlink power at the bth transmitter is
given by,

o-1
> P(wi(@) P wi(a) = B(W)TWP.
g=0

The first two steps of the above algorithm are similar to the
uplink power update equations. We can show that if a set
of cochannel links is feasible, there exists a set of optimal
weight vectors and power allocations, such that the trans-
mitted powers are minimal among all feasible solutions for
the uplink [6]. In [7] we have shown that in a feasible net-
work, the power vector P converges to a feasible power al-
location (P). Assuming that the virtual uplink is feasible,
we conclude the beamforming vectors are converging to a
fixed space-time diversity vectors given by

. ) PoWHGIW, + N, WHW;
Wi e e g S

Asaresult D, [n] and F,,[n] are also converging to constant
matrices. Since the convergence is asymptotic, the system
described in algorithm B is an asymptotically constant sys-
tem. An asymptotically constant system is asymptotically
stable if the gain matrix has all its eigenvalues inside the unit
circle [8]. The feasibility of virtual uplink implies that the
eigenvalues of the gain matrix (D,,[n]Fy,[n]) are inside the
unit circle. The downlink gain matrix Dy, [n]FZ[n] is also
converging to a fixed matrix, which has the same eigenval-
ues as that of the virtual uplink gain matrix [7]. Therefore
the downlink is an asymptotically constant system with all
its eigenvalues inside the unit circle, which implies that the
downlink is also asymptotically stable. Since the feasibility
of downlink and virtual uplink are the same, the algorithm
will achieve a feasible solution for the downlink if there ex-
ists any.

3. Simulation Results

In order to evaluate the performance of our algorithm in
cochannel interference reduction, a network with hexago-
nal cells is simulated. The path loss is proportional to 74,
where r is the distance between the mobile and base station.
For each link, four paths with log-normal shadow fading
and Rayleigh multipath fading are considered. The angle of
arrival for each path is a uniform random variable in [0,27].
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A total of 100 mobiles, depicted by dots in Fig. 3, are dis-
tributed randomly throughout the network, and the base sta-
tions are placed at the center of each cell. Fig. 4 shows the
total base station power at each iteration. Different configu-
rations of the equalizer length (Q) and the number of array
elements (P) are considered. (P =1, Q = 1) curve shows
the case where we use omnidirectional antennas and stan-
dard power control [9]. (P =1, Q=4) curve shows the case
where we use an equalizer with omnidirectional antenna at
each base station. The solid curve shows that by using our
algorithm and equalizers with length four and arrays with
nine elements at base stations, we can significantly reduce
the total transmitted power in the downlink.

The total transmitted power as a function of the number
of users is shown in Fig. 5. We define the maximum ca-
pacity of the network as the maximum number of users for
which the total transmitter power is below a certain limit.
The maximum capacity of the network is improved signifi-
cantly as we increase the number of array elements and the
length of the equalizer.

4. Conclusion

We have proposed an algorithm for transmit space-time
diversity jointly with power control, which achieves a feasi-
ble set of space-time vectors and power allocations if there
exists any. The proposed algorithm guarantees the required
SNR at each link. We have shown that when we use adap-
tive arrays at the base station, using our algorithm, we can
increase the downlink capacity many folds.
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Figure 1. Block diagram of the transmit diver-
sity system.
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