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ABSTRACT

In this paper we consider downlink transmission in
a multiuser environment, where each base station trans-
mits multiple data streams to its corresponding mobiles
using Multiple Input Multiple Output (MIMO) OFDM.
Using distributed schemes, we find the optimal transmit
and receive weight vectors, to maximize total data rate
for each user. We consider two scenarios, where in one
the total power per user and in the other total power per
subcarrier is fixed. In each case, we propose iterative
algorithms to maximize the allocated rate per user. We
will discuss the convergence of our schemes and com-
pare their performances with that of the previous works.

1. INTRODUCTION

It has been shown that using multiple antenna transmis-
sion in wireless communication systems results in sig-
nificant capacity improvement without the need to allo-
cate extra power or bandwidth [1], [2]. Multiple anten-
nas are used to achieve beamforming gain , spatial diver-
sity by using space-time codes , or spatial multiplexing
[1]. In spatial multiplexing, signal processing is used at
both the transmitter and receiver to decompose multiple
streams transmitted from the transmitter [3]. In spatial
multiplexing, the knowledge of channel condition is op-
timally performed, assuming that the channel is known
at the transmitter as well as in the receiver [2]. Some
researchers have designed tranmit schemes to maximize
the information theoretic sum capacity of multiple ac-
cess channels [4].

Different subcarriers in an Orthogonal Frequency Di-
vision Multiplexing (OFDM) system experience differ-
ent attenuations. The exploitation of multiple transmit
and receive antennas MIMO OFDM both in the form
of beamforming and space-frequency coding [5] has re-
cently found much attention. Many of these schemes
have considered a single transmitter and receiver. How-
ever, in addition to the effect of multipath fading, in
a multi-user environment, the interference from other
transmitters, plays a detrimental role in degrading the
system performance.

In [6], we proposed joint beamforming and power
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control for multiuser OFDM systems. In this paper, we
will consider using MIMO-OFDM systems in a multi-
user environment, where multiple data streams are trans-
mitted form each transmitter. Unlike previous works in
this context, we will consider a multi-cell system, where
overall transmit power is assumed to be fixed for each
user. We will increase each user’s data rate by adjusting
transmit and receive weight vectors according to an iter-
ative water-filling algorithm. The convergence of each
scheme is also discussed.

The rest of this paper is organized as follows: Sec-
tion 2 describes the system model. Section 3 quantifies
the overall OFDM data rate and the optimization of the
transmit and receive weight vectors. We also provide it-
erative algorithms to maximize each user data rate. In
Section 4 we will evaluate the performance of the pro-
posed algorithms and finally, Section 5 concludes the
paper.

2. SYSTEM MODEL

We consider a downlink multi-user OFDM system con-
sisting of M cells, one base station equipped with N,
transmit antennas per cell, and N,, mobiles equipped
with N, receive antennas in the m®” cell. Total num-
ber of mobiles is considered to be N. That is, there are
N co-channel link pairs for uplink and downlink trans-
mission. A similar analysis can be applied to uplink
transmission. 7' independent data streams are transmit-
ted from each base station, where a different transmit
weight vector is calculated for transmitting each stream
to the corresponding mobiles. Assuming that the num-
ber of OFDM subcarriers, K, is large enough, each sub-
channel is assumed to follow a flat fading quasi static
model, where the subchannel is constant over an OFDM
blocks. The frequency domain subchannel link gains
from base station m to mobile n at frequency carrier k
is denoted by an N, by N, matrix H® . whose (i, j)-th
element [HY,];,, represents the channel link gain from
the transmit antenna j to receive antenna ¢. The received
signal at the k" carrier of the 7" mobile is given by

M
xk = wk (Z HF VEsk + nf) )
m=1
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where s,,, is the data vector of size T that is intended
to be transmitted to user m, and its covariance <I>’fn is
defined by ®F = E{sF (sF)7}. The thermal noise
vector at the i*" receiver, nf is of size N,., whose spatial
covariance matrix is diagonal with equal power ()2
per antenna . The NV,. x T matrix Wf and N; x T ma-
trix V¥ represent the receive and transmit weight vec-
tors, respectively. Each column of these matrices corre-
sponds to one of the streams. Total transmit power at the

k" subcarrier is tr ( VK~ @k VK
transmitted streams from different users are independent

of each other and also independent of noise samples, the
total covariance matrix at receiver ¢ is given by

H H H H
Xt =W HE VIOV W W Qi w

). Assuming that the

where

k: k ok vk H k: H k2
is the covariance of the interference and noise at the k"
subcarrier of the i'" receiver.

3. MAXIMUM THROUGHPUT POLICY

If the transmit signal is assumed to be Gaussian or the
number of users is large enough (using central limit the-
orem in this case), we can assume a Gaussian distribu-
tion for the interference. Furthermore, we follow two
scenarios. In the first one, we assume a fix transmit
power policy per subcarrier where every user adapts its
data rate with the total transmit power across its anten-
nas held constant. In the second scheme, the transmit
power is fixed per user. For notation simplicity, we will
drop the index k. The mutual information at subcarrier
k can be expressed as:

I; = log,y ‘WiH (Hiiviq)iviHHiiH + Qi) W;

— log, 3)

We would like to maximize Z;, with the constraint
tr (fo@fnvf;) < P*. Using the relation det(I +
AB) = det(I + BA), we can change the mutual infor-
mation to

-1
xW,TH; V&, VE + Iy,|. )
The MMSE receiver weight vectors are given by
= pQ; 'H; Vi, ®)

where p is a real constant. With this choice, it is easy to
see that the mutual information is changed to (6), which

is the capacity obtained by optimum receiver processing.
Therefore the chosen MMSE receiver weight vector is
optimum.

T = log, det [HH SH VeV 4Ty 6)

The eigenvalue decomposition of the matrix HZ Q; 'H,;
is UAU¥H  where U is an unitary matrix, and A is di-
agonal. Note that the number of eigen-modes of the sys-
tem is determined by the rank of this matrix. With this
choice, the mutual information becomes

7, = logleAUHV@Z-VZ-H—&—INt

— log, ’Al/QUHV@iV{{ UAY2 + Iy, ’ (7

Using Hadamard inequality (|A| <[], ai;), the mu-
tual information, Z; is maximized if UHVi<I>iViHU =
P, is diagonal with non-negative elements p;1, pi2, . . . DiN, -
In this case

Z; = log, det [f’,A + INJ = ZIOgQ (L+pijAj),
J

where A;’s are the diagonal elements of A. Since U
is unitary, and tr(AB) = tr(BA), then tr(V;®; V) =
tI‘(Pi).

3.1. Constant Power per Subcarrier

If we assume that the total power of eigen-modes at each

subcarrier is fixed, our problem bs:comes the maximiza-

tion of Z;, with the constraint tr(P;) < Pf. The answer

is the well-known water-filling solution [7] , which says
1\t

Dij = (V %) (8)

= Pk and

Y
where v is chosen to guarantee > pi; f

(x)* = max(z,0). This equation is used for nonzero
A;’s I A = 0, we take p;; = 0.

To ﬁnd the optimum transmit weight vectors, we need
to solve UMV,;®,VIU = P, or

(Vioi?) (viey 2) — UP,U¥ for V;. If N, > T,

1/2
then V, = U [ P10 ] &% where Pyisan T x T

——
B

diagonal matrix with nonzero diagonal elements of P,
on its main diagonal. If Ny = T, then V; = UB®; '/?,

with B = fﬁ/? In all cases, BBH = P,. With these
choices, we have

xf = W EEVEsE+ Y HE,VEsE +nb)
m#i
q
= 3t 4 pre PBHUMHE QY
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where Y = BZABisa diagonal matrix, for all 3 above-
mentioned cases. This result shows that at the receiver,
and at each subcarrier, the multiple streams are orthog-
onal to each other. The receiver covariance matrix for
Ny =Tis
H ~ _ ~ _

ExixF7] = ?PIA2O; ! 4+ 1°PiAD . (9)
So the SNR for the j** stream is DijA;. Similar results
can be found for other cases.

3.2. Constant power per user

In reality the total transmit power for each base station
is limited. As a practical limitation, here we assume that
total power allocated to each user is fixed. the overall
mutual information between the it" receiver, and its cor-
responding transmitter, can be found from Z; = Zszl Tk
If P¥ = UK VEQEVET U for each k is diagonal,
by Hadamard inequality, each term of the above sum is
maximized regardless of any power constraint. Since
each term is positive, the sum will also be maximized.

Therefore, we want to maximize
KT

T =) logy (14 pirdir), (10)
r=1

constrained to ZfiTl pir = P;, where P; is the power
allocated to user ¢. The index r is used to represent all
streams and all subcarriers. For a given r, the index of
the stream is found from j = (r mod T') + 1, and the
index of subcarrier from k = [(r/T)]. Again, The an-
swer is the water-filling solution presented in (8). The
SNRs are again p;,-A;,- at corresponding subcarriers and
streams.

3.3. Iterative Waterfilling

Note that each transmitter optimizes its transmit spec-
trum independently of the other transmitters but know-
ing the interference covariance matrix at its receiver. Since
each transmitter is repeating the same process, the inter-
ference at the receiver is going to be changed and the
above steps should be repeated until the transmit and
interference covariance matrices converge. Therefore,
the iterative water-filling [4] is used to find the powers
at each eigen-mode at each subcarrier of each transmit-
ter. Note that the authors in [4] have used the itera-
tive water-filling for a single-cell single-carrier system,
while we are proposing this scheme for multi-cell mul-
ticarrier multiple antenna systems.

For the first scheme, in which the constant power
per subcarrier is considered, the iterative water-filling at
subcarrier k is proposed as follows, starting from the re-
ceivern = 1:

Algorithm I [Constant power per subcarrier]

1. Find the interference from Eq. (2).

CDF of rates for fixed power per user
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Fig. 1: Achievable rate CDF, for fixed power per carrier

2. Find the eigenvalue decomposition of
H, QLT HE, = UkALULT

3. Find the power of each eigen-mode with nonzero
eigenvalue from (8) For A\; = 0, take p;; = 0.
Create a diagonal matrix 1551, whose diagonal ele-
ments are p;;.

4. Find the transmit weight vectors VX = UFB@k /%,

when B is f’},,/ % for N; = T. For the other cases
B is found correspondingly.

5. Set n = n + 1 and continue from step 1 until

convergence.
For the second scheme, where the constant power

per user is considered, the iterative water-filling is simi-
lar to Algorithm I, where step 3 is described as follows:

Step 3. for Algorithm II: For r = 1... KT, find
the power of each eigen-mode with nonzero eigenvalue
from (8), For \;,. = 0, take p;,, = 0. For each subcarrier,
create a diagonal matrix f’ﬁ, whose diagonal elements
are corresponding p;,.’s.

For each iterative water-filling scheme, the choice
of receive weight vectors at a receiver has no effect on
the amount of interference at other users. Therefore, the
receive weight vectors are evaluated using Eq. (5), after
the iterative algorithms are converged.

We have shown that the above iteration will converge
to a fixed point starting from any initial transmit and re-
ceiver processing matrices.

4. SIMULATION

We simulate a wireless network consisting of 100 and
125 co-channel base stations placed in a hexagonal pat-
tern. We assume one or two mobiles randomly distributed
in a cell according to a uniform distribution. We use
an OFDM system with 32 subchannels for transmission.
The communication channel is assumed to follow the
COST207 Typical Urban 6-ray channel model. Each
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CDF of rates for different number of streams for fixed power per user
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Fig. 2: Achievable rate CDF, for fixed power per user

OFDM symbol is assumed to be 1us long which cor-
responds to a bandwidth of 1M Hz. The white Gaus-
sian thermal noise power at each receiver is calculated
based on a noise figure of 3dB and 1MHz bandwidth.
We consider 4 transmit antennas and 4 receive antennas.
Independent multiple data streams are transmitted from
each base stations to each mobile in its corresponding
cell. Two different cases are considered.

Algorithms 2 have been simulated for multi-cell sys-
tem. Fig. 1 shows the CDF of the achievable rate for
125 cells with of reuse 3, one mobile per cell, and two
transmitted streams. In this figure, we have shown the
case where the in-cell interference plus noise is used as
an approximation for noise covariance to calculate the
transmit weights. It can be seen that when the multi-
cell interference is taken into account, the overall rate is
higher. The same CDF for different number of streams
per subcarrier is shown in Figs. 2 and 3 for 100 cells
with one and two mobiles per cell, respectively. In the
first case, as we increase the number of streams, more
bandwidth can be assigned per user and the achievable
rate per user is increased. However, as we increase the
number of co-channel mobiles per cell, more processing
is needed to combat the effect of in-cell interferences,
and therefore the performance of two streams is better
than that of four streams.

5. CONCLUSION

We have proposed iterative water-filling solutions for
multi-user multi-cell wireless systems where multiple
antennas are deployed at both transmitters and receivers.
The proposed algorithm assigns multiple independent
substreams for each user to increase data rate for each
user and is performed as a distributed scheme. That is,
each transmitter has only the knowledge of interference
at its own receiver and the channel response in that link.
We have shown that the algorithm converges to a fixed
point solution where the data rate for each user is lo-

CDF of rates for different number of streams for fixed power per user
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Fig. 3: Achievable rate CDF, for fixed power per user

cally optimized. We have evaluated the performance of
the proposed scheme through numerical analysis.
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