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ABSTRACT

The interference reduction capability of antenna arrays
and the power control algorithms have been considered
separately as means to increase the capacity in wire-
less communication networks. The minimum variance
beamformer maximizes the Carrier to Interference Ra-
tio (CIR) when it is employed in the receiver of a wire-
less link. In a system with omnidirectional antennas,
power control algorithms are used to maximize CIR as
well. In this paper we consider a system with power
control capabilities which uses antenna arrays at re-
ceivers. An iterative algorithm is proposed to jointly
update the transmission powers and the beamformer
weights so that it converge to the jointly optimal beam-
forming and transmission power vector. The algorithm
is distributed and uses only local interference measure-
ments. In an uplink transmission scenario it is shown
how base assignment can be incorporated in addition
to beamforming and power control such that a globally
optimum solution is obtained. The network capacity
increase and the saving in mobile power achieved by
beamforming are evaluated through numerical study.

1. INTRODUCTION

Cochannel interference is one of the main impairments
that degrades the performance of a wireless link. Power
control and antenna beamforming are two approaches
for improving the performance in wireless networks by
appropriately controlling the cochannel interference.

In power control, the transmitter powers are con-
stantly adjusted by increasing if the Signal to Noise
Ratio (SNR) is low and decreasing if the SNR is high,
so that the quality of weak links is improved. Receivers
employing antenna arrays may adjust their beam pat-
terns such that they have maximum gain towards the
directions of their transmitters and minimum gain to-
wards the other directions so that the aggregate inter-
ference power is minimized.
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Previous work, discussed later in more detail, ad-
dressed separately the problems of power control for op-
timal interference balancing and beamforming to maxi-
mize the SNR. In this paper we consider the joint prob-
lem. We consider a set of cochannel links, the receivers
of which employ antenna arrays, e.g., a set of cochan-
nel uplinks in a cellular network. An algorithm is pro-
vided for computing the transmission powers and the
beamforming weight vectors, such that a target SNR is
achieved for each link (if it is achievable) with minimal
total transmission power. The algorithm is decentral-
ized and amenable to a distributed implementation. In
the case that each transmitter has multiple options re-
garding which receiver to engage, e.g. each mobile may
select its base station among a set of possible options,
the algorithm easily extends to find the joint optimum
power, base station and beamforming.

The application of antenna arrays has been pro-
posed in [1] to increase network capacity in CDMA
systems. This work was based on equal received power
from all users in base stations. In [2], [3] centralized
power control schemes have been proposed to balance
the Carrier to Interference Ratio (CIR) or maximize
the minimum CIR in all links. These algorithms need
global information about all link gains and powers. The
distributed power control algorithm which uses only lo-
cal measurements of CIR was presented in [4], [5]. In
[6] and [7] the combined base station assignment and
power allocation was used to increase uplink capacity
in wireless communication networks. In those works
it was shown that if there exists at least one feasible
base station assignment, the proposed algorithms will
converge to the optimal base station assignment and
power allocation in the sense that it minimizes the in-
terference.

The paper is organized as follows. In Section 2,
we describe the system model and existing power con-
trol algorithms. Section 3 considers the beamforming
problem in a network of users. In Section 4, we con-
sider power allocation and beamforming as a joint prob-
lem. An iterative algorithm for the joint problem is
presented which converges to the optimal solution, i.e.,
the allocated powers are minimum among all sets of



feasible power allocations. In Section 5, we consider an
uplink scenario where in addition to power control and
beamforming base station assignment is performed as
well.

In Section 6 a simulation study is done. The simu-
lation results show that using antenna arrays with four
elements, the speed of convergence is increased about
three times and the capacity is increased about five
times compared to the case of joint power control and
base station assignment with omnidirectional antennas.

2. SYSTEM MODEL AND POWER
CONTROL PROBLEM

A set of M transmitter-receiver pairs which share the
same channel is considered. The shared channel could
be a frequency band in FDMA, a time slot in TDMA,
or even CDMA spreading codes. The link gain between
transmitter 4 and receiver j is denoted by G;, and the
7th transmitter power by P;. For an isotropic antenna
with unity gain in all directions, the signal power re-
ceived at receiver j from transmitter ¢ is Gy F;. It
is assumed that transmitter ¢ communicates with re-
ceiver 7. Hence the desired signal at receiver ¢ is equal
to G4 P;, while the interfering signal power from other
transmitters to receiver i is [ = 3_,,; G P;. The CIR
at the ¢th receiver is given by:
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where N; is noise power at the ith receiver. The quality
is acceptable if T'; is above a certain threshold ~y. That
is,

Li>v, 1<i<M,
or in matrix form
[I —%F]P > u, )

where I is an M x M identity matrix, u is an element-
wise positive vector with elements u; defined as
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The CIR threshold -, is achievable if there exists at
least one solution vector P that satisfies (1). The power
control problem now is as follows:
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It can be shown that if the spectral radius of F' is less
than o, the matrix I — 4 F is invertible and positive
[8]. In this case the power vector

P=[I~yF] 'u (2)
solves the optimization problem.

A centralized power control algorithm (]3]) solves
(2) by using all link gains in the network and noise
levels at receivers. In [4], [5] a decentralized solution
to the power control problem is proposed that achieves
(2) by performing the following iteration

Pt = 4 FP" +u, (3)

and it has been shown that it converges to the optimal
power allocation, i.e., P = lim,—oc P™.

3. ANTENNA ARRAY AND
BEAMFORMING

Assume that antenna arrays are deployed at receivers,
and each array consists of K elements. Consider a
cochannel set consisting of M transmitter and receiver
pairs and denote the signal from the jth source by s;(t)
and its power by F;. The received signal at the ith re-
ceiver can be written as follows

M
xi(t) = Z VPjs;(t)agi +n(t),

where K x 1 vector ay; is called the spatial signature or
array response of the ith array to the jth source, and
n;(¢) is the thermal noise vector at the input of this
array. We can write the output of the beamformer at
the ¢th receiver as

_ o H
e; = W; Xy,

where w; and x; are the beamforming weight vector
and the received signal vector at the ith receiver, re-
spectively. The average output power is given by
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where N; is the noise power at the input of each ar-
ray element. In order to minimize the interference, we
minimize &; subject to maintaining unity gain at the
direction of the desired signal. It can be shown that
the optimal weight vector is given by [9]
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The maximum CIR at the ith receiver is given by

PGy
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where G, (Wi, a;;) = wi aj,-agwi is the ith antenna

gain towards the jth source. Here we use the fact

that the gain at the direction of interest is unity, i.e,
H,  _

Wit ay; = 1.

4. JOINTLY OPTIMAL POWER CONTROL
AND BEAMFORMING

In the joint power control and beamforming problem
the objective is to find the optimal weight vector and
power allocations such that the required CIR is achieved
by all links, while each transmitter keeps the transmis-
sion power at the minimum required level to reduce the
interference to other users. The optimization problem
now is defined as

M
min P
w.P =1
subject to i >v, (E=12,....,M). (5)

This constraint can be presented in matrix form as:
[I - ’YOFW]P 2 u,

where

[F¥)i; = {

and u is an element-wise positive vector with elements
u; defined as

0
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Assume that there is a set of weight vectors W =
{w1,wa,...,wp}, for which p(FW) < 71—0 The matrix
I — v FY is then invertible and Py, = [I — %o F"] 'u
minimizes the objective function in the optimization
problem for the fixed weight vector set W. For any
feasible pair (W, P,,), the vector P, can be computed
as the limit of the following iteration

Gk‘G (W ak-) ’YoNiW'HWi
Pyz—{—l — T ag (3 ) Pn + 1 ,
P T ¢ G

(i=1,2,...,M). (6)
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The above iteration is the same as the distributed power
control algorithm (see [4]-[5]), in which the path gain
G is replaced by the multiplication of the path gain
and antenna gain, and the noise power is replaced by
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the weighted sum of the noise powers at the input of
each antenna array. Denote the iteration in (6) as

P" = m¥(P" ).

Starting from any initial power vector P?, the mapping
m" will converge to the optimal power vector P,, which
is the fixed point of the mapping, i.e., lim, ,,, P"
Py, Py = m*(P,). The objective in joint optimal
beamforming and power control problem is to find the
beamforming set W among all feasible beamforming
sets, in such a way that P, is minimal.

The level of cochannel interference depends both
on the gain between interfering transmitters and re-
ceivers, as well as on the level of transmitter powers,
i.e., the optimal beamforming vector may vary for dif-
ferent powers. Hence, beamforming and power control
should be considered jointly.

Let (W, P) be the weight vector and power vector
pair which achieves the minimum in (5). In the sequel,
we present an iterative algorithm for adjusting P and
W simultaneously. We can show that starting from
any arbitrary power vector, it converges to the opti-
mal solution (W, P). The iteration steps for obtaining
(Pt Wntl) given (P, W") are as follows:

Algorithm A:

1. wt! is computed at each receiver i such that
the cochannel interference is minimized under the

condition of constant gain for the direction of in-

terest, i.e.,
+1 N
wit = argrwln{‘?_d GjiGo, (Wi, a;) Pl +
J#i
N; wf{wi},
subject to wifla; =1,
(t1=1,2,....,. M),

where P™ is the power vector updated at step n.

The updated power vector, P**!, is then ob-
tained by

’YOZ

ki

GriGa; (Wit ay)
Gy

prtl = Py
2
NH 1
P Awt
Gii
that is, by performing one iteration with the map-
wrtl

+’70Ni(W

ping m on the power vector P™.

In [10] we have proved that the following theorem
holds:

Theorem 1 The sequence (P*, W"), (n = 1,2,...)
produced by algorithm A starting from an arbitrary power
vector P°, converges to the optimal pair (P, W).



5. JOINT POWER CONTROL, BASE
STATION ASSIGNMENT, AND
BEAMFORMING

In the joint power control and base station assignment,
a number of base stations are potential receivers of
a mobile transmitter. In the optimal power control
and base station assignment, the objective is to deter-
mine the assignment of users to base stations which
minimizes the allocated mobile powers, and the cor-
responding transmission powers. Iterative algorithms
that compute the jointly optimal base station assign-
ment and power allocation were proposed in [6], [7].

In an uplink scenario where mobiles access base sta-
tions equipped with antenna arrays, the problem of
joint power control and beamforming as well as base
station assignment naturally arises. A modification of
the iterative algorithm we proposed for the joint power
control and beamforming problem can perform base as-
signment as well. The iterative steps of the algorithm
are as follows:

Algorithm B

1. Each base station in the allowable set of a mo-
bile ¢ minimizes the total interference subject to
maintaining unity gain towards the direction of
this mobile:

= arg r%in{ Z GimGa; (Wi, a5m )P
i#m

n+1
im

w
+Nm WfIWi},
wilag, =1,
i=1,2,...,M, me€B;,
n+1

where wi, "~ is the optimal beamforming weight
vector at the mth base station for the ith mobile,
and B; is the set of allowable base stations for
the ith mobile.

subject to

. Each mobile finds the best base station such that
the allocated power for the next iteration is min-
imized:

kaGai (W?n—:,_l ? akm)

Gim
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where b; is the current assignment for mobile 3.

W

The mobile ¢ updates the power based on the cur-
rent beamforming and base station assignment:

o Gkbi Gai (WZ;TI s Akb; )
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The convergence and optimality of this algorithm can
also be proved the same as theorem 1 [10].

6. SIMULATION RESULTS AND
COMPARISONS

We evaluate the performance of our algorithm by sim-
ulating the same CDMA system as in [7]. However,
the same methodology can be applied to any wireless
network such as TDMA and FDMA. Fig. 1 shows a
network with 36 base stations with 400 users randomly
distributed in the area [0.5,6.5] x [0.5,6.5] with uni-
form distribution. The quality constraint is considered
to be 0.0304. The link gain is modeled as Gi; = 1/d};,
where d;; is the distance between base ¢ and mobile j.
Throughout the simulations, we consider two system
setups: in system setup I we use omnidirectional an-
tennas; in system setup II we use antenna array with 4
elements.

Fig. 1(a), illustrates the use of system setup I, in
which the mobiles are assigned to the closest base sta-
tions. The mobile powers are obtained by iterative
fixed assignment power control algorithm as given by
(3). In Fig. 2(a), the dashdot curve shows the total mo-
bile power at each iteration. This algorithm converges
in about 16 iterations. In Fig. 1(b), using the same
system setup, the base station assignment is done by
the jointly optimal base station assignment and power
control algorithm, and mobiles have the option to select
among four closest base stations [7]. The total mobile
power is depicted in Fig. 2(a). The dashed curves
shows that the total power is slightly less than that of
the first algorithm considered in Fig. 1(a). This algo-
rithm converges in about 15 iterations. In Fig. 1(c)
we use the system setup II, i.e., the base stations are
equipped with 4-element antenna arrays. We apply
our joint power control, base station assignment, and
beamforming algorithm to the same configuration of
users as in Fig. 1(a) and (b). The solid curve in Fig.
2(a) shows that the total mobile power is an order of
magnitude smaller than the previous algorithms. Fur-
thermore, the convergence of this algorithm is faster; it
converges in about b iterations in our simulation study.

The capacity of the system is defined as the max-
imum number of users for which there exists a feasi-
ble power vector. As the number of users is increased
the maximum eigenvalue of the gain matrix, p(F), ap-
proaches unity and the total sum of mobile power is
increased. Using an antenna array with four elements
and our algorithm, we can increase the capacity of the
network significantly. In Fig. 2(b) the total mobile
power versus the number of users is depicted. Using
omnidirectional antenna and power control algorithm



with fixed base assignment, we can tolerate at most
660 users. In the same configuration, using the base
station assignment and power control algorithm [7], we
can increase the capacity to 800 users. If we use an-
tenna array with four elements, using our algorithm,
the network can tolerate 2800 users. Fig. 3 illustrates
the base station assignments for the above three cases.

7. CONCLUSION

We have introduced the consideration of joint optimal
beamforming and power control. We provided an itera-
tive algorithm amenable to distributed implementation
which converges to the optimal beamforming and base
station assignment if there exists at least one solution
to the joint problem. An enhancement of the algorithm
that makes it appropriate for joint power control and
base assignment as well as beamforming was considered
as well.

For performance evaluation of our algorithm a no-
tion of capacity was considered to be the maximum
number of transmitters for which there exists a fea-
sible power vector. It was shown that using antenna
array at the base stations, the algorithm can improve
the capacity of networks significantly in terms of the
number of users that can be supported. When we have
the same configuration of users, the use of 4-element
antenna arrays in the base stations and our algorithm
significantly reduces the mobile power by almost an
order of magnitude, which is very critical in terms of
battery life in mobile sets. On the other hand, it speeds
up the convergence compared to the systems with om-
nidirectional antennas.
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Figure 1: Mobile and base stations locations for 400
users; (a) traditional assignment; (b) optimal base sta-
tion and power control; (b) optimal base station, beam-
forming and power control.
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Figure 2: (a) The total mobile powers versus the iter-
ation number; (b) the total mobile powers versus the
number of users.
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Figure 3: Mobile and base stations locations; (a) tra-
ditional assignment with 660; (b) optimal base station
and power control with 800; (b) optimal base station,
beamforming and power control with 2800 users.




