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Abstract— Cochannel interference is one of the main im-
pairments that degrade the performance of a wireless link.
Power control and antenna beamforming are two approaches
for improving the performance in wireless networks by ap-
propriately controlling the cochannel interference. Joint op-
timal beamforming and power control scheme has been con-
sidered in previous work. It has been shown that the scheme
can reduce the total transmitted power and increase the
maximum number of allowable users or maximum achiev-
able Signal-to-Interference-Noise-Ratio (SINR) in wireless
networks. However previous scheme only works well in low
SINR situation. In higher SINR situation, the total trans-
mitted power is much higher than necessary. When required
SINR is higher than a specific value, there are no feasible
solutions for power allocation. This problem is caused by
the assumption that every mobile user has fixed and the
same SINR requirement (threshold). In this paper, we in-
troduce a novel adaptive SINR threshold allocation scheme
with joint power control and antenna beamforming that can
overcome the problems and work in the real wireless com-
munication conditions. From simulation results, we can see
that our scheme reduce 60 percent of overall transmitted
power and increase working area of joint power control and
beamforming by 4 dB.

Keywords— Power control, Antenna Beamforming, Mobile
Communication, Interface Suppression.

I. INTRODUCTION

The capacity of a cellular system is limited by the
cochannel interference (CCI). CCI is due to interference
caused by users sharing the same channel. Adaptive beam-
forming schemes have been widely used to reduce CCI in
both receiver and transmitter. The link capacities are im-
proved by adjusting the beam pattern such that the effec-
tive signal to interference and noise ratio (SINR) is opti-
mally increased. Deploying antenna arrays are only practi-
cal in the baste station nowadays. In receive diversity, the
beamformer places nulls at the directions of interference,
while the gain at the direction of the desired transmitter
is mainrained constant. In transmit diversity, the beam-
pattern of each antenna array can be adjusted to minimize
the introduced interference to undesired receivers. Trans-
mit diversity and receiver beamforming are substantially
differen:. Receiver beamforming can be implemented inde-
pendently and locally at cach base station, without affect-
ing the performance of other link. While transmit beam-
forming at each transmitter will change the interference to
all the other receivers. As a result, transmit beamform-
ing has to be done jointly in the entire network. Feed-
back channels have to be used to send downlink channel
responses. However, in time division duplex (TDD) sytems
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where uplink and downlink channel are reciprocal, the up-
link channel information can be used for the downlink.

In [1] and {2], transmit beamforming and power control
are combined for cellular wireless communication system.
Each user SINR is maintain above some thresholds. The
optimal beamforming and allocation schemes are obtained
by adaptive algorithms. In {3] and {4], Per-User-Per-Weight
(PUPW) beamforming scheme is introduced for DS-CDMA
system. The chanpel capacity is analyzed by comparing
the outage probability. In [5], Quality of Service (QoS) is
introduced for wireless multimedia network. Algorithms
are proposed to efficiently add new users to network and
tune up the users’ QoS. All the previous works suffer the
same problem: the schemes only work in low SINR areas.
When target SINR is higher than some point, the overall
needed transmitted power grows very fast until there is no
feasible solution, i.e. not matter how large the transmitted
power is, the receivers’ SINR still can not reach the required
SINR.

In this paper, we consider a novel scheme for power con-
trol and beamforming. Instead of assigning every user the
same SINR threshold, we find out that if some users can
sacrifice their performance a little bit, the other users will
have a lot of gains in power and the working arca is ex-
tended to higher SINR areas. We find the gradient of over-
all transmitted power. We develop an adaptive algorithm
to find the optimal way to reduce the overall power while
keeping the average SINR as high as possible. In simula-
tion, we set practical restriction on SINR allocation. We
can find out that our schemes reduce 60% of overall trans-
mitted power and increase working area by 4 dB.

The organization of paper is as follows: In Section II,
we will present system model of a network with multipath
fading channels and discuss the optimal criteria for power
allocation and beamforming. In section ITI, we will describe
our algorithms of adaptive SINR threshold allocation with
joint power allocation and beamforming. A suboptimal
algorithms is also introduced. In Section IV, we will evalu-
ate the performance of our algorithms by using simulation
study. In Section V, we will have summery and conclusion.

II. SYsTEM AND CHANNEL MODEL
Consider M cochannel links that may exist in distinct
cell as in TDMA or FDMA networks. Assume coherent
detection is possible. Antenna arrays with P elements are
used only at base station. We assume that the multipath
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propagation delay is less than one symbol period. For up-
link case, the signal at the output vector of the it* base
station array can be expressed as:

M
xi(t) = Z V PmiGmiOmi Pmamigm (t — T4:)sm (t) + ny(t)
" &

Where M is the number of users that share the same
channel. L is the maximum number of multipath. g,
is the log-normal shadow fading from m!* user to it
base station. G is path loss. of,; is the fading loss
for ls, path. P, is the m®* user’s transmitted power.
ami = [al.(60),...,al (8)]7 is the i** base station array
response to the signal coming from m** mobile at direction
8. gm(t) is the shaping function. 7\, is the multipath de-
lay for I*" multipath. s,,(t) is the message symbol. n;(t)
is the P x 1 thermal noise vector. Define the response of
fading, array and shaping function from the m** mobile to
the pt* element of :** base station as:

L
P [od .aP pl
hmi—z O Ui (01)T s
=1

Where rﬁii includes the effect of the transmitter and
receiver filter and gm(t). The vector form is h,, =
[RL:,...,hE]JT. Then we can express the sampled received
signal vector as:

M
xz(k) = Z hy.; vV PmpmiGmism(k) + nt(k) (3)
m=1

)

Where n,(k) is the sampled thermal noise vector.

With adaptive beamforming, the output of the combiner
at the " receiver is written as w,iH X;, where w; is the
beamforming weight vector. The aim is to adjust the
weight vector to achieve maximum SINR at the output
of the combiner. If the uplink channel response from the
desired user is know, The minimum variance distortion re-
sponse (MVDR) solution to this problem can be achieved
by minimizing the total interference at the output of beam-
former while the gain for the desired user is kept constant.

mingw, }i=1,.. am |[W5 %2

subject to [wihy||2=1,i=1,..,.M )
Define correlation matrix as ®; = E[x;x¥ (k)]. Optimal
weight vector is given by:
“1p
Ai Qz hu (5)

" hPo; hy

If the channel response is not available, we use a training
sequence, which is correlated with the desired signal. The
weight vector is obtained by minimizing the mean square
error between the beamformer output and the training se-
quence, denoted by d;. The minimum mean square error
(MMSE) problem is:

W, = arg min E{lldi — wx||*}
i

For simplicity, the training sequence is considered to be a
copy of the singal of interest. Then the solution is given by
Wiener-Hopf solution.

w; = \/P;® 'hy;(0) (6)

Assuming the transmitted signals from different sources
are uncorrelated and zero mean, and the additive noise is
spatially and temporally white. We can write the power at
the output of beamformer as:

U; = Bl||wix||?]
= PipiiGii + 3 pmosi PmOmiGomil [ Wi honi || + wH Nyw;
The effective SINR at the beamformer output for ** user

can be expressed as:
PipiiGii
Zm;éi PmpmiGmi“W{IhmiHZ + W{{lez

= (7
The purpose of power control is to select the transmit-
ting power of each mobile user so as to have I'; > ~; for
4 =1, ..., M, while minimizing the overall power used by all
mobile users. Here v; is the target SINR threshold to main-
tain the required link quality. Given that path gains and
powers are non-negative, the matrix version of the problem
statement for the power control is now given by:

. M
minY>;-, Pi (8)
subject to (I — DF)P > u
where u = [uy,...,um]T, wi = vwwlN;wi/piuGu, P =
(P1,..., Py]”, D = diag{™,...,7m} and

o 0 if =1,
ol = gttt 4

If the spectral radius [6] of DF is inside the unit circle, i.e.
the maximum eigenvalue of DF is inside unit circle, the
system has feasible solutions and the optimum power vector
for the constrained problem is P = (I — DF)~'u. However
this is a NP hard problem. In the next section, we use
adaptive algorithms to modify ;. The overall performance
and complexity can be improved a lot.

In downlink case, the beamforming will affect all users
in the system. The deduction of system model is similar to
uplink situation. The signal at the i** mobile receiver can
be expressed as:

¥:.(t) = Z"."M=1 Ef:l Wﬁaz‘m(ﬂ) PimGimaium
Gim (t = Thy )3 () + 71s(t)

The response of fading, array and shaping function is
} L

Bim = Y 8im(61)y/0durty (10)
=1

Then the sampled received signal vector is given by:

M
ﬂz(k) = Z ng.ltm V ~mpimGim5m(k) + ﬁl,(k) (11)
m=1
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The SINR at the mobile receiver can be expressed as:

Isz:PiiGii“WfIﬁii“Z

I = (12)

If we have constraint that [jw;||? = 1,4, i.e. there is no
gain in beamforming. The optimal problem becomes:

min Ef‘il pi

Lt 1
subject to (I — DET)P > u (13)

where @ = [, .., ﬂM]T, U; = 'YiNi/ﬂiiGiinwzHﬁii”zv P=
|Py,...,Pu|T, D =diag{m,...,vm} and

) 0 i lf]=z7
Bl =\ euGulwibsl® e o)

puGu|WHh,, |2
The optimal solution is P = (I — DFT) a.

III. ADAPTIVE THRESHOLD ALLOCATION WITH JOINT
PowER CONTROL AND BEAMFORMING

The solution of the optimum power vector in the pre-
vious section suffers problems. It works perfect in low
SINR areas. When the target SINR thresholds become
large enough, the overall transmitted power increases too
fast. If the target SINR thresholds are larger than specific
points, there are no feasible solutions, i.e. receiver cannot
get enough SINR level not matter how large the transmit-
ted powers are. The underlying reason for the problem is
that the target SINR thresholds are fixed and the same for
all mobile users, which is not optimal. In this paper, we
assume users can accept SINR thresholds within a range
from Ymin t0 Ymax. We will develop some adaptive algo-
rithms to find the optimal target SINR allocation. It is
shown simulation that overall transmitted power is dra-
matically reduced and the working areas are extended to
higher SINR areas.

We will discuss uplink case first. We prove that the
overall transmitted power Psym = Y P is a convex and
increasing function of v;...ya.

Proof: 1If (DF) € RM*M uand |DF||? < 1, then Q@ =
[I = DF)™' = 3777, (DF)*. Since D = diag(m,..., M)
and F;; > 0,V4,7, every component in Q is a function of
(7:)*,k=1...00,%=1... M with non-negative coefficient.
In vector u, all u; have the non-negative coefficients as well.
S0 Poym = Zf\il P, = Q lu is also a function of (v;)*
with non-negative coefficients. The only situation that the
coefficients are zeros is that the antenna beamforming puts
a null in the desired mobile user. This will hardly happen
in practical condition. Since v; > 0,V%, Pgum is a convex
and increasing function of ;.

Since |DF|> < 1, then P = [ — DF]"lu =
T2 o (DF)fu ~ (I + DF)u. We have
P . M WEN W
sum = 2 k=1 GrrPh (14)
TM M WH N W Cin pien IWE B 12 yn
k=1 Lun=1,n#i GnnGikPrnPick

Then the gradient g; for Psyyy, is given as:

_ Oy M WH N W, Gippin [WH i [y
gi — ~ anl "?&i( nWnlinfin in n

3“1{ Gii Gunﬂiiﬂnn
+ Wf'NiWiGnipniHthnil\z“{n) + wENw;
GiiGnnpiipnn Giipii

(15)
Since we have proved that Py, is a convex and increas-
ing function and we have the gradient, we can construct an
adaptive algorithm to find the optimal target SINR thresh-
old allocation scheme. Before that, we have a practical as-
sumption: Average target SINR threshold is the same as
before, but each mobile user can work with SINR thresh-
olds from vaye — A7y to yave + A~v. The matrix version of
the power control is now given by:

. M
mingy,yiz1,... M 2iey Bi

subject to {

Since Psym is a convex function of {v;...va}, we have

(16)

(I-DF)P > u,

3V i = vave = cone
i=1 Yi TYave .

Yave — &7 £ v £ vave + A7.

Poumn Xy + (1= Ay Mg + (1= Nvy)
§ >\Psu,m("/17' .. >7M) + (1 _ )\)Psu,m('hy- .- 1’YM)
Yy, Yy, Y0 < A < 1

We have the constrain s = const. — Zfi;l ~; and 'Y;w =
const. — Zi\i;l ~;. The above formular still hold for all
'yi,'y;,i =1...M — 1. So Psym is still a convex function
under the constraint of yave = const..

In order to develop the adaptive algorithmn for this prac-
tical assumption, we need to modify the gradient such
that Zf‘il 7v; = const. holds along the modified gradient
q = [q1...9m]- q is a projection of g = [g;...g9m] On

plane 1/M ¥ v = const., where g, = — Yo' " ¢; and

a1 M -1 -1 -1 91~ 9Mm
Q2 1 -1 M-1 -1 92 —~ 9M
M -1 -1 -1 M -1 IM-1 —IM

Proof: By definition of projection, vector q satisfies equa-
tion |lg — a}|> = minvxepiane ||g — x||?. We only need to
mimimize the right hand side to get the optimal vector, i.e.
the projection q. Write

f(xl,M. 11 zTp-1) =g — x”12\4 )

=izt @i—g)* + (- Eis,
Take derivatives with respect to each of arguments and set
the derivatives to zeros. We have equations:

z; — gm)*

s1— g1+ (L @i+ gu) =0

TM-1—9m-—1+ (E:‘i{l Ti+gm) =0

Write above equations in matrix form and use the fact
1/M Egl i = const. (set constant to zero). We can get
the optimal projection q.
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The adaptive iterative algorithm to find the best target
SINR threshold allocation under this constraint is given by:
Adaptive Algorithm A

Initial:

Y1 =Y2= ... = YM = Yave

P, =P, =...= Py = any positive const.
Iteration:

e Beamforming: w; = argmaxw [;
« Power Allocation Update:

Din] = diag(m, v2---7m);

un}; = 3’(‘#,

P[n + 1] = D[n])F[n]P{n] + uln].
o Adaptive Threshold Allocation
g = V FPoum;
q = projection(g);

do {
Y=y~ pd; Vi
if (')’1 > ’Ymax) Yi = Ymax; -
if ('Yz < 'Ymin) Yi = 7n1i11-}
while (; not stable)

Where p is a small constant.
Now we will discuss downlink case. The gradience g is

given by:

Nncnipni“w:{hni 12yn
GiiGrnpii pan||WEHhnna|?

9p, ~ M
gi = —“‘““'“37‘. ~ Zn:l n#i

(17)
NiGinpin W Hin |27

+ ) e
GiiGrnpiiprnl|[WH hii|2 Giipii[WHhi |2

If the downlink channel responses are known. we can use
the method of virtual uplink for beamforming and power
control. First we construct a virtual network whose channel
responses are similar to that of the downlink. Then we
find the receiver diversity vectors at the base stations of
the virtual uplink. At each iteration, we use the same
combining vector for the downlink.

Adaptive Algorithm B

Initial:

MNM=72=---=TM = Yave

P, =Py, =...= Py = any positive const.
Iteration:

e Beamforming for Virtual Uplink:
Wi = arg max T;
e Uplink Power Update:

P{n + 1] = D[n}F[n|P[n] + uln].

¢ Adaptive Threshold Allocation

g = V Psum;
{ = projection(g);

do {
Vi =i~ Vi
if (')"L > 'Ymax) Yi = Ymax;
if ('711 < 7min) Yi = 7min-}
while (y; not stable)

« Downlink Power Update:
P[n + 1] = D[n]FT[n)P[n] + u[n].

If the uplink and downlink are reciprocal, we can use
uplink channel response as downlink response. However in
the case of FDD, Algorithm B requires the full knowledge
of the channel and array responses for the entire network.
This requires channel measurements at the mobile and a
feedback mechanism to send the information to the base
station. Moreover, base stations should transfer the mea-
sured channel responses to the other base stations which
requires a lot of wireline communication bandwidth. We
need simplified and practical algorithm [7] [8].

First in order to calculated the transmit diversity weight
vectors, we can only use the channel response to the clos-
est cochannel users. In order to update the transmitted
power, downlink SINR is calculated in each mobile. Know-
ing its previous transmitted power and the target SINR,
the mobile will use feedback channel to update the trans-
mitted power in the base station. i.e. the downlink power
iteration can be implemented using only local downlink
measurements at mobile.

Adaptive Algorithm C

« Beamforming at each base station:
Wi = argmax [wHh)|?
o Power Allocation:
P={I-DFT]'u
o Adaptive Threshold Allocation
The same as Algorithm B

IV. SIMULATION RESULTS

In order to evaluate the performance of our algorthms,
a network with hexagonal cells and a cluster size of one is
simulated as illustrated in Fig. 1. The base stations are
placed at the center of the cell. Two adjacent base sta-
tions don’t share the same channels. In each cell, one user
is placed randomly with a uniform distribution. The path
loss is proportional to r—2, where r is the distance between
the mobile and base station. For each link, 3-dB log-normal
shadow fading are considered. In the simulation, we con-
sider three multipath with equal power Rayleigh fading.
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There is negligible delay spread between different paths.
The angle of arrival for each path is uniform random vari-
able in [0, 27]. Each base station has four element antenna
arrays. Raised cosine function is used as the pulse shaping
function. We select Ay = 5dB.

Fig. 1.

Simulation system setup

The total transmitted power in uplink as a function of
the average target SINR is shown in Fig. 2. We com-
pare performance of four schemes. The solid curve (NbNa)
shows the case where neither beamforming nor adaptive
SINR threshold allocation is used. The dashed curve (BNa)
shows the case where only beamforming is used. The
dashdot curve (NbA) shows the case where only adap-
tive SINR threshold allocation is used. The dotted curve
(BA) shows the case where both beamforming and adap-
tive SINR threshold allocation are used. The simulation
results show that by using our algorithms, we can signif-
icantly reduce the total transmitted power by 60% in the
uplink. Moreover we extend maximum achievable SINR
about 4 dB and the system can work in a practical SINR
range.

Adaptive SINR Amignmant wh oint Beamorming and Powss Alcation

—~———  NbNa ’
“. BNs '
-~ NBA

BA [
s
/
107] B ‘

oy 0
SINR (dB)
Fig. 2. Total uplink power as a function of average target SINR

The total transmitted power in downlink as a function of
the average target SINR is shown in Fig. 3. We compare
performance of four schemes. The dotted curve shows the
case where adaptive SINR threshold allocation is not used
in Algorithm B. The solid curve shows the case where adap-
tive SINR. threshold allocation is not used in Algorithm C.
The dashed curve shows the case where adaptive SINR

threshold allocation is used in Alogirthm B. The dash-dot
curve shows the case where adaptive SINR threshold allo-
cation is used in Alogirthm C. From the curves, we can see
the Algorithm C has almost the same performance as Al-
gorithm B, while Algorithm C requires much lower system
complexity than Algorithm B. The adaptive SINR thresh-
old allocation can significantly improve the performance.

‘Adapiive SINR Assignmen with Joint Beamtorming and Pawer Alocation (Downlink)

SINR(dB)

Fig. 3. Total downlink power as a function of average target SINR

V. CONCLUSIONS

In summery, we propose three novel adaptive algorithms
for SINR threshold allocation with joint beamforming and
power control. In uplink, Algorithm A reduce 60% of the
total transmitted power of mobile users, which is very crit-
ical in terms of battery life in mobile sets. In downlink,
our algorithms significantly save overall transmitted power
by base stations, which in turn will increase the capac-
ity of wireless networks significantly. Moreover, the fea-
sible working areas are extended 4dB to higher SINR ar-
eas which can be used in practical wireless communication
networks. We also introduce a sub-optimal algorithm with
much lower complexity and good performance.
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