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Abstract— Interference management is crucial in wireless com-
munication systems because interference ultimately limits the sys-
tem capacity. Opportunistic scheduling and power allocation are
effective interference management mechanisms. In this paper, we
present joint scheduling and power-allocation schemes to alleviate
intercell interference. First, we study the problem with the ob-
jective to minimize the average transmission power, and thus in-
terference to other cells, while maintaining the required data-rate
for each user within the cell. Then we study the problem to max-
imize the net utility, defned as the difference between the value
of throughput and the cost of power consumption, with the same
data-rate requirements. We establish the optimality of our joint
scheduling and power-allocation schemes for both problems in the

paper.

I. INTRODUCTION

Wireless spectrum efEciency is becoming increasingly im-
portant because of the expanding demand for wireless services,
especially for wide-band data-communication services. Inter-
ference management is a crucial component of effcient spec-
trum utilization in wireless systems. Power allocation and op-
portunistic scheduling are effective mechanisms for interfer-
ence management and efEcient spectrum utilization. Power al-
location has been well studied and widely used in wireless sys-
tems to maintain desired link quality, alleviate interference to
others, and minimize power consumption [5]. In this paper,
we introduce the idea of combining “opportunistic” scheduling
with power allocation. Because users experience time-varying
and location-dependent channel conditions in wireless environ-
ments, we can schedule users “opportunistically” so that a user
can exploit more of its good channel conditions and avoid (as
much as possible) bad times, at least for applications (e.g., data
service) that are not time-critical. Hence, joint scheduling and
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power-allocation scheme should be able to further improve the
spectrum effciency and decrease power consumption.

In this paper, we study the intercell-interference-alleviation
problem using joint scheduling and power-allocation mecha-
nisms. We study two different versions of this problem. In
the £rst problem, the objective is to minimize the total trans-
mission power, and thus interference to other cells, subject to a
minimum-data-rate requirement for each user within the cell. In
the second problem, the objective is to maximize the system net
utility, which is de£ned as the value of the throughput minus the
power cost, with the same minimum-data-rate constraints. In
both problems, we have joint scheduling and power-allocation
decisions.

Il. SYSTEM MODEL

We consider a cell in a time-slotted system; i.e., time is the
resource to be shared among users, and users transmit one at
a time. Examples of such a system includes TDMA systems
and time-slotted CDMA systems (e.g., 1S-856/Qualcomm HDR
system). We consider the downlink of a cell, and use a stochas-
tic model to capture the time-varying channel condition of a
user. To elaborate, let o be a random variable representing
the received SIR for user 7 at time & given that the transmission
power is 1. For simplicity of the analysis, we assume that the
stochastic process {a¥, k = 1,2, - - - } is stationary and ergodic.
Hence, we drop the time index k. Let @ = {a1, - ,an},
where NN is the number of users in the system. Basically, & in-
dicates the channel conditions of users at a generic time-slot.
Let f;(c) be the required SIR for reliable transmission at data-
rate ¢ for user ¢, which is an increasing function of ¢, and
fi:(0) = 0. Different users may have different forms of f;(c).
Given «;, which indicates the channel condition, the minimum
required transmission power to support a data-rate ¢ for user ¢
is fi(c)/a;. Let P4, be the maximum transmission power,



which represents the restriction on the transmission power of a
practical system. Let R; denote the required average data-rate
for user i.

There are two components in a joint scheduling and power-
allocation scheme: a scheduling policy that decides which user
to use the time-slot and a power allocation policy that decides
the transmission power of the selected user (and thus its cor-
responding data-rate). Let Q be a scheduling policy; @Q de-
cides which user should transmit at a generic time-slot, given
the channel conditions. In general, Q(&) € {1,---, N,Null}.
IfQ(d) =14,i=1,..., N, then user i is scheduled to transmit.
If Q(&) = Null, then no user is scheduled to transmit. This may
occur if all users experience relatively bad channel conditions.
Let p(-) be the power allocation policy, 0 < p(&) < Ppaz. If
user 4 is selected to transmit and its transmission power is p(c),
then ¢;(p) = f; ' (cup) is its achievable data-rate. In summary,
a policy for a joint scheduling and power-allocation scheme is
given in the form of {Q, p}.

I1l. MINIMIZING TRANSMISSION POWER

First, we study the problem where the objective is to mini-
mize the overall transmission power while maintaining the re-
quired data-rate for each user within the cell. To achieve this
goal, we need to decide which user should be scheduled at a
generic time-slot and what should be its transmission power.
Let P(Q,p) be the overall transmission power of the system

under policy {Q, p}:

N

P(Q,p) =Y E (p(@1(q@=i}) -

i=1

The problem that we are interested in can be formally stated as:

P(Q,p)
0 S p(&) S Pmazv

E (ci(p)1ig@)=i}) = Ri
i=1,.--,N. )

minimize
Q,p

subject to

Our objective is to minimize the overall transmission power
P(Q,p) under two sets of constraints. The £rst constraint,
0 < p(@d) < P, indicates the maximum-transmission-
power restriction of the system. The second constraint,
E(ci(p)1ig@a)=iy) = HRi is the minimum-data-rate con-
straint, where E(c;(p)1{g(a)=i}) is the average data-rate
of user ¢ given {Q,p}. Note that we could have written
the second constraint in the more general (inequality) form:
E(ci(p)1io@a)=iy) = Ri. However, because our objective is
to minimize the transmission power, a solution to (1) is cer-
tainly a solution to the problem with the more general inequal-
ity constraints. Hence, without loss of generality, we study the
problem with the equality constraints, as defned in (1).

Next, we present our solution to the joint scheduling and
power-allocation problem defned in (1). Let

N
LX) = > E(p(@)1gm=n)
=1
N
> X (B (cilp)Liqa—iy) — Ri)
=1
N
= b <Z (p(@) — Xici(p)) 1{@(&)—@) + Z AR
i=1 i=1
We defne
Li(X, &,p) = p(@) — Nic(p)
pi(X,d@) = argmin I;(X,d,p)

0<p<Ppnaax

Note that we have I} (X, &) < 0 because I;(X, @,0) = 0.
Proposition 1: Suppose there exists A* such that

E(Cz(p*)l{Q*(a):Z}) :R“ 7 = 1’ ’N7
where Q* (&) is defned as
Q" (@) = argmin (X%, ). @)

K3

Then, {Q@*, p*} is an optimal solution to the problem de£ned in
Q).

The above proposition is valid for all f;s that are increasing
functions with f;(0) = 0. Further, if f; is a strictly convex
function, then p* has a closed-form expression:

LU0 if p1(0) < Nay < FI(C)

Pmaa; If le(c1) < Aiai

p*(\,@) =

where C; = fi‘l(aiPmI) is the maximum data-rate of user ¢
given P,,,. and the channel condition.

From Proposition 1, we observe that a user is chosen to trans-
mit when it is a “relatively-best” user. User ¢ is “relatively-
best” if 17 (X, @) < min; I (X, &) (and hence has the same form
as the opportunistic scheduler in [2]. Moreover, the transmis-
sion power of the selected user is the power that minimizes
li(X, a,p). We can think of X; as the unit reward (in terms
of power/data-rate) to compensate power consumption. It con-
trols the value of transmission power, and in turn the data-rate.
The fact that /7 (X, @) < 0 indicates that the transmission power
(p*(X, a)) should be no greater than the reward (\;c;(p*)) of
the user for transmitting at data-rate c;(p*). Also note that the
resulting data-rate of a user is an increasing function of its unit
reward \;. This property enables us to obtain 2 iteratively in
the implementation.



Proof of Proposition 1: Suppose a policy {Q, p} satisEes the
maximum transmission power constraint and the data-rate con-
straint. We will show that

P(Q,p) = P(Q",p").

Because {Q, p} satis£es the rate constraint, we have

N
P@Qp) = P@Qp)-— ZX: (E(ci(p)1{qay=iy — Ri)
=1
N
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We have

-

LV, &, pE (N, @) < LYK, d,p), 0<p< P

by the de£nition of p? (X*, @). If Q # Null, then
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where the last inequality is because of the de£nition of Q. If
@ = Null, because I;(A\*, &, p*(A*,&@)) < 0, we have

N
> (0(@) = Nei(p) Lo

Hence,

PQ,p) =

d

IV. MAXIMIZING NET UTILITY

Now we study a joint scheduling and power-allocation prob-
lem in a different scenario. In [2], we consider a schedul-
ing problem that maximizes the system throughput subject to
each user’s minimum data-rate requirement. Because a user’s
throughput is an increasing function of its transmission power
and the objective is to maximize the throughput, it is obvious
that the base station should always transmit with its maximum
power. However, because transmission power causes interfer-
ence to other cells in wireless systems, we need to take the
power consumption into account as well. To achieve this goal,
we introduce the notion of “net utility,” which is def£ned as the
difference between the value of the throughput and the cost of
the power consumption [4]. Let g;(p) be the power cost of user
i; then, ¢;(p) — g:(p) is deEned as the net utility of user i. As
before, let @ be the scheduling policy and p be the power pol-
icy. Let T;(Q, p) be the average net utility of user ¢ given the

joint policy {Q, p}:

T;(Q, p) E ((ci(p) — 9:(p))1{0(a)=i})
Ci(Q,p) = E(ci(p)liqa)=i))

N
T(Q,p) = ZTi(Q,p)-

We formulate the problem as:

maximize T(Q,p)
Q.p
subject to 0 < p(@) < Prax

In other words, the objective is to maximize the net utility given
the maximum power constraint and data-rate requirement con-
straints. We defne

Let Q*(&) be defned as

Q*(a) = argmax b; (77", d), 4)
where 77* satis£es:
1) min,—; ... ynf =1
2) Cy(Q*,p*) > R; forall i
3) Foralli, if C;(Q*,p*) > R;, thennf = 1.
Proposition 2: {Q*, p*} is an optimal solution to the prob-
lem defned in (3).

Proof: Suppose {Q, p} satisEes the maximum transmission
power constraint and the data-rate constraint. We will show that



T(Q,p) < T(Q*,p*). We have
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The £rst inequality is due to the de£nition of p*, and the second
to the de£nition of Q*. Hence,

T(Q,p)

N
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=1

N
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which completes the proof. a

Note that the solutions of the two problems have cer-
tain similarities. Both policies choose the “relatively-best”
user to transmit and the optimal transmission power max-
imizes/minimizes b;/l;. Here, a user is relatively-best if
b (17", @) > max; b} (17", @).

The problem studied in [2] can be considered as a special
case of the problem defned in (3) with g;(p) = 0. In other
words, if we do not penalize transmission power at all, then the
base station always transmits with its maximum power P,
In this case, the joint scheduling and power-allocation degener-
ates to a pure scheduling problem.

V. NUMERICAL RESULTS

We only present numerical results of our joint scheduling and
power-allocation scheme that minimizes the total transmission
power in this section. In the following, we £rst describe brieay
our simulation model of a cellular system, and then we show the
simulation results for the joint policy using the cellular model.

Rate (Kbps) | 10 [ 20 [ 30 [ 40 [ 50 | 60 | 70 | 80 |
SIR (dB) 5 [10 | 15 | 20 | 25 [ 30 | 35 | 40 |
TABLEI

ACHIEVABLE DATA-RATE VS. SIR

A. Cellular Model

In our simulation, we consider a multi-cell system consisting
of a center hexagonal cell surrounded by hexagonal cells of the
same size. The base station is at the center of each cell, and
simple omni-directional antennas are used by mobiles and base
stations. The frequency reuse factor is 3, and the co-channel in-
terference from the six £rst-ring neighboring cells are taken into
account. We assume that each cell has a £xed number of fre-
quency bands, and focus on one frequency band that is shared
by 10 users in the central cell. The users have exponentially
distributed “on” and “off” periods.

Users move with random speed and direction in the cell.
They perceive time-varying and location-dependent channel
gains. The channel gains of the users are mutually independent
random processes determined by the sum of two terms: one due
to path (distance) loss and the other to shadowing. We adopt the
path-loss model (Lee’s model) and the slow log-normal shad-
owing model in [3].

Recall that f(c) is the required SIR for reliable transmission
at data-rate c. In practice, f is usually not a continuous function
because the system only supports discrete data-rates by adapt-
ing different coding rates and modulation schemes. Hence, in
the simulation, we assume that there are ten discrete data-rates
available and the corresponding SIR requirements are listed in
Table 1. The data is similar to the result presented in [1].

B. Numerical Results

In the following, we show simulation results for the joint
scheduling and power-allocation scheme that minimizes the
overall transmission power with minimum-data-rate guaran-
tees. First, we set AO. Then the system performs the follow-
ing procedure at every time-slot. Basically, the users measure
their channel conditions, and then send the information to the
base station (@*). The base station decides the user to be sched-
uled and its transmission power using the joint scheduling and
power-allocation policy by substituting X* into (2). Then the
base station updates the parameter used in the scheduling pol-
icy by

AL = 2k oF(R; — RF),
where ay, is the step size (ax, = 0.001), R¥ is the estimated
average data-rate of user ¢ at time k, R; is the required data-
rate, and R; = 3 (kbps). The above parameter tuning scheme is
similar to the one in [2].

For the purpose of comparison, we also simulate a round-
robin policy. In the round-robin scheduling policy, active users
follow a predetermined order. When a user’s turn comes, if its



average transmission rate is lower than its required rate, then
we let the user transmit. Its transmission power equals the min-
imum power required to support the highest data-rate achiev-
able to the user given its channel condition. Otherwise, if the
use does not qualify to transmit, then we go to the next active
user until we £nd a user to transmit in the current time-slot or
all active users have been exhausted.

We compare the average transmission power of our policy
with that of round-robin. The simulation is run for 100,000
time-slots. In the simulation, both policies can maintain the
required data-rates of users. Figure 1 shows the average trans-
mission power of each user using our policy and using round-
robin. The x-axis is the user’s ID. The y-axis is the average
power consumption, which is the amount of transmission power
consumed by a user divided by its throughput. The £rst bar is
the average power consumption of a user in the round-robin
scheme and the second bar is that in our scheme. Note that the
power consumption of each user in our scheme is unanimously
lower than that in round-robin. The total transmission power of
round-robin is 33% higher than that of our policy.

V1. CONCLUSIONS

Opportunistic scheduling exploits time-varying channel con-
ditions to improve spectrum effciency, providing an additional
degree of freedom to the system. Its merits also lie in its ability
to work in conjunction with other resource management mech-
anisms. In this paper, we study joint scheduling and power-
allocation schemes to alleviate intercell interference. We study
two problems with different but related objectives. The £rst
objective is to minimize the total transmission power and the
second objective is to maximize the net utility, both under
minimum-data-rate constraints. We provide optimal solutions
to the studied problems and use simulation results to evaluate
the power savings compared with a round-robin scheme. Fur-
ther research includes the study of the system behavior when
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Fig. 1. The average transmission power of round-robin and our policy.

all cells implement the same scheduling and power-allocation
algorithms.
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