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Abstract— Emerging multimedia services in cellular radio
systems introduce a varieble transmission rate, which raises
the problem of controlling transmission rates in a spectrally
efficient way. In this paper, we formulate the problem into a
combined power and rate control, for which we suggest two
different algorithms. In the first one, we derive an algorithm
applying the Lagrangian relazation technique. In the other
method, called selective power control, we extend a fized rate
power control algorithm to solve the problem. Computa-
tional experiments carried out on a CDMA system indicate
that the proposed algorithms give satisfying performance in
terms of system throughput, outage probability and trans-
mission power consumption.

I. INTRODUCTION

Next-generation cellular radio systems will be able to
provide multimedia services, which are characterized by
different QoS requirements such as minimum transmission
rates. For a real time service, users must be guaranteed a
tolerable minimum rate. However, non-real time applica-
tions (delay insensitive) may temporally lower their trans-
mission rates even to zero, utilizing any excess capacity
that the radio network can provide in a best effort fashion
[1]. The availability of variable transmission rates in a ra-
dio network raises the problem of controlling them in the
most spectrally efficient way. In the radio channel, trans-
mission rates are closely related to signal-to-interference

ratios (SIRs), and the SIRs can be efficiently controlled by

power control. Therefore, it is natural to associate rate
control with power control, which will be investigated in
this paper. ‘ .

There has been a substantial amount of work on effi-
cient power controls for the fized rate system. However,
very few studies have suggested power control algorithms
that support variable transmission rates efficiently. In (2},
maximizing the total transmission rate is considered in the
context of a CDMA system. A more general formulation is
provided in (3], where a combined problem of base station
assignment, rate control and power control in a CDMA sys-
tem is formulated into a quadratic programming problem.
The recent paper {4] addresses the problem in terms of joint
power control and adaptive modulation, in which powers
are controlled within lower and upper limits to maximize
the log-sum of users’ SIR values. The underlying idea is

0-7803-5435-4/99/$10.00 © 1999 IEEE

1653

that, by maximizing the SIR values, we also maximize the
total transmission rate through adaptive modulation tech-
niques. The models in [1]-[4] assume that feasible trans-
mission rates may take any continuous value; the through-
put of a radio channel is a continuous function of channel
quality. The continuity assumption in these papers greatly
simplifies the problem. However, the resulted formulations
have nonlinear terms either in the objective function or in
the constraints, which in turn do not lend themselves into
distributed power control algorithms. Note that in prac-
tice, the feasible transmission rates are limited to a small
number of discrete values. With this in mind, we will fo-
cus our attention on the rate selection and power control
problem when the feasible transmission rates are discrete.
The problem is formally presented in Section II, where we
formulate the combined rate and power control problem as
a linear optimization model.

We apply two different methods to solve the problem.
In Section III, based on the mathematical formulation of
Section II, we derive a distributed algorithm that finds
a sub-optimal solution by utilizing the Lagrangian relaz-
ation technique [8] which has been also successfully applied
to transmitter removal [5]. In Section IV, we suggest an-
other algorithm, called selective power control by exploit-
ing a fixed rate power control algorithm [6]. Our algo-
rithms are fully distributed and use only local SIR mea-
surement and signaling. Finally, the algorithms are eval-
uated in Section V, where we compare between them in
a CDMA system that supports different data rates using
the variable processing gain. The result shows that the La-
grangian relaxation based algorithm is favorable when the
system throughput is a major concern. However, the selec-
tive power control is much more advantageous in terms of
energy efficiency defined as the data rate supported by a
certain amount of energy.

1I. SYsSTEM MODEL

Consider a frequency channel in a cellular radio system
with N mobiles accessing the channel. Without loss of
generality, we will consider only uplink throughout this pa-
per. Each mobile i (1 < i < N) can transmit with power
0 < p; < p,;, where p; is its maximum transmission power.
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We consider a short time interval such that the link gain be-
tween every mobile j and every base station i is stationary
and is given by ¢;; (1 < i,5 < N). We define a; = j if mo-
bile 7 is assigned to base station j. Base station assignment
‘can be represented by a vector A = (aj,az,...,ay). Given
a power vector P = (p1,p2,...,p~ ), the received signal-to-
interference-plus-noise ratio of mobile i, is defined by

SIR (P) dif +‘Zga,i Di : .
a,v ju’#i ga,] p]

(I<i<nN), (1)

where v,, > 0 is the background noise power at base station
a;.

The feasible data rate of a user depends on many factors
such as receiver structure, user mobility, etc. Nevertheless,
the SIR is a reasonable measure to evaluate the effective
data rates. For any given physical layer technique, let r! <
72 < ... < rX, be the rates that mobile i can utilize. For
the sake of readability, we assume that all mobiles have
the same set of feasible data rates. To properly receive
messages at transmlssxon rate 7F, mobile i is expected to
attain SIR;(P) > ~F.

Let Y = [y*] be a 0-1 matrix such that, for every mobile
i and rate ¥,

P

1, if mobile 7 is transmitting with rate r¥,

ot =
0, otherwise.
2
Further, let M} be an arbitrarily large number satisfying
M}! > max —M- (3)
P =TT SIR(P)

By the definition of (1), the value M} can be interpreted
as the amount of transmission power that mobile i needs
to attain ¥, regardless of the interference power. Then,
the combined rate and power control is formulated as the
following optimization problem:

W < max

K
v ZZ w:c yf» (4>

i=1 k=1
subject to the constraints that for every i and k,

K

Youb<1 b {01}, and0<p <F, (5
k=1
i ’Yk
1— oYMk > P 6

To associate rewards to effective (reahzed) transmission
rates, in the objective function (4), we assume that so long
as mobile i is properly transmitting messages at rate rF,
the system accrues a unit reward with rate w*. Here we
will use w , aiming at the maximization of the instant
system throughput, i.e., the sum of effective data rates of
all users at the given instant.

Observe that the controlled powers are not incorporated
into the objective function; their sole role is to facilitate

~r
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proper demodulation under a selected set of rates. This is
mathematically expressed in constraint (6). For each i and

k, if y* = 1, then the constraint (6) is reduced to the SIR
requirement on mobile i for rate r¥. Setting M} as in (3),
neutralizes the constraint (6) for non-selected rates with
yF = 0. Even if we have not considered the powers in the
objective function, the amount of data that can be reliably
sent using a certain energy allocation may be critical. This
will be discussed in Section V.

II1. POWER CONTROL USING LAGRANGIAN
MULTIPLIERS
For given Y and P, define
k

Pi ",
SIRi(P)] (7)

def

&t (v, P) [,,,. M -

And, for a given nonnegative matrix of Lagrangian multipli-

ers A = [\*], consider the following Lagrangian relazation
problem [8],
N K
L0 % {Zzy, 3 A dwp)}
i=1 k=1 i=1 k=1

®)
subject to the constraints (5).

The above problem is constructed as follows: The con-
straint (6) of the original problem is multiplied by the given
A, and then incorporated into the objective function of the
original problem. It is easy to show that L(A) > W for
any A > 0. The difference L(A) — W is often called the
Lagrangmn duality gap [8]. When the duality gap is suffi-
ciently small, then the Lagrangian relaxed problem with A
is considered as a good approximation of the original prob-
lem. If the Lagrangian duality gap is small enough, then
it is very probable that the optimal solution of the relaxed
problem, say ¥ and P, is close to that of the original prob-
lem.

We propose an iterative algorithm that updates the tar-
getrate (or equivalently target SIR) for each mobile in every
iteration, by resolving ¥ from the Lagrangian relaxation
problem with a given set of Lagrangian multipliers. Since
the multipliers are also updated in each iteration, the tar-
get rate of each mobile will be changed from one iteration
to another. For a given A, let Y (A) = [§*(A)] be the opti-
mal solution to the Lagrangian relaxatlonﬁproblem Then,
we can derive that the optimal solution Y (A) is obtained
by

L, if wf — MM} = max{w] = AT M*} > 0,
g (A) =
0, otherwise.

(9)
In the above, if the maximum is attained by more than one
value, then the one with the largest k is selected. That is,
the target rate r¥ selected by mobile i is the largest among
the ones fulfilling wf — A*MF = max{w® — X M}, pro-

vided the value w¥ — A* M} is positive. Otherwise, mobile
i does not transmit. Note that the only local information
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s used to solve §f (A), since the values w!, M} and )\F are
issumed to be known to mobile i. Given the target rate as
letermined by 77 (A), the target SIR for each mobile is the
me that corresponds to the target rate. With that target
SIR, the transmission power is then updated by executing
JCPC [7] for one step. The DCPC update procedure is
lefined below in our proposed algorithm.

Now, let A(n) = [A(n)] and P(n) = (p:(n)) be respec-
ively the set of Lagrangian multipliers and the power vec-
or at iteration n. Then, our algorithm is defined as follows:

RPC

0. Initialize:
Set the iteration number n = 1, and fix A(n) and P(n).
1. Select rates:
1.1. For every mobile i, solve §F (A(n)) from the equa-
tion (9).
1.2. If ¥ (A(n)) = 0O for all k, then mobile i is not
transmitting during iteration n. Otherwise, mobile
i uses the target 7¥ that corresponds to the rate r*
with ¢F (A(n)) = 1.
2. Power update:
For every mobile i, execute DCPC by one step with
the target 4F that has been selected in the Step 1.2.
That is, update the power by

pi(n) -7t —}',

SIR.(P(n)) 7" (10)

pi{n+1) = min{

3. Lagrangian multiplier update:
For every mobile i, update AF(r) by the modified sub-
gradient method given by

dt (Y (@), P(n)

n

M(n+1)=max {0,  (n) - ,

(1
where the definition of d¥ is given in (7).

4. Continue:
When a stopping criterion is met, stop. Otherwise, set
n =n-+1 and go to Step 1.

More detailed description about how the subgradient
method [9] was modified in Step 3 is necessary but we only
described our update procedure. Observe that each step in
the algorithm uses only local information and measurement
that is available in each mobile i.

IV. SELECTIVE POWER CONTROL

In contrast to LRPC in the previous section, the algo-
rithm proposed here does not directly rely upon the op-
timization formulation of (4)-(6). The algorithm tries to
maximize the sum of effective data rates with the mini-
mal energy consumption. It is independent of the reward
rates {w*}, which may not be an obstacle as reward rates
are hard to specify in practice. The algorithm is moti-
vated from a fixed rate power control algorithm recently
suggested in [6], and described as follows:
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Selective Power Control (SPC)

For any feasible power vector P(n), the next transmission
power used by mobile i is determined by:

pi(n) -7f

_ pi(n)-vF
pi(n+1) = mkax{SIRi(P(n)) X (SIRi(P(n)) = pi)} ’
(12)

where x (E) is the indicator function of the event E.

SPC attempts to utilize the maximum feasible rate at
any iteration, assuming other users keep current power lev-
els. However, it improves the energy efficiency, by trying
not to increase the mobile power beyond a power that can
be translated into a feasible rate. If the mobile cannot be
supported even with its minimum rate within the power
range, it does not transmit.

V. COMPUTATIONAL EXPERIMENTS

The main purpose of the experiments is to draw insight
on how LRPC and SPC perform in a multirate system.
To put the performance of our proposed algorithms in a
wider prospective, we also compare them with a multi-
rate power control algorithm [4]. The convergent point
of the algorithm is optimal in the sense that it maximizes
H:\;l SIR;(P). However, since the algorithm requires link
gains for power update, we will call it CPC (centralized
multirate power control)

The testbed is a CDMA system with 19 omni-bases lo-
cated in the centers of two-tired 19 hexagonal cells. The
distance between two nearest base stations is 2 km. We
consider the uplink of the system that has a chip rate of
1.2288 Mcps and assume that the radio link can support
four data rates, r¥ = 9.6. 2,%, kbps (k =1, 2, 3, 4). At
any given instance, a total of 190 mobiles are generated
and are uniformly distributed over the entire 19 cells. The
link gain, g;; is modeled by gi; = s;; 'd,;_J47 where s;; is the
shadow fading factor and d;; is the distance between base
i and mobile j. The variables s;;’s are assumed to be inde-
pendently and identically distributed log-normal random
variables, with mean of 0 dB and standard deviation of 6
dB. The base receiver noise is taken to be —150 dB, and the
maximum mobile power is set to 0 dB. At each instance, the
initial transmission power of each mobile is randomly cho-
sen from the interval [0,1], and each mobile is connected to
the base station that provides the lowest attenuation. We
consider the single-code system in which multiple rates are
realized by the variable processing gain that is defined as
the ratio of chip rate to the user information bit rate. The
required minimum SIR before despreading is assumed to be
v¥ = y- 57 for each 9.6- 5=+ kbps. Three values, —14 dB,
—10 dB and —6 dB are considered for v, representing light,
medium and heavy loads, respectively. The required E,/I,,
bit energy-to-interference power spectral density, is calcu-
lated by adding the processing gain to the corresponding
SIR value (in dB), which is constant, regardless of target
data rates. For example, when v = —14 dB, the required
E,/I, is about 7 dB

The average effective rate per mobile, the outage prob-
ability and the average transmission power per mobile are

VTC ‘99



used as performance measures. To evaluate them, we have
taken 100 independent instances of mobile locations and
shadow fadings. In each instance, we have performed the
three algorithms, LRPC, SPC and CPC, until the itera-
tion number, n reaches thirty. In every iteration =, the
realized effective transmission rate of mobile i is defined by
ri(n) = r*" | where the index k* is

def

E* <= max {k: SIR:(P(n)) 2 +f}. (13)

The outage probability at each iteration is evaluated by
counting the proportion of mobiles that cannot even attain
the minimum rate 1.2 kbps.

In Figures 1-3, we present the outage probability of each
algorithm for the three load scenarios, as a function of it-
eration number. It can be observed that there is no sig-
nificant difference among three algorithms under the light
load, making all users supported at least with the mini-
mum rate (Figure 1). However, SPC yields a slightly lower
outage than LRPC in the heavy load scenario (Figure 3).
It is noticeable that CPC stably achieves the lowest outage
among the algorithms. Especially in the heavy load sce-
nario, it gives a significantly low outage (Figure 3). This
is explained by the fact that CPC attempts to balance the
radio resource to guarantee the minimum rate to each mo-
bile. In fact, CPC does not set the power value of any
user to zero even under heavily loaded situations, due to
its intrinsic feature of maximizing []/_, SIR:(P).

Figures 4-6 depict the average effective rate that is ob-
tained by each algorithm in the different load scenarios.
Note that the total throughput is proportional to the area
below each algorithm’s curve. The results indicate that
CPC has the lowest throughput across all cases. However,
LRPC gives steadily over the iterations the best perfor-
mance. LRPC results in slightly lower throughput than
SPC in the light load (Figure 4), whereas SPC converges
to the state that gives the maximum throughput, 9.6 kbps
per mobile. SPC is not steady (i.e, oscillating between the
data rates) in the medium load scenario (Figure 5), but
provides almost the same best throughput as LRPC in the
heavy load (Figure 6). In Figures 7-9, we further investi-
gate energy consumption levels of each algorithm. As can
be noticed, CPC gives the same performance under the
different load conditions. It is because CPC converges to
the same fixed point, regardless of the target SIR (rate).
SPC consumes much less power than LRPC as the load
increases. Considering the throughput of SPC in the two
extreme loads (Figures 4 and 6), we suggest SPC rather
than LRPC in both light and heavy load conditions.

Summarizing the results of Figures 1-9, we may conclude
that if the throughput is a major concern, then LRPC is
practically best across all load scenarios. However, when it
comes to the energy efficiency defined as the effective data
rate supported by a certain amount of energy, SPC is a
strong alternative under the light and the heavy loads.

VI. CONCLUDING REMARKS

In this paper, we studied the combined rate and power
control for a cellular radio system that can support dif-
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ferent transmission rates in a single connection. The
problem is formulated into a manageable linear optimiza-
tion model, for which we derived two different fully dis-
tributed algorithms, LRPC and SPC. Computational ex-
periments carried on a CDMA system indicate that both
algorithms significantly improve the system throughput.
Finally, we would like to mention that the system through-
put is strongly dependent on the effective rate determina-
tion procedure as was defined in (13), which in turn relies
on the receiver structure. Therefore, further study on per-
formance difference between different receivers is an inter-
esting future research topic.
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