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Distributed Power Control and Removal Algorithms for
Multimedia CDMA Wireless Networks

Jui Teng Wang

Abstract: We study in this paper both distributed power control
and removal algorithms for multimedia CDMA wireless networks.
In our study, users can have different data rates as well as dif-
ferent quality of service (QoS) requirements. We derive a neces-
sary and sufficient condition for the fully distributed power control
(FDPC) algorithm to find a feasible power set. We also prove that,
if the maximal power level is used at the start, then the distributed
constrained power control (DCPC) algorithm is equivalent to the
FDPC algorithm. For the connection removal algorithm, we prove
that the non-reinitialized removal algorithm finds a feasible power
set faster and employs smaller power levels than the reinitialized
one does. Performances of some connection removal criteria are
also studied. Our simulation results reveal that the smallest nor-
malized CIR (SNC) and largest CIR requirement (LCR) criteria
result in smaller outage probability than the smallest CIR (SC) cri-
terion in a multimedia environment.

Index Terms:
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I. INTRODUCTION

In CDMA wireless networks, all users share the same fre-
quency band and thus the interference sets a limit on system
capacity. Therefore, it is important to use power control tech-
nique to reduce the interference and allow as many receivers as
possible to obtain satisfactory reception. Several centralized and
distributed power control algorithms had been proposed [1]- [8]
to achieve the goal. In centralized power control, a network
center can compute the optimum power levels for all users si-
multaneously. However, it requires measurements of all the link
gains and communication overhead between network center and
Dase stations and thus is difficult to realize in a large system.
Distributed power control, on the other hand, uses only local
:nformation to iteratively adjust the transmitting power of each
individual user. It is much more scalable than centralized power
control. However, the speed for finding a feasible power set,
i.e., a power set which can meet the QoS requirements, may be
a major concern. In recent years, two distributed power control
algorithms were proposed in the literature, one is the distributed
constrained power control (DCPC) algorithm [6], and the other
is the fully distributed power control (FDPC) algorithm [4]. In
the DCPC algorithm, the power levels are always constrained
to the maximal power level, while in the FDPC algorithm, the
power levels are adjusted only when the QoS requirements are
satisfied.
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In this paper, we study the distributed power control algo-
rithms for multimedia CDMA wireless networks. In our discus-
sions, users can have different data rates and different QoS re-
quirements in terms of bit energy-to-interference ratios. Since it
is important to choose the initial power levels for the distributed
power control algorithm, we provide some guidelines for this
choice in this paper. For the initial power assignment of the
FDPC algorithm, we derive a necessary and sufficient condition
to find a feasible power set. We also prove that, if the maxi-
mal power level is used at the start, then the DCPC algorithm is
equivalent to the FDPC algorithm.

For distributed power control, one connection is removed if,
after a pre-specified number of iterations of power control, the
QoS requirements are not all satisfied. Two types of connec-
tion removal algorithms are proposed in the literature, one is
the reinitialized removal (RR) algorithm which resets the trans-
mitter power levels after removal [1], [4], [5] and the other is
the non-reinitialized removal (NRR) algorithm which makes the
transmitter power levels unchanged after removal [7]. In [7], the
NRR algorithm is applied to single type of service. In this paper,
we apply the NRR algorithm to multiple types of services and
prove that the NRR algorithm finds a feasible power set faster
and employs smaller power levels than the RR algorithm does.

For real applications, it is important to adopt an efficient re-
moval criterion to determine the priority of removal. There-
fore, we study and compare the performance of some connec-
tion removal criteria for the distributed power control algorithm.
The smallest CIR (SC) removal criterion removes the connec-
tion with the smallest CIR and was employed in [1], [4], [5]
for single type of service. To provide better services for multi-
media users, we propose in this paper two removal criteria: the
smallest normalized CIR (SNC) criterion and the largest CIR
requirement (LCR) criterion. Our simulation results reveal that
the SNC and LCR criteria result in smaller outage probability
than the SC criterion in a multimedia environment.

The rest of this paper is organized as follows. Section II de-
scribes the investigated system model. Distributed power con-
trol and removal algorithms are studied in Sections III and IV,
respectively. Numerical examples are presented in Section V.
Finally, we draw conclusion in Section VI.

II. SYSTEM MODEL

We consider the reverse link of a CDMA wireless network.
As mentioned previously, users are allowed to have different
data rates and QoS requirements in terms of bit energy-to-
interference ratios. We treat the link gains as constant during
the operation of power control. It is possible in the wireless lo-
cal loop (WLL) system, wireless local area networks (WLAN)
and other personal communication systems, where the users are
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still or move slowly relative to the speed of power control algo-
rithm.

We assume that there are /V active base stations in the network
with K; users connected to base station ¢, 1 < 7 < N. Notice
that K is constant during the process of power control. The pair
(i, k) is used to denote the kth user connected to the ith base
station. Consider user (i, k). Let Py, 7 and Gy tepresent its
transmitting power, data rate and processing gain, respectively.
Also, let n; denote the thermal noise for the receiver of the ith
base station and W denote the spread bandwidth. As a result,
since , Gi = W/ry, the received bit energy-to-interference
ratio for user (%, k) is given by

Ey
By = (22,
k (Io)k

Pt Lin iy /Tik

N Kn
(2> > Pulyi — PieLwyi +mi)/W

n=1[=1
B PirLn )i Gik 0

- N K,
> 2 Pulay — Pl gy +
n=11[=1

where L; y; represents the link gain between user (n,!) and
base station ¢. To minimize transmitting power, a user is con-
nected to base station ¢ if the link gain between the user and base
station ¢ is greater than that between the user and base station j
forall j # ¢.

After some manipulations, (1) can be rewritten as

N K.
Z Z PoiLin i + 1 = PigL k)i (1 + Gir/ Ei),
n=1 =1
1<i<Nandl<k<K;. 2)

Let Q;rdenote the QoS requirement, i.e., the minimum bit
energy-to-interference ratio requirement, of user (¢, k). For all
the users to meet their QoS requirements, we must find a power
setP = {P;r} (1 <i<N,1<k<K,;)suchthat Py > 0
and

Py Ly 1)iGs
Eg = — K. (n k)i ok > Qik
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n=11l=1
forl<i<Nandl <k <Kj. 3)

As in [3], such a power set is called a feasible power set.
Given a configuration specified by K={K;} (1<:<N) and
L={Lnu} (1<i<N, 1 < k < Ky,), if there exists a feasible
power set P = {P;;}, then this configuration is said to be feasi-
ble. Otherwise, it is said to be infeasible. Furthermore, for two
power sets P = {Pi/k} and P={P;}, we say that P' <P ifand
only if Pi’k < Py for all 7 and k.

III. DISTRIBUTED POWER CONTROL ALGORITHMS

For power control, it is important to devise an efficient algo-
rithm to find a feasible power set. As proved in [8], for any fea-
sible configuration specified by K = {K;} and L = {L(,, )i} ,
there exists a feasible power set P* = { P}, } such that

. Pl Ln k)i Gik
N =Qu, @
> 2 PuLauyi— PhLgky +m
n=1[=1
and
P* < P for any feasible power set P. 3)

According to (5), we call P* the optimal feasible power set
because it employs the smallest power levels for all users. More-
over, if the link gains for all users are known, then the optimal
feasible power set can be obtained by solving a set of linear
equations. However, measuring all the link gains and sending
all the measurements to a network center obviously become im-
practical for a large system. In this section, we study the dis-
tributed power control algorithms which use only local informa-
tion to iteratively adjust the transmitting power of each individ-
ual user. Throughout this section, P®={P9 } denotes the initial
transmitter power set. Also, P™={P[}and E™ = {E}} de-
note the transmitter power set and the set of received bit energy-
to-interference ratio in the mth discrete time, respectively. Two
distributed power control algorithms are considered here, one
is the distributed constrained power control (DCPC) algorithm,
and the other is the fully distributed power control (FDPC) al-
gorithm. Both are modified for our system model and described
below.

DCPC Algorithm
P ={P}}
and .
chH—l = min{Pmaxa sz% s
where I, is the maximum power level for all users.
Obviously, we have the following property:

Property 1: For the DCPC algorithm, P} < Prax for all 4,

k,and m.
FDPC Algorithm
Pr={P}}

and

PRt = afy x P,
where

a = min(Ey, Qix)

ik Em '

Because a];; < 1, we have the following property.

Property 2: For the FDPC algorithm, P{,’:"”l < P for all ¢,
k, and m.

Furthermore, it can be easily seen that the following two prop-
erties also hold.

Property 3: For the FDPC algorithm, when EJ} <
Qik, Pi’g“'l:ch for all 4, k, and m.

Property 4: For the FDPC algorithm, when E7} >
Qu, Pi=%w Py < P foralli, k, and m.

One importanf issue for the distributed power control algo-
rithm is to choose the initial power levels. Given a feasible con-
figuration, the initial power assignment for the FDPC algorithm
can be guided through the following facts. First, as proved in [4]
and [8], if PO > P*, then the FDPC algorithm can always find
a feasible power set with probability one. Second, according to
(5), one cannot find a feasible power set P = {1} which sat-
isfies P, < P}, for some ¢ and k. Finally, from Property 2,
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the power set for the FDPC algorithm is monotone decreasing.
Therefore, we cannot find a feasible power set when P, < P,
for some 7 and k. On the basis of the above discussions, we have
the following proposition.

Proposition 1: Given a feasible configuration, the FDPC al-
gorithm can find a feasible power set, if and only if P > P*.

The above proposition provides a necessary and sufficient
condition for the FDPC algorithm to find a feasible power set.
However, in real applications, we cannot know the optimal fea-
sible power set in advance. So, the reasonable choice for the
initial power level should be Py ,.

The initial power assignment P}, = Py, for all i and k also
makes the DCPC algorithm equivalent to the FDPC algorithm.
We assert this relationship in the following theorem. For con-
venience, we let P’ , and E} ;, denote the transmitter power
level and received bit energy-toiinterference ratio for the DCPC
algorithm, respectively, and P}  and EJ}; , denote the trans-
mitter power level and received bit energy-’to-interference ratio
for the FDPC algorithm, respectively.

Theorem 1: If P)} ;, = P} ;= P for all ¢ and k, then
P p=PF pand EY ,=ET forall i, k, and m.

Proof: We prove Theorem 1 by mathematical induction.
For m=0, since P} p =P}, p for all i and k, we have EY, ,=
B}, p for all i and k. Assume that for m = M, P}, =P},
and EJ |, :E%  forall i and k. Consider the case m=M +1.

If E%,F < Qik, then according to Property 3, we have })Zjl\f ;1 _

M _ pM _ : M  _ M .
Pik,F = Pik,D = Pras. Since Eik:,D = Eik,F < Qqik, We get

M1 __ s ; . M+l _ pM41
P b =min{ Prpax, TEQ;; Prax} = Pmax. As P f =P} H,
k3

it is clear that EZJ\,;I o ZE% .
On the other hand, if EX . > Qu, then we have PM —

£k < Pnae. This leads to Py 5! =min{ Poax, 53~ Pl p}=

B M
Qir DM M+1 _ min{Bir Qi v Qe pM
BN Py pand Py =— “EM P r= BN FPilc,F' It
is obvious that Pf,\f ,J51 = Rf,:’;l, so we can get P, %751 = szl\f;l
This completes the proof of Theorem 1. O

IV. REMOVAL ALGORITHMS

After a pre-specified number (say L) of iterations of power
control, if no feasible power set is found, one user is removed.
In the following, we study the removal algorithm for the FDPC
algorithm. For convenience, every L iterations are counted as a
round and the round number is denoted by n. Moreover, for the
simplicity of notations, we let 2 represent the set of all connec-
tons and renumber the users so that user (4, k) is mapped to con-

N

nection j, where 1 <i < N,1 <k < K;and1 <j< Y K.
i=1
Hence, we have P;" = P for all 7, k, j and m. The removal

algorithm can be described as follows.
N

Step l: Letn =1, @ ={1,2,---, 3" K;} and P? = P, for
i=1

all connections j.

Step 2: Execute at most L iterations with the FDPC algorithm.
Step 3: Stop if a feasible power set is found. Else, remove con-
nection « from €2 according to some connection removal crite-
rion.
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Step4: Letn =n+1, Q= Q- {u}and P} = P} for all
connection j € {2. Go to Step 2.

In Step 4, the power levels remain unchanged after removal,
so the above algorithm is called the non-reinitialized removal
(NRR) algorithm. On the contrary, the removal algorithms in
[1], [4], [5] reset the power levels to the initial values after re-
moval, thus we call them the reinitialized removal (RR) algo-
rithms. In the following, we compare the performance of the
NRR algorithm with that of the RR algorithm. We assume that
the connection removed by both NRR and RR algorithms are
the same in every round. Under such assumption, we prove that
the NRR algorithm performs better than the RR algorithm.

Let PP = {P"™} and E™ = {E]"™} denote respec-
tively the transmitter power set and the set of bit energy-to-
interference ratio in the mth iteration of round n for the RR
algorithm. Similarly, let P = {P"'} and Ef™ = {E)7}
represent those sets for the NRR algorithm.

Lemma 1: Assume that a connection has to be removed at
the end of round n. If E7 > @, then EZ 10 > Q; for all j
and n.

Lemma 2: Assume that, at the beginning of round n, the fol-
Jowing two conditions hold

()P, < P for all connections j, and

()E™® > Q; if E™? > Q,for any connection j.
2 n,J J

nr,j =
We have, for all iterations m < L of round n,

(i) P75 < P75™ for all connections j, and

(VE,;."; > Q; if E)»7 > Q; for any connection j.

The above lemmas can be easily derived from Lemma 1 and
Lemma 2 of [7], so their proofs are omitted here. The meaning
of Lemma 2 is that if, at the beginning of a round, the power
levels employed in the NRR algorithm are smaller than or equal
to those employed in the RR algorithm and, moreover, connec-
tion j satisfies its QoS requirement in the NRR algorithm if it
is so in the RR algorithm, then the same conditions hold after
every iteration of the round. On the basis of Lemmas 1 and 2,
we obtain the following theorem.

Theorem 2: It holds for all n that,

HPPT < P:Z-m for all 5§ and m, and

nr,j
(ii)Ef”j."’ > @;, then EZT’? > Q@ for all j and m.
Proof: 'We prove Theorem 2 by mathematical induction.
Forn = 0, Pg;?j = PT.O’ ,jo and Eg;s = ES,’JQfor all j, thus according
to Lemma 2, (i) and (i1) are true. Assume that the theorem is true

for n=N. Consider the case n=N + 1, since P7f\;+1’0 = Prax
and Pf:ﬁ;l’o = Pfx’]L for all j, by Property 2, it is clear that
N+1,0  pN+1,0
Pary " <P
If EN.L <@, for some connection u, then from Property 3,

nr,u

for all j.

N,L _ ; N+1,0 _ pN+1,0
we conclude that Prry = Prax. Since P 7n0 = PN =
N+1,0  pN+1,0 N
Prnag and P, 07" <PT" for all j, if EN10>Q,,, we also
N+1,0
have E;.7 20> Q,.

On the other hand, if E}:Y > Q,, then according to Lemma
1, it holds that EYT10 > Q.. So, if ENFL0 > Q,, we also
have ENFTLO > Q..

On the basis of the above discussions and Lemma 2, we con-
clude that (i) and (ii) are true for n = N + 1. This completes
the proof of Theorem 2. O
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Fig. 1. The outage probability against the number of voice users for the
NRR and RR algorithms.

A consequence of Theorem 2 is that the NRR algorithm em-
ploys smaller power levels and finds a feasible power set faster
than the RR algorithm. Numerical results presented in the fol-
lowing section show that the NRR algorithm may result in a
much smaller outage probability than the RR algorithm.

Another important issue for the removal algorithm is to
choose the connection removal criterion to determine the pri-
ority of removal. Listed below are three possible connec-
tion removal criteria. Let CIR;, I';, E;, Q; and G repre-
sent the carrier-to-interference ratio, the CIR requirement, the
bit energy-to-interference ratio, the QoS requirement and the
processing gain for the jth connection, respectively, we have
CIRJ = Ej/G]' and Fj = Q]/G]

(1) Smallest CIR (SC) criterion.

Remove connection u € ) which has the smallest CIR
among all connections in © (i.e., CIR, < CIR; for all
jEQ,j#u.

(2) Smallest normalized CIR (SNC) criterion.

Remove connection v € ) which has the smallest normal-
ized CIR among all connections in §2 (i.e.,(CIR,/Ty) <
CIR;/Tjforallj € Q, j # u).

(3) Largest CIR requirement (LCR) criterion.

Remove connection u € £ which has the largest CIR re-
quirement among all connections in €2 . If there exist mul-
tiple such connections, the one with the smallest CIR is
removed.

The idea of the above three criteria is to remove a connection
which is unlikely to meet its CIR requirement. For the SNC
criterion, the connection which has the largest difference (in dB)
between its CIR requirement and current CIR is removed.

V. NUMERICAL RESULTS

In this section, we study an integrated voice/data CDMA
wireless network which is composed of 19 hexagonal cells. The
radius of the cell is 1 Km and a base station is located in the mid-
dle of each cell. We adopt the FDPC algorithm in the considered
network and assume that the locations of the users are uniformly
distributed over the cell area. The initial power level is set to |
W and the thermal noise is 1071° W. A user is connected to

300 T T T T T 1
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Fig. 2. Average number of iterations to find a feasible power set against
number of users for different number of data users.

the base station with the largest link gain to minimize its trans-
mitting power level and the number of iterations L for removal
algorithms is chosen to be eight. The spread bandwidth W is set
to 1.25 MHz. The data rate and QoS requirement of voice users
are 9.6 Kbps and 7 dB, respectively. Data users send data at 38.4
Kbps with 9dB QoS requirement. The same characteristics were
used in [12], [13]. Numerical results are obtained by means of
computer simulation for 10000 independent configurations.

The link gain L, ;);is modeled as L, 1y; = A(n,l)i/d‘("n’l)i,
where A, 1); is the attenuation factor, d(n,1)s18 the distance be-
tween user (n, [) and base station ¢, and « is a constant that mod-
els the large scale propagation loss. The attenuation factor mod-
els power variation due to shadowing. A, py;,1 < 4,n < N
and 1 < [ < K, are assumed to be independent, log-normal
random variables with 0 dB expectation and o variance. The
parameter value of in the range of 4-10 dB and the propagation
constant in the range of 3-5 usually provide good models for
urban propagation [11]. In our simulations, we choose o = 4
and ¢ = 8dB as in [9], [10].

In Fig. 1, we plot the outage probability against the number
of voice users (no data user present) for the NRR and RR algo-
rithms. The outage probability is defined as the ratio of the num-
ber of removed connections to the number of total connections.
In the NRR and RR algorithms, the connection with the smallest
received initial CIR is first removed. It can be seen that the NRR
algorithm results in a much smaller outage probability than the
RR algorithm. In this figure, the curve for NRR* represents the
outage probability for the NRR algorithm in which the connec-
tion removed in round 7 is the one which has the smaliest CIR
after one iteration of the round. It can be seen that outage prob-
abilities for NRR and NRR* algorithms are close to each other.
In Fig. 2, we plot the average number of iterations needed to find
a feasible power set for different removal criteria. Finding a fea-
sible power set faster also means that the removal algorithm has
smaller outage probability. It can be seen that the LCR criterion
finds a feasible power set faster than the SNC criterion, which
in turn finds a feasible power set faster than the SC criterion.
The reason is that the connection with a larger CIR requirement
needs more iterations to reduce its received interference so that
its CIR requirement can be satisfied. Therefore, by removing
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the connection with a larger CIR requirement, one can usually
decrease the number of iterations needed in finding a feasible
power set. We also perform simulations for data applications
with various other bit rates and CIR requirements. The results
are consistent, i.e., the LCR criterion performs better than the
SNC criterion, which in turn has a better performance than the
SC criterion. However, the difference becomes smaller as the
CIR requirement of data applications gets closer to that of the
voice applications.

VI. CONCLUSION

We have studied in this paper both distributed power control
end removal algorithms for multimedia CDMA wireless net-
works. We provide a necessary and sufficient condition for the
FDPC algorithm to find a feasible power set. We also prove that,
if the maximal power level is used at the start, then the DCPC
algorithm is equivalent to the FDPC algorithm. For real appli-
cations, if no feasible power set is found after a pre-specified
number of iterations of power control, the removal algorithm is
invoked. We prove in this paper that the non-reinitialized re-
moval algorithm finds a feasible power set faster and employs
smaller power levels than the reinitialized one does. The pro-
posed removal criteria aim to speed up the process in finding
a feasible power set and reduce the outage probability. From
our numerical results, the LCR criterion results in better perfor-
mance than the other removal criteria. Since different types of
connections are likely to have different bandwidth requirements,
it is worth while to study other removal criteria which can max-
imize bandwidth utilization or minimize some cost function.
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