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The Convergence of an Asynchronous
Cooperative Algorithm for Distributed
Power Control in Cellular Systems
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Abstract—A new version of the cooperative algorithm is pro- However, the requirement on global information is removed

posed for transmitter power control in mobile cellular systems. It gnd the power control mechanism can be performed based on
is a distributed algorithm based on the assumption that limited local measurement only

control data communication between neighboring base stations Thi - tensi £1101. wh th f h
are allowed. Its convergence under asynchronous operation is is paper is an extension of [10], where the power of eac

proved. Numerical results show that it has a higher conver- USer starts from the maximum allowed power and is adjusted
gence rate and smaller dynamic range requirement than other monotonically downward until CIR balancing is achieved. In

algorithms. this work, the power of each user starts from the minimum
Index Terms—Asynchronous operation, distributed algorithms, @llowed power and is adjusted monotonically upward. This
power control. modification has two advantages. First, it saves user battery

life. Second, the admission of a new user minimize any
sudden increase in the interference to the existing users. The
disturbance to a balanced system is thus minimized.

OWER CONTROL is an important issue in mobile cel- Some related issues of the power control problem can be

lular systems. It is essential in determining the systefdund in the literature. For example, the imposition of the
capacity and the quality of service. Usually, the link quality ifnaximum power constraint on the user transmit power was
measured by the carrier-to-interference ratio (CIR). A questi@dnsidered in [7]. The problem of user admission control
is how the transmit power of each user should be adjusted syghs studied in [2]. In [3] and [9], power control algorithms
that the CIR is optimized in some global sense. which use a finite set of discrete levels were examined. In

Early work by Aein [1] has introduced the concept@IR this paper, we focus on the asynchronous operation of the

balancing The idea is that all the users strive to maintain thgower control mechanism. This issue was first considered by
same CIR. It is optimal in the sense that the minimum CIRjitra [8]. He proved that Foschini’s and Miljanic’s algorithm
of all communication links is maximized. The solution car[|4] can be Operated in an asynchronous manner. This feature
be obtained by solving an eigenvalue problem [12]. Later,rglaxes the need for coordination and synchrony among base
second paradigm is adopted by Foschini and Miljanic [4]. Th@ations. Each link can have different power update rates.
objective is to keep the CIR of all links above a prespecifigfloreover, the propagation delay is also taken into account.
target value. It is shown in [8] that if a feasible solution existsn this paper, we follow his approach and prove that the
there exists a unique solution which minimizes the transmjtychronous cooperative algorithm can converge and achieve
power in a Pareto sense. The solution is obtained by solviggtimal CIR balancing. In the last section, simulation results
a system of linear equations. are presented. The issue of finite dynamic range [7], [11] is

In both of these paradigms, distributed algorithms are preonsidered, and the convergence rate of different algorithms
posed and their convergence can be proved. However, in fhecompared.

CIR-balancing approach, both Zander’s [13] algorithm and
Grandhiet al’s algorithm [6] nheed a normalization factor to
scale the individual user transmit power to a desired range. The Il. SYSTEM MODEL

computation of the normalization factor requires global user|n this section, we present the system model and some
information, thus weakening the distributed property of thegglevant results. Consider a cellular radio system. To each
algorithms. In Wong's and Lam’s paper [10], a cooperativegmmunication link, we allocate a pair of orthogonal channels
algorithm is proposed. The main idea is that some limitqgme slots or frequencies) for the mobile-to-base (uplink) and
information flow among base stations are allowed. Of coursfie base-to-mobile (downlink) communication. Since there is
this kind of communication incurs a cost on the systemg interference between the uplinks and the downlinks, in
Manuscript received June 3, 1996; revised December 30, 1997. This W&WS paper we consider power 0_0””0| for the UP“”kS only.
was supported under a grant from the Hong Kong Research Grants Countlowever, the results can be applied for the downlinks as well.
The authors are with the Department of Information Engineering, Chi- Now. let us focus on a set of cells in which a particular
nese University of Hong Kong, Shatin, N.T., Hong Kong (e-mail: cw- L . . . .
sung3@ie.cuhk.edu.hk: wswong@ie.cuhk.edu.hk). chan_nel is used in a particular mstant..l[étbe the cardmgllty
Publisher Item Identifier S 0018-9545(99)01032-4. of this set. LetP; be the power transmitted by thith mobile.
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The link gain from mobilej to base statiori at a particular ~ Reachability Condition:A control data flow structure sat-

instant is denoted by?;;. The matrixG = {G,;} is known isfies the reachability condition if for any pair of node$, B)

as the uplink gain matrix. In our model, we ignore the effe¢here is a chain of directed arcs starting frdnand terminating

of adjacent channel interference and thermal noise. Thus, #ieB.

CIR at base statiom, I'; can be written as This is a sufficient condition for the convergence of the
proposed algorithm as will be seen in Theorem 2.

I — Gy P @ The proposed power control algorithm is a discrete-time
! ZGUPJ" algorithm. It is similar to the algorithm in [10]. At each
oy iteration, each base station computes the transmit power of its
serviced mobile terminal based on the previous power level,
Equation (1) can be rewritten more compactly as its current CIR and the CIR’s it receives from its neighbors.
The algorithm is stated as follows.
P
I'i=—— ) : :
> Zi;P; A. The Cooperative Algorithm
iF Let NV; be the set of indexes of base stations that send control

_ _ _ S i data information to base statiéraccording to the control data
where the normalized uplink gain matri& is defined by o structure. In then + 1)th step, each mobile unit adjusts

Zij = Gij/G. ; : (n+1) : : .
. . . its transmit powerP. according to the following rule:
It should be noted that in mobile cellular systems, the link P ¢ 9 g

gains change constantly in time. Thus, the link gain matix (0)
h . . P, :-Pmin (5)
is a stochastic process. In our model, we consider a snapshot (n—T—l) () ()
of the system such thaf is treated as & x K matrix of F, =a; 'F; (6)
random variables. ) o

Let P = (P, P»,---, Px) be the vector of the( users’ IO max (I}, emax;en; J ) )
transmit power. A CIRy is defined to be achievable if there ‘ FE")

exists a power vectaP with all positive components such that
I'; > ~ for all <. The notationP > 0 is used to denote that allwherem > 1 is a parameter of the algorithm that controls the
the components ol are positive. It was proved in [12] thatconvergence rate anglis a constant satisfying — e<c<1

the maximum achievable CIR* equals for arbitrary smalle > 0. The constant: is needed for the
proof of the convergence of the algorithm. The conditicn1
~* = maxminT; = 1 ©) ensures that the limit of the power levéln,, .., Pi("), exists
=maxminl; =

P>0 A —1 (see Proposition 4 and Theorem 1). Thus, the algorithm will
_ _ converge to a fixed point. The conditien- 1 — ¢ for arbitrary
where A* is the largest real eigenvalue of. Moreover, an gmgj| ¢ ensures that the fixed point achieves CIR balancing
eigenvector corresponding to the eigenvaliie yields the (see Theorem 2). The effect of will be discussed in the
balanced solution section of numerical studies.
The convergence property of the algorithm does not depend
Iy=+~% Vi (4)  on the initial power level. Here, we arbitrarily assume that the
initial power is the minimum transmit power. In practice, a
setup phase is needed before the algorithm starts. A suitable
initial power level should be chosen such that the initial CIR
In our model, we made the same assumption as in [1@]ill not be too low which renders a proper power control
where the base stations are interconnected by a wired backbgperation impossible.
network so that control data information can be sent from one
base station to another. Obviously, there is a cost associated
with this kind of information flow. To minimize this cost,
the transmission of control data from a base station should bdn the above statement of the algorithm, we have assumed
restricted to itsietwork neighborgas much as possible. By net-that time is slotted and the power level of all links update
work neighbors we refer to those base stations between wh&multaneously. The resulting CIR of a base station is sent to its
the data communication costs are small. This is determined tgtwork neighbors instantaneously. This requires synchronous
the topology of the wired backbone network. operation among the base stations [10]. In fact, these condi-
To define the way how the power control data are passtdns can be relaxed. First, the power level can be changed in
among the base stations, we usedbatrol data flow structure different time and in different rate. Second, the control data
This structure is a directed graph where each node represeatgrding the CIR can be sent in a rate different from the power
a base station. If there is a directed arc from nad® node updating. The third relaxation comes from the propagation
B, then control data are passed from base statloto B. delay. Consider the scenario where mobilgodates its power
In addition, we assume that the control data flow structutevel just after mobilg’s update. At the instant when mobile
satisfies the following. updates its power, the effect of mobjis update may not have

I1l. POWER CONTROL ALGORITHM

IV. ASYNCHRONOUSADAPTATION
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propagated to it. As a result, mobifs update is not based on Proof: Sinceaﬁ") > 1, it follows directly that the power
the latest value of mobilg's power, but a prior value instead.level P{" is monotone increasing.

Our model incorporates the above three forms of asyn-rgqr mobiles wherel“(” n) > C,y(n)
chronous operation. We use as an index for subsequent
power update in the whole system. Note that the time between (nt+1) _ P(")
two consecutive updates can be varied. Atsttie step, one or @ W =
more mobiles can update their power concurrently. Since the “
control data can be sentin a different rate and at different time,
at thenth step, the information{F ") : j € Ny}, storedinbase  Eor mobiled wherel“( n) < CW(n)
stationi may not be the most recent value. We denote them as !

(¢,m) ©,n) (n—d;;) n 1/m n
{L™: j € N;}. Moreover, we assume thef ™ =T} p) _ < ”) pm

<™ <@ <A™, (14

J#i

cY,

for somec_lij g dmax- It means that the delay in control data D ZZ‘ D)
transmission is bounded h¥,ax. LS
To take into account the propagation delay, the interference i
from mobile j to base stationi at stepn is denoted by < cfyf")Pi(")
Zij.P](Z’n), where Rj(z,ﬂ) _ ‘Pj(nfeij) for some cij > 0. - 12,52 n)ZZ“P(n+1)
Accordingly, the measured CIR at base statidrecomes vy !
- i) Pi(n) c,yzn)ZZ P(z n)
L = = a0 (8) foy
ZZUP i = (nt+1)
i > Ziik
JFi
A. The Asynchronous Cooperative Algortihm 6’74(”)221]'1’»(")
Assume that mobilé adjusts its transmit power at step-1. J#i
Its power is adjusted according to the following rule: ZZ P("‘H)
prtd) _ () p) 9) J#
? 7 ? )
- (i7 ) (Z Tl) — ,YZ
(n) _ | Max (I;7", cmaxjen; I ) 10 <e max [A=9
(o8 = F(Z n) ( ) —_ 0<d<dmax max
‘ <A™, (15)
V. CONVERGENCE PROPERTIES Combining (14) and (15), we have
The convergence properties of the asynchronous cooperative
algorithm is summarized in the following propositions and i =
theorems. ; I i
First, we define or all @
. In particular
(n) "
rr = mjax I (12) FSI?:;(I) < A 17)
which is the maximum CIR of all thé( users in the system . implies
at stepn.
Second, we define A = max pki=d)
. - 0<d<dmax
v = max ;" (12) < p (n+1-d)
JEN; J — 0<d1<r%lr,lfix+l Fma.x
which is the maximum CIR of the information stored at base = max(A™, 4D
station «. =AM, (18)
Equation (10) can then be rewritten as
O
(n) _ | max (L e ey (13) Proposition 2: For all »
(i) *
Fi A > 5
Proposition 1: The power IeveR(") is @ monotone increas- where~* is the maximum achievable CIR.
ing function ofn. Moreover, the function Moreover, the limit
A(n) = 1max F1(171]axd) A* = lim A(n)
0<d<dmax n—oo
is a monotone decreasing function »of exists andA* > ~* > 0.
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Proof: By a corollary of the Frobenius Theorem [5, p. Next, we consider the case
65], it fqllows that for any power con_trql assignmeﬁtyvith PENTD S AN+ 23)
all positive components, the CIR satisfies the condition @ = )

. N According to the power control algorithm, we have
mimri(P) =7 s mflxri(P) oM~ 1, which implies

yvherefy* is the maximum achievable CIR. The equality holds Pi<N+l+1) _ E(NH)- (24)
if and only if

. Therefore

Li(P)=~", foralli. PONHFD < PENFD < A (25)

Since v* is a lower bound 01‘1“1({12X for all n, it is also
a lower bound ofA™ for all n. The second statement ther’ where the first inequality follows from the monotonlcnyBj

follows from the fact thatA(® is monotone decreasing Wlthand the second one from the induction hypothesis.

* as a lower bound. By |ndL_|c_:t|on, the propos_ltlon is true for ali > 0. O
v Proposition 4: There existsi and N such thateA™ <
™ < A®™ for all n > N.

Proposition 3: If I < A then PV < A _ 3
Proof: First, we assume that the proposition does not

for all £k > 0. hold
Proof: It is obvious that the proposition is true for= 0 old.

Assume that it is true fok = I. Now we need to prove that A(ﬁ[gitraril)znlt):hoose m Z 0. For mobile ¢, where
fzgz,NJrz) < A implies sz,N—l—l+1) e r; < cA'"™, by Proposition 3

First, we consider the case plmtR) < oA tm) (26)
DENHD < A+, (19) for all & > 0.
For any mobilej Wherefj(?’"‘) > eAl™)| by the assump-
Note that, for alln tion, there existss; >n; such that
) < max ™ = max %) < AM) 5 (s .
v < m]fxxl“] mjfxxl“] < AV (20) F](}: D < NG, 27)
Then the multiplicative factor of the power control algo- Again, by proposition 3
rithm a(l\ D satisfies the following inequality: (55 +k) 5 "
I < eAB) < eplm) (28)
QN+ _ | ImAX (fgi’Ar+l),cngr+l)) for all & > 0. '
i - [EN+D As a result, there exist$ = max; s; > n; such that
[eA T max [ < A (29)
<N <ava
PN+ for all n > s.
cAN+HD) Notice that
S SN (21) 0
N sim) _ B
) ) ) 7 ZZP(7,N)
where the first inequality follows from (19) and (20). el
As a result el -
N pVHD) ._BY
A N+I+1) P, 2 -
I3 G.NTI+D ZZiij( )
ZZP —
J#
_r
CA(N+1)P(N+I) =1 (30)
= f(i’NJ’l)ZZjPQ’NHH) Equations (29) and (30) imply that
[3 g
i LG <€ eA®
r ~ (i, N+l
CA(AH)ZZ”PJ( Y for all n > s.
Z ”éf'(‘ NI Therefore, there exists, > s+ dyax > 71 +dmax Such that
Zi; P
— (n2) — A (n2—d)  A(m1)
(] #i : A Oﬁlclrlﬁr}l)j,ax Fmax = cA . (31)
N+l
<ch ™ Repeating the same argument, there exists a strictly increas-
<cA (22) ing sequencen;} such that
where the last two inequalites follows from Proposition 1. Alre) < plna) (32)
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Since A® is a monotone decreasing sequence ardl, it
implies thatA* = 0. This contradicts the fact that* > ~* >0
(Proposition 2). O

Theorem 1: The limit of the power level P =
lim,, oo Pi(") exists for alli.

Proof: By Proposition 4, there existssuch thatA(®) <
fg”") < A for all n > N. According to the control
aIgorithm,Pi(") is a constant for alh > V. Denote it by ;.

We can find an upper bound oﬁgn) (j #4iandn > N)
by the following:
f;i,n-f—eij) < ‘Pifn‘—'—ew)
Ziij(zm-l-eij)
plnteis)

K3

Zi; Pj(")

plnteis)
P(ﬂ) < i Fig. 1. Layout of interfering cells in the numerical study.
J - Z 'f‘(i,n-l—eij)
L
< A in the chain asky = i, k1, k2, -,k = J. Sinceky € Ny,
= ZijeAtes) it follows that

Pr * *
<! (33) Iy, =, (39)

- ZijC’y*
By the same argument, we obtain

where the last inequality follows from Proposition 2.

By Proposition 1,P{"” is a monotone increasing sequence. I=1%, =y, 22", =T (40)
Sincer(") is bounded from above, the limit Therefore, for anyy
P = lim pj<"> (34) I > (41)

where K is the number of base stations.
Sincec is arbitrarily close to onel; is arbitrarily close to
It .. for all j. By the corollary of Frobenius Theorerhy is

exists for allj. O
Theorem 2: The limit of the CIR,lim,,—, o FE"), exists and

is arbitrarily close toy* for all <. arbitrarily close toy* for all i. O
Proof: By Theorem 1, the limit ofPi(") exists. Denote
it by P;. Since P} >0 for all ¢, the limit of CIR exists also. VI. NUMERICAL STUDIES

Denote it byI'. Since we have assumed that the delay i

n . . :
control data transmission is bounded. i.e., We have performed some simulation studies on the coopera-

tive algorithm. For simplicity, the synchronous version is used.

fg”l) = 1“5."*‘1“) (35) Our simulation model is the same as that in [10]. We assume
‘ a standard hexagonal cellular layout with 16 cochannel cells
for somed;; < dinax, the limit of fﬁ”’") also exists and (see Fig. 1). The geographical location of the cells corresponds
» to a reuse pattern of seven. We approximate each hexagonal
nli_I)n FE”’") =17 (36) cell by a circular cell of the same area. Within each cell, there
e is a mobile terminal communicating with the base station. The
for all ¢ and j. location of each mobile terminal is generated uniformly inside
Consequently, the limit o@§"> exists and we denote it by the cell. The link gainG;; is defined as
o )
From the cooperative algorithm Gij = 3;1
P! = o} P} 37) J

whered;; is the distance between thth base station and the

which implies thata? = 1. This in turn implies that [by (10)] Jth mobile and4;; is the attenuation factor. In this study, we
consider Zonly lognormal fading. Hence, we assumg is

r; > ¢ max I (38) lognormal distributed with mean 0 dB and standard deviation
I 6 dB for all « and j. Each component of the initial power
for all <. vector is generated uniformly between 0.001 and 1. Receiver

Let I'f = I, By the reachability assumption, for anynoise is assumed negligible and is not modeled.
nodej, there is a chain of directed arcs starting from noede For the cooperative algorithm, two control data flow struc-
to nodej. Let the length of the chain be and label the nodes tures are considered. Structuf® is a single path joining
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is also shown in Table II. We call that algorithm version 1 and
the newly proposed algorithm version 2.
Zander’s algorithm

(n)
Pt o) < P 4 5 )

~)

Grandhi’s algorithm

i

]35""’1) — )
S

Cooperative algorithm (version 1)

PO — o) plo)

where

min (an), max (min e, F](»n), 7))

(n) _ m
o = o0

In Table I, the average number of iterations needed such
that the minimum CIR reaches 85%, 95%, and 98% of the
maximum CIR is shown. It can be seen that the structure
So offers a higher convergence rate th&n at the expense
of a higher communication cost. The two versions of the
cooperative algorithm and Grandhi’s algorithm are compara-
ble. Zander’s algorithm converges much slower than the other
three.

Next, we compare thelynamic rangeof the power level
required for these algorithms. Dynamic range is defined as
the ratio between the maximum and minimum user transmit
power. It is usually expressed in decibels. For Zander's and
Grandhi’s algorithm, we let{™ = 1 for all n. A better choice
for ¢(®) is suggested in [6] and [12]. However, it requires
a global computation which destroys the distributed property.
For the sake of a fair comparison, we simply let it be one. The

Fig. 3. Control data flow structuress.

e TAB'—E ' s initial power level is normalized to one. We stop the algorithms
FFECT OF m ON THE NVERGENCE \TE P .

croFm o ONVERGENC when the minimum CIR reaches 95% of the maximum CIR.
values of m 1 1.1 12 | 1.3 1.4 2 For each case, 1000 simulation runs are performed. We obtain

no. of iterations for Sy | 85.48 | 77.50 | 86.74 | 97.45 | 105.43 | 156.58  the minimum dynamic range such that the optimal power vec-
no. of iterations for Sy | 84.86 | 27.52 | 27.08 | 30.12 | 33.48 | 50.32 tor falls within it 900 times out of 1000 simulation runs. The
results are shown in Table Ill. Grandhi’s algorithm requires an

. extremely large dynamic range. It shows that the algorithm is
node 1, node 2, and up to node 16 in the same order. NOdenfc;é stable if the normalization constant is not set properly. For

is joined to node 1 in order to satisfy the reachability conditiorsne other three algorithms, the difference on dynamic range
In structureS,, each base station sends the control data 8quirement is not very large. The cooperative algorirthms

its geographical neighbors. The two structures are showna{pe slightly better than Zander’'s algorithm. Considering the

Figs. 2 and 3, respectively. convergence rate and the dynamic range requirement together,

Foflr(jsi:‘,f:rlsr:?\ileaslﬂgitifige ;f;egvzir;nethr?uﬁﬁggfrogfeirt'gfagﬁ'the cooperative algorithm, both versions 1 and 2, compare
’ 9 avorably to the other two candidates.

needed such that the minimum CIR reaches 98% of the
maximum CIR in the system is shown in Table I. The data are
obtained by 1000 simulation runs. It can be seenthauals
1.1 and 1.2 is optimal for structurg; and S,, respectively.  The cooperative algorithm was first proposed in [10]. In the
We use these values for our subsequent simulations. original algorithm, the power level starts from the maximum
Next, we compare the cooperative algorithm with Zanderislue and decreases monotonically. In this paper, we propose
algorithm [12] and Grandhet al’s algorithm [6]. Another the dual version of it. The initial power level is set as low as
version of the cooperative algorithm proposed by Wong amssible and increases monotonically when necessary. It has
Lam [10], in which the power levels decrease monotonicallyhe advantage of saving user battery life. Besides, when a user

VII. CONCLUDING REMARKS
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TABLE 1l
CONVERGENCE RATE OF DIFFERENT ALGORITHMS
Zander’s | Grandhi’s | Coop. Alg. (ver.1) | Coop. Alg. (ver.2) | Coop. Alg. (ver.2)
So,m=1.1 Sy,m=1.1 So,m =172
within 80 % | 816.90 20.85 17.65 47.36 16.09
within 95 % | 957.55 26.23 19.63 61.65 21.86
within 98 % | 1085.52 30.01 23.51 77.50 27.08
TABLE 11l
DyNAMIC RANGE REQUIREMENT OF DIFFERENT ALGORITHMS
Minimum Dynamic Range | Zander’s | Grandhi’s | Coop. Alg. (ver.1) | Coop. Alg. (ver.2)
Requirement Sy,m=1.1 Sa,m = 1.2
58.3 dB 75.5dB | 168.9 dB 67.5 dB 73.5 dB
TABLE IV
TyPICAL EXPECTED NUMBER OF ITERATIONS FOR APPROXIMATELY CONSTANT LINK GRAIN MATRIX Z. f = 900 MHz
Mobile Speed | Coherence Time of | Averaging Iime to | Number of
(m/s) Shadow I'ading (s) | obtain Mean CIR (s) | lterations
small cell urban system 1 200 6 30
20 10 0.3 30
microcell urban system 1 50 6 8
20 2.5 0.3 8

joins an already balanced system, the interference causedhi® system has reached a state where the CIR of all users are

other users at the admission instant is minimized.

greater thany,. When a user departs, the CIR of the remaining

The convergence of the cooperative algorithm under asyusers will only increase and thus still have a CIR greater than
chronous operation is proved. We have also proved that g So it is not necessary to increase the power further. In a
power levels always converge to finite values. However, ffractical situation, the cooperative algorithm can be modified
our analysis, we have assumed the link gain mafribemains as follows:
constant during the power control mechanism. In other words,

the rate of convergence must be faster than the rate of Chanﬁ@-i—l) — o™ pm (42)
of the link gains due to shadow fading. Table IV shows the* vt

number of iterations needed in two different environments max (FE"),cmaneM 1“](,")) o

[13]. Comparing with the number of iterations shown in \ 3 I <o
Table Il, it can be seen that the cooperative algorithm would al™ = L

work well under traditional cellular systems with moderate otherwise.
cell size. For microcells or an indoor environment where

the propagation changes rapidly, the averaging period in (43)

estimating CIR may need to be shortened. However, the

accuracy of the CIR measurement will decrease. The impact , ) o

of CIR estimation error on the algorithm may require a mof&here 7’ >1 is another control parameter. The decision
detailed study. thresholdv, should be greater than or equal to the protection

In evaluating the performance of the cooperative algorithﬁﬁtiog 7p: o . )
we have considered the case where there are a fixed numbefVith the above modification, the transmit power of a mobile

of users in the system. Now assume that the system wy4 decrease if its received CIR at the base station is higher
already reached the balanced state. At that time, if a nd\@n~o. Therefore, in a dynamic situation where users enter
user joins the system, then a new transience will occur affid leave the system, the power level of the users in the system
eventually lead to a new balanced solution. On the other haidll not go to infinity. To verify our claim, we carried out the

if a user departs from the system, the balanced state will fsdlowing simulation.

disturbed. According to the algorithm, the power of the usersWe assume the same 16-cell system as before. The CIR
will increase to achieve another balanced solution. Howeveand the transmit power of the user in cell 6 is recorded. We
in practice, it may not be necessary to do so. More ofteassume that a departure and an arrival occurs alternately every
we require that the CIR be greater than a certain threshdld) iterations. A departure is chosen randomly among the cells
~p, Which is commonly callecprotection ratio Assume that other than cell 6. Fifty iterations later, an arrival occurs in the
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Fig. 4. The CIR and the transmit power of the user in cell 6.

previous chosen cell. The parameters of the algorithm are sp{ F. R. GantmachefThe Theory of Matrices/ol. 2.  New York: Chelsea,
as follows:m = 1.2, m’ = 10, andy, = 18 dB. Note that 1959.

m’ is set to a relatively large value such that the decrement

A?] S. A. Grandhi, R. Vijayan, and D. J. Goodman, “Distributed power
control in cellular radio systems/EEE Trans. Communvol. 42, pp.

the power level is more gradual. A typical simulation result  226-228, Feb./Mar./Apr. 1994.
is shown in Fig 4 [7]1 S. A. Grandhi and J. Zander, “Constrained power control in cellular

radio systems,” inEEE Proc. VTC '94 pp. 824-828.

It can be seen that at those arrival instants (multiples o] D. mitra, “An asynchronous distributed algorithm for power control in
100), the transmit power reacts rapidly due to the sudden cellular radio systems,” ifProc. 4th WINLAB Workshop on Third Gen.

increase in the interference. The CIR can be brought back to

Wireless Inform. Net.1993, pp. 249-259.
C. W. Sung and W. S. Wong, “A distributed fixed-step power control

acceptable level after a short period of disturbance. When the algorithm with quantization and active link quality protection,” to be
CIR is greater thany, the power level is adjusted downwards__ Ppublished.

W. S. Wong and K. H. Lam “Distributed power balancing with a sparse

. 0l
gradually. Therefore, in the long run, the power level can stit information link.” in IEEE Proc. VTC '94 pp. 829-832.
be kept in a finite range. [11] R. D. Yates, “A framework for uplink power control in cellular radio
This modified algorithm can still achieve CIR balancing if ~ SyStems/1EEE J. Select. Areas Commiiwol. 13, pp. 1341-1348, Sept.

1995.

the maximum achievable CIR* is less than or equal to the[12] 3. Zander, “Performance of optimum transmitter power control in
thresholdy,. If v* is greater thary,, the system will reach a cellular radio systems,/[EEE Trans. Veh. Technolvol. 41, pp. 57-62,

state such that the CIR of all mobiles is greater than

(1]
(2]

(3]

(4]

Feb. 1992.
, “Distributed cochannel interference control in cellular radio
systems,”IEEE Trans. Veh. Technolvol. 41, pp. 305-311, Aug. 1992.

(13]
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