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Abstract—The problem of maximizing the sum of the transmit In this paper, we propose a method to maximize the through-
rates while limiting the outage probability below an appropriate  put for resource-constrained CDMA wireless systems by allo
threshold is investigated for networks where the nodes have cating powers and rates. We focus on delay-limited seryices

limited processing capabilities. We focus on CDMA wireless h ideo t . h th lity of th
network whose rates are characterized under mixed Rayleigh SUCN @S VIOGEO lransmission, where Ihé quality of the com-

lognormal fading. The outage probability is given implicity by ~Munication is expressed by outage probability constrditits

a complex function so that solving the optimization problem [3]. The rate maximization problem is complex, because of
requires substantial computing. In this paper, we propose aovel the relations among outage probability, radio powers and
explicit approximation of this function that allows solving the transmit rates. In addition, in many wireless propagation

problem in an affordable manner. We propose two solutions of . | df Lo ilable for th
the maximization problem with the simplified outage probabiity scenarios, no-closed form expression Is available Tor thage

constraint: one solves the problem using mixed integer-rda Probability. Consequently, since the constraints are icitpl

programming. The other relaxes the constraints that rates B functions that must be solved at each iteration, the conitplex

integers yielding a standard convex programming optimizabn  of the optimization approach is out of reach for networkswit

that can be solved much faster. Numerical results show that |imited computing capabilities. Our approach is then based

our approaches perform well for average values of the outage . h . . .

requirements. appr_o?<|mat|ng the expression fqr outage probability with a
explicit function trying to maintain accuracy.

The rate maximization problem is similar to radio power
control with outage constraints. Minimizing of the powers
under outage constraints was investigated in [4]. In [5§ th
authors considered lognormal fading channels with a Ganssi

HE advent of multimedia services over wireless adpproximation for the computation of the outage probapilit

hoc communication networks is increasing the demarTthis approach was further developed in [6], where the chlanne
of large transmission capacity. Being able to maximize thgas modeled with Rayleigh fading distributions. Both [5]
amount of data (or throughput) that can be transmitted wittnd [6], showed that power control under outage constraints
a given communication quality plays a fundamental rolean be cast as Geometric Program. In [7], the constraints wer
for typical services provided by these networks, as videelaxed by an upper bound provided by the Jensen’s inegualit
monitoring, surveillance and industrial automation [1ln&® In [8], some of the authors of the present paper introduced a
these networks have limited processing capabilitiesridlgns complete framework to solve the rate maximization problem
that allow computing quickly the maximum throughput are awith outage constraints in CDMA systems. Specifically, the
essential design tool. channel was modeled by a general Nakagami-lognormal-distri

In this paper, we focus on Code Division Multiple Accespution. The outage probability constraints were approxéua
(CDMA) ad-hoc networks. In CDMA, the transmit rate ofby resorting to a Wilkinson moment matching approach, and
each node of the network can be adapted to the wirelahg rate optimization problem was solved by a mixed integer-
channel conditions and traffic load by controlling the radigeal problem.
transmit powers such that Multi-Access Interference (MAI) All the contributions mentioned above can be hardly ap-
caused by co-channel transmitters is kept within accegtalplied to rate maximization on computing resource conséein
levels. Maximizing the transmit rates by power control can bwireless networks, because of the computational complexit
cast as an optimization problem, where the objective fonctirequired to compute the solution. In this paper we extend
is the sum of the rates of all transmitters, and the consgraithe work in [8] to the case of computationally constrained
are expressed in terms of quality of service. wireless networks. Our original contribution is twofoldrgt,

o we propose a linear approximation for the outage probgbilit
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probability is adequate. transmit powers and rates:

The paper is organized as follows: We present the system T
. . P max 1" n
model and the mathematical formulation of the problem in p.n
Section II. In Section Il we describe the approximation o t s.t. Pr[SINR;(h,v) <] < Pout, Vi=1,....K
outage constraint. In Section IV-A we formulate the problem p"(nol) < Pp,
in term of a mixed integer-real programming, whereas in 2i> pio Viel,.. . K

Section IV-B we relax the integrality constraints on thesgat
and formulate the resulting optimization problem as a canve 1< ni < G, n; € N, Vi=1,.... K
mathemafucal programming problem. Numerical rgsults Ahere 17 — 1 1...1] € R, and1” = [I; Ip...Ix].
reported in Section V to demonstrate the properties of o4, gecision variables are the powassand ratesn. P
approach. is the maximum allowed outage probability of the SINR for
useri with respect to the thresholg. The constrainp” (no
1) = YK nipili < Pr is due to the fact that the antenna
Il. PROBLEM FORMULATION of the receiver can accept only a maximum amount of power
without distorting the signal. For obvious physical reason
We consider a system scenario whefe mobile trans- powers cannot be smaller than a given vajyg The rate
mitters communicate towards a receiver. Each transmitig@nstraint is motivated by that the spreading factotis=
i=1,...,K is associated with a traffic source type (voiceg,,/n; > 1. Finally, the set of rates\/, must be a power of
video, data, etc.), a level of radio transmit powr, and a two.
chip time T.. Let the channel gain of signals of transmitter Solving ProblemP is not easy: The outage constraints are
i be h;. We adopt the Lee and Yeh multiplicative model [9complicated functions of rates and power, and the rates are
pag. 91]:h; = 1;2;8;, wherel; is the path lossg; is the fast integers. We approach these issues in the next sections.
fading, and; is the shadowing. The fast fadingis modelled
as the square of a Rayleigh-distributed random variable. Fo Ill. OUTAGE PROBABILITY APPROXIMATION
anyi # j, z; andz; are considered statistically independent. In this section, we propose to express the outage probabilit
The shadow fading i$); = exp (§;), where¢; is a Gaussian constraints as linear functions of the decision variablés o
random variable having zero mean and standard deviatiBroblemP.
o¢,. Let the binary random variable; be the activity status  The outage probability is obtained by the probability distr
(on/off) of the source. The probability mass function issudbution function (pdf) of the SINR, which, however, is unknmow
that Pfv; = 1] = a; and Pfy; = 0] = 1 — «;, whereq; for Rayleigh-lognormal fading. A numerical calculation of
is the activity factor of source. Leth = [hy,...,hg|” and the outage probability can be found, e.g., in [11]. However,
v = [1n,...,vk]|T. Independence is assumed between aitlye approach is computationally prohibitive for optimizat
pair of variables of the vectora and v. The model of the purposes. An accurate approximation based on the Wilkinson
physical layer of an asynchronous binary phase shift keyimgoment matching was proposed in [8]. However, this approx-
CDMA system is summarized by the following expression dmation is still a highly non-linear function of the powensca

the Signal to Interference plus Noise Ratio (SINR) [10]:  rates that requires significant computing power.
Let us rewrite the SINR as follows:

Pih;
SINR;(h,v) = — ot ,
( ) 2N_191 + U, (h, V) SINR; (h, 1/) _ Zegllzji_e)\;p(f};) ) ) (2)
S5 T, 7 ,V

where 2GioTe

K P; The new approximation of the outage probability is obtained

Ui (hv)=>_ . havis (1)  as follows. First¥; (h,v) is approximated by its average. As
j=1 "

observed in [12], taking the average of the MAI to compute

) the outage probability corresponds to considering that the
We model the rate of each transmitter & = Rioni, flyctuations of the MAI term may have a variance that is

where Rio = 1/T;o is the basic rate (with basic bit imeésma|| when compared to the variance of the user signal

Tio), andn; is an integer denoting the assigned rate. Sugfhwer. Second, the product betweesp(&;) and z; in the

a rate is a power of two due to the spreading code Strug\R expression can be approximated by a lognormal variable

ture [9]. Consequently, the spreading factors are exptdes%g\(p(gi) as proposed in [9, pag. 92]. Combining these two, we
as G; = Gio/ni, whereGyy = Tjo/T. corresponds to the gpizin

i

basic rate (whem; = 1). We assume that the transmit 1 R

radio power is expressed a8 = p;n;, where p; is the SINR;(h,v) x —————exp&; , 3)
power at the basic rate. Lab = [p1,...,px]7, P_i = gi(BY; (b, v))

[p1,P2s -+ Pim1,Pit1---P)T, n = [n1,na,...,nk]T, and where & is a Gaussian random variable with mean and

n_;=[n1,N, ..., M1, M1, -NE) L. standard deviation, respectively, as
The objective function of the rate maximization problem

is the sum of the transmitters’ rates, and the constrairgs ar He, = v,

bounds on the maximum value for the outage probability, of = ((2,1)+0Z,
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where (1) is Euler’'s psi function, and(2, 1) is Riemann’s  This problem is a mixed integer-real optimization problem.

zeta function, as defined in [9, pag. 107], whereas It can be solved by the branch-and-bound approach described
1 N in [8], which is based on the availability of feasible power
gi(EY; (h,v)) = O L EY, (h,v) vectors. In particular, from Proposition 1 in [8], these gow
pili \2GioTe i imizati
vectors can be evaluated by the following optimization prob
and lem:
K pin; 1
EY; (h,v) = Z éioj ljpz, o exp §a§j . 4) P, mgn n”p
=L _
i s.t. IL:’}CL \V/Zzl,,K
From (3), and since; has Gaussian distribution, i(0—i p—i)
Pr[SINR;(h,v) < ] Note that in this problem the decision variable is omy

~ was obtained in [8] by iterative numerical methods. In this
paper we can exploit the functiah(n_;, p—;) derived in (7)

where Q(z) = 1/v27 [~ e=t*/24t is the complementary t0 simplify the solution. Since this function is linear p;,
cumulative Gaussian distribution. there is a unique optimal solution of Proble®,, which

Using (4) — (5), the constraints on the outage probabilit§ 9iven just by the solution of the system of the linear
can be rewritten as equations given by the constraints. After some manipuiatio
the optimal solution of Probler®, is found to be

- <ln% +Ing(EVY; (h,v)) — “&) ) whereas the rate vector is fixed. The solution of Probfém

9¢

i

Iz(n—za p—z) pPi = 174 b ) (8)
ini .
wherel;(n_;,p_;) is defined as follows: Z;;li atbn %
No EY, (h,v) where:
Ii(n_;,p-i) =
(n P ) (2[1G10TC + lz a; = GZOZZ¢17 (9)
-exp(—0g,¢i — ig,) () 1
' > b; =L, o —o2 10
with sl eXp<2%> ’ (10)
—1 %
;= 1—Ply).
q Q ( t) ¢ — _& 7 (11)
The function (7) is called the interference function. It is 2T,
a quadratic function of rates and powers. By contrast, théth 1
approximation proposed in [8] is a highly non linear funotio Qi = — exp(o—éqi + Mg,)-
The interference function we have proposed in this paper i

enables us the development of computationally efficient al-

gorithms for the solution of Probler® The closed-form expression of the feasible power vectgrs (8

is computationally simple to evaluate. On the contrary, the
optimal solution presented in [8] is achieved by numerical
IV. PROBLEM SOLUTION iterations, and hence is computationally substantiallyreno

In this section, we use in Problef the outage probability expensive. On the other hand, the availability of a closedaf

approximation developed in the previous section, and ptes@ower vectors comes at the price of reduced accuracy of the

two strategies for the solution of the problem. The firstutage constraints.

one makes use of a branch-and-bound method, whereas the

second one, by relaxing the constraints on rates to be intege

transforms the problem into a convex optimization one.

A. Relaxation 1

Equation (7) allows rewriting the optimization problef
as follows: B. Relaxation 2

P max 17n
n) - . .
. So far, we have investigated the solution of problém

t — P > Vi=1,.. K : - i

U nmpy = T e where the rates are integer values. If we relax the integrali

T, constraint on the rates, and consider the approximatioheof t
p’(nol)<Pr outage probability as we have proposed in Section Ill, we can
pizpio Vi=1,... K cast the rate maximization problem as a convex optimization

1<n; <G;, m;eNt Vi=1... K problem. Rewriting the probler®; according to the canonic
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form [13], we obtain that o

) 0T
Ps : e 1"n 0.08}
K
0.06
s.t. ijpjnj—aipi—cg() VZ:L,K
p T 0.04f
J#i o
s i
pT(nol)gPT 5 0.02
pZO_pZSO Vlzl,,K % 0
1-n;<0 Vi=1,...,K é—o.ozf
n; —G; <0 Vi=1,...,K §—0.04’ b
-0.06 ]

where the outage constraint has been rewritten using (d), ¢ —o.08} A
a;, b; andc are defined in (9), (10), and (11), respectively ‘ ‘ ‘ ‘ ‘
The cost function and all constraints of ProbleRy are 01 0 2 4 6 8 10
convex. A feasible solution of Problef; is given by all zero v (dB)

radio powers and minimum transmit rates. Therefore, a ¢loba

optimal solution exists, which can be obtained by efficieftg- 1. Complementary cumulative distribution functiorrgentage error of
. . . our approximation for a scenario with = 8 transmitters. Each curve refers
interior point methods.

to a different shadowing conditiorr§, ).

V. NUMERICAL RESULTS
In this section we evaluate the accuracy of the appro 0.1

imation of the outage probability proposed in Section Il 4 users

A 0.08} 1
and then we solve the optimization problem as proposed 8 users
Sections IV-A and IV-B. The numerical results obtained i o0.06} 10 users 1
this section are compared with the approach proposed in [ . 004l e

The system parameters are taken from the 3GPP specifid L7

tion [14]: the chip time isT, = 2.6 x10~"s, and the maximum § o002} e 1
spreading factor i€7;, = 256. We assume a thermal noise £ ol PR |
No = —170 dBm/Hz, and we se’r = 1.5239 x 1072, 3 -
such thatPrT./No = 16 dB. We assume a homogeneou's 002f" = -~ - — - —— -~ 7 1
propagation environment for the path logs which is set 5 _goaf i
to 90 dB for each transmitter. As required for the validity
of the multiplicative model of the fading,, is set tol [9]. ~0.06¢ |
The system is considered in outage when the SINR is belc  -0.08} :
v = 3.1. All transmitters have the same activity factol ‘ ‘ ‘ ‘ ‘
a; = 0.5. ' 0 2 4 6 8 10

y (dB)

A. Approximation of the Outage Probability ! o .
Fig. 2. Complementary cumulative distribution functiorrqgetage error of
To establish the accuracy of the proposed approximatiamy approximation for a scenario withe, = 0.5. Each curve refers to a
we performed Monte Carlo simulations. In particular, wéystem with a different number of transmitters}
considered (2) and collected a very large set of SINR samples
by drawing the random variables and z;. The probability
distribution function of the SINR was then evaluated anBig. 2 reports the ccdf percentage error of our approximatio
compared with the approximation proposed in Section Iifor a scenario wittvg, = 0.5, fori =1,..., K. These figures
Our approximation is assessed by the percentage differeace referred to one of the transmitters considered. Othasir
between the real ccdf of the SINR and the approximated ccdfitters exhibit similar behaviors. The approximation aeleis
This provides an evaluation of the percentage error that&ff a good accuracy for small value of with an error which is
the Q(-) term in (5). usually below2 %. A larger error characterizes the scenarios
For each simulation, we considered different scenarios Wwith a higher variance of the MAI; (h, v)), which, by (1),
terms of number of transmitterg{) and shadowing varianceis an increasing function ok and o¢,. The error shows a
(0¢,). Each transmitter used a radio power-of0 dBm at the larger sensitivity to the number of transmitters in the syst
basic rate. The range of SINR threshotdbeing considered Even in the case of2 transmitters, however, the error is still
is the one typically adopted for the outage computation [9]below2% for values of the SINR less th&dB. Notice that the
The plots in Fig. 1 report the ccdf percentage error of o@pproximation overestimates the actual ccdf for lpwalues,
approximation for a scenario withh = 8 transmitters, whereas while it provides an underestimation for higher values.
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B. Optimal Rate

70
The plots in Figs. 3 — 5 show the maximum rate sum th _
can be achieved in a scenario with8 and 12 transmitters, 60| Relaxation 1 1
respectively. We assumed that, = 0.5 for each transmitter. —© Relaxation 2
Other values ob, provide the same trend in the numerica 50t —#— Convex 2"
results, as those discussed below. Each plot reports théwol —— Wilkinson approx
of problemP as obtained by the proposed approaches, name &€ 4ot
« Relaxation 1 are the result obtained by the mixed intege é
r 301

real programmin@;, where the approach proposed in 11|
is used to approximate the outage constraint (see Subs
tion IV-A); 201
« Convex2" are the result obtained by convex prograrm

ming P; (see Subsection IV-B), and then mapping th 10y
rates in2Y; the mapping simply consists of taking the
log,(+) of n € R, and flooring the result to the neares % 0.02 0.04 0.06 0.08 0.1
integer; Outage Constraint
« Relaxation 2 are the result obtained by the convex pro-
gramming?Ps, with n € Rt (see Subsection IV-B); Fig. 3. Optimal Rate Sum for a scenario wii = 4 transmitters and

« Wilkinson approximation are the result obtained by th&: ~ 05 fori=1,.... K.

mixed integer programming;, where the Wilkinson
moment matching approach is used to approximate tEe
outage constraint as proposed in [8]; '

In Figs. 3 — 5, the curves obtained by the Wilkinson approxi- Tgle cqmputgtlcinzl .cotl;]n_plexny Of tr&ef.ratg ma;<r|]m|zat|otr)1
mation in [8] are the benchmark to assess the performanc %Z em investigated in this paper 15 defined as the number

the methods proposed in this paper. In the figures, a zero Q terations necessary to obtain the optimal solution.danhe

means that the rate maximization problem is not feasibla wi eration, a set of closed-form_expressmns mgst pe evahiat
respect to the given constraints and configuration, he performance of the solutions proposed in this paper are

. : . less computationally expensive than the method in [8], whic
Comparing the results of the mixed integer-real program- .
, X . oo counterbalance the loss of accuracy achieved for very lav an
ming with the different approximations, we observe that thé . .

very high outage constraints.

solutions proposed in this paper are close for intermediaté . ) . .
brop pap Relaxation 1 is abou5 to 10 times less computationally

ranges of the outage requiremefts;. Furthermore, by usin .
thegReIaxation 2 a%ong ?/vith a sim;;Ie mapping of th)(le rela?(ecc?mplex than the method presented in [8], because the outage

rates in2Y, taking thelog,(-) and rounding to the nearestapprOX|mat|on proposed in this paper allows the solution of

. . ; . Froblerrng in closed form. From Monte Carlo simulations, we
integer (floor), we obtain a rate sum that is equal or shghta/ served that the the number of iterations necessary tanobta
smaller than Relaxation 1 result. The conclusion is that o P y

solutions work very well for intermediate values of the @ga Ec:f 80511?3;;?&:2?”;l(i)siotrhfgst?;r?;ﬁi&gfg?;ﬁ%?
constraints. Notice that in all the scenarios there is adnay » 1esp Y

cross-point between the curves for certain values of thageut Relaxation 2 IS the least computational expensive. Frc_)m
requirements. Monte_ Carlq S|mulat|oqs, we ha\{e observed thgt the solution
. . . is achieved in abow00 iterations in each scenario. However,

For outage requirements lower than the crossing point, our : ) .

) . . . recall that Relaxation 2 is the least accurate solution &y v
solutions provide an over-allocation of the transmit rafesr high and very low outage requirements
instance, looking at Fig. 3, the transmitters use rateserigh 9 y 9 q '
than the one obtained by using the Wilkinson approximation.
Computing the outage probability with such a rate alloegtio
a probability of outage 00.01 cannot be achieved: the rates We investigated a simple approximation of the Signal to
and powers obtained by solving the problem determinelaterference + Noise Ratio of CDMA systems for the com-
P, =~ 0.025, according to the actual distribution of the SINRputation of the outage probability. Then, we applied this
whereas the requirement wag)1. The same considerationsapproximation to the rate maximization problem under ogitag
apply to the case of the solutions for the scenario wdth constraints. We proposed two approaches to solve the sim-
transmitters (Fig. 3), where a probability of outage lesanth plified problems and investigated the quality of the optimal
0.04 gives an actuaP,,; = 0.05. solutions of the simplified problems against the accurate on

For higher values of the outage probability requiremerpyrovided in [8].

the proposed solutions underestimate the achievable, rateSThe methods investigated in this paper require a reduced
particularly for very high outage requirements. Obviouslgomputational load, which is particularly useful for neth®
an under allocation of the rates as a consequence of thigh limited processing capabilities at the potential exge
approximation guarantees the satisfaction of the actu@igeu of quality of the solution due to the approximations used.
constraints. Numerical results show that our approximation performd wel

Computational Complexity

VI. CONCLUSIONS
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for low values of the outage requirements. It underestimate
the actual probability with a maximum error that is less than
2% in situations of practical interest. The sub-optimal §ohs
obtained with the approximation perform well for average
values of the outage requirements.
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