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Power Control, Capacity, and Duality of Uplink and
Downlink in Cellular CDMA Systems

Daniel Catrein, Lorens A. Imhof, and Rudolf Mathar

Abstract—Accurate power control is an essential requirement
in the design of cellular code-division multiple-access (CDMA)
systems. In this paper, we contribute three main themes to the
power control problem. First, we derive an efficient algorithm
for computing minimal power levels for large-scale networks
within seconds. Nice and intuitive conditions for the existence
of feasible power solutions follow from this approach. Second,
we define the capacity region of a network by the set of effective
spreading gains, or data rates, respectively, which can be supplied
by the network. This is achieved by bounding the spectral radius
of a certain matrix containing system parameters and mutual
transmission gain information. It is shown that the capacity region
is a convex set. Finally, we reveal an interesting duality between
the uplink and downlink capacity region. In a clear-cut analytical
way, it substantiates the fact that the uplink is the more restricting
factor in cellular radio networks. The same methods carry over to
certain models of soft handover. In the case that the channel gains
are subject to log-normal shadowing, we introduce the concept
of level-a capacity regions. Despite the complicated structure, it
can still be shown that this set is sandwiched by two convex sets
coming arbitrarily close as variance decreases.

Index Terms—Capacity region, cellular networks, code-divi-
sion multiple access (CDMA), convexity, log-normal fading, soft
handover.

1. INTRODUCTION

HE wupcoming Universal Mobile Telecommunication
System (UMTS) in Europe has initiated a lot of re-
search going into the capacity of code-division multiple-access
(CDMA) technology with a constant chip rate when data rates
as well as link quality may vary individually. Optimal uplink
and downlink power control is the vehicle for achieving diverse
quality of service (QoS) and rate requirements and for keeping
interference, electromagnetic radiation, and power consump-
tion low. One objective of this paper is to represent the capacity
of an n-user CDMA system by characterizing the set of data
rates and QoS demands which are achievable under optimal
power control. Another purpose is to provide a fast and efficient
algorithm for computing the optimal power allocation, even for
large-scale mobile networks.
Early analytical work on power control is reported in [17],
where power control is considered as a min—max interference
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balancing problem, however, in the absence of noise. In a com-
ment on this paper, it is shown by the same author [18] that the
maximum achievable signal-to-interference ratio (SIR) for up-
link and downlink are identical if the channel gain is symmetric.
Optimization theory is also employed in the recent paper [14]
for tackling the power control problem. The objective here is to
maximize the total effective rate in a system with users of dif-
ferent data rates and quality demands.

One of the first papers to address the power control and as-
signment problem for CDMA by considering systems of linear
equations with positive solutions is [3]. In this paper, the exis-
tence of a feasible power-control vector is clarified by use of
Perron—Frobenius’ theory. Furthermore, in [3], a provably con-
vergent algorithm is presented for assigning mobiles to base sta-
tions. In [16], the power control and base station assignment
problem is addressed as an integrated optimization setup.

In an excellent survey paper, the authors of [6] consider power
control as a flexible mechanism to ensure QoS demands of indi-
vidual users. Mainly, two questions are studied, optimal power
control and characterizing the resulting network capacity under
different receiver designs.

The authors of [11] develop this idea further by formulating
the QoS aspect of power control as a noncooperative game,
where users want to maximize their utility function. The con-
cept of Nash equilibrium is introduced, and transmit power is
priced to achieve a Pareto improvement.

The recent work of [2] employs a discrete-time Markov chain
to model time-variant channel gain. Dynamic multiuser power
control is formulated in the framework of Markov decision pro-
cesses with an objective function trading off between a min-
imal total received power and certain functionals of transmis-
sion quality.

Section II of this paper deals with the dimensionality reduc-
tion of the system of linear equations for finding a solution to the
power control problem. Related approaches, however, with dif-
ferent agglomerated variables are given in [5], and subsequently,
[9]. In our approach, cellwise lumped variables are used, which
besides dimensionality reduction yields a nice intuitive condi-
tion for the nonexistence of a feasible power assignment.

Parts of our methodology are related to the work in [1]. The
carrier-to-interference ratio (CIR) is of importance also in the
beamforming concept. The crosstalk terms between stations de-
pend on the channel and beamforming vectors and relate to the
transmission gain coefficients in this paper.

There are three main themes in our contribution to the power
control problem. First, we develop a fast offline power-alloca-
tion algorithm that proceeds in two steps. The between-cells
interference relations are solved by means of a relatively
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TABLE 1
BASIC NOTATIONS

ke{l,...,K} Labeling of base stations

ie{l,...,n} Labeling of mobile stations

k; Base station allocated to mobile ¢

C(k) €{1,...,n} Set of mobiles allocated to base station k

w Chip rate of the CDMA system

R; Data rate of user ¢

si=w/R; Spreading gain of user i

€ Minimum acceptable bit error rate of user i

s;=si/e; Effective spreading gain of user i

Di Uplink transmit power of user i

g Downlink transmit power for user 4

™ General background noise and pilot signal power at base station &
0’? General background noise and pilot signal power at mobile station 4
a;, € [0,1] Transmission gain from mobile 4 to base station k&

small system of linear equations, with dimension equal to
the number of base stations. Once a solution is obtained, the
individual power level of mobiles can be computed explicitly.
This approach also allows for characterizing the existence of
an admissible power allocation in a nice, intuitive manner.
The algorithm is particularly suited for integration into cell
site-selection algorithms and planning tools for cellular radio
networks. Second, we define the capacity region by a set of user
demand vectors, in terms of data rate and QoS requirements
which admit a feasible power control scheme. It is shown that
this set is convex for uplink and downlink. Finally, we work
out an interesting duality between the uplink and downlink
capacity regions. This substantiates the fact that the uplink is
the more restricting factor from a capacity point of view.

It is shown that the very same methods carry over to certain
models of soft and softer handover. To also include log-normal
shadowing into our investigations, we introduce the concept of
the level-a capacity region, which contains the set of feasible
user requirements that can be served by the network with prob-
ability 1 — a. A sandwich theorem with convex layering sets
shows that the random capacity region is close to convexity.

Technical proofs of the paper are collected in the Appendix.

II. EXISTENCE AND EFFICIENT COMPUTATION
OF POWER CONTROL

We start by introducing the basic notation (for an overview,
see Table I). Assume a CDMA system with chiprate w,e.g.,w =
3.84 MChip/s for UMTS. Each user ¢ € {1,...,n} hasacertain
data rate R; to transmit and requires an individual minimum
bit-error rate (BER). Let s; = w/R; denote the spreading gain.
Since the BER rate is a function of the bit energy-to-noise ratio,
E4 /Ny, individual quality demands can be described by lower
bounds e; as follows:

B\ _, (C .
Bz o

where C'/T denotes the CIR at the mobile’s connecting base
station.

In the following, we assume a fixed allocation of mobiles to
base stations, expressed by an assignment function

c:{l,...;,n}—={1,...,K}:i— Kk

such that k; denotes ¢’s connecting base station. The
set of mobiles allocated to base station k& is denoted by
C(k) = {i|k; = k}, k = 1,...,K.C(k) is simply a partition
of the set {1,...,n}.

In the uplink, let p; denote the transmit power of mobile 7 and
a;r, € [0, 1] the transmission gain from mobile 7 to base station
k. Activity periods are also included in this model by under-
standing a;; as a product of the transmission gain itself and a
potential activity factor of station . We assume that a;; > 0
for all i € C(k), which is obvious to avoid meaningless assign-
ments. Using the effective spreading gain s; = s;/e;, (1) reads
as

s, <9> = s >,

Ly, 2 PiGik: + T,
The numerator p;a,x, represents the received power of mobile
i at the connecting base station k;, 3 ; pjaji, collects the re-
ceived interference from all other mobiles, and T,Sl_ > (0 denotes
the general background and thermal receiver noise at base sta-
tion k;. It also includes the system’s pilot signal pollution.

The problem now is to determine the minimum transmit
power for mobiles such that (2) is satisfied. Since the numerator
of (2) is increasing in p; and the denominator is increasing
in p;j, j # 4, it is clear that the minimum is attained at the
boundary such that a solution p = (p;)1<;<» of the system
P . i=l....n (3

2 j#i Piks + T,
is needed. Equation (3) is easily converted into the following
system of linear equations:

S5k, Di —Zajkip]- =1h, i=1,...,n 4)
J#i

The system of (3) and (4), respectively, is the common
starting point for work on CDMA power control. However,
the number of mobiles is usually large, such that several thou-
sand equations may be involved. Dimensionality reduction
is an important issue, also addressed in two related papers
[5], [9]. The author of [5] calls system (4) the microscopic
view of the problem, accepts a slight inaccuracy by allowing
“self-interference,” and reduces dimension by switching to
the lumped variables Q[k] = Zuec(k) Pulyr (in this paper’s
notation). Using an easy transformation, the authors of [9] are
able to eliminate the self-interference approximation in [5].

S =1,
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The dimension of system (4) is then reduced by employing the
agglomerated variables R(k) = > | a;pi + 75

We choose a different set of variables for dimensionality re-
duction. Interestingly, our approach also leads to a nice and intu-
itive characterization of the nonexistence of any feasible power
allocation.

For this purpose, we select some base station k € {1,..., K}
and rewrite (4) as

2

jec()\{i}
where 7, = 70 + 3 jgc(k) @ikp; 1s the interference at base sta-
tion k, composed of the background noise and the interference
from mobiles in other cells.
Proposition 1: The unique solution of system (5) is given by

Tk - = 7i(k), i€ C(k).
agr (s;+1) (1 = X jeck) @)

T ajrp; =Tk, 1 € C(K) (5)

Pi =

(6)
vi(k), the factor multiplying 74, depends only on the alloca-
tion function, the effective spreading gains s}, and the attenua-
tion a;. It is hence determined by fixed system parameters and
is independent of the variables p;.
The proof of Proposition 1 is deferred to the Appendix (see
also [8]).
From the third factor in the denominator of (6), it follows that
there is no feasible power allocation if there exists some base
station k € {1,..., K} such that

1
— >1. 7
Zs{»-}-l_ @)

jec(k) 7
If all data rates and QoS parameters are equal, i.e., Rje; = R,
say, forall j € C(k), then (7) is equivalent to (|C(k)| —1)R’' >
w. Hence, in this special case, there is no feasible power alloca-
tion whenever, for some cell, the effective data rates times the
number of mobiles less one exceeds the chip rate of the system.
If, like in UMTS w = 3.84 MChip/s, the data rate is 30 kb/s, and
e = 5dB = 3.16, then R’ = 94.8, and there is no way to ac-
commodate more than 41 users at the desired QoS requirement.

A macroscopic necessary and sufficient condition for the
existence of a feasible power allocation including soft-han-
dover, however, accepting “self-interference” in an approximate
model, is given in [4].

In the following, we assume that 3~ .y (1/(s; + 1)) < 1,
forall k = 1,..., K, and briefly describe how the dimension-
ality reduction works. With the solutions p; from (6), i € C(k),
Tk, may be written as

— -0 E m
T =Ty, + a;kP;j

jgc(k)
=iy D ap(m),
m#k jEC(m)
=70+ Y CokTm, k=1,... K ®)

with quantities ¢, = Y,
of Pi.

In order to obtain a compact representation of system
(8), we define the nonnegative K x K matrix C =

jec(m) @kYj(m), again independent
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(Cmkbmk)mk=1,.. K- Omk = 1 — &, denotes the com-
plementary Kronecker delta such that C has diagonal entries 0
and nondiagonal entries c,,x. Then (8) reads as

(I-Chr=1° 9)

with the obvious notation 7 = (7%)i1<k<x and 70 =
(TR)1<k<K-

By Perron—Frobenius’ theory, (9) has a positive solution, iff
the spectral radius p(C) satisfies p(C) < 1, provided C is irre-
ducible, see [12, p. 30]. This is the case, e.g., whenever a;; > 0
for all 7, k. If C is not irreducible, the problem decomposes into
smaller subproblems of the same type. In summary, we have
shown the following result.

Proposition 2: Assume that 3, (1/(s} + 1)) < 1, for
all k = 1,..., K, and that C is irreducible. Then there is a
feasible power allocation p iff p(C) < 1.

In this case, p = (p;)1<i<n can be efficiently computed by
first solving the K X K system (9) for 7, and then computing
pi = vi(k)Tk, i € C(k), according to (6).

The following result provides sufficient conditions for a fea-
sible power allocation to exist or not to exist, respectively. The
proof is deferred to the Appendix.

Proposition 3: Let(y, ..., x > 0be such that Zz;&h a; <
Ck, @ik, forall2 = 1, ..., n. Then there exists a feasible power
allocation if

1
Z s,’L-+1<

iec(k)

Gt 1 for allk=1,..., K.
k

If, on the other hand, Z#kq_ ai; > Cp,a;k, foralli =1,... n,
then there is no feasible power allocation if

1
Z s§—|—1>

1€C(k)

Gt for alk=1,..., K.
k

An example of how the constants (1,...,(x could be se-
lected is as follows. In a balanced load situation, each mobile
is allocated to the base station with the least attenuated trans-
mission, i.e., a;x < ag, for all 4, k. With ( = K — 1 the
premises of Proposition 3 are satisfied, and it follows that a fea-
sible power allocation exists whenever

3 L
/
iec(k) sitl K

forallk=1,..., K.

III. CAPACITY AND FEASIBILITY

Proposition 2 offers an efficient way to check the existence
and to compute a minimal power assignment. In the following
we aim at a compact representation of the set of feasible uplink
user demands s}, i = 1,...,n. A vector (s})1<i<n is called
feasible whenever there exists a minimal power setting such that
Ey, /Ny for each user reaches the desired level. We still keep the
assignment of mobiles to base stations fixed, in our previous
notation ¢ : 7 — k;.

We revisit (3) in order to find a minimal global power setting
p = (p1,...,pn) such that

PiGik; .
st =1, =1

v o 0
22 Pitik, + T,

1

R (10)
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or, equivalently, after some algebra

0
p,i—;(s?:;ipj:s;tki, i1=1,...,n (11)
Combining the user demands s/ in a diagonal matrix
S = diag (s},...,5,)
and using the notation (subscript UL stands for uplink)
Bur = (bij)i i1, with by = {gjk i
and
D = diag (aﬁﬂ})izl,...,n and 77 = (Tlgi)izl,...,n
the system of linear equations (11) can be written as
(I—8 'DByL)p=8 D7 (12)

An immediate consequence of Perron—Frobenius’ theory (see
[12, p. 30] and [3, Th. 1]) is the following.

Proposition 4: 1f Byy is irreducible, then (11) has a unique
feasible solution p* iff p(S™'DByy) < 1.

The effective spreading gain s, = w/(R;e;) comprises the
user requirements R; (transmission rate) and e; (QoS indicator)
in a single term. We use the notion capacity region for the set
of all user demands (s, ..., s, ) which allow for an admissible
power allocation. The capacity region contains all such combi-
nations of user requirements that can be simultaneously served
by the network. Its boundary points correspond via the inverse
transformation 1/s} to a certain n-dimensional extension of the
information-theoretic capacity.

By Proposition 4, the formal definition of the capacity region
is given as follows:

Svr, = {S — diag (s}, ...,s.)|p(8 ' DByL) < 1}. (13)

Obviously, Sy, is independent of the background noise 7.
This is due to the fact that there is no upper bound on the transmit
power of mobiles. This inaccuracy of the model restricts its ap-
plicability to situations where each mobile is able to reach some
base station within its transmission range.

A most exciting structural result is the following property
of Syr. The proof, given in the Appendix, essentially consists
of showing that the spectral radius p(S~'DByry) is logarith-
mically convex in the variable S. In [13], it is shown by ver-
ifying the existence of some admissible power allocation that
S1,85 € Sy entails S?Sgl_ﬂ) € Syt for any a € [0,1],
hence, the log-convexity of Syr..

Proposition 5: Syy is a convex set of diagonal matrices.

The boundary points of Syr, are of particular interest, since
they represent the states of the system where no additional ca-
pacity can be provided. In such points, contrary interests of
users must be somehow balanced according to individual util-
ities. Minimax and Bayes strategies are concepts to cope with
conflicts of this type. In our framework, admissible strategies
correspond to the boundary points of Syr,. Its convexity now
opens the door to a widely developed theory for characterizing
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such strategies. Analogous concepts are used in game theory,
which can also be exploited for admission control to the net-
work in high load situations.

IV. DUALITY OF UPLINK AND DOWNLINK

Itis commonly accepted that the uplink is the more restricting
factor in cellular networks. In this section, we give a precise
mathematical formulation of this statement in terms of capacity
regions. To anticipate the main result, if the downlink capacity
region Spy, is defined analogously to (13) as the set of user
demand vectors which allow for an admissible power control
scheme, then Sy, C Spr..

A fair comparison between the capacity of the uplink and
downlink on the basis of system-inherent effects has to assume
equal external conditions for both directions. Hence, compo-
nents like allocation of mobiles and transmission gain are kept
fixed for either link in what follows. To be more formal, we as-
sume the same allocation map c : ¢ — k;. This means that user
1 is served by base station k;, which allocates the amount g; of
power to the transmission to user ¢.

A downlink demand vector (s, . .., s},) for n users is feasible
if there exists a componentwise positive power allocation g =

(q1,--.,qn) such that
! Qi Qik,
S; i >1
Y igcr ks + 2 jecmoniy Veiik; T 07
for alle=1,...,n. (14)

The numerator represents the received carrier at mobile z and the
denominator combines three types of interference. The first sum
collects other-cell interference, the second in-cell interference,
because of code orthogonality extenuated by a factor v € [0, 1].
Finally, o9 denotes the background and thermal receiver noise
at mobile station .

Some easy algebra transforms (14) into

0
YijQik; o;

T ] — ’ = 17

7 Z ;0 U e, " "
j#l L £ k2 k3
where
o "}/E[O,l], ifki:kj
Vi = 1, otherwise.

Resembling the step from (11) to (12), we use the notation

ifi=j

0,
BDL = (bij)i1j=17...7n7 bL] = {’yijaik.. if 4 #]

and

in order to end up with the following matrix equation:

(I —S™'DBpL)q =S8 'Do’. (15)
Analogously to the above, we have the following.

Proposition 6: 1If Bpy, is irreducible, then (15) has a unique
feasible solution ¢* iff p(S™'DBpy) < 1.
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User load s’
w
T

Downlink

(a)
Fig. 1.

In the same vein as above, the set of feasible downlink de-
mands, or the downlink capacity region, is defined as

Soi = {8 = diag (5.5, [o(S~DBor) < 1}.

Spr is exactly of the same structure as Sy, and hence, is convex
as well.

ObViOllSly, BDL = (’yijaikj S”) S (aikj Sij) = IUL' The
inequality carries over after multiplication with the same pos-
itive matrix S~' D, hence yielding S™'DBp;, < S'_IDB{JL.
Finally, from the monotonicity of the spectral radius p and
a standard argument on transposing By, it follows that
p(S'DBpL) < p(8'DBy;) = p(8 'DByy). This
proves the central result that the downlink capacity is always
higher than the uplink capacity, namely the following.

Proposition 7:

Sur. C Spr.

The case n = 2 allows for a graphical representation of the
sets Syr, and Spr,. An example network of two mobiles and one
base station is depicted in Fig. 1. It is straightforward to show
that

Suw = {(s1,55) > 0|1 < 555}
SpL = {(s,85) > 0]y* < sish}. (16)
If the orthogonality factor amounts to v = 0.8, e.g., then the

capacity regions are given by the shaded areas on the right-hand
side of Fig. 1.

V. SOFT HANDOVER

Most of the above results carry over to certain models of soft
handover. We start with downlink soft handover where each mo-
bile receives signals simultaneously from two or more base sta-
tions. Applying maximal-ratio combining, the resulting SIR is
obtained as the sum of the SIRs on each single link. Let g,

0.5 1 1.5 2 2.5 3
User load s]

(b)

(a) Network of two mobiles and one base station. (b) Corresponding capacity regions for uplink and downlink.

denote the power assigned to mobile ¢ by base station k. Ne-
glecting orthogonality factors, the power control equations then
read as

X
/ Qik @ik

SszZI Zj;éi > djtai + oF b
This setup is not directly accessible to the above methodology,
however, the following simplified model allows for including
soft handover into the above approach. We follow an idea of [9]
and assume a fixed, a priori known n x K matrix W = (w;i),
w;r > 0, with Zszl w;r = 1. The weights w;;, represent the
portion of the QoS parameter 1/s/ for mobile ¢ received from
base station k. This approach leads to the following n K equa-
tions:

qik ik Wik

=—, i=1,....,n, k=1,... K.

D i g +of s
(17)
If a;;x = 0, then necessarily w;; = 0 and the convention

wik/a;x. = 0 is used. Introducing constants s;; = s}/w;x, we
obtain n K linear equations in nK unknowns g; as

1 X a?
Gik = o — Z Z gjrai = —

LGk perie @ikSik
1=1,...,n, k=1,...,K. (18)
With the notation ¢ = (q11,---,G1K, -+ Gnl,-- -, qnk)’, fur-
thermore, using the K X K matrices
;1 GiK
A =
a1 Gk
system (18) may be written as
(I—8 'DB)g=S'D¢° (19)

where Bsp is blockwise composed of A; as
0 A .- A
A, 0 .. A,

Bgsp = . .

A, A, - 0
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and the notations

S =diag(s11,- -3 81K, Snly---, Snk)
o -1 -1 —1 —1
D—dlag(all,...7a1K7...7an17...,anK)
0 0 0 0 0}/
o = (01,...,01,...,0n,...,0n)

are used. Unlike the different dimension, (19) and (15) are of
the same structure, such that the dimensionality reduction argu-
ments of Section II and convexity of the capacity region carry
over to the soft handover model (17).

If base station receivers share the same site for supplying sec-
torized cells, soft handover can be applied to improve uplink
capacity. Using the above linearization by w;y, a general model
can be developed analogously. The corresponding power allo-
cation equations are

Dik @ik _ Wik
Z?:l Z{Ll Pjlajk — Pik@ik + Tp s’
1=1,....,n, k=1,...,K (20)

where p;;. denotes the power dedicated for the transmission of
mobile 7 to base station k. Setting

P=(P11,-PIKs-sPnls-- -1 Pnk)

P (0
A A

Bsy= | : | -D7!
A oA

the system (20) corresponds to the matrix representation
(I - S™'DBsy)p=8~"Dr°.

This equation has the same form as (12) such that Propositions
4 and 5 carry over correspondingly to the QoS parameters s;.

VI. LOG-NORMAL FADING

In this section, we show how the framework developed in
Section III can be extended to accommodate random perturba-
tions of the received powers. We assume log-normal variation
of the received powers (shadow fading) and investigate the in-
fluence on the capacity region. Instead of one fixed capacity
region S, we consider a family of certain level-a capacity re-
gions, S(«), which correspond to given acceptable failure rates.
It turns out that, if this rate is small, the level sets are close to
being convex, cf. (21). Furthermore, we construct convex inte-
rior and exterior approximations of the level sets, which estab-
lishes a close connection to the previous results. The approxi-
mations become exact as the size of the random effects tends to
zero. For definiteness, we focus on uplink capacity regions. The
effects of shadow fading on the downlink regions can be dealt
with in much the same way.

We assume that the channel gains are proportional to random
variables of the form

R oy ik
Qi = sz 107",

i=1,....n k=1,....K

where (3;;, is the distance between mobile 7 and base station k,
v > 2 is the attenuation exponent, and the Gi;;’s are indepen-
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dent normal random variables with mean zero and common vari-
ance o2 > (. Experimental data suggest v = 4 and o = 8 (see
[15]). Again, we also allow that a;, = 0 if k # k;.

The same arguments as in Section III lead us to consider the
random capacity region

§= {s = diag(s)|s > 0, p(S"'DB) < 1}

with random matrices D = difig(&fkll, ... Gy ) and B =
(bij)?’jzl, where b;; = 0 and b;; = ajx, for i # j. It fol-
lows from Proposition 5 that, with probability one, the random
set S is a convex set. Due to the difficult analytical behavior of
the spectral radius, it is, except for trivial cases, presumably im-
practicable to determine the distributions of the random set S
and of p(S~'DB) for any fixed 8.

In the deterministic case, one is interested in whether a given
S belongs to S. In the stochastic case, interest shifts toward de-
scribing the demand profiles that can be served with a prescribed
probability close to one. Thus, for 0 < a < 1, we consider the
deterministic level-a capacity region

S(a) = {S|P[s es]>1- a}
={81P[p(87'DB) <1] 2 1-a}.
Obviously, these level sets are increasing in «, and S(a) /
{8 = diag(s)|s > 0} asa / 1,and S(a) \, 0 as a \
0.IfS; € S(a) and S2 > Sy, then Sy € S(«). This is a

consequence of the monotonicity of the spectral radius (see [7,
p- 491]). Moreover

81,8, €S(a) = AS1+(1-X)Ss2 € S(c)
for all0 < A< 1,0 > 2. (21)
For, if S1,8> € S(a), then
P [max{p (Sflbé) P (32_1153)} < 1} >1 -2«
and it follows from Proposition 5 that

P [p ([As1 +(1- /\)S’g]_lbﬁ) < 1for all A} >1- 2a.

In the case of n = 2 mobiles, each mobile i € {1,2} con-
nected to a different base station k; and ko, the level-« capacity
region can be explicitly determined. After some algebra, it fol-

lows that
< s'13'2>

S(a) ={(s1,55) > 0|
p (ﬂucz ﬂ&l 10("1k2+6'2k11—0("1k1 —Gapy

Abbreviating the distance-dependent term by cand G = G, +

Gor, — G1x, — Gar,, we obtain

—Y QK
Pk, P,

>1—a}.

S(a) = {(811,8/2) > 0|P (010% < 3'13'2) >1- a}

where G is normally distributed with zero mean and variance
402, Easy probability calculus yields the following description:

S(a) = {(5/15'2) > 0|s)s5 > (105" }
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of the level-« capacity region, where uj _, is the (1 —a/)-fractile
of the standard normal distribution. Thus, S(«) is essentially of
the same form as (16) with an additional factor 107%1—=/5,

To gain insight into the geometric properties of the level sets
S(«) for arbitrary n > 2, consider the sets

T\ = {s — diag(s)|p (S*lE[DB]) < )\} . A>0.
In the deterministic case, 0 = 0 and S = 7(A) with A =
1. Thus, 7 (1) is convex, and the log-convexity of the spectral
radius, established in the Appendix, shows that 7 () is, in fact,
convex for every A > 0 and ¢ > 0. There seems to be no
reasonable interpretation of the sets 7(A) with A # 1 in the
deterministic setting. In the presence of shadow fading, the sets
occur quite naturally in approximating the level sets S(«). Note
that the sets 7 (\) form an increasing family of convex sets, and
T(A\) /{8 = diag(s)|s > 0} as A " 0.

To relate the 7 () to the level-a capacity regions, observe
first that, if X ~ N(0,0?), then

[10X] _ 10 log 10
log A
P{10¥ < AE[10V]} =@ | =220+ Zlog 10
o log 10

where @ is the standard normal distribution function. Clearly, if
i = joraj, = 0, then E{DB};; = 0. Otherwise, it follows
that

~ o~ a: . Gijk; = Cik;
(DB}, = 2k = P L (U
@ik, O]
3 2 loglO
E{DB},; = P L1006

’Lk.,

and, for every A > 0

P [{DB};; < A\E{DB};]

Gk, —Gik; a2 1og 10
=P [mT < AL0™ 00 }
=v(A,0)

where
v(A o) [ o8 s 10}
70- =
V20 log 10 10v2

Let s denote the number of pairs 7, j for which £ {bB }ij > 0.
Notice that the larger x is, the more convoluted the CDMA
system is. In any case, £ < n(n — 1). To avoid trivialities, as-
sume > 1. Applying the inequality P(NE;) > 1-Y_ P(EY),
one obtains

P [I)B < )\E[bB]] >1— k[l -v(\0)

P [i)B > AE[EB]] >1— kv() o). (22)

For every fixed o, v(\, o) is strictly increasing in A > 0, and

lim v(\, o) =0,

lim lim v(\ o) =1.

A—o0

1783

Proposition 8: Fix 0 < a < 1.Let Ay = M\(o) > 0,
A2 = Ag(0) > 0 be given by
l1-«a o'
A,0) = A =1-—
V( 110-) P V( 270) K

Then A1 < Ao, and

T (A7Y) CcS(e) cT (A7),

Moreover

1in%) A(o) = lin%) Ao(0) = 1.

To see this, let § € T(A\; ). That is, \op(S™ " E[DB]) < 1
From this, the monotonicity of the spectral radius, and (22), it
follows that

P{p(s—lbé) < 1}
>Pp {p(s—lbb) < Dop (s—lE[DB])}
> P {s—le < )\QS_IE[DB]}
=P {IDB < AQE[DB]}
>1— k[l v(As,0)]

=1-a.

Hence, S € S(a), so that 7(\;') C S(«). The proof of the
other inclusion is similar. The limit assertions are easily verified.

Proposition 8 states that the level-« capacity region S(«) can
be sandwiched between two convex sets which come arbitrarily
close as o becomes small. We conjecture that S(«) itself is a
convex set forany 0 < a < 1.

VII. CONCLUSION AND OUTLOOK

In this paper, we developed an efficient algorithm for solving
the power control problem offline. Nice and intuitive condi-
tions on the existence of feasible power allocation schemes
were given in terms of the effective spreading gains or data
rates, respectively. We introduced the uplink and downlink
capacity region of cellular CDMA networks by bounding the
spectral radius of a matrix built of system and transmission gain
parameters. Intuitively speaking, the regions represent the user
demands which can be carried by the network. As a structural
result, it was shown that the uplink capacity region is a subset
of the downlink capacity region and that both are convex
n-dimensional sets. We also show that our methods carry over
when softhandover is described by a linearized model which
assumes a priori knowledge of the portions combining the
received signal.

Convexity is particularly important for access control strate-
gies via pricing the data rates and quality demands of users in
an equitable way. In the framework of game theory, Nash equi-
libria and monotone and Pareto solutions will provide the means
to balance conflicting interests of users. Moreover, the boundary
points of the capacity region correspond to admissible strategies
in the framework of Bayes and min—max decision rules which
will be exploited for future investigations.
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The basic model assumes fixed transmission gains, hence
taking a snapshot of an in-reality highly dynamic scenario.
We introduce the concept of level-a capacity regions when
transmission gains are subject to log-normal shadowing. In this
case, an interesting sandwich property is derived, where both
the upper and lower framing set are convex.

Future work will be devoted to further exploiting the rich
structure of the capacity region for the design of admission con-
trol policies. We also aim at a more comprehensive approach for
dealing with the capacity region in case of random fading.

APPENDIX

Proof of Proposition 1

System (5) is extended by the equation Zjec(k) ajkp; = ¢
with an additional variable c. Substituting this into (5) gives

c+ Tk 1
5 and ¢ g ajrp;=(c+ 1) E

S
jec(k) jectm St

Solving the last equation for ¢ yields ¢ = 76/(1 — ) with
p= ZjGC(k) 1/(s% + 1). Hence

= Tk (ﬂ +1>— T
P i+ \1-8 T ai (s, + 1) (1= 5)

which completes the proof. ]

Proof of Proposition 3

Fix m € {1,..., K}, and consider the mth row sum of C' =
(CmrOmr) as follows:

Docmk= ) > auy(m)
k#£m k#m jeC(m)
1 Gk

JjEC(m) (3; + 1) (1 - Zlec(m) S;ﬁ) ferm M

<Cn Y, .

jEC(m) (39 +1) (1 - Zzeam) sl%)

1
ZlGC(m) s7+1

= (m

-
- ZIGC(m) s]+1

The right-hand side of this chain is <1 if and only if

1 1
Y < (23)
et 5 +1  (n+1

Hence, if (23) is satisfied for all m = 1,...K, the asser-
tion follows from the fact that the spectral radius satisfies
p(C) < max,, Zk?ém Cmk»> see [7, p. 492]. Reverting the
above inequality signs yields the second assertion along the
same lines, since p(C) > min,, Zk?ﬁm Conk- [ ]
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Proof of Proposition 5

The concept of log-convex functions turns out to be an es-
sential ingredient to the proof. A positive function f is called
log-convex if log f is convex. The following properties are well
known, see [10, p. 19].

1) If f and g are log-convex functions, then f+gand f-g
are log-convex.

2) If f is a log-convex function, and a > 0, then f is
log-convex.

3) For any convergent sequence f, of log-convex func-
tions, the limit f = lim,,_,, f;, is log-convex as well,
provided the limit is strictly positive.

Now, slightly simplifying the notation, we have to show that
S= {S:diag(sl, L s)|p(8TIB)<1,5;>0,i=1,... ,n}

is convex for any nonnegative matrix B.
We first treat the case that B has positive entries b;; and show
that

p(AN) = p ((AS1+ (1= 1)82) "' B) <1

forall A € [0,1], Sy = diag(s"), 85 = diag(s\?) € S.

For this purpose, we use the representation (see [7, p. 299])
p(C) = limj_oo [|CH||;/*, where [|C|l; = 32, |eij| denotes
the /; matrix norm.

The entries of A()\)

b,;j
)\sgl) +(1- )\)sz(-g)

ai;(A) =

are log-convex functions on [0,1], since z +— 1/z is log-convex
on (0, co). By definition of || - ||1, using 1) iteratively
yields that |[A(\)*||; is log-convex. By 2), ||A()\)k||}/k
is log-convex, and by 3), the same holds for the limit
limg— o0 ||A()\)k||}/k = p(A(X)). Note that B > 0 com-
ponentwise ensures that p(A(\)) > 0, cf. [7, p. 496]. Hence

p(AN)

IN

max {p (A(0)),p (A(1))}
max {p (SQ_IB) P (Sl_lB)} <l

which shows the assertion for positive B.
If B is merely nonnegative, consider the positive matrices
By, = B + (1/k)1,,x» and the convex sets

Sp = {S = diag(s1, ..., sn)|p(S87 By) < 1,

Since, for every S, p(S'_lBk+1) < p(S_lBk) and
limg_ o0 p(S_lBk) = p(S_lB), the sets Sp form an in-
creasing sequence of convex sets with S = |J;—; S It follows
that S is convex too, which completes the proof. ]
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