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Abstract

In this paper, we consider the joint resource allocation and base-station assignment problem for the downlink in
CDMA networks with heterogeneous data services. We first study a power and rate control problem that attempts
to maximize the expected throughput of the system. This problem is inherently difficult because it is in fact a non-
convex optimization problem. To solve this problem, we propose a distributed algorithm based on dynamic pricing.
This algorithm provides a power and rate allocation that is Pareto-optimal and asymptotically optimal. We study
the properties of the proposed power and rate allocation and the global optimal power and rate allocation and show
that they have similar properties. We also characterize the optimality conditions of pure TDMA and CDMA type of
transmissions, which depend not only on the fixed system parameters but also on the channel state and the maximum
data rate of each mobile. Finally, using the outcome of the proposed power and rate allocation algorithm, we propose
a pricing based base-station assignment algorithm resulting in joint resource allocation and base-station assignment.
In this algorithm, a base-station is assigned to each mobile taking into account the congestion level of the base-station
as well as the transmission environment of the mobile. We show that it provides higher performance than the SIR

based base-station assignment algorithm in which only the transmission environment of the mobile is considered.

. INTRODUCTION

The increasing demand for high data rate services in wireless networks and scarcity of radio resources
necessitate efficient usage of radio resources. Some of the main difficulties in using radio resources effi-

ciently are the time and location dependent channel characteristics and the demand to accommodate mobiles
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with diverse service requirements. Hence, for the efficient utilization of radio resources, it is necessary to
adopt a resource allocation scheme according to the channel status and the service requirements of mobiles.
Moreover, if the joint allocation of two or more resources is considered, the performance gain could be
significantly increased.

Recently, there have been a number of papers that have studied joint resource allocation problems [1], [2],
[3], [4], [5], [6], [7]. Oh and Wasserman [1] consider a joint power and spreading gain allocation problem
for the uplink in Code Division Multiple Access (CDMA) networks. They consider a single cell system and
formulate an optimization problem for a single class of mobiles. Their objective is to maximize the total
system throughput of mobiles with a constraint on the maximum transmission power of each mobile. In this
work, they do not impose any constraint on the spreading gain (i.e., data rate). They show that for the optimal
solution, mobiles are selected for transmission according to the channel state and if a mobile is selected, it
transmits at its maximum transmission power. They generalize their algorithm to multi-cellular networks
in [2]. Bedekaret al. [3] and Berggreret al. [4] consider joint power and rate allocation for the downlink
of the CDMA system with a constraint on the total transmission power for the base-station. However, their
models do not consider that each mobile could have a maximum data rate constraint. They show that, for the
downlink of the system without the maximum data rate constraint, selecting only one mobile at a time and
allocating the total transmission power to that mobile (i.e., the pure Time Division Multiple Access (TDMA)
type of strategy) is an optimal strategy.

Joint power allocation and base-station assignment problems for the uplink have been considered by
Hanly [5] and Yates and Huang [6]. In these papers, the minimum transmission power satisfying the Signal
to Interference Ratio (SIR) threshold of each mobile is obtained by joint power allocation and base-station
assignment. At each iteration of the algorithm, each mobile is assigned to the base-station that provides
the maximum SIR. Saraydat al. [7] also consider a joint power allocation and base-station assignment
problem for the uplink case. They model the problem asVaperson non-cooperative power allocation
game. Each mobile selects the optimal power level and the base-station that maximizes its net utility, (i.e.,
utility minus cost) without considering other mobiles. The performance of their algorithm depends on the
choice of the price. However, they do not provide a strategy of how to determine the optimal price.

In this paper, we study a joint resource allocation and base-station assignment problem for CDMA net-
works. We focus on the downlink problem in this paper, since the downlink is typically considered a bottle-

neck due to the asymmetric bandwidth demand between the downlink and the uplink for data services [8],
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[9], [10], [11]. We first consider a joint power and rate allocation problem by focusing on one cell of the
system. Power is the most important resource in CDMA networks. By increasing the transmission power
level of a specific mobile, the performance of the mobile can be improved. But this increase in transmission
power also deteriorates the performance of the other mobiles, since it produces more interference to other
mobiles. Hence, the power allocation among mobiles is an important resource allocation problem in CDMA
networks. Further, there is a trade off between the data ratéZghld (bit energy to interference density

ratio) that is related to the transmission success probability. At a given transmission power level, if the data
rate is increasedy, /I, is decreased and vice versa. Therefore, by jointly optimizing the allocation of power
and data rate, the throughput of the system can be improved significantly.

In this paper, the goal of the joint power and rate allocation is to maximize the total expected system
throughput. We allow for constraints on the total transmission power at the base-station and the maximum
data rate for each mobile. It turns out that this problem is a non-convex programming problem. In general,
obtaining a global optimal solution of a non-convex programming problem is not easy and requires a com-
plex algorithm. Hence, in this paper, we propose a simple distributed power and rate allocation algorithm
that provides a Pareto-optimal power and rate allocation as well as an asymptotic optimal power and rate
allocation. We also study the properties of power and rate allocation in the downlink of the system in the
presence of the constraint on the maximum data rate and heterogeneous mobiles. As mentioned above, it
was proven that, for the downlink in the idealized system in which there is no constraint on the maximum
data rate for each mobile, the optimal strategy is to transmit only one mobile at a time. In addition, it can
be easily shown that if all mobiles are homogeneous, transmitting a mobile in the best transmission envi-
ronment is an optimal strategy. However, in practice, due to either the physical limit of the hardware or the
application limit, each mobile cannot receive more than some maximum data rate and there exists a con-
straint on the maximum data rate. Further, it is possible that each mobile has a different modulation scheme
and a different coding level that depend on the channel state and the application [12]. In this case, each
mobile has a different functiolfi, since it depends on the modulation and the coding schemes. Because of
these two generalizations (that are practically important), a strategy that transmits only one mobile in the
best transmission environment may not be optimal. In this paper, we characterize the optimality conditions
for pure CDMA type of transmission in which the base-station transmits to all mobiles simultaneously and
pure TDMA type of transmission in which the base-station transmits to only one mobile at a time, when

there exists a constraint on the maximum data rate for each mobile. We also study the properties of our



mobile selection strategy, when there are heterogeneous mobiles in the system.

We next consider a multi-cellular system. Here we propose a pricing based base-station assignment algo-
rithm. In the traditional SIR based base-station assignment, a mobile is assigned the base-station that can
transmit to it at the highest SIR. Hence, in this scheme, only the transmission environment (the channel state
and the interference level) between a base-station and a mobile is considered in determining which base-
station should communicate to a mobile. However, when a cell is congested, by reassigning some of the
mobiles in the cell to other cells that are less congested, we can expect to improve the system performance
by balancing the load of cells. Therefore, when a base-station is assigned to a mobile, by taking into account
the congestion level of the cell as well as the transmission environment of the mobile, we can significantly
improve the performance of the system. However, obtaining optimal assignment of base-stations may need
complicated algorithm to be implemented in practice, since it may require global coordinations among base-
stations. Hence, we propose a heuristic and simple algorithm in this paper. To measure the congestion level
in the cells and the transmission environment of mobiles, we will use the outcomes of the proposed power
and rate allocation algorithm in this paper. Our base-station assignment algorithm has two distinguishing
features compared with base-station assignment algorithms proposed in [5], [6], [7]. First, it is simple and
needs less signaling costs than the other algorithms. In our algorithm, each mobile needs only base-station-
specific information that can be broadcasted from the base-station, while in other algorithms, each mobile
needs mobile-specific information that requires for the base-station to maintain signaling channels with not
only mobiles in its own cell but also mobiles in other cells. Second, our algorithm is based on the downlink
performance, while others are based on the uplink performance. As mentioned before, in wireless networks,
the downlink is the bottleneck link. Hence, base-station assignment based on downlink performance may be
a more appropriate approach. In many problems in wireless networks, the algorithm for the uplink can be
used for the uplink with simple modifications. However, as shown in [13], in the joint power allocation and
base-station assignment problems, the uplink problem and the downlink problem have different properties.
This implies that the algorithm for the uplink cannot be easily modified for the use in the downlink, which
necessitates the study of the downlink problem independently.

The rest of the paper is organized as follows. In Section Il, we describe the system model. We present the
joint power and rate allocation algorithm in Section Il and study the properties of power and rate allocation
in Section IV. In Section V, the base-station assignment algorithm is presented. We provide numerical

results using computer simulation in Section VI and conclude in Section VII.



Il. SYSTEM MODEL

We consider the downlink in a CDMA network consisting®base-stations (cells) and mobiles. The
system is assumed to be time-slotted. At each time slot (this could be a generic interval of time), the power
and data rate allocation algorithm and the base-station assignment algorithm are executed. A time slot in our
system is an arbitrary interval of time and could consist of one packet or several packets. Each base-station
has its maximum power limiP; and each mobile communicates with one base-station. For a given mobile
i, R is the maximum data rate at which it can receive gni the probability of packet transmission
success, which is a function of = Ey/1, (bit energy to interference density ratio) for mohilend depends

on the modulation and coding level. We can expred®r mobile: that communicates with base-station

as:
_ W Gi(b)P;
vi(Ri, P(b) = — ©)
meM(b)
W P,
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meM (b)
where

W : Chip rate.

0 : Orthogonality factor.
P : Allocated power for mobile.
R; : Data rate for mobile.

P(b) : Power allocation vector for mobiles that communicate with base-station
G,(b) : Path gain from base-statiério mobile:.
I;(b) : Background noise and intercell interference to mobtleat communicates with base-station
M (b) : Set of mobiles that communicate with base-station
Ai(b) = Li(b)/Gi(D).
We assume that; has the following properties.
Assumptions:
(a) fiis anincreasing function of;.

(b) f; is twice continuously differentiable.



(c) fi(0) =0.
(d) 2 g;(% (% + 67:) + 202502 = 0 has at most one solution faf > 0.
(e) If 400 ( H+07) + 290’3 %) — () has one solution at? > 0, ft(% (W 4 675) + 26250 > 0 for

v <AL and%j}”(% +07) + 202500 < 0 for ;> 4.

Remark 1: By the assumptions abovey it ;) P is constant Z-fi72) dflg(ll has at most one inflection point.

In addition, if it has an inflection poinP?, thenag;ﬁz) > 0 for P, < P° and 85;31 < 0for P, > P?.

We will show thab~,c,, ) P; = Pr later. Therefore f; can be one of three types: a sigmoidal-like function

of its own power allocatioh a concave function of its own power allocation, or a convex function of its
own power allocation. In most cases, the probability of packet transmission success can be characterized
by one of these three types of functions. In Fig. 1, we provide some examples for Binary Phase-Shift Keying
(BPSK), Differential Phase-Shift Keying (DPSK), and Frequency-Shift Keying (FSK) modulation schemes.
In this figure, we assume a packet consists of 800 bits without channel coding aRd setl0, 6 = 1,

% = 16, and 4;(b) = 0.7407.

I1l. POWER AND RATE ALLOCATION

In this section, we study the power and data rate allocation problem focusing on one cell of the system.
For notational convenience, we will omit the parameter for the base-station in variables. We assume that
mobiles from 1 tolM/ communicate with their target base-station. First, we défin¢he utility function of

LA sigmoidal-like function means a functigfi(x) that has one inflection point,” and di{;g@ > 0forz < x2° and di{;é” < 0forz > x°,

i.e. fi(x) is a convex function for: < z° and a concave function far > z°.
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Fig. 1. Probabilities of packet transmission success for BPSK, DPSK, and FSK modulation schemes.



mobile: as

which is the expected throughput of mohileThen, the optimization problem for power and rate allocation
considered in this paper is given by
M —
(A)  max Z Ui(R;, P)
=1

M
subjectto Y P, < Pr,

i=1

0<P<Pp, i=12--,M,
0< R <RM= =12, M.

Therefore, our goal is tmaximize the total expected system througlfing sum of the expected throughput
of all mobiles) with constraints on the total transmission power at the base-station and the maximum data
rate for each mobile.

To solve problem (A), we first calculate the optimal data rate given a power allocation and, next, obtain
the power allocation. It can easily be shown that, to maximize the total system throughput, the base-station

must transmit at its maximum power limi®;. This implies tha@f‘il P, = Pr and

_ W R
’VZ(R’HP) = ﬁ M
"0N" P, — 0P, + A,
m=1
WP
R; 0Pr — 0P, + A,

L (R, P), i=1,2-- M.

Note thaty;(R;, P;) does not depend on the power allocation for other mobiles and we can rewrite the utility

function for mobilei defined in Equation (1) as
Ui(Ri, P) = Rifi(v:(Ri, F)), (2)

which does not depend on the power allocation for other mobiles. Therefore, each fraabileletermine
R:(P;), the optimal data rate for a given power allocatiBnwithout considering the other mobiles. The

optimal data rate for mobilefor a given power allocation is obtained by the following proposition.



Proposition 1: For the power allocatio®;, R} (F;), the optimal rate for mobile, is given by

WP, : Rr (0Pr+Ai)
RA(P) = FFOPr—0P1A;)° if P, < TWAORTE
R otherwise,
wherey} = arg maX@l{}/fi(’y)}.
Proof: See Appendix A. [ |

From Proposition 1 and Equation (2), the utility function of mobié the optimal data rate allocation for a

given power allocationp;, U; (R} (P;), P,) is expressed as

R

Ui (P)

2

Ui(R;(P), P)

w P, ; Ry (0Pr+A;)
— v; 0Pr—0P;+A; f’(%*)’ if P < WHOR *Eyy 0 3)

R f.(vi(R"™*, P;)), otherwise,

and problem (A) is equivalent to the following optimization problgém.
M R*
(B) maxz U, " (P)
=1

M
subjectto > P < Pr,

=1

0<P<Pr, i=12-, M.

In problem (B), the problem is reduced to a power allocation problem from the original power and rate
allocation problem. After obtaining the appropriate power allocation by solving problem (B), the optimal

transmission data rate can be obtained via Proposition 1.

RI"%~* (OPp+A;

Remark 2: In Equation (S)UZ»RI(B) is a convex function foP, < T ) and the shape of

URr(PZ-) follows the shape of; for

7

Ry (0Pr+4;)

R;‘ . .
WroREe < P, < Pr. ThereforeU; " (P;) is a convex function,

or a sigmoidal-like function of?;, since by assumptiory; is a convex function, a concave function, or a
sigmoidal-like function of’;.

SinceUin could be a sigmoidal-like function, which is the more interesting case, in general, it is not easy
to obtain an optimal solution for problem (B). However, it turns out that the structure of problem (B) is
similar to that of the problem studied in [14]. In [14], a power allocation algorithm that provides a power

allocation that is Pareto-optimal as well as a good approximation of the global optimal power allocation

2A mobile with the fixed data rat&’ can be easily accommodated in this problem, if we assumeth@®;) = R for0 < P; < Pr.
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for sigmoidal-like, convex, and concave utility functions. Further, it is proved that the power allocation
is asymptotically optimal in [15]. We can hence exploit the power allocation strategy in [14] to obtain a
Pareto-optimal and asymptotically optimal power allocation and obtain the optimal data rate for the power
allocation using Proposition 1. In the following, we briefly describe the power allocation algorithm. We
refer readers to [14], [15] for more details.

The power allocation algorithm is a dynamic pricing based algorithm. The base-station broaddaests
price per unit power to all mobiles that communicate with it. Based oeach mobile requests a power

level P;(\) that maximizes its net utility, i.e.,

P,(\) = arg max {U ( ) — AP}. (4)

0<P<Pr

Based on the amount of power requested by all mobiles, the base-station uptatesiximize the total
system utility. The algorithm consists of two stages, the mobile selection stage and the power allocation
stage. At the mobile selection stage, mobiles are selected by the mobile selection algorithm:
Mobile Selection Algorithm

(@) If P (A\]"**) = Pr, mobile 1 is selected.
(b) If 521 Py(\eey) < PrandyfZ! Py(Aper) > Pr, mobilesl, 2, - - -, k — 1 are selected.
(c) If Z’“ | Pj(A\rer) < Pr ande:1 P;(A\j**) > Pr, mobilesl, 2, -- -, k — 1 are selected.
(d) If P;(A\y*) < Pr, mobilesl, 2, - - -, M are selected.

where\"** is the maximum willingness to pay per unit power of mohikend is defined as

AP = arg min { max {U (P)—/\P}:O},

0<A<oco 0LP<LPr
and we assume that*** > A\* > ... > A\ We call\]*** the maximum willingness to pay per unit
power of mobiles, sinceP;(\) > 0 for A < A\"** and P;(\) = 0 for A > A\"**. Therefore, at the mobile
selection stage, mobiles are selected in a decreasing ord@roas many as possible satisfying the power

constraint. Each mobilecan calculate\]**” as:

*

R
e ) 2R e, 10 < P? < PpandP* exists
o= ©)
CAC o otherwise,
T

whereF? is an inflection point oUZ-R; (P) and P* is a solution of the following equation.

R*
) &(p
v p) - P 0 m<p<ny
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After selecting mobiles, the problem is reduced to a convex programming problem. Thus, at the power
allocation stage, power is allocated optimally to the selected mobiles using a simple algorithm. In [14], the
power allocation algorithm was implemented using a bisection algorithm. It was shown that if a condition in

either (a), (b), or (d) of the mobile selection algorithm is satisfied, the power allocatiogiadal optimal

power allocation But, if the condition in (c) of the mobile selection algorithm is satisfied, the power

allocation might be different from the global optimal power allocation.

V. STUDY OF THE PROPOSED POWER AND RATE ALLOCATION ALGORITHM
A. Mobile selectivity

We study the properties of the mobile selectivity in this subsection. Recaldthiatdefined byl;/G;,
wherel; is background noise and intercell interference to mobardG; is path gain from the base-station
to mobiles, f; is the probability of packet transmission success for mabaad R*** is the maximum data
rate for mobilei. Thus, A; represents the degree of “goodness” of the transmission environment from the
base-station to mobile SmallerA; implies that a better transmission environment.

The next proposition shows that if mobilés more efficient than mobilg, thenA*** > A\*® and mobile
i has a greater chance to be selected by the algorithm than mofiles is the case because in the mobile
selection algorithm, mobiles are selected in a decreasing orderét As pointed out in the previous
section, the power allocation is a global optimal power allocation for the selected mobiles. Therefore, with
this efficient mobile selection combined with the globally optimal power allocation for the selected mobiles,

our algorithm can achieve high efficiency of the system. We first define the efficiency of mobiles.
Definition 1: Mobile; is said to be more efficient than mobjléf Uf’f(P) > U]R;(P) for0 < P < Pr.
Proposition 2: If mobilel is more efficient than mobilg then\j"** > A,
Proof: See Appendix B. |
Corollary 1: Suppos¢/i(y) = f;(v) and 4; = A;. Then, ifR"** > RT'e®, \ar > \new,
Proof: See Appendix C. [ |

Corollary 1 implies that if other conditions are same, the mobile with a higher maximum data rate has a
higher priority to be selected than the mobile with a lower maximum data rate. Corollaries 2 and 3 can be

proved in a similar way to Corollary 1.
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Corollary 2: Supposéi™*® = R7** and A; = A;. Then, iffi(y) > f;(v) for all o, \j® > A,
In Corollary 2, f;(v) > f;(~) implies that mobile; needs a lower value af, /[, to achieve the same
transmission success probability as mobilé.e., mobilei has a more efficient transmission scheme than
mobile j. Hence, Corollary 2 implies that if other conditions are same, the mobile with the more efficient
transmission scheme has a higher priority to be selected than the mobile with the less efficient transmission

scheme.

Corollary 3: Suppos¢;(y) = f;(v) and R*** = R**. Then, ifA; < Aj, \e® > A,
In Corollary 3,4; < A; implies that mobil€ is in a better transmission environment than mofilelence, if
other conditions are same, a mobile in a better transmission environment has a higher priority to be selected
than a mobile in a worse transmission environment. This also implies that if all mobiles are homogeneous,
then mobiles are selected in an increasing ordet;pf.e., mobiles are selected according to their transmis-
sion environment.

It can be easily shown that the results in this subsection can be applied to the global optimal power and
rate allocation. Therefore, in the system with heterogeneous mobiles, the mobile selectivity depends not
only on the transmission environment of mobiles but also on the maximum data rate and the transmission
scheme of mobiles. This implies that, in general situations in which several conditions are mixed, it is not
easy to determine which mobiles must be selected for the global optimal solution. However, our mobile
selection that selects mobiles in a decreasing ordgj"6f provides a simple and unified strategy of mobile

selection, while providing a good approximation of the global optimal solution.

B. Properties of the proposed power and rate allocation

In this subsection, we study properties of the proposed power and rate allocation. The next proposition

gives us the optimal transmission data rate of the selected mobiles.

Proposition 3: Suppose that mobilés selected by the mobile selection algorithm, th&nthe transmis-

sion data rate for mobilé is given by

PrW max H . PrW
[ A, < R if A; > R

Z R otherwise.
Proof: See Appendix D. |
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Proposition 3 implies that each mobile can compute its transmission data rate when it is selected by the
proposed power and rate allocation algorithm before the power allocation procedureRsidoes not
depend on the individual power levé}. This is true even though the optimal data rate of a mobile is a
function of the level of the power allocation, as shown in Proposition 1. From the proof of Proposition 3,
if Rf < R, Uf7 (P) is a convex function and mobileis allocated the total transmission powey at

price \* = \"**. This implies that if a mobile is selected for transmission, it is always allocated the data
rate eitherR! = R"** that is a constant aR; < R["** that requires the total transmission pow&t. Thus,

we can think that? does not depend on the individual power lef®l Using this property, mobilé can
calculate its transmission data rdtg after measuring its transmission environmép@nd it can act like a
mobile with a fixed data rat&; during the power allocation procedure. We also have the next corollary that
indicates that the joint power and data rate allocation for a mobile using the proposed algorithm is one of

boundary points of the individual constraint set of the mobile.

Corollary 4: If mobile: is selected by the mobile selection algorithm ajd< R"**, only mobilei is
selected and the total power is allocated to it.
Corollary 4 implies that at most one mobile can be allocated a data rate that is smaller than its maximum data
rate. Further, if there exists such a mobile, other mobiles cannot be selected. Therefore, if we assume that
mobiles are selected sequentially (in a decreasing order of the maximum willingness to pay) in the proposed
scheme, a new mobile can be selected, only when both the mobiles that are already selected and the new
mobile can be allocated their maximum data rates.

A similar result can be shown for the global optimal power and rate allocation.

Proposition 4: If P* = (Py,---, P;;) is a global power allocation, then at most one mobile achieves
utility value in the convex region of the utility function among the selected mobiles for transmission.

Proof: See Appendix E. [ |

Proposition 4 implies that at the global optimal power and rate allocation, at most one mobile can be allocated
a data rate that is smaller than its maximum data rate (similar to the case in our scheme), since at the concave
region of the utility function, a mobile is allocated its maximum data rate. If some mobile, that is allocated

a smaller data rate than its maximum data rate, is selected for transmission along with other mobiles, we
can think that this mobile utilizes power most inefficiently among the selected mobiles. This has to be true,

otherwise, by taking some power from the other mobiles and allocating it to the mobile, we can increase its
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data rate up to the maximum data rate and improve the overall system performance. Hence, if we assume
that mobiles are selected for transmission sequentially (in a decreasing order of the efficiency of power
utilization) at the global optimal power and rate allocation, a new mobile can be selected, only when mobiles
that are already selected can be allocated their maximum data rate as in our scheme. But in the global optimal
scheme, a new mobile can be allocated a data rate that is smaller than its maximum data rate, which is not
allowed in our scheme.

Therefore, we can infer that if we have a situation when a mobile is in the convex region at the global
optimal power and rate allocation, the proposed algorithm does not allocate power to the mobile but dis-
tributes power to be allocated to the mobile to the other selected mobiles optimally. As pointed out before,
in general, the mobile in the convex region at the global optimal power and rate allocation utilizes power less
efficiently than the other selected mobiles and the utility value in the convex region is relatively small. But
finding the mobile in the convex region at the global optimal power and rate allocation is noHsasye,
by ignoring the mobile that is relatively inefficient, we can obtain a good approximation of the global power

and rate allocation with the simple proposed algorithm

C. Study of the optimality conditions for TDMA and CDMA type of transmissions

In this subsection, we study the optimality conditions of pure TDMA type of transmission that transmits to
only one mobile at a time and pure CDMA type of transmission that transmits to all mobiles simultaneously.
The next proposition gives us the optimal conditions for the TDMA type of transmission and the CDMA

type of transmission.

Proposition 5: (@) If Py(A\y**) > Pr, whereA7** > A\ > ... > \1e* then selecting only mobile 1
and allocating the total transmission power to it is an optimal strategy.

(b) If =M, P(A79®) < Pp, whereA™® > \mar > ... > \maz then selecting all mobiles and transmit-
ting to all mobiles simultaneously is an optimal strategy.

Proof: See Appendix F. [ |

Note that the optimality conditions in Proposition 5 depend not only on system parameters that are constant,
but also on the transmission environment of each mobile (time varying and location dependent) and the
maximum data rate of each mobile (also time varying from the point of view of the system). Moreover,

selecting a subset of mobiles at a time and transmitting only to them can be an optimal strategy depending
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on the system status. This implies that a static strategy for transmission could be inefficient in some cases and
to obtain a high efficiency of the system, we need a strategy that can be adapted to dynamic characteristics
of the system, such as the scheme proposed in this paper.

From Proposition 5 (a), we can also infer thakif** > % for all mobiles (i.e., if mobiles have a high
enough maximum data rate or the transmission environment of mobiles is bad because of high interference
or high channel loss), then pure TDMA type of transmission is optimal. In this ¢gse; R*** for all
mobiles by Proposition 3 anUiR;(P) is a convex function for each mobilethat hasp;(\"**) = Pr.
Therefore, by Proposition 5 (a), selecting only one mobile and allocating the total transmission power to it
is an optimal strategy. This also implies that if there is no constraint on the maximum data rate for mobiles,

then TDMA type of transmission is always optimal regardless of transmission environment of mobiles as

shown in [3], [4].

V. BASE-STATION ASSIGNMENT

In the previous sections, we considered a power and rate allocation problem by focusing on one cell of
the system. In this section, we consider a multi-cellular system and it brings us two additional problems
that were not considered in the previous sections. One is the total transmission power allocation problem for
each base-station and the other is the base-station assignment problem for each mobile.

To maximize the improvement of the system performance, the power allocation for base-stations must be
done considering the status of each cell and and the channel state of each mobile. But, in practice, this would
require a very complex power allocation algorithm, since it needs the cooperation among base-stations (at
least among adjacent base-stations). In addition, each base-station may require information not only from
mobiles in its cell, but also from mobiles in other cells, resulting in a significant amount of signaling cost.
For instance, Olet al. extend their power control and spreading gain allocation algorithm for a single cell
system [1] to a multi-cellular system [2]. To perform the algorithm, each base-station needs to know the
detailed information of the status of the mobiles in its own cell and adjacent cells. However, even with this
significant amount of information, the algorithm is not guaranteed to converge to the optimal allocation and
requires much longer convergence time than the algorithm for the single cell system.

Therefore, in this paper, we adopt a strategy that each base-station tries to maximize its total system
utility without considering the status of other cells. Using this strategy, each base-station performs the

power allocation algorithm in the previous section by independently transmitting at its maximum power
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level, which makes the algorithm simple. This is typically called a non-cooperative situation and results in
a Nash equilibrium operating point, which might imefficient i.e., there might exist another total power
allocation with which each mobile can obtain higher utility than the Nash equilibrium power allocation.

If the load of each cell is unbalanced, the inefficiency might be large. For example, if one cell is heavily
loaded and an adjacent cell is lightly loaded, by decreasing the total transmission power of the base-station
in the lightly loaded cell, interference for mobiles in the heavily loaded cell can be decreased. This results
in a decrease of the utility of the lightly loaded cell and an increase in the utility of the heavily loaded cell.

In such a case, generally, the increase can be larger than the decrease in utility and hence the total system
utility could be higher than the total system utility at the Nash equilibrium. To cope with this situation,
we propose a base-station assignment algorithm. By reassigning some mobiles in the heavily loaded cells
to lightly loaded cells, we can expect to improve the total system utility by balancing the load among the
base-stations. We next describe the proposed base-station assignment algorithm.

Each base-station performs the power and data rate allocation algorithm in the previous section indepen-
dently. For the base-station assignment, we use the results of the power and data rate allocation algorithm,
which is a pricing based algorithm. Thus, we call our base-station assignmemnicing based base-station
assignmentWe first define some variables.

« S¢(b): Set of mobiles that are not selected for transmission by base-stadimong mobiles that com-

municate with base-statidn

o A"**(ph): Maximum willingness to pay per unit power of mobiléor base-statioi.

« A*(b): Equilibrium price per unit power for base-statibn

max;ese(p){ A7 " (0)},  if S(b) # ¢,

0, otherwise.

o w(b) =

Also, recall that4;(b) indicates the transmission environment between base statiod mobilei. Smaller
A,(b) indicates a better transmission environment.

Assume that mobiléis currently communicating to base-statforif mobile : is selected for transmission
by base-station, it continues to communicate to base-stathian the next time slot. But, if mobile is not
selected for transmission by base-statipat the next time slot, it selects and connects to a base-station
that satisfies

d = arg max{\"**(k) — \"(k)}, (6)

keg(i)
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where

9(i) = {k € B]A""(k) = w(k)} ()
andB is the set of base-stations. Note tfi&may not be the set of all base-stations. It could be a subset
of all base-stations. For examplB,could be the set of adjacent base-stations of base-statiothe set of
base-stations from which mobileeceives pilot signal with enough strength.udfb) > A\***(b), mobilei
cannot be selected by base-stathoend in Equation (7), we exclude base-stathboa B from g(i) whose
w(b) is larger than\;(b). Therefore,g(i) can be thought as the set of candidate base-stations by which
mobile: can be selected. By Equation (6), the mobile selects a base-station that has the maximum value of
the maximum willingness to pay for the base-station minus the equilibrium price of the base-station among
the candidate base-stations.

We can explain the intuition of the proposed algorithm using two interpretations. First, from the point of
view of pricing, we can think that the mobile selects the base-station which gives it the highest profit per unit
power. Since\***(b) can be interpreted as the maximum value for unit power of makilebase-station
b and \*(b) can be interpreted as the current price for unit power at base-stat\jti(b) — A*(b) can be
interpreted as the profit per unit power that mobilgan obtain if it is selected by base-stationAnother
interpretation is that the mobile selects the base-station with which it has the relatively best transmission
environment considering the congestion level of the base-station. The next proposition tells\jstgt

is an indicator of the transmission environment between base-steadioth mobile;.

Proposition 6: IfA"**(n) < A\"**(m), thenA;(n) > A;(m).
Proof: See Appendix G. [ |

By the definition ofA;(b), \***(n) < A"**(m) implies that the transmission environment between base-
stationm and mobile: is better than the transmission environment between base-statod mobile;.
Thus, \"**(b) can be interpreted as the “goodness” of the transmission environment of mualhitn it is
connected to base-statibnAlso, we can interpret*(b) as being the congestion level at base-stakifrom

the following propositions.

Proposition 7: Suppose mobilas selected by base-statianand mobile;j is selected by base-station.
Further suppose that; = f;, R"** = R, and A;(n) = A;(m). Then, ifAf(n) < Xj(m), Pi(X*(n)) >

Pi(A*(m)).
Proof: See Appendix H. [ |
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What Proposition 7 tells us is that if two mobiles are in the same condition and they are selected by different

base-stations, a mobile in the base-station with a lower equilibrium price is allocated more power than a

mobile in the base-station with a higher equilibrium price. In other words, the base-station with a higher

equilibrium price has more demand for power than the base-station with a lower equilibrium price. Thus,

we can interpred*(b) as being the congestion level of base-statiohlence \7***(b) — \*(b) in Equation

(6) can be interpreted as the relative “goodness” of the transmission environment between:raadile

base-statiom, taking into account the congestion level of the cell. From this interpretation, Equation (6)

implies that mobile is reassigned to base-statidnvhich has the relatively best transmission environment

considering the congestion level of the cell among the candidate base-stations from which it can be selected.
To perform the base-station assignment algorithm in Equations (6) and (7), mahilst calculate

Amer(p) and know\*(b) andw(b) for b € B. Mobile ¢ can calculate\]***(b), if it knows A;(b) and Pr

and A;(b) can be measured at mobile Hence, the information that mobiteneeds to perform the algo-

rithm are Py, A*(b) andw(b) for b € B and these parameters must be transmitted from base-siatRrt

this is base-station-specific information not mobile-specific information and this can be broadcasted by each

base-station. In contrast, for the algorithms in [5], [6], [7], each mobile needs to know some mobile-specific

information that must be transmitted from the base-stations that are candidates for the assignment, requiring

each mobile to maintain its own signaling channels with several base-stations. Therefore, our algorithm

needs less signaling costs than the algorithms in [5], [6], [7].

VI. NUMERICAL RESULTS

In this section, we provide numerical results of our power and rate allocation algorithm and base-station
assignment algorithm by computer simulations. We also compare the performance of our algorithms with
the performance of Qualcomm’s HDR [8], [9], which is proposed for downlink transmission for high data
rate services. In HDR, each base-station transmits a pilot signal. Each mobile measures its received SIR
from the pilot signals of several base-stations and is connected to the base-station with the highest SIR. At
each base-station, for downlink transmission, the base-station transmits at the maximum power, if there is at
least one mobile to transmit to, without considering the status of other cells. The downlink transmissions are
time multiplexed and at each time slot, each base-station transmits to only one mobile. Therefore, ignoring
fairness, the optimal strategy that maximizes the throughput in HDR is to transmit to a mobile that can
achieve the highest expected throughput. We adopt this strategy to obtain the performance of HDR, since in

this paper, we do not consider fairness.
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Fig. 2. Cellular network model.

TABLE |

PARAMETERS FOR THE SYSTEM

Maximum power £r) 10
Chip rate (V) 100000
Distance loss exponent) 4

Variance of log-normal distributiors¢) 8

Length of the side of the cell 1000

For the simulation, we model the cellular network with 9 square cells as shown in Fig. 2. We assume that
the base-station is located at the center of each cell. We model the path gain from a basétetatioabile
J, Gijas

K.
Gi, i ;J ) (8)
J di,j

whered; ; is the distance from the base-statidn mobilej, « is a distance loss exponent afg; is the log-
normally distributed random variable with mean 0 and variaric@B), which represents shadowing [16].
The parameters for the system are summarized in Table I. For the simulation, we use a sigmoid function to

represent;(y). The sigmoid function is expressed as

1

filty) = Cz{m —di}, )
where we set; = £ andd; = 1 for the normalization.
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TABLE Il

THE PROBABILITY OF PACKET TRANSMISSION SUCCES$a = 3, h = 3.5).

v(dB) 5 6 7 8
f()

0.2662| 0.8089| 0.9894| 0.9998

We first present the performance of the power and rate allocation algorithm without considering base-
station assignment. We focus on the cell at the center of the system and assume that the base-stations in
other cells transmit at the maximum power limit. In Tables Il - V, we assume that there are two classes
of mobiles and set the orthogonality factér= 1. In Tables III - IV, we have 10 mobiles that are located
independently according to a uniform distribution and mobiles in each class are generated with probability
0.5.

In Table 1ll, each class is assumed to have the s@ig = f(~) but differentR***. For f(~), we set
a = 3 andb = 3.5 and the values of it for severals are provided in Table Il. We provide simulation results
by settingRy*** = 6250 (N3 = 16) and varyingR7** (N™"). First, the selection ratio of mobiles of each
class is provided. The results in Table Il indicate that the class with the high€rhas a higher selection
ratio of mobiles than the class with the lowf***. This implies that the proposed power and rate allocation
gives a higher priority to be selected to mobiles with the higher maximum data rate, as proved in Corollary
1. We also provide the system utilities obtained by the proposed power and rate allocation and HDR, and
the ratio of their utilities. WheR*** = 25000, these two algorithms give almost the same utility. This is

because if there exist mobiles with high maximum data rate, the optimal strategy is to select one mobile and

TABLE IlI

COMPARISON OF PERFORMANCES OF OUR POWER AND RATE ALLOCATION ANBIDR.

R 1562.5 3125 6250 12500 25000
(V7™ (64) (32) (16) (8) 4)
Selection ratio of class 1 0.50052 | 0.427702| 0.388386| 0.347643| 0.197597
Selection ratio of class 2 0.567581| 0.509915| 0.391784| 0.121819| 0.0197844
Utility (Our algorithm) 21324.7 | 22298.9 | 24085.7 | 25379.3 | 25307.1
Utility (HDR) 6243.77 | 6247.18 6250 12485.8 24919
Utility (Our algorithm)/Utility (HDR) || 3.41536 | 3.56944 | 3.85372 | 2.03265| 1.01557
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TABLE IV

COMPARISON OF PERFORMANCES OF OUR POWER AND RATE ALLOCATION ANBEIDR.

hy 2.5 3.0 3.5 4.0 4.5
Selection ratio of class 1 0.565704| 0.471902| 0.391296| 0.306037| 0.230125
Selection ratio of class 2 0.288467| 0.320855| 0.388662| 0.448649| 0.484367
Utility (Our algorithm) 26222.5 | 24570.6 | 24077.7 | 23196.7 | 22031.6
Utility (HDR) 6250 6250 6250 6250 6250
Utility (Our algorithm)/Utility (HDR) || 4.1956 | 3.93129 | 3.85243| 3.71148| 3.52505

allocate the total transmission power to that mobile. HoweveRd$ decreases, the utility achieved by our
power and rate allocation becomes much higher than that of HDR. The reason for this ig#fi&t i§ not
high, the optimal strategy is to select several mobiles and transmit to them simultaneously. From the results,
we know that HDR is optimized only for high data rate services and it could be very inefficient, if there exist
heterogeneous services, while our algorithm can be used in any cases with high efficiency.

In Table IV, numerical results are provided by varyihg We setR"** = Ry* = (6250 (N =
Nivin = 16), a1 = ay = 3, andhy, = 3.5. As presented in this table, the class with the lower valug; of
has a higher selection ratio than the class with the higher valiae &y Equation (9), the mobile with the
lower h; needs the lower SIR to achieve the same probability of packet transmission success than the mobile
with the higherh;. Hence, the former has the more efficient transmission scheme and a higher priority to be
selected than the latter, as proved in Corollary 2. We also compare the performance of the proposed power
and rate allocation and HDR. From the results, we know that agcreases the difference between the two
algorithms gets larger. Hence, the results indicates that as mobiles get more efficient, the base-station can
select more mobiles and transmit them simultaneously to improve the system throughput.

In table V, we assume that each class has the same maximum dat&f&te= 6250, and the same
function for the probability of packet transmission succéss; f. We sein = 3 andb = 3.5. But we divide
the cell into two regions: an inner region that is a square at the center of the cell whose length of the side
is a half of the length of the side of the cell and an outer region that is the remaining region of the cell. We
say that mobiles in the inner region belong to class 1 and the mobiles in the outer region belong to class 2.
Thus, a mobile in class 1 is closer to the base-station than a mobile in class 2 and, in general, the former is in

a better transmission environment than the latter. As we studied in Corollary 3, the comparison of selection
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TABLE V

COMPARISON OF PERFORMANCES OF OUR POWER AND RATE ALLOCATION ANBEIDR.

Ratio of class 1 0.2 0.4 0.6 0.8
Selection ratio of class 1 0.981354| 0.849091 0.653282 | 0.4994
Selection ratio of class 2 0.02528 | 0.00391738 0.000125534 0
Utility (Our algorithm) 13328.8 | 21279.4 24450.7 | 24877.3
Utility (HDR) 6141.44 | 6242.9 6250 6250
Utility (Our algorithm)/Utility (HDR) | 2.17031 | 3.40857 3.91211 | 3.98037

TABLE VI

COMPARISON OF PERFORMANCES OF OUR POWER AND RATE ALLOCATION ANEIDR.

0 0.2 0.4 0.6 0.8 1.0
Utility (Our algorithm) 92914.3| 63127.7| 49559.4| 44446.7| 25000
Utility (HDR) 25000 | 25000 | 25000 | 25000 | 25000

Utility (Our algorithm)/Utility (HDR) || 3.71657| 2.52511| 1.98238| 1.77787| 1

ratio indicates that mobiles in a better transmission environment have a higher priority to be selected. The
comparison of the performance of our scheme and that of HDR shows that as the number of mobiles in
a better transmission environment increases, our scheme more outperforms a scheme like HDR. This is
because mobiles in a better transmission environment need less power to achieve the desired performance
and, thus, as the number of mobiles in a better transmission environment increases, the base-station can
transmit to more mobiles simultaneously.

In table VI, we assume that a single class of mobiles are in the cell. W&'$&t = 25000, a =
3, andb = 3.5. We provide the result varying, the orthogonality factor of the system. As we have a
smaller orthogonality factor, mobiles have less intracell interference and the base-station can transmit to
more mobiles simultaneously. This is indicated by the result that our scheme more outperforms HDR, as the
orthogonality factor gets smaller.

We now present the performance of the proposed base-station assignment algorithm. Recall that in the
proposed base-station assignment algorithm, power and rate are allocated using our power and rate allocation

in the previous section. We call tmidgorithm A We also compare it with two other algorithms. One is called
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Algorithm B in which the power and rate are allocated using the proposed power and rate allocation, but
each mobile is assigned to the base-station with the highest SIR, as in HDR. In this case; maisisggned

to base-statiod such that
d = argmin{A;(b)}. (10)

The comparison of these two algorithms shows us the performance gain of the pricing based base-station
assignment algorithm over the SIR based base-station assignment algorithm. The other algorithm that we
compare with is the one in HDR, in which each mobile is assigned to the base-station using Equation (10),
and each base-station transmits with full power to only one mobile that can receive the highest data rate.
We assume that there are two classes of mobiles ang, seta, = 3, hy = hy = 3.5, R = 12500
(N = 8), and Ry = 1562.5 (N3 = 64). Mobiles in class 1 are generated with probability and
mobiles in class 2 with probability.8. For the simulation, we model hot spot situation as follows. Fiv&f,
mobiles are located in each cell with uniform distribution. We call these mob#dksiced mobilesThus,
there exist a total o x M, balanced mobileg the systemBalanced mobileare generated in the system
one by one in each cell in a sequential order, while trying to preserve a balanced load for each cell. Next,
M, mobiles are located one by one in the center cell with uniform distribution. We call these muttiles
spot mobiles Therefore, a total of x M, + M), mobiles are in the system with/,, + M; mobiles in the
center cell and//, mobiles in each of other cells. In addition, we assumedhat 0 in Equation (8), which
implies that at the SIR based base-station assignment, each mobile is assigned the closest base-station fror
it.

In Figs. 3-5, we compare the system utility achieved by each algorithm by vaiyingin the way
we generate mobiles, if the number of mobiles is less than or equal to 9, each base-station has at most
one mobile, and, thus, all three algorithms provide the same resultsbatmced mobilegi.e., up to
9 x M, mobiles)Algorithm AandAlgorithm Bachieve almost the same utility. But, during the hot spot
period,Algorithm AoutperformsAlgorithm B This implies that the pricing based base-station assignment
outperforms the SIR based base-station assignment at the hot spot situation by reassigning mobiles connectec
to the more congested base-station to less congested base-stations. As shown in the single cell results,
Algorithm B outperforms HDR, and, thus, so do&kyorithm A In Fig. 6, we provide the ratio of the
system utility achieved bplgorithm Ato that achieved byAlgorithm Bfor M, = 1,2, 3, respectively. The
only difference betweeAlgorithm AandAlgorithm Bis the base-station assignment algorithm. Hence, the

difference in the performance of these two algorithms provides the effect of the base-station algorithm for
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the system performance. Since, as the “unbalancedness” of the system increases)Mi.edeaseases),

more mobiles in the more congested cell can be reassigned to less congested cells, the performance gain of
Algorithm Aover Algorithm Bincreases with the “unbalancedness” of the system. The results also implies
that balancing the load of each cell by connecting mobiles to the base-station considering the load of each
cell and the channel state is more beneficial to increase the system utility than connecting mobiles to the
base-station with the best channel state.

We now compare the increment of the system utility during the hot spot period in Figs. 7-9. In these
figures, the increment in system utility is the increment in the system utility from the system utility achieved
when onlybalanced mobilegxist, (i.e., the system utility achieved by all mobiles minus the system utility
when only9 x M, balanced mobilesxist). The number of mobiles during the hot spot peria, means

that the number of mobiles added at the center cell &fter M/, balanced mobilesre located. Hence
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when the number of mobiles during the hot spot period/js the total number of mobiles in the system is
9 x M, + M, and the number of mobiles in the center celMs + M,,. As shown the figureglgorithm A
gives the highest performance while HDR gives the lowest performance.
In Fig. 10, the ratio of the increment in the utility Afgorithm Ato that ofAlgorithm Bis provided varying
M, to investigate the effect of the base-station assignment algorithm. Whes small, the performance
gain of Algorithm Aover Algorithm Bis increasing, ad/, is increasing. In such a case, the hot spot cell
with a smaller),, is less congested and, thus, it has smaller performance gain. However, when the hot
spot cell is congested (i.e}/;, is large), the performance gain depends on the congestion level of adjacent
cells. As adjacent cells are less congested (i.e., sm#llgr the number of mobiles that can be reassigned
to adjacent cells increase and, thus, the performance gain is increasing. Thus, from the results, we know that

the performance gain of the proposed base-station assignment algorithm over the SIR based base-station
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assignment depends not only on the congestion level of the cell itself but also on the difference of the

congestion levels among cells.

VII. CONCLUSION

In this paper, we study the joint resource allocation and base-station assignment problem for the downlink
in CDMA networks with heterogeneous data services. The resource allocation part of the problem that we
consider is a joint power and rate allocation problem intended to maximize the total expected throughput
with constraints on the total transmission power for the base-station and the maximum data rate for each
mobile. We propose an asymptotically optimal power and rate allocation algorithm which is based on a
utility and pricing based algorithm. For the downlink of an idealized system with homogeneous mobiles
without a constraint on the maximum data rate, it is well known that transmitting only one mobile in the
best transmission environment at a time is an optimal strategy. However, we show that in the presence of
heterogeneous mobiles and a constraint on the maximum data rate (both of are more practically relevant),
this may not be true. We show that the proposed algorithm in this paper achieves high system throughput
in a various different situations. For the base-station assignment problem, we propose a pricing based base-
station assignment algorithm that uses information from the proposed power and rate allocation algorithm,
which results in joint resource allocation and base-station assignment. The proposed algorithm assigns a
base-station to a mobile taking into account the congestion level of the cell as well as the transmission envi-
ronment between the base-station and the mobile. The numerical results show that the proposed algorithm
outperforms the SIR based base-station assignment algorithm that considers only the transmission environ-
ment between a base-station and a mobile. This implies that load balancing among cells as well as the
transmission environment between the base-station and the mobile is quite important to improve the system

performance.

APPENDIX
A. Proof of Proposition 1
First, suppose tha®"** = oo, i.e., N/"" 2 W/R™®* = 0. Then, by Proposition 1 in [1],

W P,
Y (OPr — 0P, + A;)’

Ri(P) =
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wherey; = arg max,yzl{%fi(y)}. In this paper, we have a constraint on the maximum data Rjte;.

Therefore, considering the constraint

WPL' If WPL' < Rmag;
*OPr—0P+A;)’ “OPr—0P+A;) — Y
R:(P) = v (0P ) 75 ( T )
R, otherwise,

and the equation above is equivalent to

Vi (0Pr—0P+A;) WHOR T

WP if Pz S R~ (0Pr+A4;)
Ri(P) =

R otherwise.

B. Proof of Proposition 2

Let us define

R*

wi(h) = max {U;*(P)— AP},
R*

wi(A) = Ogr%z%}](jT{Uj 7(P) — AP}.

Then,w;(\) > w;(\) by the definition of the mobile efficiency and they are non-increasing functions of

Therefore,
wi(A9) >y (AT) = 0
and this implies that
Apar > jmas
since we must have; (A\"**) = 0.

C. Proof of Corollary 1

SinCEAZ' = Aj, ’yz(Ra P) = ’Y](R7 P) and

Ur(p) = omax ARfi(u(R. D)}
> ogz%%)}aw{]%fiw(R’P))}
= o AR 05 (R P)))
— U%(P), 0<P<Pp.

Therefore, mobile is more efficient than mobilg and by Proposition 2, the proof is completed.
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D. Proof of Proposition 3
Since we assume that mobileselected,P;(\*) > 0, where\* is an equilibrium price. Supposé; >

Prw
frary s then

RM~*(OPr + A;)

P
g W+ OR;;

(11)

and by Equatlon (3)(] ( .) is a convex function fob < P, < Pr. By Equation (5), mobile has
AT — % and it hasP;(\) = 0 for A > A" and P;(\) = Pr for A < A\"**. SinceP;(A\*) > 0

mobilei is allocated power leveP;. Hence, by Proposition 1 and Equation (12),= f_{f“j andR} < R,

PrWw
Now, supposed; < qu;m *,then

R ~*(0Pr + A;)

P
LT Wt 0Rpey;

(12)

In this case,Uf:(B) is a convex function or a sigmoidal-link function for < P, < Pr. If Uin(Pi)

Is a convex function, mobile is allocated power levePr. Hence, by Proposition 1 and Equation (12),
Ry = R, |f U ( ») is a sigmoidal-like function, mobiléis allocated power leveP;(\*) that forces
UZ-R?(Pi(/\*)) to be in the concave region, sinég\) > 0 that forcesU (P (\)) to be in the convex region

does not satisfy the second order necessary condition for the solution of Equati@r—%&# < 0. This

Ry (0Pr+A;)
WTOR

RM™*~* (0Pr+A;)

implies thatP;(\*) > : sinceUiR:(PZ-) is a convex function fot; < == by

Equation (3). Therefore, by Proposition; = R;"**.

E. Proof of Proposition 4

First, in the next lemma, we show that at the global optimal power and rate allocation, the marginal utilities

of the selected mobiles are same.

Lemma 1: IfP* = (Pl*, -, Py)isa gIobaI power allocation and is the set of the selected mobiles for
8U

\p p*fOf&”Z]GK

Proof: We will prove this by using contradlctlon Suppose tRat= (P;,---, P;,) is a global optimal

*<P> 8U

|p —p; . Thus, we can find P such that

power allocation; > 0, P/ > 0, and 2%

R
an I(Pi) > ou; -

B, " for all P € [P, P} +0P]andP; € [P; — P, P;]. Hence

[ oufi(p) [ oU; ()
pr 0P, p pr—sp 0P b-

7
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This implies that

* *

U (B +6P) U (P > Uj () = U} (P} = 6P),

J J

*

U (Pr +0P)+ U (PF = 6P) > U (P + U (P)),
and utilities for all other mobiles are unchanged, which is contradiction. [ |

Now, we will prove Proposition 4. We will prove this by using contradiction. Suppose Rhat
(Py,---, Py) is a global optimal power allocatiod}” > 0, P} > 0, andef(Pi*) ande;(ij*) are in the
convex region. Sinc&; and P are optimal allocation, by Lemma 1

R*
_9u; T (By)

T ap |\B=PF = T ap Pj:Pj*
OP;

OF;

, . R - :
and we can find P such thanRl (P)|p,=pr+sp @ndU; ” (P;)|p,=p; —sp are still in the convex region. Hence

[P, U
Py 0P, b pr—sp  OF;

7

dp

*

R* ;
. U, (Py) U, 7 (Pj)
since—%4 and op,

are increasing functions @, and P;, respectively. This implies that

*

US By 4+ 6P) — U (Pr) > U (P) — U (P — 8P),

J

*

U (Py +0P) + U (PF = 6P) > U (P + U (P),

and utilities for all other mobiles are unchanged, which is contradiction.

F. Proof of Proposition 5

We first prove Proposition 5(a). IP,(\5***) > Pr, condition (a) in the mobile selection algorithm is
satisfied or condition (b) in the mobile selection algorithm is satisfied withl = 1. Thus, only mobile 1
is selected and allocated the total transmission power to it and this is a global optimal solution.

Now, we prove Proposition 5(b). M, P(A7*) < Py, then condition (d) in the mobile selection
algorithm is satisfied. In this case, all mobiles are selected and power can be allocated to all mobiles and it

is a global optimal solution.



29
G. Proof of Proposition 6

This is equivalent to the situation when there exist two mobiles, malaled mobilem, in the same cell.
Mobile n hasf;, R***, \"**(n), and A;(n). Mobile m hasf;, R"**, \™**(m), and A;(m). By Corollary
3, if A" (n) < A"**(m), thenA;(n) > A;(m). However,A;(n) # A;(m), since if A;(n) = A;(m),

AT () = A"**(m), which is contradiction to the assumption. Therefotgn) > A;(m).

H. Proof of Proposition 7

Since mobiles andj are in the same conditior;;(\) = P;(\). From Equation (4),F;()\) is non-

increasing as\ is increasing. Thereforé;(\*(n)) > Pj(\*(m)), sinceA;(n) < Aj(m).
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