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Utility-Based Power Control for a Two-Cell
CDMA Data Network

Chi Zhou, Michael L. Honig, Fellow, IEEE, and Scott Jordan, Member, IEEE

Abstract—Power allocation across users in two adjacent cells
is studied for a code-division multiple access (CDMA) data ser-
vice. The forward link is considered and cells are modeled as
one-dimensional with uniformly distributed users and orthogonal
signatures within each cell. Each user is assumed to have a utility
function that describes the user’s received utility, or willingness to
pay, for a received signal-to-interference-plus-noise ratio (SINR).
The objective is to allocate the transmitted power to maximize the
total utility summed over all users subject to power constraints in
each cell. It is first shown that this optimization can be achieved
by a pricing scheme in which each base station announces a price
per unit transmitted power to the users, and each user requests
power to maximize individual surplus (utility minus cost). Setting
prices to maximize total revenue over both cells is also considered,
and it is shown that, in general, the solution is different from
the one obtained by maximizing total utility. Conditions are given
for which independent optimization in each cell, which leads to
a Nash equilibrium (NE), is globally optimal. It is shown that, in
general, coordination between the two cells is needed to achieve
the maximum utility or revenue.

Index Terms—CDMA, data service, forward link, power
control, pricing, resource allocation, revenue, surplus, utility.

I. INTRODUCTION

N A WIRELESS data network, limited resources, such as

power and bandwidth, must be assigned to a set of user
requests. In a cellular system, this allocation can take place
among multiple cells and must account for channel variations
across users. Here, we consider forward-link power allocation
across a static set of users in two adjacent cells in a wireless
code-division multiple access (CDMA) data network.

Our approach to resource allocation is based on maximizing
the overall utility of the network. That is, we assume that
each user has a utility function that describes received utility,
or willingness to pay, as a function of quality of service
(QoS), defined as received signal-to-interference-plus-noise
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ratio (SINR). The total utility for a given allocation of resources
is then the sum of the received utilities over the users. The
primary advantage of this approach is that it can directly
account for differences in perceived utility across the users.
In general, by maximizing total utility, more resources are
generally allocated to those users with higher utilities.

This work is a continuation of our prior work in [1] and [2].
In [1], utility-based forward-link power allocation across voice
users in a single-cell is considered, and in [2], this was ex-
tended to two adjacent interfering cells. In that work, the
utility function is assumed to be a step function, i.e., the user
receives a fixed utility provided that the rate, or SINR, exceeds
a threshold. For the data service considered here, the utility
function is assumed to be an increasing and concave function
of the data rate. This leads to qualitatively different results from
the voice service considered earlier. For example, in contrast to
the two-cell voice model, the optimal power distribution for a
data service is no longer characterized by a single threshold,
or radius of active users, and maximizing revenue can lead
to substantially different power allocations than maximizing
utility. Other related work on utility-based power allocation for
wireless networks has been presented in [3]-[10]. The emphasis
in that work is on conserving power at the handset, which leads
to a different model formulation than the one considered here.
Power allocation based on revenue maximization for a single
cell has been analyzed in [10]-[12].

We consider two scenarios. 1) Users announce their utility
functions to the base station, which then performs the power
allocation. (For example, there may be a small set of utility
functions associated with particular classes of service.) In this
scenario, the total utility is maximized by a pricing scheme.
Namely, each base station announces a price per unit power, and
each user requests an amount of power to maximize individual
surplus (received utility minus cost). 2) Users need not provide
the utility functions to the base station, and the base station sets
the price per unit power to maximize total revenue.

A symmetric one-dimensional (1-D) two-cell model is con-
sidered in which the users are uniformly spread over the two
cells. All users have the same utility function. Because signa-
tures within each cell are orthogonal, interference is received
only from the base station in the adjacent cell. We formulate
optimal power allocation problems across users in the two cells
in the large system limit as the number of users and processing
gain approaches infinity with fixed ratio. This model is simple
enough to be tractable, yet, it captures the effect of intercell
interference on intracell power allocations. In this way, we are
able to characterize the optimal power distribution across users
and infer certain properties.

1536-1276/$20.00 © 2005 IEEE
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Fig. 1. 1-D two-cell model.

We also specify the Nash equilibrium (NE) of the power
control game, in which the base stations (the players in the
game) each maximize their own utility or revenue indepen-
dently of the other base stations. We show that when the power
budget in each cell is sufficiently small, the NE corresponds
to the maximum achievable utility or revenue. In that case, the
incremental increase in utility in one cell, due to an associated
increase in power, is larger than the incremental decrease in
utility in the other cell due to the increase in adjacent-cell
interference. In contrast, if the power budget in each cell is
sufficiently large, then the maximum utility is achieved when
one cell uses all available power and the other cell uses only
part of the available power. In that case, increasing the power in
the other cell decreases the overall utility. That is, the increase
in utility in that cell is less than the utility decrease in the
other cell caused by the increase in interference. We therefore
conclude that an optimal allocation of power across the two
cells in general requires coordination between the two cells.

Similar types of results are shown when the base stations
allocate power to maximize revenue. A key difference from
utility maximization, however, is that with sufficiently large
power budgets, both cells may not use all of the available power
(i.e., the network may withhold resources).

Although our analysis pertains to a simple 1-D two-cell
model, we expect that our main conclusion regarding the value
of coordination applies to more realistic models. Namely, the
tradeoff between utility and other-cell interference in a two-
dimensional (2-D) multicell model will be qualitatively similar
to the 1-D tradeoff examined here.

In the next section, we present the two-cell CDMA system
model, and in Section III, we formulate the large system power
allocation problem. In Sections IV and V, we state properties
of the power allocations, which maximize total utility and
revenue, respectively. Conclusions are stated in Section VI. The
Appendix contains the proofs of theorems and lemmas.

II. SYSTEM MODEL

The 1-D model of two adjacent cells is illustrated in Fig. 1.
The cell radius is normalized to 1, and dj is a small reference
distance from the base station. As in [2], we assume a static
set of users in each cell, which are uniformly distributed along
the line from dj to 1, and consider a large system limit as the
number of users per cell K, and the number of available codes
per cell M, each to infinity with fixed ratio, or load K /M.
This model captures the effect of other-cell interference and
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tot,.2
Py ()

is sufficiently tractable to allow a characterization of optimal
power allocations across the two cells.'

We assume that the received power is determined solely by
the distance from the transmitter. All codes within a cell are
assumed to be orthogonal, so that interference is generated only
from the adjacent cell. Treating the signatures from the adjacent
cell as random independent identically distributed (i.i.d.), and
assuming matched filter receivers, we can write the SINR for a
user at distance r from base station % as

&i(r) = Jm
where  A;(r) = o ert;t(’i)h@ - r)7 i#j (1)

where Pr;(r) is the transmitted power from base station 4
designated for the user at distance r, h(r) is the attenuation,
or path loss function, o2 is the noise level, Py ; is the total
power per code transmitted from cell j # i, defined as

1
K

m /PT,j(T )dr (2)

do

Ptot,j =

and Pyo; jh(2 — ) is the interference power. Here, we assume
that the processing gain is equal to the number of codes M.
As r increases, both the attenuation of the desired signal and
the interference increase, so that more transmitted power is
required to achieve a target SINR.

We assume that each user is assigned a utility function
U(-), which is an increasing concave function of the received
SINR [13], i.e., U'(§) > 0 and U"(§) < 0 for all £ > 0. This
corresponds to the situation in which QoS is measured by data
rate, and the data rate is proportional to SINR. We consider
two scenarios, which lead to different interpretations for the
assigned utility functions. In the first scenario, the utility func-
tions are assigned by the service provider in order to capture
a desired tradeoff between efficiency and fairness. Since the
service provider knows the utility function for each active
user, it can allocate resources to maximize total (sum) utility.
Different utility functions might correspond to different classes
of service. In the second scenario, the utility function for each
user is private information and reflects the amount the user is

A direct application of this 1-D model is specific to base stations along
a highway, where interference from base stations farther than the nearest
interfering base station is ignored.
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Fig. 2.

willing to pay for a given data rate. In that case, the service
provider can allocate resources to maximize its revenue.

In what follows, we make the simplifying assumption that
all users are assigned the same utility function U(-). (In the
first scenario previously mentioned, this corresponds to all users
being in the same priority class.) This is for analytical conve-
nience. Many of the following results can be easily extended
to the situation in which users are assigned different utility
functions.

Because of channel variations, which appear in the SINR
expression (1), different users derive different utilities for the
same transmitted power. This is illustrated in Fig. 2(a), which
shows utility as a function of transmitted power for users
at different locations in cell 1. For this example, the utility

function is
Uexp (&) = wo {1 — exp (i)}

where up = 1, A = 13, the attenuation h(r) = (0.1/r)*, and
Piot2/0% =40 dB. For the same transmitted power, users
closer to the base station receive a higher SINR, and hence,
more utility. The total utility per code for cell 7 is

3)

1
Uiot,i = m/(][&(rﬂ dr 4)

where &;(r) is given by (1).

III. UTILITY MAXIMIZATION

A power allocation across users is defined by the transmitted
power functions Pr ;(r), dg < r < 1,4 = 1, 2. Our objective is
to find a power allocation that maximizes the total utility per
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(a)Utility versus transmitted power for users at different distances. (b) Demand function for users at different distances.

code over the two cells, subject to the power constraints in each
cell. That is, we wish to

Problem U1 : max Uiot = Utot,1 + Uiot,2 (5)
Pr 1(r), Pr2(r)
subject to : Pior; <P, i=1,2 (6)

where P is the total available power. When the power constraint
in cell 7 is satisfied with equality, we call cell < power limited.
Here, we implicitly assume that M is large enough so that
the load K/M < 1, which guarantees that the K users can
be assigned orthogonal codes. A code constraint could also be
imposed, but is omitted to simplify the following discussion.

The maximum utility can be achieved via the following

pricing scheme:

1) Base station ¢ announces a price per unit transmitted
power, a4, = 1,2.

2) Each user in cell 7 requests the transmitted power, which
maximizes individual surplus (utility minus cost), U (§) —
Oép,z'PT,i (7”)

Given the prices ¢y, ;, @ = 1,2, the SINR allocation, which
determines the power allocation, is given by

U [(& ()] = ap i Ai(r) §i(r) =

where A;(r) is defined in (1) and V(&) = U’(&).

Theorem 1: There exist prices 4, ¢ = 1,2, for which the
power allocation produced by the preceding pricing scheme
achieves the maximum two-cell utility.

Proof: The Lagrangian for the utility maximization
problem is

or Vo, Ai(r)] ()

L [PT71(T)7 PT,Q(T); Hp,1, ,up,Q] = Utot,l + Utot,2
+ tip,1 (P = Pio1) + pp,2(P — Pior2)  (8)
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where 1,1 and p, o are the Lagrange multipliers. Setting the
variation of L with respect to Pr ;(r) equal to zero gives the
optimality condition

i= + —= , if Pp; >0
e, Al(r) a-Ptot,z - <r)
U'€) | Uty .
> — f Pr; =0 9
A,‘(T) * 8Ptot 1’ ' o (T) ( )

where A;(r) is given by (1). Furthermore, p,,; >0 if P =
Pmm, and pp; = 0 if ?tow- < P. Comparing with the pre-
ceding pricing scheme and (7), the optimal price is therefore
Qpi = fp,i — OUtot,j/OPtot,i» Where OUtot j/OPtot,; can be
interpreted as an externality price, which cell ¢ pays to account
for the interference caused to cell j. |

The utility maximization problem is therefore equivalent to
finding the prices oy, ;, @ = 1,2, which maximize total utility
subject to the power constraints

Problem U2 : max Utot = Utot}l + Utot72 (10)
Qp 1,%p 2
subjectto : Pyor; <P, i=1,2. (11

We will see that the optimal prices may not be the same,
even for identical cells. We remark that for a single cell with
fixed interference, Theorem 1 holds where the price ¢, which
maximizes the utility in that cell subject to the power constraint
is unique.

From (7), the demand for transmitted power at distance r as
a function of price is

. -1 . ) i
Dp(riay,) = {64,(7‘)‘/ [Ai(r)ay ], if surplus > 0

otherwise
(12)
and
L
Prows M(lido)/Dp(r,apZ)dr
dol
_M(lfi = d/ Ai(r)E: (r)dr (13)
\
Uik = 75— d/ U €()) + U (&) dr
i=1,2 (14)

For a user at fixed distance r, the demand for transmitted power
decreases with price oy, ;. For any given price, as 7 increases
(i.e., a user moves away from the base station), A;(r), the
received interference, increases, and the SINR V[ A; (1), 4]
decreases. Hence, from (12), the transmitted power may de-
crease as 7 increases.

Fig. 2(b) shows the demand function corresponding to the
exponential utility function (3) for users at different locations
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with the same parameters as in Fig. 2(a). The demand depends
on the location r and increases as the price oy, ; decreases.

We emphasize that when each user in cell ¢ requests an
amount of power according to (7), the power distribution
Pr;(r) depends only on Pio; and Py j, j # i. That is, it
does not depend on how the power is distributed over users
in cell j. Hence, (Piot.1, Ptot,1) also specifies the total utility
(Utot,1> Utot,2). Furthermore, for fixed Ftow both Ftotﬂ; and
Utot,; are determined by the price oy, ;.

In the Appendix, we compute the derivatives QUi / 8ﬁtot7 j
and 8ap,i/(')?tot’j (for j =14 and j # i), which are needed
to prove many of the following theorems. This computation
shows that da, ; /0Pyt < 0 and OE;(r)/0Pyor,; > 0. That
is, as the total transmitted power in cell ¢ increases, the
price in cell ¢ decreases, and each user requests more power,
which increases the SINR. Furthermore, OUyot ;/ aﬁtom >0
and OUsot,i/OPtot,j < 0, j # i, i.e., as Piot; increases, the
total utility in cell 7 increases, and the total utility in cell j
decreases due to the increase in interference.

IV. PROPERTIES OF THE OPTIMAL ALLOCATION

In this section, we state some properties of the optimal two-
cell power allocation. We first consider the case where the base
stations do not coordinate their power allocations. That is, each
base station attempts to maximize its own utility in the presence
of fixed interference from the other cell. This can be viewed as
a power control game with noncooperative players (the base
stations) [13]. To specify the corresponding NE, we start by
setting the price o, ; in cell ¢ to maximize the utility Uyt s
subject to the power constraint ?tow- <P.

With fixed interference, the received utility at any r increases
with the transmitted power. Hence, the total utility in the cell is
maximized by using all available power. That is

aU'tot,l o K
8Ptot,l M(l - do)

/U’ (&1 ()] gﬁfﬁdr >0

tot,1

5)

do

since U'[£;(r)] > 0 and O&; (1)/OPyor,1 > 0. Therefore, Uy 1
is maximized when cell 1 is power limited, i.e., ﬁtot,l =P.

Theorem 2: Any solution to the two-cell utility maximiza-
tion problem U1 has the property that at least one cell is power
limited.

If the two cells are constrained to be symmetric, namely,
Ftom = fmmg and a1 = apo, then (34) reduces to
OUsot /OPyot.i > 0. In that case, to maximize total utility, both
cells must be power limited.

We are interested in determining when the NE is globally
optimal, in the sense of maximizing Uiot = Usot,1 + Usot, 2.

Theorem 3: There exists a Pr,  such that for any power
constraint P < Py, the NE achieves the maximum total
utility.

Since from Theorem 2, at least one cell is power limited at the
global optimum, finding the two-cell optimal power allocation
can be achieved by fixing ﬁtot,Q =P and varying the total
transmitted power in cell 1. Fig. 3(a) shows the total utility
Uiot versus ?tot,l /o? for small P with ?tot,g =P and the
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Fig. 3. Total utility versus Pyot,1/02. (a) Small P (P/o2 = 500 or 27 dB). (b) Large P (P/0? =43 dB). (c) P,y <P < Pg,y (P/o? =30 dB).
Parameters are ug = 100, A = 13, K/M = 1, and the path loss function h(r) = (0.1/7)2.

exponential utility function (3). For the parameters shown, the
total utility monotonically increases with ?mt’l, so that the
optimal allocation occurs at ?tot,l = Ptot’z = P, which cor-
responds to the NE.

A complete characterization of conditions for which the NE
is optimal or suboptimal appears to be difficult. However, we
can gain insight by comparing the NE with the case Pyo 1 = P
and Ptot,Z = 0. We will refer to the corresponding optimal
power allocation as the one-cell solution, and the corresponding
total utility as Upc. The total utility corresponding to the NE is
Ung. In what follows, we assume that the utility function U(+)
has the additional property that lim,_,., U’(§) = 0.

Theorem 4: There exists a Py ¢y such that if P > Py ¢y and
U(OO) > 2U[foc(d0)], then Upc > UnE.

Theorem 4 states that when the total power constraint in
each cell becomes large, the NE does not achieve the maximum
utility. Hence, achieving the maximum utility requires the two
cells to coordinate, i.e., one cell must reduce its power. Note
that the same result applies when the maximum power is fixed
and we vary the cell radius. That is, as the cells move closer
together, the total utility associated with the NE eventually de-
creases due to interference, and the total utility can be increased
by reducing the power in one cell.

The condition in Theorem 4 is true for any unbounded utility
function, that is, when U(£) — oo as & — co. Examples of
unbounded increasing concave utility functions are

Upl(€) = uo&” where 3 < 1 and  Ujog(€) = uglog(1 + €)
(16)

where v is a constant. For the exponential utility function
defined in (3), the condition in Theorem 4 gives the following
corollary.

Corollary 1: For the exponential utility function, there exist
PH,U and )\H,U such that if P > PH,U and \ > )\H,U, then
Uoc > Ung-

The thresholds Py ;7 and A g 7 depend in a complicated way
on the path loss function h(r), the noise variance o2, and the

load. Large A in (3) implies that a relatively large increase in
transmitted power is needed to increase the utility significantly.
Furthermore, large P implies high interference. As P increases,
the marginal increase in utility in cell ¢ due to increasing ﬁtom
is therefore outweighed by the marginal decrease in utility in
the other cell due to the increase in interference.

Fig. 3(b) shows the total utility Ui, versus Pmm / o? for
large P when cell 2 is power limited (P2 = P). For the
parameters shown, the total utility has a unique maximum at
Piot1/0% < P/o?. For this example, the total utility at the
NE (Piot,1 = Piot,2 = P) is about 8% less than the global
maximum.

If Ppy <P < Py, then it is not easy to determine if the
NE is globally optimal. An example is shown in Fig. 3(c).
For the parameters shown, there are two stationary points in
the U;o; versus Ptot,l / o2 curve, one corresponding to a local
maximum, and the other corresponding to a local minimum.
The global maximum occurs at the NE.

A. Unequal Loads

When the two cells have different loads, distributed optimiza-
tion again leads to an NE with power-limited cells. In contrast
to the equal-load case, the two cells are not identical at the NE.
Let K; be the number of users in cell 4, and L; = K; /M be the
corresponding load.

Theorem 5: If Ly > Lo, then Uyot,1 > Uyor,2 at the NE.

When P is small, whether or not the NE is optimal depends
on the difference between L; and L,. Namely, the NE is
optimal when |L; — Lo| is sufficiently small. As |L; — L,
increases, the total utility over the two cells becomes dominated
by Uiot,i» and the power pair (Piot 1, Piot.2), which maxi-
mizes the total utility moves away from the NE (ﬁtot,l =
Piot,2 = P). Namely, Pioy; = P and Pyog j < P.

For large P, there exists a unique optimum, instead of the two
optima for the equal-load system. At the optimum, the cell with
the larger load is power limited, and the cell with the smaller
load is not power limited. The NE is again suboptimal.
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V. REVENUE MAXIMIZATION

We now consider the power allocation across the two cells
that results from maximizing revenue. That is, the objective is
to set the prices oy, 1 and oy, > to maximize the total revenue per
code, Ry, subject to the power constraints in each cell, i.e.,

Problem R : max Riot = Riot,1 + Riot,2 17
ap,lgap,Z
subject to : Ftot’i <P, =12 (18)

where Riot,; = amﬁtot,i is the revenue in cell <.

A. Nash Equilibrium

In analogy with the NE associated with utility maximization,
we can again define an NE for the power control game in which
each base station allocates power to maximize revenue. We
start by maximizing revenue in cell ¢ in the presence of fixed
interference from cell j, specified by Ptot’ j- We have

OR ot.i - Oa i 1
— = Plogi =2 + i = ( " 1)
3Ptot,i 8Pt0t,z’ e(Ptot,i7ap,i)
(19)
where
— Fractional change in Py ;
e(Piot,ir pi) = . -
Fractional change in «, ;
i 0Pt 20)

Piot,i Oap

is the price elasticity of demand for power [13]. Note
that 8ﬁtot7i/8am < 0, hence, e(?totyi,ap_’i) < 0. The de-
mand is elastic (inelastic) when e(Pioti, @p ;) < —1(e(Pioti,
ap,;) > —1). Elastic demand indicates that the demand is
price sensitive, and ORyot,;/ 6ﬁtom > 0. The reverse is true
for inelastic demand, and the revenue is maximized when
e(PtOt,ivap,i) = -1

In contrast with utility maximization, maximizing revenue
in the presence of fixed interference does not always lead to a
power-limited cell. Characterizing the optimal power allocation
for general utility functions appears to be difficult, so that
in what follows, we restrict our attention to the exponential,
power-law, and log utility functions in (3) and (16).

Lemma 1: For the exponential utility function, the one-cell
revenue is maximized by choosing P 1 :min(ﬁ*, P), where
P'=(K/M(1—dp)) J.. XA (r)dr. For the power-law and log
utility functions, revenue is maximized when Ftot,l =P.

For the power-law utility function, the maximum revenue is

1 8
K’U,oﬁ Ozp)iAi (T) B-1
o (=)

0

Rtot,i =

As the price op; — 0, the demand for transmitted power
goes to infinity, and so does the revenue in cell i. Therefore,
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Fig.4. Single-cell revenue Riot,1 versus ﬁtot,l/a? The path loss is (1) =
(do/7)*, and the parameters for the exponential utility function are ug = 100
and A = 13.

Riot,s — o0 as the available power P — oo. In contrast, for the
log utility function, the maximum revenue is

1
KU() K

— A, <
% M= do) /awAl(r)dr <
do

Ku
Rtot,i = MO .

(22)

As ap,; — 0, or equivalently, P — 0o, Ryio; — Kuo/M
(a constant).

Fig. 4 shows Ry 1 versus Piog1/0? for the exponential
utility function with fixed interference from cell 2. There is a
unique maximum at Pyt 1/0% = 44.8 dB, which corresponds
to the optimal power allocation, unless P /o2 < 44.8 dB, in
which case the cell is power limited.

Fig. 5(a) and (b) shows received SINR (or equivalently, data
rate) and transmitted power Pr 1 (r) versus distance for a single
cell with fixed interference. Curves are shown for the path loss
function h(r) = (do/r)* with different values of . In each
case, the price is set to maximize the revenue. Fig. 5(a) shows
that the data rate decreases monotonically as the users move
away from the base station. Fig. 5(b) shows that the maximum
transmitted power is not requested by users at the cell boundary.
Namely, as users move away from the base station, the data
rate decreases moderately, and the transmitted power increases
with r. As the users approach the cell boundary, the data rate
decreases sharply, and the transmitted power decreases with r.

Lemma 1 allows us to characterize the NE for the different
utility functions considered. Specifically, we define a reaction
curve for cell ¢ as the optimal (revenue maximizing) Ftom
as a function of ﬁtot,j’ j # 4. This is illustrated in Fig. 6 for
the exponential utility function. According to (51), the optimal
power in cell i, P, is a linear function of Piot j, j # 1, for
P < P, and is constant for P > P. The NE is the intersection
of the two reaction curves for cells 1 and 2. Fig. 6(a) and
(b) shows reaction curves for two different sets of parameters.
In Fig. 6(a), the NE is at the corner point B, i.e., Ftom =
?totg = P. In Fig. 6(b), the NE is at the interior point A.
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Fig. 5. (a) SINR versus distance from the base station. (b) Transmitted power versus distance.
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Fig. 6. Reaction curves for single-cell revenue maximization. Parameters used to generate (a) are K/M = 1, h(r) = (0.1/7)%, P/0? = 53 dB, and A = 13.

For (b) P/o? = 49.5dB and \ = 5.

The power allocations at the NE are summarized by the fol-
lowing theorem.

Theorem 6: For the power-law and log utility functions,
the NE is at the corner point. For the exponential utility
function, the NE is at the corner point if (K/M (1 — dy))

fdro* (AR(2 —7)/h(r))dr > 1. Otherwise, there exists a Py such

that for P < Py, the NE is at the corner point, and for P > P,
the NE is at an interior point Pyt 2 = Pot,2 < P-

Proof: This follows directly from Lemma 1. For the ex-
ponential utility function, if delo AR(2 =) /h(r)dr/M(1 —
dp) > 1, then in the absence of power constraints, the reaction
curves do not intersect, as shown in Fig. 6(a). If K fdlo Ah
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Fig. 7. Total revenue versus (Ftot,l / o2, ﬁtot,g / 02), and revenue contours

h(r) = (0.1/7)%.

(2—=7)/h(r)dr/M(1 — do) < 1, then the reactions curves can
intersect, as shown in Fig. 6(b), where the value of Py ; at the
intersection point corresponds to F. |

B. Two-Cell Power Allocation

We now consider revenue maximization over the two cells.
The following theorem is analogous to Theorem 3.

Theorem 7: There exists a P, g such that forany P < Pr,
the total revenue over the two cells is maximized when ﬁtom =
Pyt o =P.

Fig. 7 shows the total revenue over two cells versus
(Ptot,1/02, Piot2/0?), and the corresponding revenue con-
tours when the total available power P is small. The revenue
contours show that the total revenue increases with Pyt ; /02
for any fixed ﬁmm /o?. The maximum revenue occurs at the
NE7 Ptot,l = Ptot,2 =P.

When the total available power P is large, the corner point
Piot.1 = Piot2 = P is often not optimal, and the exact solu-
tion depends on the specific utility function. Our results are
summarized by the following three theorems.

Theorem 8: For the power-law utility function, the power
allocation that maximizes utility also maximizes revenue.

Proof: For any o, ;, the received SINR for users at dis-
tance 7 is given in (7), and the utility per code in cell ¢ is

Utot,i:
do
K ] Aifr)) 7
ay i Ai(r B—1
= U, ’ dr
M(l—do)/ O( uo3 )
do
Rtoti
. (23)
B

where R ; 18 given by (21). |
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for small . Parameters are ug = 100, A\ = 5, K/M = 1, P/o? = 33 dB, and

Hence, Theorem 4 applies in this case, and for large P, the
NE is not optimal. Theorem 8 presents a special case in which
utility maximization is equivalent to revenue maximization. In
general, these two optimization problems give different power
allocations.

Theorem 9: For the log utility function, the power allocation
that maximizes revenue has at least one power-limited cell. If
(K/M(1—dy)) fdlo(h(Z —1)/h(r))dr > 1, then there exists a
Py g such thatif P > Pp g, then the optimal power allocation
has only one power-limited cell.

Although maximizing either utility or revenue with the log
utility function gives one power-limited cell (according to
Theorems 4 and 9), the power allocation that maximizes total
revenue is generally different from the allocation that maxi-
mizes total utility.

Theorem 10: For the exponential utility function, there exist
Py g and Az g such that if P > Py p and A < Ar g, then the
maximum revenue does not occur at the NE.

Comparing with Corollary 1, which states the analogous
result for utility maximization, here, the condition is that A
must be sufficiently small, whereas in Corollary 1, A must be
sufficiently large. That is, small X implies that the requests for
power, which maximize surplus are relatively small. Further-
more, for large P, it can be shown that the price decreases
nearly exponentially as P increases. Consequently, the mar-
ginal increase in revenue (i.e., price times total power) due
to increasing P is outweighed by the marginal decrease in
revenue due to the decrease in the price. As in Corollary 1,
the thresholds Py r and Ar g depend on the path loss function
h(r), noise variance o2, and load.

Fig. 8 shows an example of total revenue versus (Piot,1/02,
?tot,g / 0?) when P is large. In contrast to the solutions
for the power-law and log utility functions, the maximum
revenue occurs at an interior point of the constraint region,
ie., Piot,1 < P and Pioo < P. In this example, the global
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Fig. 8. Revenue versus (ﬁtot,l / o2, fmt,z / o2) and revenue contours for large P (P/ o2 =53 dB). The remaining parameters are the same as in Fig. 7.

optimum does not coincide with either the corner point or
the NE shown in Fig. 6(b), which is at Piot,1/0% = Piot,2/
0% = 45.26 dB.

VI. CONCLUSION

We have studied forward-link power allocation across users
in two 1-D, adjacent CDMA cells. Utility maximization can
be achieved by a pricing scheme in which the base station
announces a price per unit transmitted power, and each user
requests the transmitted power, which maximizes surplus. For
data traffic, which is represented by an increasing concave
utility function, the prices that maximize utility are generally
different from the prices that maximize revenue. In either
case, the nature of the optimal power allocation depends on
the total power constraint. When the available transmitted
power falls below a threshold, the two cells use up all of
the power, which corresponds to uncoordinated, or distributed,
optimization NE. When the available power becomes large,
in general, the two cells must coordinate to maximize total
utility. Specifically, one cell must reduce the total transmitted
power below the power constraint. This can be accomplished by
raising the price per unit power in one cell relative to the other
cell. When maximizing revenue, both the NE and the optimal
power allocation can be in the interior of the constraint region.
An example shows that these two points do not generally
coincide.

Extending the analysis presented here for the 1-D model to
a 2-D cellular model is generally difficult. Still, we expect that
many of the results presented here apply to such models. For
example, the necessity of intercell coordination to maximize
total utility in a particular 2-D model is observed numerically
in [16].

Extensions of the results presented here to system models
with mixed voice and data traffic and stochastic arrivals and

departures are presented in [14] and [15]. Other extensions and
generalizations of the model presented here include nonuniform
user distributions within the cells, different utility functions
across users, and different types of path loss functions (e.g.,
random). Although an analysis of those more general models
may be difficult, performance measures such as utility, revenue,
and total rate can be evaluated numerically. Such studies may
provide additional insight into optimal resource allocation in
more practical situations.

APPENDIX

The proofs that follow make use of the following derivatives
with respect to Pyt ; and Piot 5, ¢ # j. From (7), we have

G0 = A (,jj‘ 1)
U" & (r)] glit(:)] = Ay(r) 6@2’:’; "‘p’i%)— ) 2s)
and, from (13), we have
:
1= (fi n d/ A, )ggti:,)id (26)
o s [ [ L S
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Since day ;/OPior; and Oy /0Py ; are independent
of r, from (24)—(27), we have

aam - 1

8Ptot,i

K [4;(r)]?
M (1—do) fdo Urle; ()] dr

* h(2 T) ap,ih(2—1)A;(r)
fdo i@ T o € ()] dr
= . (28)

[Ai(r)]?
fdo U [5: (T)] d?"

dap,i
OPhotj

Note that (28) implies that Ooy, ; /8ﬁwm <0, as expected.
Since U”[¢}(r)] < 0, (24) implies 0} (r)/0Piot,i > 0.
From (4) and (7), we have

1
ot K / U
aﬁtot,i M(l - dO) J

1

K o€ (r)

= i A ——~ 2 d 29

el T e
do

U K / 9g;(r)
tot,j I Tex i\
aptot,i M(l - do) / [§J <r)] 8—Ptot,i "
do
K[ 5w
“(r

= A= 14 30

M(1 = do) / I P G
do

and combining these with (26) and (27) gives
6Utot _ aUtot,i aUtot,j
8Ftot,i 8?tot,i aﬁtot,i
1
K & (r)h(2—r)
“r O‘p’]M(1—d0)/ Ry O
do

A. Proof of Theorem 2

Suppose that the two-cell maximum utility is achieved at
Ptot 1= Py, Ptot o = P35, and neither of the cells is power
limited at the maximum, thatis, P’ < P and Py < P. Since the
total utility Uy is differentiable, we have OU, / OPot. =0

and aUtot/aPtotj =0 at (Ptotlfpl, Ptot,Q*PQ)
From (13)
_ K [ 02 4 Proysh(2 — 1)
0% + Pot,j —T)
P ;= 2 .
tot, M1 — o) / 0 & (r)dr

do
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or
P K P e h(2
7tot,z / Ez (T) ( T) dr (33)
Piot j M(l - do) h(r)
do
From (31) and (33)
8Ut0t — i — /5 T)dr
aﬁtot,i . P M(1 — do) h(r)
do
?tot ]
>y, St (34
ap) ap)] Ptot 1 ( )

Since OUyo1/OPiot,1 =0 when Upo, is maximized, from
(34), we have a1 — apoP5 /Py < 0. Furthermore, OUyqot/
OPyor 2 = 0 gives ap2 — ap1(Pr/Ps) < 0, which is a contra-
diction, hence, at least one cell must be power limited.

B. Proofs of Theorems 3 and 7

To prove Theorem 3, it suffices to show that OUet/
OPiot,i > 0 at (Pyor,1 = 0, Pyog 2 = 0), i.e., the marginal util-
ity is positive at this point. Since OUiot/ aﬁtom is a contin-
uous function of Ftom‘, i = 1,2, it follows that there exists a
PL U such that 3Utot/3ﬁtot > 0 fOI‘Ptot i < PL U, 1= ]. 2.
Hence, to maximize utility in this region, we must choose
Ptotl —Ptot2 —PforanyP<PLU

At (Pior =0, Prop2 = 0), we have & (r) = §(r)=0
for any distance r. Therefore, from (31), we have Uit/
8?@,2- = ayp,;. For small enough P, we must have o, ; > 0,
so that 6Ut0t/aﬁtot’i > 0.

To prove Theorem 7, it suffices to show that ORyot/
OPtot,i > 0 at (Pyor1 = 0, Pyog2 = 0). Taking the derivative
of Ry with respect to Pmm gives

aRtot — 8 Oavy s
— = Pt ti = + « —+ Pt t p.J .
8Ptot,i ot a tot,s Pt ond a tot,s

(35)

At (Ftot,l = O,Ftot’Q = 0), this reduces to 3Rtot/3ﬁtot’i =
Qpi > 0.

C. Proof of Theorem 4

To compare Upc with Ung we need the following Lemma.
Lemma 2: At the NE, limp_.o v, ;P =C where 0 <C' < oo0.
Proof: For large P, 02 becomes negligible in the defini-
tion of A;(r) in (1). Combining with the expression for Py ;
in (13), we can write

1
h(2—-r) _ {ap,fph(?

1 —d) ) " h(r hr)
do

_T)}dr —0

i=1,2 (36)

as P — oco. By assumption, lim, .., V~!(x) =0, hence,
ap,;P must converge to a constant as P — oo. |
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As P — oo, Lemma 2 implies that the SINR for a user at
distance r converges to

(37)

()= vt <Ch(2 7")> .

h(r)

At the NE, Uyot,1 = Utot,2, and from (7) and (14), the total
utility satisfies

(&E‘Mme»ZU[V*<C%?§”ﬂdT‘”
(33)

as P — oo. - -
For the one-cell solution, Piy,1 = P, Piot,2 = 0, and from
(1) and (13), we have

1—d0 /h

Since Uyot,2 = 0, the total utility is

e il

do

?tot,l =P =

Qyp, 102
( ) )dr. (39)

Uoc = (40)

)

As P — oo (39), the price a1 — 0, and by assumption, the
received SINR V~(a,10%/h(r)) — oo for dy <r <1, so
that

. K
PIE»rolc Uoc = MU(OO) “1n

To find a condition for which Uxg < Upc, we can write

1

h 2K
d/U )] dr < M/U[foo(do)] dr

do

M1 - do
= 20t @)

Since U (-) is monotonically increasing, (38) and (42) imply that
Une < Upc when U(OO) > 2U[§m(d0)}.

D. Proof of Theorem 5

Considering cell 1, we have

po_I /Al(r) “(r)dr

1—do
do
I 1

Utott = 1= oo / Ul& )] (43)
do
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Taking derivatives with respect to L gives

1

1
A
—do/

do
1
il
do / Ay(r aL1 (44)
do
oU. 1 h
tot,1
st = [vigear
do
1
Ly 91 (r)
s [l S e as)

do
and combining these with (7) gives

OWUor1 1 / . . i}
cot - [T GO @) . @6)

do

Since U(-) is increasing concave, we have U[&(r)]/&5(r) >
U'[€5(r)], so that OUyot,1/0L1 > 0. That is, the utility in each
cell increases with load.

E. Proof of Lemma 1

For the power-law and log utility functions, from (20), (13),
and (28), the elasticities are, respectively

— 1
epl(Ptot,i; ap7i) = ﬂ 47
— 1
elog(Ptot,i; Ckpyi) = - “opi < —1. (48)
uo(l do fdo
By assumption, 3 < 1, hence, epi(Prot,i,pi) < —1, or

equivalently, Ryt 1/ 3?1;%1 > 0 so that the revenue is max-
imized by setting Py = P. For the log-utility function,
from (13)

1

w400 () e

do
(49)

Ptot,i =

hence, €jog (Ptot.i api) < —L
For the exponential utility function, we can compute

S (1 _ M~ do)Prory dO)Pt"“l) (50)

K [ Mdr
where r; = min(1,r}) and A;(r})a, ; = 1. If the power con-
straint is not binding, then we must have ORyot,1/0Ptot,1 = 0,

ORot1
8Ptot,l
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which gives

(5D

. K ;
P =— A
M(l—do)/)\ 1(r)dr
do

If P* > P, then 8Rtot,1/gﬁt0t,1 >0 for 0 < ﬁtot,l < P, so
that to maximize revenue, Pio 1 = P.

FE. Proof of Theorem 9

Suppose the two-cell maximum revenue is achieved at
the interior point ﬁtot,l =P/ <P and ﬁtot,g =Py <P.
Since the total revenue R, is differentiable, we must
have 8Rtot/8ﬁtot7i =0at (?tot,l = Pl*’ Ptot,Q = PQ*), where
8Rt0t/8ﬁt0t’i is given by (35). Combining (7), (13), and (28)
with (35) gives

a]‘ztot — 1
uo(1 — do)

1
X ag’i/Ai(r)dr
do

a2, —a? h(2—r
> St [ M

(52)

do

Setting O Ryot /O Ptot,i = 0 implies a,; < a4, which cannot
be true for each ¢ = 1,2, hence, at least one cell must be
power limited.

To prove the second statement in the theorem, in analogy
with the proof of Theorem 4, we again compare the revenue at
the NE with the one-cell solution, corresponding to Ftot,l =P
and ﬁtot,g =0. According to Lemma 2, as P — oo,
Riot,s = ;P converges to a constant, which satisfies (36).
At the NE, Rot,1 = Riot,2, and the total revenue is Ryg =
(2Kuo/M)/(1 + (K/M(1 — do)) [, (h(2 = )/h(r))dr)).
For the one-cell solution, Rio2 = 0, and Ry, 1 is given by
(22). As P — o0, ayp1 — 0, and the total revenue is Roc =
K’U,O/M If (K/( 1—d0 fdo 2—T/h( )dr>1,
then Rng < Roc.

G. Proof of Theorem 10
The derivatives Joy, ;/ OPyot; and Oay i/ 6‘?,;%,; can be
computed from (28), and combining it with (35) gives

aRtot
aﬁtot,i

M (1 —do)ovy,i Prot.i
K [y MA;(r)dr

121

{ln (AAJ' (UTO)O‘P’J) + 1} dr

f;oj AA;j(r)dr

Ah(2—7)
h(r)

Gp, ]PtOtJ fdo

2775

At the NE, we have a,; =, and Piot; = Piotj = P.
Letting P — oo, A;(r) — Ph(2 —r)/h(r) and

6Rt0t _ M(l—do)a%- +a ‘
OPiovi K [ AM2Har "

(i h(2-1)
Opi Jdy “h(r)

[m (“‘ (). ) + 1} dr

i h(2—7r
fd(, h(r))dr

(53)

When ) is small enough, the first term on the right dominates,
and ORyot/ (’)Ftow- < 0. We therefore conclude that for large
enough P, the revenue decreases with P, and the maximum
revenue does not occur when the two cells are power limited.
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