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A Utility-Based Joint Power and Rate Adaptive
Algorithm in Wireless Ad Hoc Networks
Jialing Zheng and Maode Ma, Member, IEEE

Abstract—In this paper, a utility-based joint power and rate
adaptive algorithm (UPRA) is proposed to alleviate the influence
of channel variation by using softened signal-to-interference-andnoise ratio (SINR) requirements. The transmission power and
rate of each user will be adjusted to maximize its own net-utility
according to the states of channel, which results in a balance
between the effective transmission rate and power consumption.
Although the UPRA works based on a non-cooperative game,
cooperation among users can be achieved so that the throughput
of the whole network will be improved. The convergence of the
algorithm has also been studied in both feasible and infeasible
cases.
Index Terms—Joint power and rate adaptive, non-cooperative
game, effective transmission rate, wireless ad hoc networks.

T

I. I NTRODUCTION

RANSMISSION power and rate have significant impacts
on the performance of wireless networks. On one hand,
high transmission rate requires high Signal-to-Interferenceand-Noise Ratio (SINR). On the other hand, high transmission
power means more energy consumption and interference to
other users. Although the issue of joint power and rate control
is challenging, it offers more flexibility in radio resource management thus the possibility of better network performance.
Non-cooperative game model was employed for power control in wireless networks in previous work. One characteristic
of non-cooperative games is “all players for themselves” [1].
Each node tries to maximize its own net-utility, which is
defined as utility minus cost. With distinct optimizing objectives, different utility functions were formulated in prior work,
such as throughput per unit power consumption [2], frame
outage [3], Shannon capacity [4] and sigmoid-like softened
SINR requirement [5]. The cost was often modeled as a linear
function of transmission power. In this way, cooperation was
introduced to the non-cooperative game. It should be pointed
out that all the above algorithms were designed for cellular
networks where power control schemes can be implemented
at base stations. However, power control in wireless ad hoc
networks can only work based on local measurements. In
[6], a joint transmission power and rate control algorithm
based on game theory, called Distributed Power and Rate
Control based on Step-up Pricing Game (DPRC/SPG), was
proposed for wireless ad hoc networks. Its net-utility function
is defined as the normalized transmission rate minus the cost of
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power. However, variations of channel condition between two
consecutive iterations were not considered in the algorithm.
Moreover, the proposed utility function was just on transmission rate while the probability of successful transmission was
not taken into account.
To improve the performance of wireless ad hoc networks,
a utility-based joint power and rate adaptive algorithm for
wireless ad hoc networks, called UPRA, is proposed in this
paper. The beauty of this scheme is that the utility function
is designed with consideration of both the transmission rate
and the probability of successful transmission. Specifically,
the utility is defined as effective transmission rate, which is
the product of the transmission rate and the probability of
successful transmission. Each node selects the power-rate pair
to achieve the highest net-utility according to its historical
SINRs by measurements. Instead of setting SINR to track
the hard threshold like in [7]–[10], a dynamic and optimized
margin is reserved for the instant SINR threshold and the
balance can be achieved between effective transmission rate
and power conservation, which in turn improves the net-utility
of each node and the performance of the whole network.
The rest of the paper is organized as follows. In Section II,
we present the system model, reformulate the power-control
problem as a non-cooperative game, which leads to a power
and rate control algorithm. We also discuss the convergence
of both feasible and infeasible cases. In Section III, numerical
evaluation is given. Finally, Section IV concludes the paper.
II. U TILITY- BASED J OINT R ATE AND P OWER C ONTROL
A. System Model
We consider a wireless ad hoc network consisting of N
transmitter-receiver pairs (links), where all nodes are equipped
with identical multi-rate half-duplex transceivers. The SINR of
the ith link is given by
SINRi = αi Pi

(1)

with
αi = N

Gii

j=1,j=i

Gij Pj + ηi

.

(2)

Here Gij denotes the channel gain from the transmitter of the
jth link to the receiver of the ith link. Pi is the transmission
power of the ith link which is tunable between 0 and Pmax .
ηi is the power of the white noise at the receiver of the ith
link. In the rest of this paper, “interference” refers to the sum
of the interference caused by other links and white noise.
In this multiple rate system, let γi denote the SINR requirement of the ith link for the lowest transmission rate R1 . The
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SINR requirements of the ith link for the transmission rates
b2 R1 , b3 R1 , · · · , bM R1 (1 = b1 < b2 < b3 < · · · < bM ) are
h2 γi , h3 γi , · · · , hM γi (1 = h1 < h2 < h3 < · · · < hM ),
respectively. Since in Shannon capacity increasing SINR provides diminishing returns in rate, it is assumed that [6]
hM−1 − hM−2
h2 − h1
hM − hM−1
>
> ··· >
> 1 (3)
bM − bM−1
bM−1 − bM−2
b2 − b1
B. Power and Rate Selection in UPRA
In the wireless ad hoc network discussed in this paper, all
the users are peers and compete for limited radio resources
selfishly, thus no explicit cooperation is possible. Such a
problem is a typical non-cooperative game [1]. We define the
net-utility of user i as
NUi = Ui − Ci

(4)

where Ui and Ci are the utility and cost of user i, respectively.
Each user tries to maximize its own net-utility by jointly
adjusting its transmission power Pi and transmission rate ri .
In UPRA, Ci is defined as a linear function of transmission
power
Ci (Pi ) = ci Pi

(5)

where the coefficient ci is a positive constant. The utility
function Ui is defined as the effective transmission rate, which
is the product of the transmission rate and the probability of
successful transmission. If SINRi > hk γi , applicable data
rates could be R1 , R1 b2 , · · · , R1 bk . The lower is the data rate,
the more likely data is successful received. In fact, any rates
lower than the threshold can be a candidate.
The variation pattern of the channel condition
=
was studied
previously [11]–[14].
Let αi (k)


N
denote αi at discrete
Gii (k)/
j=1,j=i Gij (k)Pj (k) + ηi
time instant k. Let x denote the decibel value of a variable
x, namely, x̄ = 10 log x. αi (k) can be assumed to vary
according to the random-walk model [13].
αi (k + 1) = αi (k) + ni (k)

(6)

where ni (k) is a normal distributed random variable representing the variation of environment. The mean value of ni (k) is
zero and its variance is σ 2 . If link i transmits with rate bm R1
at time index k and power Pi is fixed from time instant k to
k + 1, the probability of SINRi staying above the threshold
hm γi , referred to as SINR guarantee, for time index k + 1 is
represented by



ln(SINRi /hm γi )
1
√
S(SINRi , m) =
(7)
1 + erf
2
σ 2
with m = 1, 2, · · · , M . S(SINRi , m) is the cumulative
distribution function of lognormal distribution. σ = 0 means
that αi is constant. When σ increases, higher SINRi is needed
to achieve the same SINR guarantee.
In order to ensure that SINRi is greater than or equal to the
threshold, a suitable transmission rate will be selected under
the constraint of channel conditions. Let ri denote the ratio of

Fig. 1. Candidate data rates and the transmission power under the condition
of αi in a three-rate system.

candidate transmission rate to the lowest data rate. Then ri is
a function of SINRi , denoted as
ri (SINRi )
⎧
bM , bM−1 , · · · , or b1
⎪
⎪
⎪
⎪
⎪
b
⎪
M−1 , · · · , or b1
⎪
⎨
= ...
⎪
⎪
⎪
⎪
b1 ,
⎪
⎪
⎪
⎩
0,

SINRi ≥ hM γi
hM γi > SINRi ≥ hM−1 γi
..
(8)
.
h2 γi > SINRi ≥ h1 γi
h1 γi > SINRi

which is plotted in Fig. 1. It should be noted that the relationship between ri and SINRi is not one-to-one relationship.
Thus far, we have formulated the relationship between
transmission rate ri , SINR guarantee, and SINRi respectively.
We integrate transmission rate and SINR guarantee into the
utility function Ui as (9).
Ui (SINRi , m) = ri (SINRi )Si (SINRi , m)



ln(SINRi /hm γi )
bm
√
=
m = 1, 2, · · · , M (9)
1 + erf
2
σ 2
Ui is an increasing function of SINRi which satisfies:
Ui (0, m) = 0 ; Ui (∞, m) = bm .
By (1), (4) and (5), the net utility of user i is
NUi (SINRi , m, Pi ) = Ui (SINRi , m) − Ci (Pi )
ci
(10)
=ri (SINRi )Si (SINRi , m) − SINRi
αi
The utility and the cost versus SINR of a 3-rate system
are depicted in Fig. 2. The curves are utilities using different
transmission rates. The straight lines 1, 2, 3 and 4 denote cost
at different channel condition
 cost lines
αi . The slope of the
N
is ci /αi . Since αi = Gii /
G
p
+
η
i ≤ Gii /ηi .
j=1,j=i ij j
The cost line has a positive lower bound as illustrated by
line 1. Let K i be the slope of line 1, i.e. K i = ci (ηi /Gii ).
For a given transmission rate bm , when the slope is small
enough ci /αi < 0.5bm /hm γi , the cost line has at most one
intersection with the utility curve. When the slope increases
to 0.5bm /hm γi , the intersection is at the point (hm γi , 0.5bm )
as shown by line 4. K i is the slope of line 4, i.e., K i =
0.5bm /hm γi . When we continue to increase the slope, there
is no intersection any more and it means the cost is very high.
The joint rate and power control problem for user i can be
formulated as
max

0≤Pi ≤Pmax ,
m=1,2,··· ,M

NUi

(11)
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Utility (and cost) versus SINR for user i.

Fig. 3.

Taking the derivative of NUi with regard to SINRi , we have:


ci
d Ui (SINRi , mi ) − SINRi
αi
=0
(12)
dSINRi
Solving this function for σ > 0, it has a unique solution
√


√
2
2
4
SINRi= min hm γi e 2σ ln(bm αi / 2πσci hm γi )+σ −σ, αi Pmax
√

for ci /αi ≤ min bm /( 2πσhm γi ), 0.5bm /hm γi . For a
given rate bm , there exists one optimal target SINR, denoted as
SINRiT AR,m , with which the net utility could be maximized.
If αi Pmax > hm γi , SINRiT AR,m = 0. Otherwise,
SINRiT AR,m is denoted in (13),
If σ = 0, it means that the channel condition remains
constant and the best strategy is to set the target SINR as
the SINR threshold hm γi . The resultant utility is equal to the
relative transmission rate.
So far, we have got the best target SINR for a given m.With
the aim to maximize the net utility, the overall optimum power
and rate among different rates are denoted by SINRiOP T and
mOP T respectively as
(SINRiOP T , miOP T ) = arg max [NUi (SINRi , mi )] (14)
0≤Pi ≤Pmax ,
m=1,2,··· ,M

(15)

It should be noted that if SINRiOP T = 0, the best strategy
for a node is not to transmit.
In our model, if an iteration occurs at time index k, the
iteration index is defined as k. Apply the iteration index to
(15), we obtain
PiOP T (k + 1) =

SINRiOP T (k + 1)
Pi (k).
SINRi (k)

C. UPRA Algorithm
Initially, each link uses the predetermined transmission rate
and power. In each of the following iterations, link i operates
as following steps.
1) Calculate αi by (2) and σ from historical values of αi ,
respectively. Then, SINRiT AR and net utility for each
transmission rate are obtained according to (13) and
(10), respectively. The (SINRiOP T , miOP T ) pair that
has the highest net utility can be found. If SINRiOP T =
0, give up the transmission in this iteration and wait for
a random time to start its next iteration. Otherwise go
to step 2.
2) Data is transmitted using the transmission rate
bmiOP T R1 and the transmission power PiOP T obtained
by (16).
The net utility of higher data transmission rates decreases
faster than that of lower data transmission rates when ci /αi
increases, as shown in Fig. 3. This property has been proven
analytically in Appendix. Therefore, according to (14), lower
data transmission rate is preferred when ci /αi is large as
illustrated in Fig. 4(b). Since large ci /αi indicates a worse
channel condition, links will not further exacerbate the already deteriorated channel by increasing transmission power
greedily. In this way, cooperation is realized.
D. Feasibility and Convergence

From (1), the optimum power is given as
PiOP T = SINRiOP T /αi

Net utility using SINRiTAR versus ci /αi for user i.

(16)

By UPRA, a system is defined as feasible if a power assignment vector P = [P1 , P2 , · · · , PN ]T exists while SINRi ≥
bm γi for all links. Such a power vector is a feasible solution.
In a feasible system, an iterative power control algorithm
P(k + 1) = I(P(k)) is said to be standard if for all P ≥ 0
the following properties are satisfied [15].
• Positivity: I(P) > 0;


• Monotonicity: If P ≥ P , then I(P) ≥ I(P );
• Scalability: For all a > 1, aI(P) > I(aP).
I(P) is referred as the interference function. It can be proven
that UPRA is standard as shown in Appendix. Using the
results of [15] concerning convergence, we get the following
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⎧


 ci ηi
ci
bm
0.5bm
Ψm
⎪
√
⎪
min
h
γ
e
,
α
P
≤
≤
min
,
m i
i max
⎨
Gii
αi
2πσhm γi hm γi
ci
0.5bm
√ bm
SINRiT AR,m =
hm γi
<
<
αi
hm γi
2πσhm γi
⎪
⎪
ci
0.5bm
⎩ 0
≥
αi
hm γi

√
2
with Ψm = 2σ 2 ln(bm αi / 2πσci hm γi ) + σ 4 − σ

Fig. 5.

Fig. 4.

SINRiTAR and SINRiOPT versus ci /αi for user i of UPRA.

properties of our scheme when it is applied to a feasible
system.
• If the proposed scheme has a fixed point, it is unique.
• For any initial power vector P, the iteration converges to
a unique fixed point P∗ .
When the system is infeasible, there is a problem of “opting
out”, which is not special to UPRA but rather arises whatever
algorithm is used [9]. By UPRA, links that find SINRiOP T =
0 will give up transmission for a random period as described
in Step 1, which means that these links quit from the game.
Some other links may select the slow rates rather than the
highest one.
III. P ERFORMANCE E VALUATION
A. Numerical Evaluation for a Link
In this subsection, we demonstrate how a user reacts to
the variations of channel conditions by adjusting transmission
rate and power by the UPRA algorithm. From (2) and the fact
that ci is a constant, large ci /αi means large interference and
hostile environment. We show the power and rate selection
procedure of a 3-rate system where h3 = 4.5, h2 = 2.5,
h1 = 1, b3 = 2.5, b2 = 1.8 and b1 = 1. SINR requirement for
the lowest transmission rate γi = 1.6. Cost coefficient ci = 1.
The transmission power is bounded by Pmax = 1. We set the
standard variance σ to be 1.
Fig. 4(a) shows the changes of SINR
√ iT AR for 3
rates √
when ci /αi varies between 0.03bm/( 2πσhm γi ) and
bm /( 2πσhm γi ). It can be seen that as ci /αi increases,
SINRiT AR decreases. Moreover although SINRiT AR of a
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(13)

SINRiTAR versus ci /αi for user i of DPRC/SPG.

higher transmission rate is always greater than that of a lower
transmission rate, it decreases faster than that of a lower one.
Fig. 3 shows how much net utility can be achieved if
SINRiT AR in Fig. 4(a) is used. As ci /αi increases, the net
utility decreases. When ci /αi is very small, the net utility of
rate b3 is the greatest. The net utility of a higher transmission
rate decreases faster than that of a lower transmission rate
when ci /αi increases. When 0.095 < ci /αi < 0.123, the net
utility of rate b2 becomes the greatest. When ci /αi > 0.123,
rate b1 has the greatest net utility. Accordingly, the curve of
SINRiOP T will be composed of 3 parts as shown in Fig.
4(b), each corresponding to one transmission rate. Without
loss of generality, it can be proved that due to the monotonic
SINRiOP T , the optimum transmission rate will be decreasing
when ci /αi increases. From Fig.3-4, we can find that a link
will be able to slow down its transmission rate and reduce
target SINR when the environment becomes hostile, which is
in consistent with other rate-adaptive MAC algorithms in ad
hoc networks (e.g., [16]). Implicit social cooperation can be
produced by the UPRA algorithm though each link tries to
maximize its own net utility selfishly in the non-cooperative
game. SINRiT AR versus ci /αi for DPRC/SPG is also shown
in Fig. 5 for comparison, in which SINRiTAR remains constant
and equal to a threshold value in each segment and does not
vary with the channel conditions.
B. Simulation Results
To illustrate the advantage of the proposed mechanism, we
compare the UPRA algorithm with DPRC/SPG algorithm in
[6]. The latter sets the SINR threshold as target SINR.
We consider 8 one-hop links randomly located in a 1.5km-square area. Maximum power is 1W. Background receiver
noise power within the user’s bandwidth of ηi = 8×10−13 W is
used in the simulation. The path gain Gij is modeled as Gij =
Aij /d4ij , where dij is the distance between the transmitter of
link j to the receiver of link i, and Aij is the attenuation
factor due to fading. We assume that all Aij are independent
and identically log-normally distributed random variables with
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Throughput and power versus the number of links.

0-dB expectation and 8-dB log-variance. The fading values of
links change asynchronously. When SINRiOP T = 0, link i
holds its transmission for a random period which is uniformly
distributed between [1 ∼ N ] iterations.
First, we verify the capacity improvement via simulation with different numbers of links. The cost coefficient for DPRC/SPG starts from the lower bound cmin =
hM (bM −bM −1 )
(hM −hM −1 )Pmax , increased by c = cδ. The step size is set to
be δ = 1.2 in the comparison. Simulation results show that
the UPRA algorithm can achieve an obvious improvement
on throughput and power conservation over the DPRC/SPG
algorithm as shown in Fig. 6. It is because of the fact that
the latter is vulnerable since actual SINR maybe readily goes
below the target threshold due to variation of channel conditions, causing the cost coefficient to increase step by step and
eventually making some links be refrained from transmission.
The UPRA algorithm can also alleviate the influence of SINR
variation. When channel condition fluctuates intensively, the
target SINR will be set higher than the SINR threshold so as
to leave a margin to cover the variation to some extent. When
channel condition is stable, higher transmission rates are used
and the target SINR is close to the SINR threshold, which
leads to thrift in power.
Next, convergence is shown using a 4-link 3-rate system.
The path gain matrix G of the simulated system is shown in
(17).
⎡
⎤
0.0707 0.0060 0.0104 0.0008
⎢0.0151 0.1692 0.0071 0.0035⎥
−9
⎥
(17)
G=⎢
⎣0.0120 0.0041 0.3203 0.0005⎦ × 10
0.0015 0.0140 0.0005 0.0731
It is easy to verify that the system is feasible when γi = 1.6,
h3 = 4.5, h2 = 2.5, h1 = 1, b3 = 2.5, b2 = 1.8 and b1 = 1.
The evolution curves of power and SINR for the DPRC/SPG
and the UPRA are shown in Fig. 7 and Fig. 8, respectively.
Before the 40th iteration, the target SINR and power converge
to the same point in the two schemes because their power
vector and rate vector are identical in feasible condition. At
the 40th and the 80th iterations, fading values of the four links
change and they cause jumps in target SINR and power. After

Fig. 7.
Evolution of power and target SINR in a feasible case, using
DPRC/SPG.

Fig. 8. Evolution of power and target SINR in a feasible case, using UPRA
with cost coefficient c = 1.

the 80th iteration, by the DPRC/SPG, link 1 and 3 select the
highest rate; link 2 selects the middle rate and link 4 selects
the lowest rate. While by the UPRA, link 1, 2 and 3 select
the highest rate and link 4 selects the lowest rate.
The system is infeasible when γi = 2. The evolution of
power and target SINR for DPRC/SPG and UPRA are shown
in Fig. 9 and Fig. 10, respectively, which show that both
schemes are convergent. Before the 40th iteration, by the
DPRC/SPG, link 1, 2, and 3 select the highest rate while link
4 selects the lowest rate. At the same time, by the UPRA, link
2 and link 3 select the highest rate while link 1 and link 4
refrain from transmission. This is because G22 and G33 are
much greater than G11 and G44 in (17). It means that the
channel condition favors link 2 and link 3.
IV. C ONCLUSION
In this paper, a joint power and rate adaptive algorithm,
called UPRA, has been proposed to deal with the variation of
channel conditions in wireless ad hoc networks. The operation
of the network is modeled as a non-cooperative game and
a net-utility function based on effective transmission rate
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For

√

bm
2πσhm γi

<

ci
αi

<
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0.5bm
hm γi ,

SINRiTAR,m = hm γi ≤ min(hm γi eΨm , αi Pmax ).
m
For αcii ≥ 0.5b
hm γi , SINRiTAR,m = 0 < hm γi .
Q.E.D.
Lemma 2: For ci /αi on [K i , K̄i ] and two rates m > n,
SINRiTAR,m ≥ SINRiTAR,n .
Proof :


bm
bm √ bn
bn
√
√
,
,
,
For αcii ≤ min √2πσh
,
π
π
2πσhn γi
m γi
SINRiTAR,m = hm γi eΨm , SINRiTAR,n = hn γi eΨn .

Fig. 9. Evolution of power and target SINR in an infeasible case, using
DPRC/SPG.

Fig. 10. Evolution of power and target SINR in an infeasible case, using
UPRA with cost coefficient c = 1.

and power consumption has been designed. By softening the
SINR requirement, a margin can be obtained so that data
is more likely to be successfully delivered in unstable wireless channels, thus increase the overall network throughput.
Moreover, the UPRA algorithm is proven to be convergent
under both feasible conditions and infeasible conditions. Simulation results show that by using the UPRA algorithm, higher
throughput can be obtained and more energy can be saved.
A PPENDIX
Lemma 1: SINRiT AR (ci /αi ) is a non-increasing function of
ci /αi on [K i , K̄i ] for all i.
Proof :

bm αi
Let λm = 2 ln( √2πσc
) + σ2 .
h γ
For

ci
αi

bm
≤ min( √2πσh

i

m γi

m i

m
, 0.5b
hm γi ),

SINRiTAR,m = min(hm γi eΨm , αi Pmax )
≥ min(hm γi , αi Pmax ),
∂SINRiTAR,m
αi σ
=−
SINRiTAR,m < 0.
∂(ci /αi )
ci λm

∂SINRiTAR,n
SINRiTAR,n σ
=
>0
∂bn
bn
λ
n

∂SINRiTAR,n
SINRiTAR,n
σ
=
1−
>0
∂hn
hn
λn
and if m > n, we have bm > bn and hm > hn . The directional
derivative of SINRiTAR,n along the vector (bm − bn , hm − hn )
is
∇(SINRiTAR ) · (bm − bn , hm − hn )


∂SINRiTAR ∂SINRiTAR
,
=
· (bm − bn , hm − hn ) > 0
∂b
∂h




bm
ci
bm √
bn
√ bn
√
<
,
<
min
,
For max √2πσh
,
αi
π
π
2πσhn γi
m γi
SINRiTAR,m ≥ SINRiTAR,n .
Q.E.D.
Lemma 3: SINRiTAR (ci /αi )/αi increases with increasing
ci /αi on [K i , K̄i ] for all i.
Proof :


bm
bm
√
,
,
For ci /αi ≤ min √2πσh
π
m γi

SINRiTAR (ci /αi )/αi = min hm γi eΨm /αi , Pmax ,


 
∂ SINRiTAR ( αcii ) α1i
ci
σ
1
 
1−
> 0.
= SINRiTAR
ci
αi
λ
∂ ci
αi

Q.E.D
Lemma 4: SINRiOPT is a non-increasing function of ci /αi .
Proof :
Let U  denote the slope of Ui (ci /αi ) with regard to ci /αi .
U =

∂Ui ( αcii )
∂( αcii )

Ψ2
αi b
= −√
e 2σ2 < 0
2πci λ

Ψ2

αi b
e 2σ2 > 0.
Let F = √2πc
2
iλ
We get




∂U 
F
1 F
∂U 
1
=− σ−
and
=−
λ−σ+
∂b
λ b
∂h
h
λ

The directional derivative of U along the vector (bm −
bn , hm − hn ) is

∇U  · (bm − bn , hm − hn )
∂U  ∂U 
=(
,
) · (bm − bn , hm − hn )
∂b ∂h




1
Δb
1
Δb
≤−F
σ−
−F
λn − σ +
bn
λn
bn
λn
Δb
=−F
λn < 0.
bn
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Q.E.D
Δb
For Δh
hn ≥ bn , the inequality holds. This condition is
reasonable since the SINR requirement is faster than the
increase of the data rate. Hence, for two rates m and n
(m > n), the utility Ui of m decreases faster than that of
n. By Lemma 3 and (3), the cost of m increases faster than
that of n. By (9), the net utility NUi of m falls faster than that
of n. According to UPRA, we always select the rate which
has the largest net utility, the optimal data rate will decrease
when ci /αi increases. By Lemma 2, SINRiOPT decreases with
increasing ci /αi .
Proposition 1: UPRA is standard on [K i , K̄i ] for all i.
Proof :
From (15), the interference function of UPRA is

[4] S. Gunturi and F. Paganini, “Game theoretic approach to power control
in cellular CDMA,” in Proc. IEEE Veh. Technol. Conf., vol. 58, no. 4,
pp. 2362-2366, 2003-Fall.
[5] M. Xiao, N. B. Shroff, and E. K. P. Chong, “A utility-based power-control
scheme in wireless cellular systems,” IEEE/ACM Trans. Networking, vol.
11, no. 2, pp. 210-221, Apr. 2003.
[6] Q. Chen and Z. Niu, “Joint power and rate control for wireless ad hoc
networks: a game-theoretical approach with step-up pricing,” in Proc.
IEEE Veh. Technol. Conf., vol. 2, pp.695-699, 2005-Fall.
[7] G. J. Foschini and Z. Miljanic, “A simple distributed autonomous power
control algorithm and its convergence,” IEEE Trans. Veh. Technol., vol.
42, no. 4, pp. 641-646, Nov. 1993.
[8] A. Subramanian and Ali H. Sayed, “Joint rate and power control
algorithms for wireless networks,” IEEE Trans. Signal Processing, vol.
53, no. 11, pp. 4204-4214, Nov. 2005.
[9] S. Koskie and Z. Gajic, “A Nash game algorithm for SIR-based power
control in 3G wireless CDMA networks,” IEEE/ACM Trans. Networking,
vol. 13, no. 5, pp. 1017-1026, Oct. 2005.

I(P) = [I1 (P), I2 (P), · · · , IN (P))]T
where P = [P1 , P2 , · · · , PN ]T and Ii (P) = SINRiOPT /αi .
• Positivity: Since background noise ηi > 0, I(P) > 0.
• Monotonicity:
SINRiOPT
iOPT
I(P) = SINR
= SINRiOPT
( αcii ) αcii c1i .
SINRi Pi =
αi

N
Since αi = Gii /
j=1,j=i Gij Pj + ηi , we get

αi (P) ≤ αi (P ) for P ≥ P . From Lemma 3, I(P) is
increasing with ci /αi . Hence, for a fixed price coefficient
ci , I(P) ≥ I(P ).
• Scalability: For all a > 1, we have
I(aP) = SINRiOPT (ci /αi (aP)) /αi (aP)
 N

j=1,j=i Gij Pj + ηi
≤SINRiOPT ci
Gii
N
j=1,j=i aGij Pj + ηi
·
Gii
<aSINRiOPT (ci /αi (P)) /αi (P) = aI(P)
Lemma 4 tells us SINRiOPT is decreasing with ci /αi , so
the first inequality holds.
Q.E.D.
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