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Variance Minimization Stochastic Power Control in
CDMA Systems
Lijun Qian, Member, IEEE, and Zoran Gajic, Senior Member, IEEE
Abstract— In this paper, the uplink power control problem is
considered for CDMA cellular systems, where stochastic SIR
measurements are performed at base stations. A distributed
stochastic power control algorithm is proposed assuming SIR
measurements contain white noise. The proposed scheme minimize the sum of variances of mobile’s transmission power
and signal-to-interference error. The algorithm derived is fully
distributed in the sense that each user only needs to know its
own signal-to-interference measurement and channel variation.
Uncertainties of wireless channels are accomodated by using a
robust estimator. Simulation results indicate that the proposed
power control scheme has very fast convergence. In addition, it
also works fine with 4-bit quantization.
Index Terms— Stochastic power control, CDMA, Kalman filter,
H∞ filter.
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Base station behavior in 3-G wireless systems.

I. I NTRODUCTION

I

N A CELLULAR wireless network, certain quality-ofservice (QoS) should be maintained for all active users. A
quantity that measures user’s QoS is the signal-to-interference
ratio (SIR). A general idea to achieve the desired SIR for
all active users is to allocate network resources in a most
efficient way. Resource allocation in a cellular wireless network includes channel allocation, power control, etc. The
transmitter power is the most valuable resource in a wireless
network. By proper transmitter power control, the interference
can be minimized. At the same time, power control extends
the battery life in the handset.
Due to unreliable radio links, it is challenging to ensure
QoS in terms of the frame error rate (FER), in turn, the SIR
in wireless networks. Since the third generation (3G) wireless systems use high data rate (multimedia) services, more
accurate and fast responding power control is required. For
real-time services such as IP voice and video, stringent delay
requirements severely limits or even precludes retransmission
of lost frames. Tight delay requirements translate into stringent
requirements on SIR. As a result, in order to support real-time
services, it is important to design accurate and fast responding
power control algorithms such that the required QoS can be
delivered to all users.
The initial work on deterministic SIR-based power control
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der [1], [2]. In [3], Wu extended Zander’s problem formulation
to CDMA systems by reordering the number of users in different cells. Power control schemes can be centralized [1], [4] or
distributed [2], [5], [6]. A centralized controller has complete
information about each user (e.g., all the link gains are known)
and it decides control actions for all users. On the other hand,
a distributed controller uses only local information to make a
control decision for a user. For example, [2], [5], [6] only use
information about user’s own link gain and/or SIR to make a
decision about their transmitted powers.
The algorithm convergence has to be studied carefully
when a distributed power control scheme is used. The distributed power control algorithm by Foschini [6] was shown
to converge either synchronously [6] or asynchronously [7].
The basic model in [6] is relaxed in [7] to allow asynchronism. Propagation delays are also considered in [7]. A
framework for convergence of the generalized uplink power
control was proposed by Yates [8]. Jantti and Kim [9] use
a successive overrelaxation technique to derive second-order
iterative algorithms called USOPC (unconstrained secondorder power control) and CSOPC (constrained second-order
power control), which have faster convergence speed than the
first-order Jacobian iteration algorithms, [6].
It is well known that the power control problem in the uplink
(mobile-to-base) is more challenging than the power control
problem in the downlink (base-to-mobile). Hence, we only
consider the uplink power control problem in CDMA systems.
In 3G CDMA systems, both open-loop and closed-loop
power control is implemented in the uplink [11], [12], [13].
The open-loop power control adjusts initial access channel
transmission power of the mobile station. Closed-loop power
control is employed to combat fast channel fluctuations due
to fading. The base station behavior in a closed-loop uplink
power control architecture is shown in Fig. 1.

c 2006 IEEE
1536-1276/06$20.00 

194

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 5, NO. 1, JANUARY 2006

In this paper, we assume stochastic measurements of SIR
at the base station according to the SIR measurement module, implemented in both IS-95 [10] and Wideband CDMA
proposed for 3G wireless systems [11], [12]. Based on the
received signal, the outer loop detects the Frame Error Rate
(FER). Then the outer loop control maps the FER to target
SIR value, see Fig. 1. The method for setting the target
SIR is not addressed in this paper. The inner loop control
decides the transmitter power by comparing the measurement
of SIR with its target value. The proposed stochastic power
control scheme will be applied for inner loop control. At the
base station receiver, SIR measurements are performed after
RAKE combining. The frame structure using time-multiplexed
pilots supports SIR measurements [11], [14]. Both pilot and
data symbols are used to measure instantaneous received
signal power. Only the pilot symbols are used to measure
instantaneous interference plus noise power, which is followed
by averaging using a first-order filter [11], [14].
Most power control works have been done on CDMA
systems assuming that the power control system is deterministic [1]- [9]. However, because of the stochastic nature of link
gains, received power, interference, and Signal-to-Interference
Ratio (SIR) are all random processes fluctuating in time.
Hence, the development of a stochastic power control scheme
is essential (mandatory).
Several papers were published on stochastic power control
in wireless CDMA networks during the past several years
using different problem formulations and assumptions. Ulukus
and Yates [15] showed that it is realistic to assume that
the average of the squared matched filter output in a Lbit interval is corrupted by additive white Gaussian noise
(AWGN). They assume a very specific uplink implementation
that uses binary phase shift keying (BPSK) and an L-bit
averaging window, and devise a power control scheme that
converges in the mean square sense to the optimal transmission
power, with the optimal power meaning the optimal power
of the corresponding deterministic case. In [16], the SIR
estimation problem was studied based on a signal subspace
method using the sample covariance matrix of the received
signal. However, estimation of the SIR is not the focus of our
research. Leung [17], [18] and Leung and Wang [19] used
the Kalman filter to predict the interference assuming that
the interference signal and its measurements are corrupted by
AWGN in a TDMA system. Having obtained the predicted
value for the interference, a nice simple scheme based on the
definition formula of the signal to interference ratio (SIR) is
used for mobile power updates [17], [18]. However, such a
method neither optimize mobile powers nor SIR errors, and it
is solely based on the accuracy of the predicted interference.
Shoarinejad et al., [20], developed dynamic channel and
power allocation algorithms using the Kalman filter to provide
predicted measurements for both gains and the interference
under the assumption that they are corrupted by AWGN. Jiang
et al., [21], developed a technique that uses the Kalman filter
for power estimation in wireless networks. Qian [22], Qian
and Gajic [23] used H-infinity filter to predict interference
and proposed a power adjustment scheme based on the SIR
error optimization that theoretically converges in one iteration.
Varanasi and Das [24] studied stochastic power control for

nonlinear multiuser receivers, assuming a much more complex
form for the receiver than the one based on the matched filter–
currently used in wireless CDMA networks. Kandukuri and
Boyd [25] used a nonlinear convex optimization technique
to minimize the mobile powers and the outage probability
subject to some statistical assumptions on gains that include
Rayleigh fading induced outage probability for every link.
There are also several works on stochastic power control
assuming specific channel models. For example, a flat fading
channel model is assumed and the evolution of the channel
is described by stochastic differential equations in [26]. The
performance index is the total transmission power. A linear
programming approach is proposed in [26], however, no iterative or distributed algorithms or simulation results are given.
In [27], only a 2-user case is considered analytically where
link gains are assumed to be varying with shadow fading
effect. The multiuser case is only studied through simulation.
In [15], the average of the squared matched filter output
(total received power) was assumed to have white Gaussian
noise. The power evolution was based on the total received
power at the base station. In this research work, we assume
that the measurements of SIR from the SIR measurement
module at the base station contain Gaussian white noise. We
propose a SIR-based stochastic power control scheme using
stochastic control theory. Usually, the instantaneous received
signal power is assumed to contain white noise. The average
interference plus noise power from the low-pass filter could be
treated as a fixed quantity during one Power Control Group
(PCG). Thus the measurements of SIR can be assumed to
contain white noise. The stochastic power control scheme
proposed in this paper will make use of the SIR measurement
mechanism within the 3G wireless proposal and formulate
the stochastic power control problem as a linear stochastic
discrete-time system driven by white noise.
We study the variance minimization problem for the
weighted sum of variances of SIR error and transmission
power when the SIR is corrupted by AWGN. We first propose
to use additive power updates with increments proportional to
the SIR error and then exploit the fact that the corresponding
difference equation for the variance is represented by a linear
discrete-time system driven by white noise whose variance
satisfies the difference Lyapunov equation. We devise a power
controller by minimizing the corresponding components in
the solution matrix of the difference Lyapunov equation. Our
approach is pretty much different than all other approaches
used so far in the study of stochastic power control for wireless
CDMA networks. In this research work, we do not assume any
specific channel model, since any particular model will only fit
specific wireless environment. Instead, we use an estimator to
estimate the channel variation. In addition, a robust estimator
(e.g., the H∞ filter) provides accurate estimates regardless of
the statistics of channel disturbances/uncertainties.
This paper is organized as follows. A stochastic power control scheme is derived in Section 2 by formulating the power
control system as a linear time-varying system driven by white
noise. In Section 3, the Kalman filter and robust estimators are
used to predict channel variations. The quantization effect is
considered in Section 4 through simulation. Section 5 gives
conclusions and comments.
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II. P OWER C ONTROL F ORMULATION AS A
M INIMUM VARIANCE P ROBLEM

and
Var{xi (0)} = Qi (0)

In this section, the mobile power assignment power problem
is formulated as a linear stochastic control problem, where the
time-varying linear system is driven by white noise.
The SIR of an active link from mobile station i to base
station n in a wireless system is defined as
Lhni pi (k)
2
j=i hnj pj (k) + σ

γni (k) = 

(1)

where hni and hnj are the link gains from mobile station i and
j to base station n, respectively, a k denotes discrete time..
pi (k) and pj (k) are the transmission power from mobile i and
j, respectively. σ 2 is the background noise. We assume that
L is the processing gain in spread spectrum wireless systems,
e.g., in CDMA 2000, L = 64 or 128 or 256. Let us denote the
denominator by Ii , which represents the received interference,
then the SIR can be rewritten as
Lhni pi (k)
(2)
γni (k) =
Ii (k)
Assuming that a mobile only transmits to one base station
during the time of power control, then γni (k) can be simplified
ni
as γi (k). Let δi (k) = Lh
Ii (k) denote the channel variation
(introduced in [28]). δi (k) will be estimated and predicted
in the proposed power control scheme.
Define the performance criterion as a sum of variance of
mobile’s transmission power and variance of SIR error
Ji (k) = [Var(pi (k + 1)) + Var(ei (k + 1))]

(4)

where yi (k) is the measurement of the SIR, γi (k) is the
actual value of the SIR, and wi (k) is a zero-mean, mutually
uncorrelated white noise stochastic process. Using the idea
that the mobile’s transmission power change is proportional to
the SIR error, we suggest the following dynamics for power
updates
pi (k + 1) = pi (k) + αi (k)[γitar − yi (k)]

(5)

where αi (k) is the controller gain to be determined.
The optimal stochastic power control problem is to minimize Ji (k) for every user i at every time step k by choosing
the appropriate controller gain αi (k)
min [Var(pi (k + 1)) + Var(ei (k + 1))]

αi (k)

with initial conditions given by
E{xi (0)} = x̄i (0) =



p̄i (0)
ēi (0)

(6)


(7)

(8)

Using (4) and (5), we obtain that
pi (k + 1) = pi (k) + αi (k)ei (k) − αi (k)wi (k)

(9)

where ei (k) = γitar − γi (k). From the definition of the
channel variation δi (k), we have γi (k) = δi (k)pi (k). Using
this expression while considering the SIR error evolution, we
have (10). Combining equations (9) and (10), we obtain the
following second-order dynamic system driven by white noise
for the mobile’s transmission power and the SIR error
 



1
αi (k)
pi (k)
pi (k + 1)
=
ei (k + 1)
−δi (k + 1) −δi (k + 1)αi (k)
ei (k)




0
−αi (k)
wi (k) +
+
(11)
γitar
δi (k + 1)αi (k)
Introducing Ai (k), Gi (k), and Γi as the notation for the
matrices in the above equation, we have


1
αi (k)
Ai (k) =
(12)
−δi (k + 1) −δi (k + 1)αi (k)

Gi (k) =

−αi (k)
δi (k + 1)αi (k)


Γi =

0


(13)


(14)

γitar

(3)

The objective function defined above represents the goal of
execising stochastic power control: reduce the variance of SIR
error to guarantee good service quality of mobile users, while
reducing the volatile change in transmission power which
in turn makes the interference fluctuates smoothly, which is
crucial for voice users.
Assume that stochastic measurements of SIR of user i at
time instant k at the base station are modeled as
yi (k) = γi (k) + wi (k)

195

Defining the state vector as

xi (k) =



pi (k)
ei (k)

(15)

equation (11) becomes
xi (k + 1) = Ai (k)xi (k) + Gi (k)wi (k) + Γi

(16)

where wi (k) is white noise with E{wi (k)} = 0, with the
white noise covariance matrix given by E{wi (k)wi (n)} =
W ∆(k − n), where W is the power spectrum density of wi .
∆(k − n) is the Kronecker delta function defined by

1,
k=n
∆(k − n) =
(17)
0 , otherwise
Let the mean of xi (k) be x̄i (k) with the initial value equal
T
to [p̄i (0) ēi (0)] . It can be shown that the mean is given by
[29]- [30]
E{xi (k)} = x̄i (k) =

k−1

j=0

k−1


Ai (j)x̄i (0)+

l


Ai (k−j)Γi +Γi

l=1 j=1

(18)
The variance matrix of xi (k), denoted by Qi (k) =
V ar{xi (k)}, is a 2 × 2 matrix. The variance of linear
system (16) driven by white noise satisfies the Laypunov
difference equation [29], [30], [31] assuming that the system
state and white noise are independent (uncorrelated), as shown
in (19).
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ei (k + 1)

= γitar − γi (k + 1)
= γitar − δi (k + 1)pi (k + 1)
= γitar − δi (k + 1)pi (k) − δi (k + 1)αi (k)ei (k) + δi (k + 1)αi (k)wi (k)

Qi (k + 1)

(10)

= E{(xi (k + 1) − x̄i (k + 1))(xi (k + 1) − x̄i (k + 1))T }
= Ai (k)Qi (k)ATi (k) + Gi (k)W GTi (k)

(19)

Q11 (k + 1) = Q11 (k) + 2αi (k)Q12 (k) + (αi (k))2 Q22 (k) + (αi (k))2 W

(21)

Q12 (k + 1) = −δi (k + 1)[Q11 (k) + 2αi (k)Q12 (k) + (αi (k))2 Q22 (k) + (αi (k))2 W ]

(22)

Note that Qi (k) = QTi (k) ≥ 0 (symmetric positive
semidefinite for every k). Let us partition the 2 × 2 matrix
Q (index i is dropped for simplicity) as

 

Q11 Q12
Q11 Q12
T
=
Q=Q =
Q21 Q22
Q12 Q22


Var(p(k))
Cov(p(k), e(k))
=
(20)
Cov(p(k), e(k)) Var(e(k))
In view of (9), (10), and (20), the Lyapunov difference
equation (19) is partitioned as shown in (21), (22), and (23).
From (21), (22), and (23) we observe that for every user i
Q12 (k) = −δi (k)Q11 (k) ,

∀k

(24)

Q22 (k) = (δi (k))2 Q11 (k) ,

∀k

(25)

It follows from (20), (24) and (25) that

αi (k)

⇔ min [(1 − αi (k)δi (k))2 Q11 (k) + (αi (k))2 W ] (26)
αi (k)

Using the fact that Q11 (k) ≥ 0, and W > 0, formula (26)
represents a convex function of αi (k). It is straight forward
to derive the optimal value of αi (k) as
(27)

which yields
αiopt (k) =

δi (k)Q11 (k)
W + (δi (k))2 Q11 (k)

(28)

that achieves the minimum of the criterion function.
In a practical situation, it is usually difficult to measure/calculate the variance of the transmission power
(Q11 (k)). As a result, it would be difficult to calculate the
optimal gain (αiopt (k)). However, since the power of the SIR
measurement noise is usually much smaller comparing with
the signal power, we could use the following sub-optimal
solution of the controller gain
αisubopt (k) =

1
δi (k)

To examine the stability of this discrete time-varying system,
we use the well known Lyapunov stability theory for timevarying systems, which can be found in [8, Chapter 23, pp.
438-439].
Theorem 1: The system matrix under the sub-optimal con(k) is stable for all k.
trol Asubopt
i
The proof of the above theorem is given in Appendix, and
can be found in [22]. The proposed power control algorithm
using sub-optimal controller gain is
pi (k + 1) = pi (k) +

minαi (k) [Var(pi (k + 1)) + Var(ei (k + 1))]
⇔ min [Q11 (k + 1) + Q22 (k + 1)]

∂[(1 − αi (k)δi (k))2 Q11 (k) + (αi (k))2 W ]
=0
∂αi (k)

After the sub-optimal gain αisubopt (k) is employed, the
system matrix Ai (k) becomes


1
1
δi (k)
subopt
Ai
(30)
(k) =
−δi (k + 1) − δiδ(k+1)
i (k)

(29)

1
[γ tar − yi (k)]
δi (k) i

(31)

It is a fully distributed algorithm. Each mobile user only
needs to know its own stochastic SIR measurement yi (k) and
channel variation δi (k) to decide the power control command.
The stability of the discrete time-varying power control system
driven by white noise guarantees the convergence of the
proposed distributed power control algorithm.
Let us examine the mean of the state variables under the
sub-optimal controller gain αisubopt (k). Replace Ai (j) and
(j) and Asubopt
(k − j) in equation (18),
Ai (k − j) by Asubopt
i
i
subopt
(j)A
(j − 1) = 0 , ∀j >
respectively. Note that Asubopt
i
i
1. Using this property, we obtain (32). We observe that when
channels are slowly changing, i.e., when δi (k) ≈ δi (k − 1),
we have E{γisubopt (k)} ≈ γitar .
The variances of the transmission power and SIR error
under sub-optimal control are


 
W
(k)}
Var{psubopt
δi2 (k−1)
i
(33)
=
W
δi2 (k) δ2 (k−1)
Var{esubopt
(k)}
i
i

The minimal values of the performance criteria become
Jisubopt (k) =

1 + δi2 (k + 1)
W
δi2 (k)

(34)

The block diagram of the proposed power control scheme
is shown in Fig. 2. The estimator in the feedback loop and
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Q22 (k + 1) = (δi (k + 1))2 [Q11 (k) + 2αi (k)Q12 (k) + (αi (k))2 Q22 (k) + (αi (k))2 W ]
tar

γ i - y i(k)
tar
γi +

p i(k+1)

Z-a
Z

α i (k)
-

+
+

noise

p (k)
Z -1

i

S (k)
i

hn i (k)
L

y i(k)

..

f( )

^
δ i (k)

^
δ i (k)
f2( )

in dB

..

δ i (k)
Estimator

in dB

^I (k)
i

f1( )

Low-pass Filter

δ i (k)
Fig. 2.

(23)

I i(k)

The estimator aided stochastic power control system with the proportional derivative controller.

E{xsubopt
(k)}
i

= x̄subopt
(k) =
i
=
=

k−1


Asubopt
(j)x̄i (0) +
i

j=0
subopt
A
(k − 1)Γi + Γi
i

γitar
δi (k−1)
i (k)
(1 − δiδ(k−1)
)γitar

the Z−a
block in the forward loop will be explained later in
Z
Section 3A and Section 3C, respectively.
Comment:
When the SIR measurement noise is Gaussian white noise,
the above stochastic power control scheme with gain αiopt (k)
is optimal because the state variables, SIR error and mobile’s
transmission power, are Gaussian too. Hence, their statistics
is completely determined by their means and variances. Note
that the output of a linear system driven by Gaussian white
noise is also Gaussian white noise stochastic process [29].
When the SIR measurements contain white Gaussian noise,
the sub-optimal controller gain is equal to the reciprocal of
the channel variation. We assume that the sum of a large
number of interferers is relatively constant during one slot
(0.625 ms). As a consequence, the channel variation remains
constant during one slot.

A. Simulation Example
The performance of the proposed optimal stochastic power
control scheme is tested through simulation. The simulation
environment is described as follows. A CDMA system with
7 hexagonal cells and 16 users per cell is considered. The
operating frequency is 1.9 GHz and the bandwidth of each
channel is assumed to be 1.23 MHz, which is in accordance
with the CDMA 2000 standard [13]. The data rate is set at
9600 bps and the processing gain is set at 128 (21 dB). The
target SIR is 7 dB, which corresponds to the bit error rate
(BER) being less than 10−3 . Note that the SIR defined in this
research work includes the processing gain, which is denoted
Eb
in the standard IS-95B [38]/CDMA 2000 [13], where
by N
0
Eb is the energy per information bit and N0 is the interference
power spectral density.

k−1


l


Asubopt
(k − j)Γi + Γi
i

l=1 j=1

(32)

In the simulation, we further make the following assumptions:
1) The effects of antenna directivity, voice activity factor,
and soft handoff are ignored.
2) The minimum and maximum power can be transmitted
by a mobile (IS-95B [38]) are pmin = 8 dBm (6.3 mW)
and pmax = 33 dBm (2 W), respectively.
3) The background noise power is 0.05 mW.
4) The transmitted power is updated periodically, every
0.625 msec, which corresponds to 1,600 Hz fast closedloop power control frequency proposed in IMT-2000.
5) The location of the mobiles are assumed to be uniformly
distributed in a cell.
6) It is assumed that the link gains have the following form
hni (k) = d−4
ni (k)Sni (k)

(35)

where dni (k) is the distance from the ith mobile to the
nth base station at time instant k, Sni is a log-normal
distributed stochastic process.
7) It is assumed that the cell diameter is 2 km. dni (k) is a
2-D uniformly distributed random variable.
8) It is assumed that the standard deviation of Sni is 8
dB, [33].
The proposed stochastic power control scheme is applied.
The average SIR is plotted in Fig. 3, which is calculated as
γ̄(k) =

N
1 
γi (k)
N i=1

(36)

We observe that the SIRs converge to the target SIR rather
quickly.
The variance of transmission power is plotted as a function
of time steps in Fig. 4. We observe that the variance of transmit
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Fig. 3. The average SIR of all users under sub-optimal stochastic power
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Fig. 5.
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where wi (k) represents the process noise (disturbance) introduced by the link gain. Let zi (k) be the measurement of δi (k).

−1

Variance of mobile transmission power

10

zi (k) = δi (k) + vi (k)

−2

10

where vi (k) is the measurement noise at the base station
receiver. If we assume that wi (k) and vi (k) are Gaussian,
the Kalman filter may be employed to get the estimates
of the channel variation. Let wi (k) ∼ N (0, Qi (k)) and
vi (k) ∼ N (0, Ri (k)), and assume that they are uncorrelated.
The proposed Kalman filter is given by [34]

−3

10

−4

10

−5

10

δ̂i (k) = δ̂i (k − 1) + K δ (k)[zi (k) − δ̂i (k − 1)]

−6

10

(38)
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Fig. 4. The variance of mobile’s transmission power under proposed suboptimal stochastic power control.

power decreases very fast with time, to about 10−5 within 100
steps (62.5 ms).
III. E XTENDED R ESULTS AND A NALYSIS
The link gains in a wireless system are subject to uncertainties caused by the random nature of channel fading. In the
proposed stochastic power control system, all the uncertainties
of link gains are incorporated into the uncertainties of channel
variations. In practical system implementation, in order to
perform the proposed stochastic power control scheme, an
estimate of the channel variation is needed. Previous work
using the Kalman filter to estimate/predict interference can
be found in [18]. As described in Section 1, the instantaneous
interference plus noise power at the base station receiver could
be measured using pilot symbols and then averaged through
a low-pass filter. Here, we use the averaged interference plus
noise power to calculate the channel variation.
A. Estimation of Channel Variations
The dynamics of the channel variation (in dB) can be
modeled as
δi (k) = δi (k − 1) + wi (k − 1)

(37)

(39)

where K δ (k) is the Kalman filter gain, which is computed
by [34]
K δ (k) =

P δ (k − 1) + Qi (k)
− 1) + Qi (k) + Ri (k)

P δ (k

(40)

where P δ (k) can be calculated iteratively as [34]
P δ (k) =

Ri (k)[P δ (k − 1) + Qi (k)]
P δ (k − 1) + Qi (k) + Ri (k)

(41)

The statistics of the initial conditions are defined by
E[δi (0)] = δ̂i (0), E[δi (0)2 ] = P0δ .
The block diagram of the proposed estimator is shown in
Fig. 2 in the feedback loop. Functions f1 () and f2 () are used
for converting to dB scale and the other way around.
The estimator in the feedback loop could be the Kalman filter if the fluctuation of channel variation and the measurement
noise are Gaussian distributed. In general, the fluctuation of
channel variation is not Gaussian distributed. In that case, a
more appropriate choice is the H∞ filter (instead of Kalman
filter) [22], [39].
By using the filtering technique, we obtain an estimator
based controller
pi (k + 1) = pi (k) + α̂i (k)[γitar − yi (k)]
α̂isubopt (k)

(42)

= 1/δ̂i (k).
where
To show the convergence of the users’ SIRs to the target
value, we ran the stochastic power control algorithm by using
the Kalman filter and the H∞ filter as estimators, respectively.
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Fig. 6. Average SIR of all the users using the H∞ filter with different values
for λ.
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The simulation platform is the same as the one described in
Section IIA. The average SIR is plotted in Figs. 5 and 6, which
is defined in (36). We observe that the SIRs converge to the
target SIR as expected in both cases. Note that the H∞ filter
has a parameter λ as an additional degree of freedom that can
be chosen to achieve satisfactory estimation [39].
The transmission powers of users (only 3 of them are
plotted) are shown in Fig. 7. They converge to the deterministic solutions within 60 steps. Fig. 8 show the actual SIR
performance of users under severe fading conditions. Applying
a low-pass filter to the SIR measurements, we observe in Fig.
9 that the SIR performance of users (only 4 users randomly
chosen are plotted) is improved due to averaging. However,
the response time is long (about 400 ms).
B. Performance Comparison between Proposed Minimum
Variance Power Control and the Stochastic Power Control
of [15]
In order to compare the performance between proposed
Minimum Variance Power Control and the Stochastic Power
Control developed in [15], we ran the minimum variance
power coontrol algorithm using H∞ filter as channel estimator,
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time steps

1200
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2000

Fig. 9. SIR performance by adding a low-pass filter when channel fading is
severe.

side-by-side with the Stochastic Power Control algorithm
(equation (28) in [15]). The simulation platform is the same
as the one described in Section IIA, where white Gaussian
noise is added to the received power at each base station.
The parameter of the H∞ filter is λ = 0.1. Both an = 0.01
and an = n1 (as suggested in [15]) have been tested with L = 1
for the Stochastic Power Control algorithm proposed in [15].
Note that perfect knowledge of channel gain is assumed to be
available for the Stochastic Power Control algorithm.
The average SIR of all users in the system, as defined
in (36), has been plotted in Fig. 10. Even without knowledge of
channel gains, the proposed minimum variance power coontrol
algorithm outperforms the Stochastic Power Control algorithm
for both an = 0.01 and an = n1 . The proposed algorithm
converges to the SIR target in 20 steps, while the Stochastic
Power Control algorithm needs much longer time to converge.
The advantage of robust estimator, namely, the H∞ filter, is
demonstrated in this performance comparison study, Fig. 10.
Note that the results show a similar pattern of convergence of
the Stochastic Power Control algorithm, as observed in Fig. 6
in [15], for both an = 0.01 and an = n1 , as expected.
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Fig. 11. Transmission power of a typical user with the added proportional
derivative controller.

C. Improvement by adding Proportional Derivative (PD) Controller
In order to reduce the overshoot of the proposed controller,
we introduce a PD controller. It is well-known that PD controller will decrease the overshoot and improve the transient
response. The block of the proposed PD controller in the
forward loop is shown in Fig. 2 as the block with the transfer
function Z−a
Z .
After applying the PD controller, we have an additional
controller parameter a to tune. It is observed from Fig. 11
that with a = 0.15 we get a very good performance.
IV. E FFECT OF Q UANTIZATION
In current IS-95 and IS-2000 systems, only up/down bangbang power control with fixed step size (0.5 dB or 1 dB)
is implemented. It is well known that the fixed-step power
control algorithm can not be optimized for the time-varying
channel, and will introduce constant power control error.
In [35], the continuous value of mobile’s transmission power
is rounded to corresponding discrete levels by either “ceiling”
or “flooring”. The fixed step size constraints (0.5 dB or 1
dB) are not taken into consideration in [35]. A multi-step

Fig. 13.
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approach, called pulse-code-modulation (PCM) realization, is
proposed in [36]. Simulations indicated that the multi-step
approach achieves a better performance than the fixed-step
power control algorithm. Applying quantization on the proposed stochastic power control command, we get a multi-steplike power control algorithm. If the number of the transmit
power control (TPC) bits is n, then the number of the different
power level is 2n .
The performance of the proposed control scheme with 4-bit
quantization is shown in Figs. 12 and 13. Again, users are
randomly chosen. The transmission power is rounded to the
nearest discrete power level. The performance of the proposed
power control scheme will not be affected too much with 4bit quantization. The SIRs converge pretty fast to the desired
target value.
In the current IS-95 system and CDMA-2000 system, power
control bits (1 bit) is transmitted every slot with a fixed
power control step size (1 dB or 0.5 dB). In the proposed
scheme, power control bits (4 bit) could be transmitted every
4 slots but with multiple step size (16 different step sizes).
The power control performance will be improved due to the
fast convergence of the proposed scheme and the ratio of
information bits to power control bits remains unchanged.
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V. C ONCLUSIONS AND D ISCUSSIONS
The stochastic power control problem considered in [15]
assumes that the matched filter output contains white Gaussian
noise. A stochastic power control scheme is derived by using a
L-bit window averaged square of the matched filter output and
link gain. In this research work, based on the SIR measurement
mechanism for time-multiplexed pilot signal (reported in 3G
wireless systems proposals), the SIR measurement is assumed
to contain white Gaussian noise. The stochastic power control
scheme is obtained by minimizing the sum of variances of
mobile’s transmission power and SIR error. Even though both
schemes converge, the scheme proposed in this paper has
much faster convergence speed than the one in [15]. In terms
of complexity, the scheme proposed in this work needs an
estimator to estimate the channel variation, but it does not
require the knowledge of the link gain.
In practical situations, the noise within the SIR measurement may not be modeled as white Gaussian noise [16], [18].
Hence, the stochastic power control problem may be formulated as a linear quadratic optimal control problem with the
system driven by non-Gaussian noise, and the solution of such
systems can be found in [37]. In such a case, the stochastic
power control scheme proposed in this paper will be suboptimal if the higher-order non-Gaussian white noise moments
are small so that they do not affect the system performance
much.
It may be desirable to get an estimate of the SIR rather
than using the SIR measurement directly. However, since
the dynamics of the SIR is not linear, the extended Kalman
filter has to be used because the filtering problem becomes
nonlinear [34].
The proposed power control system could be easily generalized by introducing weighting factors into the optimization
criterion
Jinew (k) = [β1 Var(pi (k + 1)) + β2 Var(ei (k + 1))]

(43)

where β1 and β2 are positive constants and will be decided by
the system designer, depending on which term (the variance
of the transmission power, or the variance of the SIR error) is
more important (β1 > β2 indicates that minimization of the
power variance is more important than minimizarion of the
SIR error variance, and vice versa).
In this paper, in order to obtain the optimal solution of
the stochastic power control problem analytically, only the
SIR measurements are assumed to be stochastic. The link
gains are assumed to be fixed during each Power Control
Group (PCG) in both [15] and this work. In practice, however,
because the propagation conditions change from time to time,
the link gains are random processes. Hence the received
power, interference and SIR are all random processes. It is
very difficult to get the analytical results of power control
algorithms in such cases. In [27], only a 2-user case is
considered analytically where link gains are assumed to be
varying with shadow fading effect. Multiuser case is only
studied through simulation. In our extension of the sub-optimal
solution, an estimator is proposed to deal with the changing
of the link gains. It estimates the channel quality in terms
of channel variation at each Power Control Group (PCG) in
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real-time. Simulation results indicate the effectiveness of this
scheme.
A PPENDIX
P ROOF OF T HEOREM 1.
Proof: The linear state equation
x(k + 1) = A(k)x(k) ,

x(k0 ) = x0

(44)

is uniformly stable if there exists an n × n matrix sequence
R(k) that for all k is symmetric and
ηI ≤ R(k) ≤ ρI

(45)

AT (k)R(k + 1)A(k) − R(k) ≤ 0

(46)

where η and ρ are finite positive constants [32]. It is easy
to verify that the proposed optimal power control system is
stable using the above stability criterion by taking


ρ − η δi (k)
R(k) =
(47)
2
δi (k)
where η and ρ are finite positive constants satisfying
ρ ≥ 2η
(ρ − 2η)(2 − η) ≥

(48)
max δi2 (k)
k

−η(2 − ρ) ≤ min δi2 (k)
k

(49)
(50)

R(k) is a 2×2 symmetric matrix for all k. Firstly, let us check
condition (45).


ρ − 2η δi (k)
R(k) − ηI =
(51)
δi (k) 2 − η
The above matrix is positive semidefinite if (48) and (49) are
satisfied.


−η δi (k)
(52)
R(k) − ρI =
δi (k) 2 − ρ
The above matrix is negative semidefinite if (50) is satisfied. Secondly, check condition (46). It is obvious that the
above matrix is negative semidefinite. Furthermore, conditions (48), (49) and (50) can be easily satisfied. Just choose η
to be a very small positive number and choose ρ to be a very
large positive number. Note that adding a zero mean white
noise stochastic process (Gi (k)wi (k)) and a constant term
(Γi ) as system inputs will not affect the internal stability of
the system, since it does not depend on the input signals [32].
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