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Abstract—Power control is an important factor for direct-se-
quence code division multiple access (DS-CDMA) cellular radio
systems to achieve higher communication link quality and better
system capacity. In order to track the desired signal-to-interfer-
ence-plus-noise ratio (SINR) under round-trip delay, multiple
access interference (MAI), channel fading, and noise, a time
delay-based state-space model is developed for representing the
tracking error dynamics and a state feedback controller is in-
troduced for SINR tracking control. Then the power tracking
problem can be regarded as a control problem. In this paper,
a robust power tracking control design is proposed to
achieve a robust optimal SINR tracking from the minimization
of the worst-case effect point of view. This robust optimal power
tracking design problem can be transformed to solving the eigen-
value problem (EVP) under some linear matrix inequality (LMI)
constraints. The LMI Matlab toolbox can be used to efficiently
solve the EVP via convex optimization to achieve a robust optimal
SINR tracking design. Under the proposed distributed framework,
the information of channel gain is not needed.

Index Terms—Closed-loop power control, direct-sequence code
division multiple access, DS-CDMA, linear matrix inequality
(LMI), robust control.

I. INTRODUCTION

THE direct-sequence code division multiple access (DS-
CDMA) technique has become a popular research topic

in cellular radio systems from the viewpoint of spectrum effi-
ciency [1]–[3]. In this technique, all users operate on the same
radio channel at the same time by using a specific spread spec-
trum code for each user. However, in some applications with in-
complete orthogonality of the pseudonoise (PN) codes between
different users, or with a long delay multipath, it is normally
difficult to maintain low cross correlation among subscribers’
signature waveforms. In this case, due to losing low cross cor-
relation among waveforms, multiple access interference (MAI)
will be introduced. The main idea is to adjust the transmission
power in each base-mobile link to minimize the effects of the ex-
ternal interference and the channel fading under the constraint
of maintaining sufficient transmission quality.
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The uplink power control mechanism can be centralized [4],
decentralized [5], or distributed [6]–[9]. A centralized power
control algorithm has been presented [4], in which the informa-
tion of all users is needed by the base station to compute optimal
control actions for all users. However, significant computation
and communication overhead is required, which is a drawback
of the centralized scheme. A decentralized power control
scheme has been presented [5], of which the information of
neighborhood users is needed by the base station, and all users
try to minimize their individual cost function, which includes
the quality of service (QoS) of each user and the interference
to other users. Distributed power control algorithms have been
covered in a large number of papers [6]–[9] with only local
information to decide the control actions for each user. Game
theory with pricing has also been introduced [9]. With their
advantage of easy implementation without extensive signaling
in the network, the distributed algorithms are appealing in
practice.

In closed-loop distributed power control systems [6], [7],
[31], the transmission power is controlled by using the mea-
sured signal-to-interference-plus-noise ratio (SINR), which
contains the information of channel gain and interference. To
achieve better performance, it is usually necessary to feed back
more information from the base station to the mobile station
so as to achieve finer turning of transmission power. There
are two main problems in the power control system, one is
the uncertainty which includes fading, nonlinear effects, and
MAI; and the other is the round-trip delay in the control loop.
An interference cancellation for power control is presented
in [10]. The results in [11] indicated that the power control
mechanism is more sensitive to the round-trip delay than to
the SINR measurement which depends on the uncertain signal.
Therefore, many papers have tried to minimize the effect of
round-trip delay such as the Smith predictor [11]–[13].

This paper addresses power control design in the presence
of round-trip delay and uncertain interference plus noise in cel-
lular radio systems. On the one hand, a time delay based state-
space model is introduced to represent the SINR tracking error
dynamics with the round-trip delay and thus the power con-
trol problem becomes a state feedback control problem. On the
other hand, since the fading gain, MAI, and nonlinear effects
are uncertain or are hard to estimate, a robust tracking
scheme is employed to overcome the effect of these uncertain-
ties on the tracking error from the worst-case perspective. Based
on the robust control, a robust SINR power tracking de-
sign is proposed to achieve a desired SINR tracking perfor-
mance in DS-CDMA systems under uncertainties. This paper
provides a new power control approach against interference, un-
certain fading in a high velocity mobile unit, and the effect of
round-trip delay, to thus achieve robust tracking performance in
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Fig. 1. Closed-loop power control system.

DS-CDMA systems. Then this power tracking control design
problem can be transformed to solving an eigenvalue problem
(EVP) under linear matrix inequality (LMI) constraints. With
the help of the LMI Matlab toolbox, the proposed power
tracking control problem can be easily solved.

This paper is organized as follows. In Section II, the closed-
loop power control model is developed including the mobile
radio channel, transmitter model, and receiver model, and then a
time delay-based state-space model of tracking error dynamics
is also introduced. The robust tracking control design is
discussed in Section III. Simulation results and discussion are
presented in Section IV and conclusions are drawn in Section V.

In this paper, denotes the -dimensional vector space and
is the set of all real matrices. and 0 are the

identity matrix and the zero matrix, respectively, and is the
transpose of matrix .

II. POWER CONTROL MODEL AND PROBLEM DESCRIPTION

A. Model of Channel

Consider the DS-CDMA communication systems in a
wireless cellular environment. The closed-loop power control
system in the log domain is shown in Fig. 1. By neglecting data
symbol level effects, the communication channel can be seen
as a time-varying power gain composed of the long-term
fading and the short-term fading , i.e.,

(1)

The long-term fading comprises a distance-dependent prop-
agation loss and a slow power fluctuation (shadow fading) due
to obstructions in the propagation link, and it can be expressed
as [14]

(2)

where is a constant, is the distance between the base sta-
tion and the mobile station, and is the path loss exponent.
The shadow fading has a log-normal distribution in signal

level [14], and it can be modeled as a first-order autoregres-
sive [AR(1)]—filtered Gaussian white noise. The AR(1) process
model for the shadow fading and the corresponding autocorre-
lation function are given as [15]–[18]

(3)

(4)

where is a white Gaussian process with zero mean and vari-
ance . The term of denotes the log-standard
deviation of shadow fading, which depends on the communica-
tion environment. The coefficient is given as

(5)

where is the velocity of the mobile unit, and the is the sam-
pling period. The term is the effective correlation distance
of the shadow fading, which is a key attribute of the wireless
environment. It can be shown that [15]–[18]

where is the correlation coefficient between base-mobile link
at distance .

The short-term fading is the fast power fluctuation due to
channel fading and typically follows Rayleigh distribution in the
signal envelope [14]. In this paper, the motion-induced short-
term fading is simulated by the well-known Jakes’ model [19].

B. Model of Receiver

At the receiver, four major components are related to the
power control loop, comprising an SINR measurement circuit,
an SINR comparator, a controller, and a quantizer. From Fig. 1,
the term denotes the SINR measurement performed by an
SINR estimation circuit. The accuracy of measurement is de-
pendent on the estimation algorithm, the computational com-
plexity, the length of measurement, and the rate of fading. In
practice, the SINR measurement error must be consid-
ered in the power control loop.
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Fig. 2. Simplified closed-loop power control system.

In order to track a desired target SINR , the measured
SINR must be compared with the target SINR to get
their difference with

(6)

The target SINR is specified jointly by the frame error rate
(FER) statistics and the SINR error statistics in the outer loop
for power control [20], and it will be updated once for a number
of power updating periods. After the SINR measurement cir-
cuit and the SINR comparator, the SINR tracking error
will be fed into the power controller to generate the power con-
trol update command , and is then fed into the quan-
tizer to transfer it into digital bits. In the quantizer transforma-
tion, quantization error is introduced. Since the feedback
channel is noisy, the bit error rate (BER) due to channel noise

must be considered in the feedback channel with a down-
link delay . Then the digital power control updated command

will be transmitted to mobile unit via the
feedback channel to adjust the transmission power.

C. Model of Transmitter

At the transmitter, there are three main components including
a quantization reconstructor, a power multiplier, and a power
limiter. The quantization reconstructor is employed to recon-
struct the quantized power control update command which
is then fed into the power multiplier, resulting in the following
transmission power

where the parameter is the downlink delay. Furthermore, the
transmission power is limited to the interval ,
due to physical limitations in the power amplifier:

where is th uncertain noise due to the nonlinear effect of
power limiter.

In CDMA uplink transmission, the signal power is trans-
mitted with uplink delay . In an uplink, signal power is

infected by the MAI , AWGN , and the fading gain
.

D. State-Space Tracking Error Dynamic Model

For simplicity, the closed-loop power control system de-
scribed can be reduced as shown in Fig. 2 where the sum
of downlink delay and uplink delay is represented
by . The overall interferences that includes
quantization error, MAI, AWGN, and nonlinear effect due
to transmission power limitation, etc., are described as .
Therefore, the measurement SINR at base station can be written
(in logarithmic scale) as

(7)

Then the transmission power and the SINR tracking error
can be denoted, respectively, as follows:

(8)

and

(9)

From (7)–(9), the SINR tracking error can be derived as
the following error dynamic equation:

(10)

where
indicates the uncertain interference, fading,

noise, and nonlinear effect. In order to formulate the state feed-
back controller, the error dynamics in (10) can be transformed to
a state-space model. With the SINR tracking error and the
past power control update commands ,
the state vector can be defined as follows:

The past power control update commands to
are considered in the state vector because the effect of system
delay has to be compensated via state feedback control. Then,
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based on (10), the tracking error dynamic equation can be ex-
pressed by using a state-space model

(11)

where

...
...

...
...

. . .
...

In the tracking error dynamic equation in (11), our power
tracking design purpose is to specify control such that

will be as small as possible under the uncertain signal
due to interference, fading, noise, and nonlinear effect.

Remark 1: Note that the parameters in the AR(1) process in
(3) and (4), which are used to model shadowing, still vary with
vehicle velocity and environmental condition. In addition, it is
more difficult to use linear models, such as ARMA or ARMAX
processes, to describe the properties of the uncertain Rayleigh
fading and MAI. Therefore, these uncertain factors are treated
as external disturbances in the constructed state-space model
which characterizes the properties of the transmitter and re-
ceiver together with the round-trip delay. As indicated in [11]
and [12], typical value of the round-trip delay is between 2
and 4 for IS-95 systems and is 2 for WCDMA systems.

Remark 2: For the state-space model, the pair is con-
trollable. Therefore it is possible to find a suitable feedback con-
trol to control the SINR tracking error which is an
entry in the state vector .

III. ROBUST POWER TRACKING CONTROL

In the state-space model (11), a state feedback controller with
a constant gain

is introduced with

(12)

Since the state vector contains the past control commands,
, the effect of round-trip delay has been

fully characterized and it can be compensated for by the state
feedback control (12). The closed-loop state-space system con-
sisting of (11) and (12) can be written as

(13)

In this section, the SINR tracking control problem is ad-
dressed. Ideally, an optimal power controller can be obtained
if a probabilistic model of the signal can be constructed
through channel estimation or adaptive learning algorithms.
However, on-line channel estimation is still an open problem
and it also leads to a large computation burden at the base
station. A good compromise between SINR tracking accuracy
and computational cost is to adopt a robust control scheme
which regards the signal as an uncertain external distur-
bance with finite average power. Under the robust control
scheme [21], the worst-case effect of the disturbance upon
the SINR tracking error can be minimized from the power
amplification point of view. The main advantage of using a
robust control scheme is that the information of channel gain is
not needed. Based on the robust power control scheme, we
want to design a state feedback control (i.e., to select ) such
that the power gain from to is as small as possible
[23], i.e.

(14)
is achieved for any possible with finite average power,
where denotes the expectation, as well as
are two positive weighting factors for the designer, and is
the total transmission data length. However, the optimal
tracking problem is not easy to solve, and it is easier to solve
from the suboptimal point of view [23]. Initially, we can solve
the following tracking problem [21], [22]

(15)

for some specific , which is a prescribed value, i.e., the ratio
of the weighted average power of over that of should
be less than from the power perspective. If this tracking
problem is solved for a prescribed , then we can decrease

to achieve a less conservative robust tracking design. If
uncertainty of the initial condition is also considered, (15) can
be modified as

(16)

where is a symmetric positive-definite weighting matrix on
the initial tracking error and is a nonnegative-
definite matrix.

Then the tracking design in the power control system is
to specify the state feedback gain of the state-space tracking
error dynamics in (13) such that the performance in (16)
is satisfied. The following results are useful for tracking
design in (16).
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Lemma 1: (Schur complements, [23]) Suppose that
. The following inequality:

is equivalent to the following LMI:

Theorem 1: If there exist a symmetric and positive-definite
matrix and a matrix such that the LMI

(17)
is satisfied and the control gain is selected, then the

tracking performance (16) is satisfied at the steady state for
a prescribed positive value .

Proof: From (16)

From the inequality, a sufficient condition for (16) to satisfy is
given by

(18)

From Lemma 1, substituting (13) into (18) and rearranging it,
we get the equivalent form

The matrix inequality holds for all and if

(19)
Then, using Lemma 1, (19) can be formulated as the following
LMI form after some rearrangement

(20)

Now premultiplying and postmultiplying the following matrix

to the matrix inequality, letting , and defining
, it follows that (20) is equivalent to

Furthermore, by the definition and Lemma
1, the last inequality is also equivalent to (17). Therefore, for
a prescribed positive value , if there exist a symmetric and
positive-definite matrix and a matrix such that
(17) is satisfied, then the tracking performance (16) can be
achieved. This completes the proof.

Remark 3: If we wish to attain the optimal tracking per-
formance, the tracking design should be solved with a min-
imum via the following optimization problem:

subject to (17) and (21)

and the state feedback gain in (12) can be obtained by
. This constrained optimization in (21) is the so-called

the EVP (eigenvalue problem) under LMI constraint [23], which
can be very easily solved with the Matlab LMI toolbox to obtain
the optimal tracking control gain, .

IV. SIMULATION RESULTS AND DISCUSSION

In this paper, the uplink power control of a CDMA system
containing multiple users is considered. In the simulated CDMA
system, the operating frequency is 900 MHz and the bandwidth
of each channel is assumed to be 1.23 MHz, following the case
of the typical commercial IS-95 system. The data rate is set at
9.6 kbps and thus the processing gain (PG) is taken to be 21 dB.
If the bit error rate (BER) is targeted to be no more than ,
then the required 7 dB, where is the energy per
information bit and is the total interference and noise power
spectral density. The SINR can be expressed by SINR(dB)

, where indicates the system bandwidth. Con-
sequently, the typical value of the minimum SINR is 14 dB,
denoted by SINR , to assure an acceptable link quality. In
fact, the power control in practice may not maintain the received
SINR at the SINR threshold at the base station from an indi-
vidual mobile station. When the measured SINR in (7) goes
below the minimum SINR , the system performance is im-
mediately degraded, outage occurs, and then the communication
link will be blocked out. Therefore, the system performance can
be measured by the outage probability , which is defined by
[24], [25]

SINR SINR (22)

In general, the outage probability depends on the fading ef-
fect, and the overall fading gain in (1) changes as a function
of mobile velocity and sampling period. The sampling period is

1/9600 s based on the IS-95 standard. The power
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TABLE I
STATIC FEEDBACK GAIN K CORRESPONDS TO DIFFERENT ROUND-TRIP DELAY d TOGETHER WITH THE OPTIMAL 

control update command is updated periodically for every
power control interval 1.25 ms .

For simplicity, the target SINR is set a fixed value equal
to 10 dB, and the measurement error is ignored. The shad-
owing log-standard deviation depends on the operational en-
vironment. In urban areas, it is about 4.3 dB [15], and a typical
value is 8 dB for suburban areas [15], [16]. In this simulation,
the urban area is considered, so is taken to be 4.3 dB.

To perform the Monte Carlo simulation, the examples are all
simulated for 20 runs, and each run with 10 000 sample points.
The average result will be used to evaluate the performance of
the proposed method. Further, we will compare the performance
of the proposed method with other power control schemes, i.e.,
the conventional power controls with fixed step size [26], [27]
and with adaptive step size [28]. Practical settings of all power
control schemes are described in the following.

1) Conventional Power Control With Fixed Step Size:
a) One power control bit: The quantizer uses one power

control bit (PCB) and a fixed step size 0.5 dB. Hence, if the
tracking error is negative, then the updated command
is equal to 0.5 dB. Otherwise, is equal to 0.5 dB.

b) Two power control bits: The quantized power control
law is obtained from through a two-bits quantizer
with a dynamic range [ 1, 1 dB].

2) Conventional Power Control With Adaptive Step Size: The
adaptive quantization/reconstruction step size is updated as
the following adaptive law [28]

(23)

where is the forgetting factor, assumed to be 0.95, and is
the sampled standard deviation of power control tracking error
during the updating interval

(24)

where is the updating window length, and in this
simulation. The periodic adjustment of the quantization scale
law (23) is based on the adaptive quantization with adaptive
forward estimation (AQF) in [29].

3) Robust Power Control: In the proposed robust
power tracking control scheme, the objective is to obtain the
state feedback controller gain , which we want to design, from
the solution of the EVP in (21) using the LMI Matlab toolbox.
Then the power control update command can be calculated by
using (12) during every updating interval , and then using the

adaptive quantization law (23) to quantize/reconstruct the up-
dated command. The two weighting factors and in the
LMI (17) can be used as free design parameters. As they are both
scalars, a good ratio can be obtained through a simple
line search for a specific value. The minimum and the cor-
responding state feedback controller gain are calculated from
(21) for different delay cases and values, as shown in
Table I.

After obtaining the controller gain, we shall compare the per-
formance of the proposed method with other methods in several
situations.

Remark 4: Note that for the optimization problem defined
in (14), the optimal solution is independent of the weighting
factors and since these two factors are both scalars.
However, for the suboptimal problem in (15), its solution
will depend on these weighting factors. Usually, and
are regarded as free design parameters which can be used to
adjust the closed-loop system bandwidth so as to make a good
compromise between the system response time and the noise
filtering capability.

Remark 5: To implement the robust power controller,
we just need to update the control signal according to

in (12). Therefore, as and
, multiplications and additions are

performed in each control time interval . The feedback gain
mainly depends on the round-trip delay . It is noted that the

static feedback gain can be determined for different values
in advance, i.e., it is not necessary to solve the LMI optimiza-
tion problem in real-time operation of the power control loop.
For off-line determination of , the LMI optimization problem
defined in (21) can be cast as a primal one, a dual one, or a
primal-dual one with different computational complexities. Sev-
eral methods are presented to solve these problems in [34] where
it is shown that given an accuracy, the number of iterations to
solve a semidefinite problem like (21) has a worst-case com-
plexity with being the dimension of the constraint
matrix in (17). Since , ,
and both and are scalars, therefore, we have .
Usually, an LMI solver based on the interior point method solve
a least square problem in each iteration. It is found in [34] that
in practice the number of iterations is almost independent of
the size of an LMI problem and typically 5 to 50 iterations are
needed.

A. Effect of Channel Fading and Interference

Because the overall channel fading gain depends on the
mobile velocity, the fading variation becomes more rapid as
the mobile velocity increases. In our experiments, we consider
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Fig. 3. � versus v ( mobile users = 10, � = 0:9, d = T , T = 1.25 ms,
� = 4.3 dB).

20 100 km/h mobile speeds, 10 users in a cell, , and
4.3 dB. The round-trip delay is set as 1 sampling period

. The standard deviations of SINR tracking error versus
mobile velocity for different methods are illustrated in Fig. 3,
where , the total standard deviation of power control tracking
error, is obtained from (24) as the window length . We
can see from Fig. 3 that the proposed power control scheme
is more robust than other schemes, especially at higher mobile
speeds such as 60 100 km/h. The main reason for this is that
based on the proposed time-delay state space tracking error dy-
namic model, the power control can compensate for the
round-trip delay and attenuate the effect of the uncertainties of
channel fading, interference, noise, and nonlinear effect.

Due to the high velocity of mobile units, the variation of
channel fading will become more rapid. In this situation, the
conventional schemes could not resolve the rapid fading due to
fast speed of the mobile unit. Usually the speed of the mobile
is increasing, as is the variance of tracking error. Thus, the
conventional power control with adaptive quantization tends to
generate rapid and large update commands in response
to large tracking errors. However, the adaptive quantization
scheme is only optimal under an open-loop communication
system with Gaussian assumption for the noise which does
not hold in a closed-loop power control system. From Fig. 4
where the speed of the mobile unit is considered in a higher
range 100 300 km/h, it is worth noting that performance
of conventional power controls with adaptive quantization
schemes is worse than that of the fixed quantization schemes
when the mobile speeds are higher than 150 km/h. The results
of Fig. 4 indicate that the proposed scheme is still superior to
the conventional ones when the mobile unit is at even higher
speeds. In summary, the proposed method demonstrates its
sufficient robustness to uncertainties, due to channel fading,
interference, noise, and nonlinear effect.

B. Effect of Round-Trip Delay

Now we consider the effect of round-trip delay on the closed-
loop power tracking performance. In the simulation, we set the
system parameters as follows: 10 mobile users in a cell,

Fig. 4. � versus higher mobile speeds v (mobile users = 10, � = 0:9,d = T ,
T = 1.25 ms, � = 4.3 dB).

Fig. 5. � versus d (mobile users = 10, � = 0:9, v = 80 km/h, T = 1.25 ms,
� = 4.3 dB).

, 4.3 dB. The round-trip delay is normalized in .
Under the medium mobile velocity 80 km/h, the standard
deviation of SINR tracking error versus round-trip delay
is illustrated in Fig. 5. Clearly, the proposed scheme has better
performance than other schemes. This is because the proposed
scheme has considered the round-trip delay by using the time
delay state-space model and then a state feedback control based
on delay information has been used for delay compensation to
achieve the tracking design. In addition, the optimal
tracking controller can also overcome the effect of uncertainty
on the SINR tracking error. However, the conventional schemes
have not considered the effect of round-trip delay. Hence, since
the round-trip delay exists, and the conventional methods can
not detect or compensate for its effect, then the effect of round-
trip delay leads to the tracking errors; and with longer round-trip
delays, there are larger tracking errors. However, the simulation
result demonstrates that the proposed scheme is effective to deal
with round-trip delay by using delay compensation though the
time-delay state feedback.
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Fig. 6. P versus v (mobile users = 10, � = 0:9, d = T , T = 1.25 ms,
� = 4.3 dB).

Fig. 7. P versus SINR (mobile users = 10, � = 0:9, v = 80 km/h,
d = T , T = 1.25 ms, � = 4.3 dB).

C. Effect on the Outage Probability

The outage probability versus mobile velocity is plotted in
Fig. 6. It can be seen that the proposed method achieves a lower
outage probability than other schemes, especially at higher mo-
bile speeds. Obviously, the higher the velocity of mobile unit is,
the higher the outage probability is; and with more tracking ca-
pability of SINR, there is lower probability below the threshold
SINR . The outage probability not only depends the threshold
SINR but also on the target SINR denoted as SINR . The
performance of the proposed scheme with respect to different
SINR settings is further studied. We consider the case that
the SINR varies in the range . Fig. 7 illus-
trates versus SINR , which is defined as

SINR SINR SINR

Fig. 8. � versus mobile users (� = 0:9, d = T , T = 1.25 ms, � =

4.3 dB).

The SINR is the same as the previous discus-
sion. As the result in Fig. 7 indicates, with higher SINR ,
there is lower outage probability. However, more transmission
power must be used to achieve higher SINR , so there is
a tradeoff between system performance and power consump-
tion. From Figs. 6–7, it is clear that the proposed power con-
trol method has the lowest outage probability compared with
the other schemes.

D. Effect of Mobile Users

In DS-CDMA mobile radio system, due to incomplete or-
thogonality of spreading codes for the variant users at the base
station, MAI will be induced, and as the number of mobile users
increases, the MAI will also increase. Fig. 8 shows the rates
of versus the number of mobile users using the proposed
method under the mobile velocities 20, 60, and 100 km/h. From
Fig. 8, we can see that the effect of the number of mobile users
within the range 10 50 is insignificant, so the proposed
controller can efficiently attenuate the effect of MAI.

E. Comparisons With Other Compensation Schemes

Here the proposed robust power control is compared
with the Smith predictor in [30], which is used to compensate
for round-trip delay. As shown in the previous section, the pro-
posed time delay-based state feedback control not only can com-
pensate the effect of round-trip delay, but also can minimize
the worst-case effect of the uncertainty, such as channel fading,
MAI, AWGN, and nonlinear effect. To show the advantage of
the worst-case power control, we shall also compare our re-
sults with the static state feedback controller based on optimal

criterion where the overall disturbance is considered
to be a white stationary signal. A weighted optimal control
which minimizes the performance index
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Fig. 9. � versus d under different time-delay compensation schemes
(mobile users = 10, � = 0:9, v = 80 km/h, T = 1.25 ms, � = 4.3 dB).

can be found, following the derivation in [32], by solving the
following LMI problem

subject to

The optimal gain is . Note that without the
weighting factor , the original optimal control will be sen-
sitive to modeling errors or uncertainties, so we choose
after several trials to obtain better performance.

The aforementioned schemes have a common point, i.e., they
do not use the knowledge of channel information. To see how
channel information can help improve performance, the readers
can refer to [33] in which an adaptive power control consists
of a third-order ARMAX model tuned by the normalized least
mean square algorithm to learn the characteristics of channel
gain, interference, as well as noise, and an adaptive minimum
variance controller based on the estimated ARMAX model.

Tracking performances of proposed method and the other
schemes are compared in Fig. 9, with the adaptive quantization
in (23) for all the cases. From Fig. 9, it can be seen that power
control based on the controller is superior to that based on
the Smith predictor and that based on the control. Due to
its high sensitivity to modeling error, the optimal weighted
control has the worst performance among the five schemes. On
the other hand, the adaptive minimum variance controller per-
forms the best. However, there are several factors, as described,
which degrade the performance of the adaptive minimum vari-
ance controller.

1) Model approximation error in channel model and MAI:
Actually the ARMAX model can not completely charac-

terize the properties of channel model and MAI. The mod-
eling error will increase the SINR tracking error.

2) Quantization operation with limited power control bits: As
shown in Fig. 1, the power update command , which
is originally in real number format, is quantized into binary
format by the quantizer. The less the number of power con-
trol bits is, the worse the quantization noise is. In addition
to quantization noise, the scale range defined in the quan-
tizer also chops the original power update command. From
a system control point of view, the scale range introduces
a nonlinear saturation which is not considered in the linear
ARMAX model for building the adaptive minimum vari-
ance control.

3) Power command being fixed within a power control group:
In the simulation, the power command is fixed within a
power control group which is defined as 12 in the IS-95
standard. This factor leads to intrainterval prediction error
and thus will degrade the performance of the adaptive min-
imum variance controller.

4) Power limit of the transmitter amplifier: The upper bound
of transmission power leads to a nonlinear saturation ef-
fect which is not consider in the ARMAX model. This
power limit also deteriorates the performance of the adap-
tive controller.

Therefore, due to these factors, there is no significant differ-
ence between the performances of the controller and the
adaptive controller. In summary, the proposed fixed con-
troller is a good tradeoff between performance and complexity.

V. CONCLUSION

In this paper, compensation for the effects of round-trip
delay, channel attenuation, and uncertain interference plus
noise are addressed in the closed-loop power tracking control
design for the cellular CDMA system. A time delay-based
state-space power tracking error dynamical model is proposed
and a robust tracking design with state feedback control
is developed. Due to the time-delay state space model and
the robust controller, the proposed method provides ro-
bust power tracking performance in a wireless environment
with round-trip delay and rapid fading. From a comparison
with conventional methods, the proposed power control
can achieve better performance, especially at high velocities.
Without using the information of channel gain, this proposed
method is a good compromise between SINR tracking perfor-
mance and computational cost when compared with on-line
adaptive power control schemes. In the next generation, mobile
stations will need to operate at very high velocity environment,
such as in a bullet train. Therefore, the proposed robust
power control mechanism is suitable for future CDMA cellular
systems.
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