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Multistep Closed-Loop Power Control Using Linear
Receivers for DS-CDMA Systems
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Abstract—A closed-loop power control strategy, which includes
both power control and power allocation functions, for a code-di-
vision multiple-access system is proposed. The target power level
for a minimum mean squared error (MMSE) or a matched filter
(MF) linear receiver is iteratively computed, and the power control
command (PCC) is generated by comparing the received power
with the generated target power. The PCC history and the channel
fade slope information, which contains the Doppler effect, are used
to generate variable stepsizes for regulating the transmit power
level. Closed-loop power control is based on a criterion that min-
imizes the average transmit power and the standard deviation of
the received power/signal-to-interference ratio. The power control
strategy also tends to reduce the bit error rate. Simulation results
demonstrate the effectiveness of the proposed power control al-
gorithm. The results also indicate that the tracking ability of the
MMSE and MF receiver is essentially similar, except that the av-
erage transmit power is lower with the MMSE receiver but is more
complex to implement.

Index Terms—Adaptive stepsize, average fade slope duration,
code-division multiple access (CDMA), linear receivers, power con-
trol command history, transmit power control.

1. INTRODUCTION

OMPARED to time- and frequency-division multiple ac-
C cess, code-division multiple access (CDMA) offers a sig-
nificant capacity improvement of cellular systems [1]. However,
this improvement is dependent on the effectiveness of the power
control mechanism used [2], [3], especially on the uplink trans-
missions. Without power control, a base station (BS) would re-
ceive amuch stronger signal from a mobile that is geographically
closer to it than that from one that is farther away, leading to a de-
crease in system capacity. This is the near—far problem inherent
in CDMA systems. Other factors that can affect system perfor-
mance include path loss, shadowing, multipath fading, intracell
interference, and intercell interference. The burstiness of the user
traffic also has an impact on how power control should be per-
formed. For example, a power control strategy that is suitable for
persistent traffic may not be as effective for intermittent traffic.
The purpose of power control is to provide a balanced counterat-
tack to mitigate the adverse effects introduced by these factors.
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Transmit power control (TPC) can be performed by using
an open-loop power control and/or a closed-loop power con-
trol strategy. Open-loop control attempts to mitigate the slowly
varying factors such as path loss and shadowing, while closed-
loop control is used to compensate for effects due to fast fading.
Open-loop is a preventive control mechanism while closed-loop
is a reactive control mechanism. Reactive control is especially
effective when the generation of the feedback signal captures the
statistical variation of the propagation channel. Channel state in-
formation such as Doppler frequency can be derived from the
observed signal at the BS receiver. With persistent transmis-
sion the feedback signal can be generated based on informa-
tion extracted from the observables. In practical systems, there
will be a combination of information-carrying and control sig-
nals, so that the assumption of persistent transmission is not
unreasonable. An example of control signal sent by the mo-
bile station is a vector of pilot signal strengths received from
the nearby base stations for making handoff decisions in a mo-
bile-assisted handoff scheme [4]. These control signals can be
sent by piggy-backing onto the payload or as separate packets.

The frame structure of UMTS/IMT-2000 has both dedicated
physical data and control channels [5]. Each frame, of 10 ms
in length, is divided into 16 0.625-ms slots. In the uplink, data
and control signals occupy separate slots, while in the down-
link, data and control signals share the same slot. Of particular
note is that the control channel has a TPC command field. With a
dedicated physical control channel in both the uplink and down-
link, there will always be TPC signals. The closed-loop power
control method proposed in this paper, although described in the
context of extracting channel state information from the observ-
ables in the uplink and generating TPC signals for the down-
link, is equally applicable to extracting channel state informa-
tion and generating TPC signals using the contents of the ded-
icated physical control channel to regulate the transmit power
level by tracking the Doppler shifted channel fading gain. Thus,
signaling using the dedicated control channel also represents
persistent transmission. Conventional power control does not
make use of the channel state information. We conjecture that
the closed-loop power control strategy described in this paper
should offer improved performance.

It has been shown in [6] and [7] that when the power control
update frequency is much larger than the Doppler frequency,
and the round-trip delay between the mobile and the BS is rea-
sonably small, power control schemes using feedback from the
BS to the mobile station (MS) can be effective in compensating
for fast fading due to multipath. If the variability of the radio
channel is faster than the control rate, closed-loop control is in-
effective.

1536-1276/04$20.00 © 2004 IEEE



2142

The conventional approach to TPC design is to use a 1-bit
power control command to regulate the mobile’s transmit power
using a fixed stepsize. It is shown in [3] and [8] that there exists
an optimal stepsize for tracking a given Doppler frequency. If
the stepsize is too small, it may not be effective in compensating
for the channel fading; if it is too large, it may overcompensate,
thereby accentuate the power control error. In [9], a different
stepsize is used for a different mobile speed, which yields an im-
provement over the fixed stepsize approach. An inverse update
algorithm, where the stepsize at each iteration is made equal to
the inverse of the estimated channel fade, is introduced in [6].
This algorithm offers better performance than the fixed stepsize
approach at the expense of greater complexity and increased
bandwidth requirements on the return channel to carry the power
control stepsize in addition to the power up/down commands.
All the above schemes belong to the one-step TPC regime. The
shortcoming with the one-step TPC is that the power control
command is discarded when an update is executed. It is conjec-
tured that the inclusion of previous power control command bits
to generate variable stepsize will enhance the tracking ability.
Adaptive stepsize based on a fixed lookup table using several of
the most recent power control command bits has been proposed
in [10]. The shortcoming of [10] is that the stepsize selection is
independent of the Doppler information.

Power control is an important resource management function
[11]-[13], especially for multiclass services. Consequently, an
objective of this paper is to minimize the target power and the
transmit power levels through proper power allocation to the
individual mobile users subject to quality of service (QoS) satis-
faction. Power allocation is expected to play a more significant
role in the next generation wireless communication systems,
which promise to support multiple data rate and multiple QoS
requirements. By employing a more advanced receiver structure
such as amultiuser detector, the target power level can be reduced,
leading to a lower transmit power and prolonged battery life.
Minimum mean squared error (MMSE) detection [14] is based
on a minimization of the mean square error between the detector
output and the transmitted signal. An attractive feature of the
MMSE receiver is that it can be implemented adaptively. The
blind adaptive multiuser detector introduced in [15] converges
to the MMSE detector without a priori knowledge of the powers
and signature sequences of the interfering users. In this paper, we
use an adaptive linear MMSE receiver to detect the desired signal
from the received composite signal. The adaptive computational
algorithm is obtained via an adaptation of the iterative computa-
tional approach described by Ulukus and Yates [16]. It is shown
that the MMSE filter reduces to a matched filter (MF) when the
filter coefficients are set equal to the desired signature sequence.

The focus of this paper is on the design of a closed-loop power
controller to combat the effect of Rayleigh fading [3], [10].
Without loss in generality, we will assume persistent transmis-
sions. The objective is to make the transmit power level track the
channel fading gain as closely as possible, in a direction to mini-
mize the average transmit power, the standard deviation (STD) of
the received power/signal-to-interference ratio (SIR), and the bit
error rate (BER). The key element in the proposed closed-loop
power control is the adaptive computation of the variable stepsize
for regulation of the transmit power level at the mobile station.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004

The salient features of the proposed closed-loop power control
scheme are 1) exploitation of the power control command history
and 2) stepsize adjustments based on experienced Doppler effect
and fading statistics. These two features distinguish our work
from that reported in the open literature. With the proposed
scheme, the average power consumption, the standard deviations
of the received power/SIR, and the BER are greatly reduced with
only a negligible increase in computational complexity.

The remainder of this paper is organized as follows. The power
control and allocation problem under consideration is stated in
Section II. Section III describes the proposed closed-loop power
control scheme, which includes 1) afeedforward loop to generate
asequence of 1-bitpower control command, 2) a variable stepsize
generator that makes use of the control command history, the
Doppler information, and the channel fading statistics, and 3) a
feedback loop that regulates the transmit power. Numerical re-
sults to demonstrate the effectiveness of the proposed closed-loop
power control scheme are presented in Section IV, and concluding
remarks are given in Section V.

II. PROBLEM STATEMENT

The objective of this paper is to derive a closed-loop power
control (CLPC) strategy by minimizing the total target power
for all transmitting users and by regulating the transmit power
using the generated power control command (PCC) history and
the rate of change of the channel fading envelope. By adaptively
adjusting the transmit power to closely track the time-varying
channel fading gain, the CLPC scheme also reduces the stan-
dard deviation of the received power/SIR and average transmit
power. The proposed CLPC scheme is composed of three sub-
systems: a feedforward loop, a variable stepsize generator, and
a feedback loop, as shown in Fig. 1. The feedforward loop, used
to generate the target power level based on the powers and sig-
nature sequences of the transmitted signals, is located at the BS.
The output from the feedforward loop is a sequence of 1-bit
PCCs. The blocks C2P and P2C in the feedforward loop (Fig. 1)
constitute an iterative computation of the receiver coefficients
and the target power level.

The variable stepsize generator, which resides at the BS, is
used to generate the stepsize A(-). As shown in Fig. 1, the
output from the feedforward loop forms one input to the vari-
able stepsize generator; the second input is a reference stepsize
vector D, derived from the fading slope information. The output
from the variable stepsize generator is the stepsize A( - ), which
is transmitted to the mobile station via the downlink for transmit
power control.

The feedback loop, located at the mobile station, is used to
regulate the transmit power level. An attempt is made to ensure
that this loop is simple to implement. The CLPC configuration
shown in Fig. 1 also includes a feedback delay of an amount
of kT, s, where T}, is the power control cycle time. The uplink
channel is modeled as Rayleigh fading, based on the assumption
that the path loss and shadowing can be fully compensated for
by using open-loop power control.

The aim is to design computational algorithms to implement
1) the C2P and P2C blocks in the feedforward loop, 2) the vari-
able stepsize generator using PCC history and the reference
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Fig. 1. Proposed closed-loop power control model.
stepsize vector D, and 3) the generation and updating of the
reference stepsize vector D.

III. CLOSED-LOOP POWER CONTROL

As alluded to in Section II, the proposed CLPC scheme is
composed of three main subsystems: a feedforward loop, a vari-
able stepsize generator, and a feedback loop. Computational al-
gorithms for implementing these subsystems are derived in the
following subsections.

A. Feedforward Power Control Algorithm

The type of filters to implement the receiver in a direct-se-
quence CDMA (DS-CDMA) system has a significant impact on
system performance. The optimum receiver is a maximum-like-
lihood multiuser detector. However, the optimum receiver is
very complex to implement. Even the multistage suboptimum
detector [17] is relatively complex. In this paper, we consider a
conventional receiver consisting of a bank of linear MMSE fil-
ters or matched filters. An MF receiver is optimum when the re-
ceived signature sequences of the multiple users are orthogonal
to each other. When the orthogonality amongst the user signa-
ture sequences is destroyed by channel impairments, the MMSE
receiver yields better performance than the MF receiver [14].

We consider an asynchronous BPSK-CDMA system where
users transmit independent of other users. The ith user is al-
located a unique signature sequence s;, which is an N-dimen-
sional column vector. The QoS is SIR, with specification v* cor-
responding to a target BER*. In a time-varying environment, the
instantaneous signal-to-interference ratio is a random variable;
the average signal-to-interference ratio is a better QoS measure.
For notational simplicity, we will use SIR to represent average
signal-to-interference ratio in the sequel. Satisfactory QoS per-
formance requires that SIR> ~+*. The composite received signal
r(t) is sampled at the chip rate. The ith discrete-time filter at-
tempts to coherently extract the ¢th transmitted signal and in-

coherently detect the signals from other transmitters. By co-
herent and incoherent detection, it is meant that the sth filter sees
the signature sequence s; in its entirety, representing a whole
data symbol, but only has partial observations of other trans-
mitted signature sequences belonging to two adjacent symbols.
Let §;,j # 1, represent a concatenation of elements of s; be-
longing to two adjacent symbols of the jth transmitted signal.
As seen by the ith discrete-time filter, the received signal can be
represented as

K
r = \/pibis; + Z Vpib;8; +u 1

i=1j#i

where K is the number of users in the system, and b; and p; are,
respectively, the information bit and the received power. The
term u = (ug,...,uy)" is an N-dimensional white Gaussian
noise vector with per-component zero-mean and variance
E[u?] = o2, where the superscript ¢ denotes matrix transpose.
Let c¢; be the N-dimensional column vector representing the
coefficients of the sth MMSE filter. The :th filter output is given
by

_ At
Yi = C; T

K

j=1j#i

where n; = cﬁu is a Gaussian random variable with zero mean
and variance o2 c!c; and the superscript ¢ denotes matrix trans-

pose. The SIR at the output of the ith receive filter is given by

2
pi (cisi)

SIR; = ——— —
(cici) ok + 32,215 (€i8))

(€)

Our aim is to find the optimal target powers p* =

[pT,p5, ..., 0] and filter coefficients c; for i = 1,..., K,
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such that the total power is minimized subject to the constraint
SIR; > ;. The problem can be mathematically stated as

K
min pr @)
i=1
(ct3,)? te:) o2
such that p¥ > ’.“Z#ipj (cis;)” + (cici) oy (5)
P 27 (c?si)Z
pf > 07 C; S RN. (6)

The goal is to establish a computational algorithm to compute
the filter coefficients and then the target power levels iteratively.
To this end, define

A N2
Ej;éi p; (¢f8;)" + (cici) o,

Li(p*,ci) =] (cts:)’ 7
and
Ti(p*) = min Ii(p”, c;). 8)
The target power at the (n+1)th iteration can be written as
p*(n+1) = T(p*(n)) ©)
where
T(p*) = [T1(p*),- .., Tk (p*)]". (10)

The convergence of the iterative algorithm of the form (9) has
been shown in [16], [18], and [20]. An iterative algorithm for
the 2th filter can be written as [16]

ci(n)
1, % —1 .1, 4
= Vpi (L+pisiAT (P (n))si) ~ A7 (p*(n))si (1D)
pi(n+1)
A2
o | 2z i (€i(n)3))” + (ci(n)ei(n) oy
1 (ct(n)s:)’
where the N x N matrix A is a function of the powers and
signature sequences of the interferers, given by

12)

A; = ijéjé§: + 021 (13)

i

and I is an identity matrix.

Let P} (n) be the transmit power of, and P! (n) be the received
power from, the th user at the nth time instant. The received and
transmitted powers in dB are related by

Pi(n) = P{(n)+ Z"(n) (14)
where Zi(n) = 20log,, z(n) is the fading gain in dB and
z'(n) is the fading amplitude at time instant n. The received
signal power P!(n) and the MMSE filter coefficients c;(n) are
used to generate the desired power level P*(n + 1) by the func-
tional block C2P, which is an implementation of (12). Then, the
desired power level P*(n+1) is fed back to the functional block
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P2C using (11) to update the filter coefficients c;(n + 1), which
are used in the next power control cycle to update the target
power. The received power P:(n) is then compared with the
desired power level P*(n) to generate a PCC bit, which is fed
to the variable stepsize generation subsystem. For the conven-
tional MF receiver, the P2C block is removed, and the signature
sequence is used for despreading, i.e., ¢; = s;. In the following,
we will omit the superscript ¢ in (14) for notational simplicity.

B. Feedback Power Control Algorithm

As shown in Fig. 1, the feedback control loop, which resides
at the mobile station, regulates the transmit power by adding
the received stepsize A( -) transmitted from the BS controller
to the current transmit power level. In this way, the MS’s role in
performing closed-loop power control is relatively simple.

Let T}, be the power control cycle time. The transmit power
is updated at the start of each power control cycle. Let n be the
time index in units of 7;,, P;(n) be the transmit power at the
end of the nth power control cycle, and A(n) be the stepsize
generated by the variable stepsize generator at time instant n at
the base station and sent to the mobile station via the downlink.
The transmit power level at time instant n + 1 is given by

Py(n+1) = Py(n)+ A(n — k) (15)

where k is the loop delay index, in units of 7;,.

C. Generation of Variable Stepsize, A(n)

As indicated in (15), the key to the success of TPC is the
generation of the stepsize A( - ). The objective in generating the
variable stepsize A( -) is to regulate the transmit power level to
track the trajectory of the Rayleigh fading gain. The slope of
the fading envelope is a function of the Doppler frequency or
the mobile speed. For a given minimum-to-maximum excursion
of the fading envelope, i.e., a positive-going fading envelope
segment, we can construct a set of stepsize §( - ), as illustrated
in Fig. 2, and form a reference stepsize vector

D =[6(1)6(2)...6(L)]" (16)
obtained by averaging over a number of positive-going slopes.
The index L is the maximum number of steps in a positive-going
slope used to construct the reference stepsize vector. As dis-
cussed in Section III-C1, the reference stepsize vector for a
given mobile speed or Doppler frequency is generated by av-
eraging over W consecutive positive-going slopes.

Let

m=[m(n)m(n—1) ... m(n— L)]’ (17
be the PCC bit vector, where m(n) is the most recent PCC
bit generated at time instant n, obtained by comparing the re-
ceived power P,.(n) with the generated target level P*(n). For
one-step power control, only the command bit m(n) is used for
transmit power updating; while for the proposed multistep adap-
tive power control, the contents from rn(n) down to m(n — L)
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Fig. 3. Flowchart for adaptive stepsize A(n) generation.

are used to generate the applied stepsize. The length L is also
called the PCC memory length.

The length of the PCC count of consecutive +1s or — 1sis then
used to select the appropriate §( - ) as the stepsize A(n) at the
nth time instant. The generation of A(n) by updating the refer-
ence vector and by using the PCC counts to select the appropriate
6( - ) is shown in the flowchart of Fig. 3. The process includes two
steps: an initialization phase and a comparison loop. The initial-
ization includes inputting the reference stepsize vector D and up-
dating when the PCC bit m(n) changes from —1 to +1. The pur-
pose of this step is to make the applied stepsize A(n) to relate
to the Doppler effect and fading statistics. Inside the comparison
loop, the received m(n) is compared with the previous PCC bits.

The first test to terminate the loop is to check the memory length
L. When the memory length is reached, the assigned stepsize is
A(n) = §(L)-m(n).Thesecondtesttoterminatetheloopis when
an opposite PCC bit is encountered before reaching the memory
size L. Then the assigned stepsize is A(n) = §(n — j) - m(n),
where (n — j) denotes number of comparisons made when an op-
posite PCC is reached. It is noted that all the elements in D are
positive; therefore, the sign of A(n) is specified by m(n), i.e.,
multiplying 6( - ) with m(n) to take the proper sign. The purpose
of this loop is to relate the generation of A(n) to the PCC history
in an attempt to track the fading process.

The stepsize A(n) is thus a function of the reference stepsize
vector D and the PCC history. The construction of the reference
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stepsize vector captures the fading slope information, while the
counting of the PCC bits provides a pointer to select the appro-
priate component of the vector D.

1) Generation of Reference Stepsize Vector: The reference
stepsizes 6(1) to §(L) are obtained by taking statistical average
over the fading slopes. Fig. 2 shows a typical fading process
varying from a valley to a peak. By recording the stepsizes in
each positive-going fading slope, we can generate a reference
stepsize vector D; = [§;(1) 8;(2)...8(L)]ti = 1,..., W,
where W is the number of positive-going slopes used to gen-
erate the reference stepsize vector D. A sample of W consec-
utive positive-going slope stepsizes is shown in the following
matrix:

61(1)  02(1) ow (1)
51E2) 62(2) 6W'(2) a8)
§1(L) (L) --- Sw(L)

where each column is the fading stepsizes of a positive-going
slope. For slopes where the step length [ is less than L, zeroes
are used to fill in the rows from (/+1) to L of the corresponding
columns. When ! > L, the stepsizes beyond L are discarded.
The elements in D are obtained by averaging over the rows of
the nonzero elements

19)

where W; is the number of nonzero elements in the jth row
of matrix (18). Consequently, 6(1) is the average of the fading
gain difference between the lowest fade and the second lowest
fade, and so on. This procedure takes place once when the PCC
changes from —1 to +1, i.e., a new column is written into the
rightmost of (18), while the leftmost column is dropped. When
the vector D is updated, the matrix shifts one column to the left,
leaving the rightmost column for writing in the new fading slope
data.

The initialization of the matrix can be implemented by using
a unit matrix, i.e., with all the elements being +1 at the begin-
ning. This is equivalent to the conventional fixed stepsize power
control. The matrix will reflect the practical fading slope infor-
mation after a short transient period. If a training sequence is ap-
plied, the steady state of the adaptation can be obtained without
the transient period.

In the following, we will analyze the statistics of a single ray
Rayleigh fading case, and will show that the expected value of
the stepsize is a function of the normalized Doppler frequency
faTy, where f; is the Doppler frequency and, as defined ear-
lier, T}, is the power control cycle. Consequently, the Doppler
information and fading statistics are embedded in the reference
stepsize vector D.

2) Fading Process Reconstruction: For the updating of the
reference stepsize vector D, fading process reconstruction is re-
quired. Since the received signal power of the desired user needs
to be measured in each power control cycle, we can use this in-
formation to construct the experienced fading process.
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Fig. 4 shows the procedures to reconstruct the fading process.
The received powers for two adjacent power control cycles are

P(i+1)=P(+1)+Z(i+1)

=P()+AG—-k)+Z(i+1) (20)
P.(i) = Pi(i) + Z(3). (21)

The power difference is thus
P.(i+1)—P.(i)=Z(i+1)—-ZGE)+ A(E—k) (22)

which yields the fading gain difference for the adjacent samples,
with bias A(i— k). At the beginning of the construction, the ref-
erence level can be selected to be zero or any other meaningful
value.

Using the fading process reconstruction shown in Fig. 4, (18)
can be updated online. The averages from (18) are sent to the
variable stepsize generator to generate the stepsize A(n). The
advantage of the proposed approach is that the variation of the
Doppler frequency and fading statistics can be captured in “real
time” using the existing power control algorithm.

3) Selection of Memory Length L: In order to provide a ref-
erence to select the memory length L, we define the average
fade slope duration (AFSD) as the average number of sampling
steps during an interval when the envelope transits from a local
minimum to a local maximum. In what follows, we introduce an
approximate analysis to determine the AFSD. A more accurate
analysis is described in [22].

Let a and b be a pair of adjacent maximum and minimum
points of the Rayleigh envelope function, and V' be the fading
stepsize between the adjacent samples. Then the fade slope du-
ration is defined as

a—b

L=

(23)

Let 2(¢) be the slope of the fading envelope z(¢) at time in-
stant ¢. Assume that the diffuse component of the received band-
pass signal is symmetrical about the carrier frequency. The prob-
ability density function (pdf) of z follows a Gaussian distribu-
tion with zero mean and variance 02 = 2(7 f4 0)? [21], where
202 is the average fading power

( ‘ ) 1 ( _2‘:2 )
)= ——exp| — ] .
P V2o, P 202
The mean for the stepsize V' is given by

. = 2 22 .
l;’[‘/]:E][Z_|_]TIPZTYP\/0 z~mexp<—ﬁ> dz
NI (25)

(24)
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Fig. 5. AFSD as a function of the mobile speed.

where FE[zy] denotes the expectation of the positive slope.
Taking expectation on both sides of (23), the AFSD is approxi-
mately given by

Ela] — E[b]

Strictly speaking, F[a] (E[b]) should be the ensemble average
of maxima (minima). However, analytical derivation of E[a] is
difficult. To facilitate analytical assessment, we define a statis-
tical maximum (minimum) as per Proposition 1 [22].

Proposition 1: The statistical maximum FE[a] (minimum,
E[b]) is given by the area of the envelope function above
(below) the median (or mean).

Proposition 1 is a statistical characterization of the maxima
and minima of the envelope function. With a Rayleigh dis-
tributed envelope, the median m, which is defined as the
point at which Pr(z < m.) = Pr(z > m.) = 1/2,is
m, = v2In20. The mean values of the envelope below and
above m, are given by

Eb) = ) —exp( 2202>
2
= —2m, exp( ;:TZZ) + 2V 2710 [— -Q (mz)}
(27)
and ,
Ela) :/ z - %exp( ; 2) dz
m? m.
= 2m, exp<—r‘2> + 2\/%0(2( 5 > (28)

35 40 45 50

where Q(z) is the complementary cumulative distribution
function of the standard normal distribution. By substituting the
above values for E[a], E[b], E[V], and m. into (26), we obtain

E[b] — Ela]

E[Lf] = E[V]

ffd ———{V2In2 4+ V272Q(V21In2) — 1/2]}

= 0.2902/ faT,. (29)

Fig. 5 shows the simulated AFSD and the approximate ana-
lytical AFSD given in (29) for various mobile speeds. We note
in passing that using the more accurate analysis of AFSD from
[22], the analytical and simulation results coincide. For all the
numerical results reported in this paper, the carrier frequency is
assumed to be 2 GHz, and power control interval is 7}, = 0.625
ms, which is equivalent to a power control frequency of 1600
Hz. !. The PCC memory length L is selected based on the Ly
values. We note from the stepsize generation procedure that the
stepsize difference becomes smaller when the index is larger
than six. Thus, we set the maximum memory length to nine for
the range of mobile speeds considered in Section IV.

4) Selection of Window Length W: The window length W
is determined by the memory size and fading correlation. If W' is
too large, it brings hysteresis in response to the variations of the
Doppler frequency and fading statistics. If W is too small, the
vector D cannot capture the average effect of the fading. In the
simulation, we select W = 100. This is based on the simulation
results that for a given Doppler frequency, when W > 100, the
reference stepsize vector does not change significantly.

I'This is the power control frequency specification in IMT-2000 W-CDMA
[23].
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Fig. 6. Received power and SIR for the MMSE/MF iteration algorithm with up/down feedback (stepsize = 0, 5 dB, no fading).

IV. NUMERICAL RESULTS

In this section, simulation results are presented to illustrate
the effectiveness of the proposed CLPC algorithm. In the fol-
lowing, the results for the conventional one-step fixed stepsize
power control are first presented to gain a basic idea of TPC and
also to set a benchmark for the performance of the proposed
multistep adaptive stepsize TPC. TPC performance is analyzed
in terms of the STD of the received power/SIR, average transmit
power, and average BER. The numerical results presented in this
section have been obtained by simulating 20 000 power control
cycles.

A. Conventional Fixed Stepsize TPC

Fig. 6 shows the received power and the corresponding SIR
for the case without fading using a 0.5 dB stepsize. In the
numerical study the system supports three classes of service,
with target v* = {7,10.5,12.5} dB, and the number of users
{10, 5, 5}, respectively. Each user is allocated a Gold sequence
with length 31. The polynomials for the Gold sequence are 24
and 35 in octal notation. For simplicity, data rate is assumed to
be the same across all classes. Furthermore, the additive white
Gaussian noise (AWGN) power level is 02 = 10755 W (=25
dBm). At the beginning of the iterations, the transmit power
is set at —23 dBm, and the filter coefficients are initialized to
be the signature sequences of the users. It can be seen that the
power converges after 20-30 iterations. With a larger stepsize,
the convergence is faster but with larger fluctuations. The
corresponding results for the conventional MF receiver, i.e.,
without filter coefficients updating, are given by the dotted

curves. It shows that the target power level of the MF receiver
is higher than that of the MMSE receiver.

Fig. 7 is an illustration of the fixed stepsize power control,
where the target power level is determined by the forward loop
power control. Here, each user experiences fading independent
of other users’ fading. The desired user has a target v* of 7 dB.
The other parameter values used are f;7, = 0.0116 (v = 10
km/h), power control stepsize equals 1.25 dB, which is the best
value for this mobile speed, with no transmission delay. Under
these conditions, we can see that the conventional CLPC with
fixed stepsize of 1.25 dB works quite well. The received power
STD is reduced to 1.494 dB.

We also simulated the received power STD as a function of
the stepsize. The simulation stepsize changes from 0.25 to 2 dB
with a 0.25 dB increment. The best stepsizes to minimize the
received power STD are [1.0, 1.25, 1.25, 1.5, 1.5, 1.5, 1.5, 1.5,
1.5, 0.75] dB for mobile speed varying from 5 to 50 km/h with
5 km/h increment.

In a cellular system, there is own cell interference, other cell
interference, and background noise. Other cell interference may
be modeled as similar to own cell interference or background
noise, when the number of interferers are large. If other cell in-
terference were modeled as a fraction of own cell interference,
then the total interference (own cell plus other cell) would be
increased by a fraction f. This would mean that, to maintain the
same capacity at the same target BER, the target signal power
would have to be proportionally increased. If other cell inter-
ference were modeled as similar to background noise, then the
total additive noise level would be increased.
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Fig. 8. Fixed stepsize power control (background noise power o2 =

Fig. 8 shows the scenario in which the total noise power is
increased from —25 dBm (in Fig. 7) to —5 dBm. Comparing
Figs. 7 and 8, it is observed that, except for a rigid shift in the
transmitted and received power levels, the standard deviation of
the received power is approximately the same.

It is conjectured that other cell interference has the effect of
increasing the target signal power, to maintain the system ca-
pacity at the same target BER, if the interference is modeled as

—b5 dBm, f4T, = 0.0116 (v = 10 km/h), no feedback delay, stepsize = 1.25 dB).

similar to own cell interference, or an increase in the background
noise level. In either case, the tracking ability of the proposed
CLPC is not affected.

B. Multistep Adaptive Stepsize TPC

Figs. 9(a) and (b) and 10(a) and (b) show a snapshot of the
tracking ability of the adaptive stepsize and fixed stepsize TPC,
respectively, for 100 power control cycles with fq7,, = 0.046
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Profile 2.

(v = 40 km/h) and 27}, loop delay. In the figures, the transmit
power is upshifted (aimed for 0 dB target received power) and
reversed (—P;) in order to have a good visual effect.

It is observed that adaptive stepsize TPC attempts to use
curves to fit the variations of the fading gain. The fixed stepsize
TPC uses straight lines; in most cases, the straight lines go
beyond the fading gain in both directions, which implies that
transmit power is reduced too low or is increased too high,
because of the loop delay. On the other hand, when the fading
gain goes from the peaks to the valleys, for adaptive stepsize
TPC, a seemingly reasonable solution is that the stepsizes
should be changed from smaller stepsizes to larger stepsizes
(inverse when the fading is up). Without loop delay, this ap-
proach would be desirable to make the transmit power well
fit the fading variation. In the presence of loop delay, this
kind of stepsize allocation scheme will lead to a poor tracking
performance. When executing a “+1” power control command,

the use of a large positive §(1) (shown in the figures as the
first down steps) can actually compensate for some loop delay.
Simulation results show that, in most cases, better tracking
ability can be achieved when the stepsize is set symmetric for
power up/down commands.

Next, we present simulation performance measures of the
TPC algorithms. For simplicity, we model a fixed Doppler fre-
quency in each simulation run. Table I lists the received power
STD for the fixed stepsize TPC, the adaptive stepsize TPC, and
the percentage gain of the adaptive over the fixed stepsize TPC
by using the MMSE receiver. It can be seen that the percentage
gain increases almost monotonically with the increase of the
normalized Doppler frequency in the range of interest. The gain
exceeds 10% when the normalized Doppler frequency fq7), is
higher than 0.0347.

Fig. 11 shows the STD of the received power by using
MMSE/MF receivers and adaptive/fixed stepsize TPC. The
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TABLE 1
RECEIVED POWER STD (dB) WITH DIFFERENT STEPSIZE SELECTION AND THE PERCENTAGE GAIN IN STD REDUCTION

Speed(km/h) 20 25 30 35 40 45 50
faTp (1072) 2.31 2.89 3.47 4.05 4.63 5.21 5.79
Fixed stepsize (dB) 3.205 3.701 4.161 4.576 4.854 5.141 5.251
Adap. stepsize (dB) 2.997 3.430 3.692 3.955 4.137 4.287 4.426
Percent. improvement 6.51 7.33 11.25 13.59 14.76 16.60 15.72
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Fig. 11.

curves from the top to the bottom are the STD of the fading
gain, fixed stepsize TPC, and adaptive stepsize TPC for the MF
and MMSE receivers, respectively. It is noted that the received
power STD monotonically increases with f;7},. There is a
negligible difference for MF and MMSE receivers in terms of
the tracking ability. It is shown that significant improvement
can be attained by using the proposed adaptive stepsize power
control, especially when the normalized Doppler frequency is
high.

Fig. 12 shows the average transmit power versus the normal-
ized Doppler frequency. The upper four curves are the results
for the user with v* = 12.5 dB, and the lower four curves are
for v* = 7 dB. It is observed that, over a wide range of fq1)},
values, the MF receiver requires a higher transmit power com-
pared to the MMSE receiver, and the average transmit power is
lower for adaptive TPC compared to fixed TPC. From Fig. 6,
the target power is about —18 and —12 dBm for v* = 7 dB and
~v* = 12.5 dB, respectively. Although the average fading power
is assumed as “1” in the simulation, extra power is required to
smooth out the fading effect. It is also observed that the average
transmit power decreases as the normalized Doppler frequency
increases. This trend implies that a higher transmit power is re-
quired in order to achieve better tracking. This is intuitively cor-

Received power STD for adaptive stepsize and fixed stepsize power control with MMSE and MF receivers.

rect. For perfect tracking, i.e., the received power is a constant,
the required transmit power is infinity. For no TPC, i.e., no at-
tempt to track, the average transmit power is the target power.
From Fig. 12, it is observed that, for both the MF and MMSE
receivers, the slope of fixed TPC is steeper than that of adap-
tive TPC. Based on the above analysis, it is conjectured that a
steeper slope implies that, in the fixed TPC case, the tracking
ability will deteriorate faster when the Doppler frequency be-
comes larger.

In the simulation, the instantaneous SIR is obtained by using
(3) in each power control cycle. Fig. 13(a) and (b) shows the
pdf of the SIR when f;7}, = 0.0231 (v = 20 km/h) and f47;, =
0.0462 (v = 40 km/h), representing a low speed and a medium
speed, respectively, for adaptive stepsize TPC (solid curves) and
fixed stepsize TPC (square dashed curves). It can be seen that
adaptive stepsize TPC distributes the received SIR about the
neighborhood of v* (10.5 dB) with a higher probability, i.e., a
smaller STD.

Fig. 14 shows the BER obtained by averaging the SIR within
the neighborhood of +1.50., of the v*, where o, denotes the
STD of the received SIR in dB. The purpose of this truncation
is to eliminate the affect of the tails of the SIR distribution on
the average BER. Fig. 14(a)—(c) shows the average BER for the
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users with target SIR at 7, 10.5, and 12.5 dB, respectively. It
is observed that, as the Doppler frequency increases, the BER
performance degrades. The rate of degradation is faster for the
fixed stepsize TPC, because of its poorer tracking ability.

Fig. 15 shows the BER performance when the target v* varies
from 2 to 20 dB. The curves in this figure have been obtained
by simulating a system supporting ten users, where the desired
user changes its «*, and the other users’ v* is fixed at 7 dB,
with f41;, = 0.0462 and 21}, loop delay. The upper and lower

10
SIR (dB)

12

PDF of the received SIR for adaptive stepsize and fixed stepsize power control with MMSE receiver (v* = 10.5 dB).

triangle curves are the results for flat Rayleigh fading without
TPC and the results for AWGN channel, respectively. Again, the
BER performance difference for the MMSE and MF receivers
is negligible. By using adaptive stepsize TPC, the BER curve
shifts closer to that of AWGN. The target SIR reduction is about
1 dB for adaptive over fixed TPC.

Table I lists the average transmit power and the power reduc-
tion by using adaptive and fixed stepsize TPC with MMSE and
MF receivers. The simulation environment is nearly the same as
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that in Fig. 15, i.e., the target SIR for the desired user changes
from 2 to 20 dB, and the target SIR for the interferers is fixed at
7 dB. The three groups denote the results for the number of users
being 10, 20, and 28,2 denoting the light-load, medium-load,
and high-load cases, respectively. Inside each group, the first

2With a Gold sequence of length 31, this is about the largest number of users
that can be supported.

two rows are the average transmit power using MMSE and MF
receivers, and the third row is the power reduction (with italic
numbers) by using the MMSE over the MF receiver for adap-
tive TPC. The remaining three rows list similar results for fixed
TPC. Our results show that with the increase in the number of
users, the power savings by using the MMSE receiver is more
significant. When the number of users is relatively low, it is more
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TABLE 1I
AVERAGE TRANSMIT POWERS (dBm) AND POWER REDUCTION (dB) BY USING MMSE OVER MF RECEIVER (f; T, = 0.0462, 2T, LoOP DELAY)

K=10/20/28 2 4 6 8 10 12 14 16 18 20
MMSE/adap. -18.63 -16.66 -14.68 -12.68 -10.65 -8.68 -6.68 -4.67 -2.66 -0.68
MF/adap. -18.42 -16.39 -14.41 -1247 -1045 -8.46 -6.44 -445 -2.38 -0.37
power reduc. 0.21 0.27  0.27 0.21 0.20 0.22 0.24 0.22 0.28 0.31
MMSE/fixed -17.88 -15.95 -13.87 -11.88 -9.96 -7.87 -5.88 -3.96 -1.87 0.12
MF /fixed -17.59 -15.63 -13.58 -11.59 -9.64 -7.58 -5.60 -3.63 -1.58 0.43
Power reduc. 0.29 0.32  0.29 0.29 0.2 0.29 0.28 0.33 0.29 0.51
MMSE/adap. -18.54 -16.55 -14.54 -12.52 -10.50 -8.55 -6.54 -4.57 -2.55 -0.53
MF/adap. -18.05 -16.00 -14.01 -12.04 -10.10 -8.02 -6.02 -4.03 -2.05 -0.02
Power reduc. 0.49 0.55  0.53 0.48  0.40 0.58 0.52 0.54 0.50 0.51
MMSE/fixed -17.77 -15.80 -13.74 -11.77 -9.80 -7.74 -5.77 -3.80 -1.74 0.23
MF /fixed -17.15 -15.15 -13.20 -11.15 -9.15 -7.19 -5.12 -3.11 -1.13 0.96
Power reduc. 0.62 0.65 0.54 0.62 0.65 0.55 0.65 0.69 0.61 0.73
MMSE/adap. -18.26 -16.28 -14.23 -12.28 -10.33 -8.30 -6.26 -4.25 -2.28 -0.25
MF /adap. -17.73  -15.77 -13.70 -11.70 -9.68 -7.72 -5.71 -3.67 -1.62 0.35
Power reduc. 0.53  0.51 0.53 0.58  0.65 0.58 0.55 0.58 0.66 0.60
MMSE/fixed -17.56 -15.60 -13.49 -11.55 -9.57 -7.49 -555 -3.57 -1.49 0.45
MF /fixed -16.79 -14.82 -12.89 -10.78 -8.81 -6.89 -4.76 -2.77 -0.76 1.33
Power reduc. 077 0.78  0.60 0.77 076 0.60 079 0.80 073 0.88

desirable to use the MF receiver because it is simpler to imple-
ment and exhibits power consumption almost comparable to that
of the MMSE receiver.

In summary, the gain of the proposed adaptive TPC over the
fixed TPC is two-fold: 1) adaptive TPC offers a better tracking
ability, leading to areduced STD of the received power/SIR, and
a better BER performance; and 2) the average transmit power is
lowered, leading to a reduction in power consumption.

V. CONCLUSION

A multistep adaptive closed-loop power control algorithm
employing either an MMSE or an MF receiver for a DS-CDMA
system in the presence of Rayleigh fading is presented and
evaluated. The control algorithm aims at minimizing the target
power level and regulating the transmit power to closely track
the variation of the fading gain. The CLPC scheme yields a
relatively low standard deviation of the received power/SIR,
and a relatively low bit error rate.

At the base station, a linear filter receiver is employed for
despreading. With the MMSE receiver, the target power and
the filter coefficients are updated iteratively. This forward loop
power control algorithm is shown to be robust and converges
quickly to the optimal MMSE filter coefficients, as well as min-
imizes the target power level. When the MF receiver is used,
the filter coefficients assume the form of the signature sequence.
At the mobile station, transmit power is updated with variable
stepsizes, which are generated based on the power control com-
mand history and information pertaining to the Doppler effect
and fading statistics.

Simulation results show that the proposed MMSE/MF iter-
ative algorithm can converge quickly. The proposed multistep
adaptive TPC exhibits a better tracking ability than the fixed

stepsize TPC. The STD of the received power/SIR can be re-
duced significantly, leading to a better BER performance. It is
shown that the improvement becomes more significant as the
normalized Doppler frequency increases. In addition, adaptive
TPC also leads to a reduction in average transmit power. Nu-
merical results indicate that the tracking ability of the MMSE
and MF receivers is essentially similar, except that the average
transmit power is lower with the MMSE receiver but is more
complex to implement. From the implementation complexity
and performance tradeoff point of view, the MF receiver may
be the appropriate choice in conjunction with the closed-loop
power control strategy presented in the paper.

Itis conjectured that the proposed adaptive stepsize algorithm
can be extended to fading models which include other fading
components, e.g., Rician fading with different Rice factors. The
iterative update of the reference stepsize vector provides an ap-
proach to track the variations of the fading gain as a function of
the Doppler frequency.

It was mentioned in the Introduction that signals sent through
the dedicated control channel in IMT-2000 can be used to adap-
tively generate the variable stepsize to regulate the transmit
power level. Thus, the proposed multistep closed-loop power
control strategy can be used for third-generation and beyond
wireless communication systems.
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