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Abstract

Reverse link feedback power control in subject to a feedback delay and in conjuction
with diversity is considered over a frequency-nonselective slow Rayleigh fading channel.
The transmission power of a mobile station is adjusted as a function of fed back es-
timated channel state information, so that the average error probability is minimized
when the average transmission power is fixed. The channel state is estimated by using
known, constant-power pilot symbols. In each frame, a time multiplexed pilot symbol
is transmitted in addition to the antipodal data symbols. In the literature, feedback
MMSE (minimum mean-square error) power control has been analyzed in the case of a
random time-invariant channel. Therein the frame size was two, i.e. one data and one
pilot symbol were transmitted in each frame. Also, the fading gain was estimated by a
one-shot MMSE estimator. This author’s main contribution is that the aforementioned
analysis has been extended to a more general system model in which the frame size is
arbitrary, and in which the time-variant fading gain is estimated by optimal MMSE es-
timators. For power control purposes, the estimator has to be a predictor since feedback
requires causality. First, in order to avoid a delay in detection, the predictor is used
also in detection. In the case of a frame size of two, the performance of feedback MMSE
power control employing the predictor is compared to that of a system using the one-
shot estimator. Then, the performance of feedback MMSE power control with an optimal
frame size is evaluated. Finally, the system performance is derived when a smoother is
employed in detection, and the additional effect of a feedback delay on the performance
is investigated.

The performance difference between optimal (channel state values are assumed to be
known) and MMSE power control using a one-shot estimator is found to be significant
at large signal-to-noise ratios (SNR’s). This is in contradiction with the result presented
earlier in the literature. The reason for the large performance difference is that the
SNR of the channel estimate is small, since each estimate is computed using only one
pilot symbol. The performance difference between optimal and MMSE power control
with the predictor is smaller than said difference in the case of the one-shot estimator
because the estimate is averaged over many pilot symbols. It is also observed that the
lag error of the estimator considerably reduces the benefit of MMSE power control, even
when the channel changes very slowly. To diminish the lag error, a large number of
estimator coefficients is required. It is well known that fixed-step adjustment closed
loop power control attempts to compensate for all changes caused by the channel. In
contrast, according to Monte Carlo simulations, MMSE power control did not attempt
to compensate for the deepest fades. At other time instants, it strives to set the received
SNR to an approximately constant level, which depends on the bit-error rate (BER)
target. Increasing the frame size from the value of two not only improves the spectrum
utilization, but was also shown to yield better performance for the pilot symbol system
with MMSE power control over a slowly fading channel. Also, a clear performance
improvement was achieved by using the smoother in detection. The performance loss
resulting from a feedback delay of 10− 20% from the channel coherence time was shown
to be small with reasonable BER values.

Keywords: mobile communications, closed loop method, channel estimation, delay
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Symbols and abbreviations

ai real (i = 1) and imaginary (i = 2) values of fading gain
ai(k) instantaneous real (i = 1) and imaginary (i = 2) values of fading

gain
arg(·) argument
b squared attenuation
c̃ fading gain of a random time-invariant channel
c̃(k) fading gain of a slow Rayleigh fading channel
ˆ̃c0 fading gain estimate of a random time-invariant channel
ˆ̃c(k) predicted fading gain estimate of a Rayleigh fading channel
ˆ̃cs(k) fading gain estimate of a Rayleigh fading channel derived by a

smoother
c̃(k) Rayleigh fading channel vector with L i.i.d. components
ˆ̃c(k) predicted length-L Rayleigh fading channel estimate vector
ˆ̃cs(k) length-L Rayleigh fading channel estimate vector derived by smoothers
d data symbol
d(k) (−1)d(k) represents antipodal data symbol (d(k) = 0, 1)
D(k) decision variable
ek error signal in FSAPC at time instant k

ẽ(k) error signal of the MMSE predictor
ẽs(k) error signal of the MMSE smoother
exp(·) exponential function
ẽ(k) predictor’s error signal vector with L i.i.d. components
ẽs(k) smoother’s error signal vector with L i.i.d. components
E(·) expectation operator
Eb bit energy
Ed data symbol energy
Ep pilot symbol energy
fd Doppler frequency



f ′
d normalized Doppler frequency (divided by symbol rate)

fc carrier frequency
F frame size
gF (k) transmitted frame with size F

g2(k) transmitted frame with size F = 2
hk control signal in FSAPC at time instant k

hm1(k) coefficients of the MMSE predictor (m1 = 0, 1, . . . ,M)
hsm1

(k) coefficients of the MMSE smoother (m1 = −M/2, . . . ,−1, 0, 1, . . . ,M/2)
Hi hypothesis that the transmitted bit is 0 (i = 0) or 1 (i = 1)
In(·) nth order modified Bessel function of the first kind
J0(·) zeroth order Bessel function of the first kind
k discrete time
k′ � kF � −md

k′′ k − k′F
K K-factor of the Rician fading channel
K̃(·) input signal of the MMSE estimator
ln(·) natural logarithm
log(·) base-10 logarithm
L diversity order
Lf Lagrangian function
md mdF denotes a feedback delay as multiples of a frame size (md ∈

N)
M number of predictor and smoother coefficients is M + 1
ñ(k) zero-mean additive white Gaussian noise
ñ(k) noise vector with L i.i.d. components
N power measurement is performed over N/2 pilot symbols in FS-

APC simulations
N0 variance of ñ(k)
N set of natural numbers (N ∈ {0, 1, 2, . . .})
p pilot symbol
pb(·) probability density function for squared attenuation
pv(·) probability density function for attenuation
pv̂0(·) probability density function for attenuation estimate of a random

time-invariant channel
pv̂(k)(·) probability density function for predicted attenuation estimate of

a Rayleigh fading channel
pθ(·) probability density function for phase shift
pu(·) probability density function for u

pw(·) probability density function for w

P [·, ·] penalty function



Pe average error probability
Pe(·) conditional error probability
Pe[k; ·] conditional error probability at time instant k

Prob(·) probability
Prob[ · | · ] conditional probability
Pq(·) simulated conditional error probability without power control
Pqp(·) simulated conditional error probability with power control

q̃ ˆ̃cs(k)
Q(·) Q-function
Q(·, ·) Marcum Q-function
r̃(k) received sample
r̃(k) length-L received signal vector
R̃(·) autocorrelation function of fading gain
R̃′(·) normalized autocorrelation function of fading gain
Re(·) real value
si(k) unit energy sample in the binary noncoherent orthogonal (i = 0, 1)

system
ti(k) transmitted sample in the binary noncoherent orthogonal (i = 0, 1)

system
T symbol interval
u ||ˆ̃c(k)||2
v attenuation
v(k) instantaneous value of attenuation
v̂0 attenuation estimate of a random time-invariant channel
v̂(k) predicted attenuation estimate of a Rayleigh fading channel
v̂s(k) attenuation estimate of a Rayleigh fading channel derived by a

smoother
v̂2
c optimized cutoff value for squared attenuation estimate

w ||c̃(k)||2
z−1 unit delay
Z set of integers
α(·) ratio of instantaneous data symbol energy and pilot symbol energy
γ average transmitted SNR per bit, or average received SNR per bit

without power control
γf instantaneous transmitted SNR per bit
γm average modified transmitted SNR per bit
γm(b) modified transmitted SNR per bit as a function of b
γom(b) optimal γm(b)
γr average received SNR per bit
γr,f instantaneous received SNR per bit



δi,j Kronecker delta function (δi,j = 1 when i = j and δi,j = 0 when
i 	= j)

ε(k) MMSE of the predictor
εs(k) MMSE of the smoother
η correlation coefficient (η = σ2

rq/(σrσq))
θ phase shift
λ penalty parameter
λ1(b) coefficient in KTC for inequality constraint
λ2 coefficient in KTC for equality constraint
µ̃q conditional mean of q̃ (when conditioned on ˆ̃cs(k))

µ̃r conditional mean of r̃ (when conditioned on ˆ̃cs(k))
σ standard deviation
σ2
a variance of ai (i = 0, 1)

σ2
q E|q̃i − µ̃q,i|2 ∀i, i = 1, 2, . . . , L

σ2
r E|r̃i − µ̃r,i|2 ∀i, i = 1, 2, . . . , L

σ2
rq E[(r̃i − µ̃r,i)(q̃i − µ̃q,i)∗] ∀i, i = 1, 2, . . . , L

x̃ complex valued variable x̃

x̃∗ complex conjugate of x̃
x̃H complex conjugate and transpose of the vector x̃
|x̃| magnitude of x̃
||x̃|| norm of the vector x̃ (when x̃ = [x̃1x̃2], ||x̃||2 = x̃x̃H = |x̃1|2 +

|x̃2|2)
�x� largest integer which is smaller than or equal to x(
m
n

)
binomial coefficient (

(
m
n

)
= m!/[n!(m− n)!])

m! cumulative product (m! = 1 · 2 · . . . ·m)
∀m for all values of m
ADM adaptive delta modulation
AGC automatic gain control
AMPS Advanced Mobile Phone Service
ARQ automatic repeat request
ASK amplitude-shift keying
ATDMA advanced time-division multiple-access
AWGN additive white Gaussian noise
bps bits per second
B-CDMA broadband code-division multiple-access
BER bit-error rate
CDMA code-division multiple-access
CIR carrier-to-interference ratio
CONSTR optimization algorithm in MATLAB
dB decibel



DM delta modulation
DPCM differential pulse code modulation
DS direct sequence
ERP effective radiation power
FDD frequency-division duplex
FDMA frequency-division multiple-access
FER frame-error rate
FSAPC fixed-step adjustment closed loop power control
GSM Global System for Mobile Communications
i.i.d. independent and identically distributed
INIT PWR system parameter in IS-95 CDMA system
ISI intersymbol interference
IS-95 IS-95 Interim standard
KTC Kuhn-Tucker conditions
LMMSE linear minimum mean-square error (estimator)
MAI multiple-access interference
MAP maximum a posterior probability
MATLAB mathematics and graphics software package
MF matched filter
MLSD Maximum-Likelihood Sequence Detector
MMSE minimum mean-square error
MQAM M-ary quadrature amplitude modulation
MSE mean-square error
NOM PWR system parameter in IS-95 CDMA system
PCM pulse code modulation
PI proportional-plus-integral
PSK phase-shift keying
RLS recursive least-squares
SFH slow frequency hopping
SIR signal-to-interference ratio
SNR signal-to-noise ratio
SORA stepwise optimal removal algorithm
SRA stepwise removal algorithm
TDD time-division duplex
TDMA time-division multiple-access
UEP unequal error protection
WSS wide-sense stationary
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1. Introduction

Into a class of widely used digital multiple-access systems belong frequency-division
multiple-access (FDMA), time-division multiple-access (TDMA) and code-division
multiple-access (CDMA) systems (Pichna & Wang 1996), among which FDMA can
also be an analog system. In wireless communications, mobile stations that use the
same channel (cochannel 1) will interfere with one another. Cochannel interference
minimization methods include orthogonal signalling (in time or frequency, or using
codes), frequency reuse planning such that the same channel is not used in adjacent
cells (in FDMA and TDMA systems), cochannel interference cancellation, and
power control.

Let us first discuss the reverse link communication in a CDMA system. In
addition to multipath fading, shadowing and distance dependent propagation loss
also cause signal attenuation in the communication channel. Since the spreading
codes of different users cannot be orthogonal with all delays and with superim-
posed data modulation, the signals received at the base station interfere with each
other (Pickholtz et al. 1991, Lee 1991). If mobile stations transmit signals at a
constant power level, the signal-to-interference ratio (SIR) of the received signal
at the base station of a distant mobile station would be too small for good quality
communication due to nearby, strongly interfering mobile stations (not to mention
the effect of thermal noise). This situation is called the near-far problem, and it
appears in both single cell systems and cellular systems. The near-far problem
can be compensated for by reverse link power control. The transmission pow-
ers of mobile stations that belong to the same base station are adjusted so that
the powers received at the base station have approximately the same minimum
level necessary to accomplish good quality communication (Salmasi & Gilhousen
1991). In this way, the interference from a mobile station to other mobile stations
is minimized. Since the CDMA system is interference limited, minimization of
interference among all mobile stations contributes linearly to the system capacity
(Gilhousen et al. 1991b). Furthermore, reverse link power control decreases power
consumption of the mobile station (battery life is prolonged) and, along with di-
versity techniques, helps to overcome slow multipath fading (Salmasi 1990).

1Strictly speaking, in CDMA systems we should use the term adjacent channels (or codes).
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The task of power control is alleviated using diversity (Proakis 1989). In fre-
quency diversity the information data is transmitted over several carrier frequen-
cies whose separations are larger than the coherence bandwidth of the channel.
Frequency diversity is implicitly obtained in the CDMA system since the band-
width of the spread spectrum signal is very large. Other diversity techniques
include time and space (antenna) diversity. The above-mentioned diversity tech-
niques fall into the category of microdiversity (Pichna & Wang 1996). Another
kind of diversity is achieved when a mobile station is connected simultaneously
to several base stations. This is called macrodiversity. The system performance
can be improved further by employing, in addition to power control and diversity,
interleaving and channel coding.

Forward link power control is not needed in single cell CDMA systems, since
all the signals transmitted by a base station are equally attenuated when received
by the mobile station (Gilhousen et al. 1991b). Forward link power control is,
however, necessary in cellular systems due to the “corner effect”. At the corner of
a cell, a mobile station is approximately equidistant to three nearby base stations.
In this case, without power control, the SIR would decrease to about one third
compared to the single cell case when fading is not taken into account. In forward
link power control, the transmission powers of users located far away from the
base station are increased, and correspondingly, the power of users near the base
station is decreased. With forward link power control, (i) good service quality is
accomplished in the entire cell area, (ii) the system capacity is increased by min-
imizing the cochannel interference to other mobile stations, and (iii) the capacity
of a particular base station is increased by less interference from surrounding, less
loaded cells (Pichna & Wang 1996). Since power control in the reverse link is more
critical than in the forward link from the capacity point of view (Gilhousen et al.
1991b), we have focused our study on reverse link power control.

1.1. Description of the problem

The two-way communication between a base station and a mobile station is usu-
ally accomplished by a frequency-division duplex (FDD) method or a time-division
duplex (TDD) method. In the FDD method, different frequency bands are used
in forward and reverse links (Salmasi 1990). Since the separation between the
two frequency bands is usually larger than the coherence bandwidth, multipath
fading in different links has weak correlations. Propagation loss and shadowing,
together, form a long-term attenuation that can be considered to be the same in
both links. In reverse link power control, long-term attenuation is compensated
for by an open loop method, in which a mobile station adjusts its transmission
power according to its measurements. The open loop method is incapable of com-
pensating for multipath fading occurring in the other link. Therefore, a closed
loop, or feedback, method is required. In the closed loop method, the base station
either (i) commands, according to its measurements, a mobile station to adjust its
transmission power (centralized power control), or (ii) sends a metric describing
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the link quality, according to which the mobile station adjusts its transmission
power (distributed power control) (Pichna & Wang 1996). In centralized power
control, the base station can take into account the situations of multiple mobile
stations when making a decision. The use of feedback introduces a feedback de-
lay to the power control process, which degrades the system performance. On
the other hand, diversity techniques can be employed to alleviate the need for
power control. Complete power control is accomplished when open and closed
loop methods function simultaneously. In the TDD method, the base station and
mobile stations transmit signals as data packets, in the same frequency band, but
at different times (Esmailzadeh & Nakagawa 1993). Multipath fades in different
links correlate strongly if data packets are short and transmitted close to each
other. Power control is simplified because the open loop method is sufficient by
itself. With open loop power control, however, only the signal level, not the inter-
ference power, is known at the transmitter (Ojanperä & Prasad 1998). The TDD
method cannot be used with large Doppler frequencies because the required length
of the data packets would become too short to maintain the link reciprocity.

In this thesis, terrestrial systems employing FDD methods are discussed. Also,
we only consider centralized closed loop, or feedback, power control since the
long-term signal attenuation, which is compensated for by the open loop method,
is usually significantly slower than multipath fading (Salmasi 1990). Typically,
shadowing is at least 100 times slower than multipath fading (Goubran et al. 1991).
The larger the Doppler frequency, the higher the rate of fading. The transmission
power of a mobile station is controlled according to the fed back estimated channel
state information, so that the average error probability is minimized under the
constraint of a fixed average transmission power. In feedback power control the
channel state values are estimated by using known, constant-power pilot symbols.
In each frame, the time multiplexed pilot symbol is transmitted, in addition to
data symbols. The estimated channel state values are fed back to a transmitter
via a noiseless feedback link.

1.2. Previous work

In this section previous work is introduced just briefly since the actual literature
review is presented in Chapter 2. In fixed-step adjustment closed loop power
control (herein abbreviated FSAPC), a base station measures the received signal
power from each mobile station or SIR and compares it to a fixed or adaptive
target threshold (Salmasi & Gilhousen 1991, Viterbi 1991, Tiedemann 1993, Sam-
path et al. 1997, Ariyavisitakul & Chang 1993, Ariyavisitakul 1994, Lee & Steele
1996). As a result of this comparison, the base station sends a command (data
rate e.g. 800 bps (Viterbi 1991)) to each mobile station to increase or decrease
the transmission power by a fixed amount. The step is typically 1 dB, and the
controlling rate can be 1 dB/ms (Salmasi & Gilhousen 1991). The drawback of
FSAPC is its slowness. The depth of multipath fading can be over 40 dB, and this
occurs typically at intervals of half a wavelength (Jakes Jr. 1974). If the mobile
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station velocity is 80 km/h, it takes from a mobile station only approximately 8 ms
to travel the distance of a half a wavelength (if carrier frequency fc = 850 MHz).
The FSAPC is, thus, not able to fully compensate for multipath fading with high
mobile station velocities (Padovani 1994, Chan 1994). System performance can be
improved to some extent by using, instead of a fixed step, a variable step power
control (Ariyavisitakul & Chang 1993, Su & Shieh 1995, Chang et al. 1996, Lee &
Steele 1996, Chockalingam et al. 1998). The degree of improvement depends on
actual system parameters, e.g. the diversity order. In addition, knowledge of both
the received power and SIR can be used in power control (Yang & Chang 1996).

In the literature, systems using a feedback link have been proposed, in which
the transmission power, bit rate, constellation size, code rate, or any combination
of these quantities is adjusted according to the feedback information regarding
the instantaneous channel state, basically in order to achieve a constant received
SNR per bit at the receiver (Hayes 1968, Hentinen 1974, Cavers 1972, Srinivasan
1981, Alamouti & Kallel 1994, Goldsmith & Chua 1997). Recently, adaptive trans-
mission techniques have been analyzed in which the Shannon capacity of fading
channels with (perfect) channel side information is achieved (Goldsmith & Varaiya
1997, Goldsmith & Chua 1997, Caire et al. 1999). The modulation and coding
strategy, which achieves this capacity, is a multiplexing technique whereby the
coding and modulation transmitted over the channels are optimized according to
the instantaneous fading level. Optimal variable-power variable-rate (Goldsmith
& Varaiya 1997, Goldsmith & Chua 1997) and variable-power constant-rate (Caire
et al. 1999) transmission schemes have been derived. Furthermore, Shannon ca-
pacity achieving, optimal variable-power, constant-rate transmission schemes for
a block-fading channel with strict transmission delay constraints were studied in
(Caire et al. 1999).

We have concentrated our work on the case in which only power, not bit rate,
is controlled. Hayes determined the optimal transmission power (energy), as a
function of the known channel state, for coherent antipodal and noncoherent or-
thogonal systems over a Rayleigh fading multipath channel (Hayes 1968). In this
optimal power control, the average error probability of the system was minimized
when the average transmission power was fixed. Srinivasan evaluated the optimal
transmission power as a function of estimated channel state values over a random
time-invariant channel (Srinivasan 1981). In every frame, in addition to the data
symbol, a known pilot symbol is transmitted in a time multiplexed form, in order
to estimate the channel with a one-shot MAP estimator. Hence, the frame size
was two. Srinivasan’s one-shot MAP estimator is actually identical to a one-shot
MMSE estimator, as will be explained later in Chapter 4. Kam and Teh stud-
ied the reception of phase-shift keying (PSK) signals over a slowly fading channel
(Kam & Teh 1983). They estimated the fading gain with an optimal decision
feedback MMSE predictor. Cavers analyzed error probabilities of pilot symbol
systems with different modulation methods, where the number of data symbols in
a frame was arbitrary and the estimation was performed by an optimal MMSE
smoother (Cavers 1991). He also considered the system performance in the case
of the optimal frame size. In his previous work (Cavers 1972), the optimum vari-
ation of bit rate with known channel state values was determined, and it included
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the effect of a feedback delay on the system performance. Adaptive transmitter
diversity was studied in (Cavers 1999), in which the complex weights applied to
the forward link antennas were obtained from the instantaneous fading gains in
the reverse link. A delay and frequency offset between reverse link measurements
and forward link transmission reduces the correlation between the fading gains in
the two directions. A similar situation prevails when we use different estimators
in power control and detection.

1.3. The author’s contributions

The author’s main contribution has been to extend the Srinivasan’s analysis (Srini-
vasan 1981) to a more general, single-user system model, in which the number of
data symbols in a frame is arbitrary and the slowly varying fading gain is es-
timated by the optimal MMSE estimators which employ many successive pilot
symbols in estimation. The estimator in power control has to be a predictor due
to the causality requirement caused by feedback. In order to avoid a delay in
detection, a predictor is employed first in both power control and detection. The
performance of feedback MMSE power control has been considered in the cases of
the frame size of two and with an optimal frame size. The results obtained with
an optimal frame size are an extension of Cavers’s work (Cavers 1991) on systems
using power control. Then, the symmetry restriction in estimation is relaxed, and
the performance is evaluated when a smoother is used in detection. Also, the addi-
tional effect of an unavoidable feedback delay on the performance is derived. The
results in the case of the smoother and the analysis including diversity are obtained
by extending Cavers work (Cavers 1999) to systems employing power control. The
results for the feedback delay effect are obtained by applying the method presented
for the system using bit rate variation with known channel state values (Cavers
1972) to the power control case with MMSE channel estimation.

The performance differences of systems using optimal and feedback MMSE
power control were compared to. It was found that inaccurate channel estimates
have significant effect on the performance of the system employing MMSE power
control: even when the frame size has an optimal value, the channel is very slowly
fading and the fading gain is estimated by the optimal MMSE predictor. This
observation is contradictory to the results obtained earlier by Srinivasan. Our
performance curves for MMSE power control were confirmed by, e.g., doing sim-
ulations and validating numerical optimizations by obtaining known results by
changing optimization parameter values appropriately. The impact of inaccurate
channel estimates on systems without power control is far less notable. The imple-
mentation of MMSE power control was investigated with Monte Carlo simulations,
and is discussed and compared to other power control schemes presented in the
literature. A clear improvement of performance for the pilot symbol system em-
ploying MMSE power control was achieved by using a smoother in detection. The
degradation of performance caused by a feedback delay was shown to be small
with a feedback delay of 10 − 20% from the channel coherence time, and with
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reasonable BER values.

1.4. Outline of the thesis

Reverse link feedback power control in conjuction with diversity over a frequency-
nonselective, slow Rayleigh fading channel with channel state estimation is exam-
ined. Feedback power control uses a noiseless feedback link. The thesis includes
three parts: review of the literature, optimal power control and feedback power
control.

In the literature review, in Chapter 2, the feedback communication systems
varying any of, or a combination of, various transmitter parameters are discussed
first. Then, numerous power control algorithms proposed for the CDMA system
are presented. Emphasis is placed on CDMA power control algorithms since the
requirements for power control in a CDMA system (without multiuser detection)
are much more stringent than in a FDMA or TDMA system, due to a more severe
near-far problem. The significance of power control in a CDMA system is shown
by illustrating the effect of imperfect power control on the system performance.

Optimal power control is reviewed in Chapter 3. The performance of the non-
coherent orthogonal system with power control and performances of the coherent
orthogonal and antipodal system using power control and diversity over a known
Rayleigh fading channel are obtained. Feedback is noiseless and delayless. These
performance curves provide benchmarks for the pilot symbol systems employing
feedback MMSE power control and diversity presented in Chapter 4.

In feedback power control, in Chapter 4, the performance of the pilot symbol
system using diversity and feedback MMSE power control in subject to a feedback
delay is analyzed. An arbitrary number of data symbols are time multiplexed with
a known pilot symbol in a given frame. First, performance results are evaluated
with a frame size of two when using the one-shot estimator and the optimal pre-
dictor, respectively, in the case of no diversity and no delay. The same estimator is
used in both power control and detection. Erroneous performance results in Srini-
vasan’s work for MMSE power control with the one-shot estimator are pointed
out. Also, an implementation model of MMSE power control employing the pre-
dictor is investigated using Monte Carlo simulations. Discussion and comparisons
to several known power control schemes are presented. Furthermore, the perfor-
mance of the pilot symbol system using MMSE power control with an optimal
frame size is evaluated and compared to the case of a frame size of two. Finally,
this performance is investigated when a smoother is used in detection, including
the additional feedback delay effect on the system performance.



2. Review of the literature

In the beginning of this review, we consider systems using noiseless feedback.
That is, a receiver transmits information to a transmitter via a feedback link,
which can be subject to a feedback delay. Shannon showed in the 1950’s that
the channel capacity of a memoryless AWGN (additive white Gaussian noise)
channel cannot be increased by employing feedback, even though it is noiseless
1 (Shannon 1956). It is, however, possible to achieve a certain error probability,
e.g., with less transmission power than in the case without feedback (Schalkwijk
1969). Note that noiseless feedback can increase the capacity 2 of memoryless
multiple-access channels (Gaarder & Wolf 1975). Here, the review of systems
using feedback is mainly based on the summary presented in (Lucky 1973), since
the research of feedback communication systems was very intense around the year
1970. Interest in these techniques was short lived though, perhaps due to, e.g.,
hardware constraints and lack of good channel estimation techniques (Goldsmith
& Chua 1997). The fact that these issues are less constraining in current systems
has revived interest in such techniques.

First, different feedback methods are introduced, and the optimal feedback
method in an AWGN channel (Schalkwijk 1969) is briefly mentioned. In the case
of fading channels, systems are discussed where a transmitter adjusts, e.g., trans-
mission power, bit rate or constellation size, according to feedback channel state
information. In particular, we review results for the Shannon capacity of fading
channels with channel side information, where capacity is achieved using adaptive
transmission techniques. Then, a summary of the papers focusing on power con-
trol for CDMA systems is presented, and finally we illustrate how imperfect power
control affects the capacity of a cellular CDMA system.

1The zero-error capacity, i.e., the rate at which information can be encoded infallibly, could
be increased with feedback.

2Actually, we should talk about capacity region, which defines the set of data rate vectors
which all users can maintain simultaneously on the same channel with arbitrarily small error
probability.
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2.1. Noiseless feedback

Definitions of feedback methods vary in the literature, see e.g. (Schalkwijk 1969),
(Lucky 1973), and (Ural & Haddad 1972). We categorize the methods according
to (Lucky 1973). Feedback communication systems are divided into sequential
and nonsequential systems. In the sequential system, the decision times are not
fixed a priori since a receiver updates the likelihood ratio, compares it to a set
threshold, and makes the final decision only when the threshold is exceeded. If,
in the sequential system, a receiver feeds back only the decision time, we have a
synch feedback. Nonsequential systems use fixed-length transmission blocks, and
the decision times are fixed. Note that the feedback link in this section is also
typically delayless if not otherwise stated.

Turin compared to the performances of sequential and nonsequential systems
when uncertainty feedback or information feedback was employed (Turin 1966).
That is, a receiver sends continuously information to a transmitter based on what
has been received (Lucky 1973). Feedback information is analog, e.g., a posterior
probabilities of the transmitted data symbol or (in power control) the channel
state values. In a decision feedback method, fed back information is digital, and it
can consist of tentative decisions, such as, which symbol is the most likely symbol
at a given time. Thus, tentative decisions are sent to the transmitter before the
final decision. According to (Schalkwijk 1969), in a decision feedback or post de-
cision feedback method, the receiver does not send information to the transmitter
until the final decision has been made. Digital information can also be a decision
whether to adjust the transmission power up or down, as in FSAPC. Information
feedback usually needs larger bandwidth than decision feedback, but the poten-
tial performance improvement is also bigger when compared to the system with no
feedback (Schalkwijk 1969). Several feedback methods can be used simultaneously,
and the system performance can be improved further at the expense of increased
system complexity (Ural & Haddad 1972). In fading channels, systems often use
error detection channel coding (Schalkwijk 1969). When a receiver detects an error
(probably due to deep fading in the channel), the transmitter is informed by using
feedback to repeat the transmission. This method is called an automatic repeat
request (ARQ) feedback method.

Schalkwijk and Kailath proposed in 1966 a coding scheme with feedback based
on a stochastic approximation procedure in the case of an AWGN channel and
no bandwidth constraint (Schalkwijk & Kailath 1966). The use of feedback was
noticed to simplify coding and decoding significantly. Schalkwijk extended the
analysis to bandlimited signals also (Schalkwijk 1966), where he showed that his
feedback scheme is apparently the first deterministic coding procedure (with or
without feedback) to achieve the Shannon capacity. The capacity is the same
with and without feedback, as stated previously in (Shannon 1956). The error
probabilities achieved, however, are considerably different. Schalkwijk proposed
the optimal feedback method over an AWGN channel (Schalkwijk 1968 1969), and
he showed that some proposed feedback methods presented in the literature are
actually special cases of his method, e.g., the schemes presented in (Schalkwijk &
Kailath 1966) and (Schalkwijk 1966). In this iterative center-of-gravity scheme,
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a signal, i.e. the center of gravity of the signal structure, is subtracted optimally
from the transmitted signal. At the receiver the same signal is added to the noisy
received signal. The transmission power is thus decreased considerably without
affecting the error probability of the system. Note that if we have noisy feed-
back, the channel capacity cannot be achieved while having a finite SNR in the
feedback link. In that case, a transmitter should use a weighted sum of feedback
information to average out feedback noise to a certain extent. The performances
of many proposed suboptimal feedback methods are, of course, poorer than the
performance of the center-of-gravity scheme, but less bandwidth is required in the
feedback link in systems employing them (Kramer 1969). Butman discussed a
rather general formulation of linear feedback communication systems, where the
additive noise in the reverse link (a forward link is the feedback link in the the-
sis) could be also colored (Butman 1969). When reverse link noise is colored, the
channel capacity can be increased by using noiseless feedback. In particular, feed-
back may increase the capacity of a Gaussian channel by at most a factor of two
(Ebert 1970). Practical constraints, like maximum power limitation, were shown
to significantly reduce, in the idealized conditions, calculated feedback communi-
cation systems’ performances presented in the literature (Wyner 1968, Schalkwijk
& Barron 1971). Other practical constraints are, e.g., noise in feedback, a delay
and bandwidth constraint.

The center-of-gravity scheme is no longer optimal in a fading channel (Glave
1972). At a receiver, we cannot compensate for the effect of the signal subtracted
at a transmitter, since the channel state is not known exactly. Hayes derived the
optimal transmission powers (energies) as a function of known channel state values
for the coherent antipodal and noncoherent orthogonal system over a Rayleigh
fading multipath channel (Hayes 1968). In optimal power control, the average error
probability of the system was minimized when the average transmission power was
fixed. Only the sum of the squared attenuation values needed to be fed back to
the transmitter for the purpose of power control. It appeared that the influence
of optimal power control to the system performance was significant with small
average error probabilities, or with large average SNR’s.

Cavers analyzed the optimal variation of the data rate with the assumption of
known channel state values (Cavers 1972). In variable-rate transmission the trans-
mission power is constant, but the data rate is adjusted such that the average error
probability is minimized when the average data rate is fixed. With noiseless and
delayless feedback and unconstrained maximum data rate, the average probability
of error for binary signalling and incoherent detection appeared to be the same as
that for a nonfading channel. Cavers found that the transmitted energy per bit
can, however, increase infinitely even though the average energy per bit is finite.
Note that Cavers also discussed the effects of bandwidth limitation, feedback de-
lay, length of data rate change period and a finite number of transmission rates
on the system performance. When the ratio of maximum rate and average rate
was assumed to be two, the performance loss was shown to be 0.9 dB compared
to the unconstrained bandwidth case. Srinivasan showed that the performance
with the constraint on the bandwidth can be improved by controlling, instead of
the transmission rate only, either the rate or the transmission power, depending
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on whether the channel gain is above or below a certain threshold (Srinivasan &
Brewster 1974). That is, whenever the data rate saturates at the upper bounds of
the rate, the transmission power is varied according to an optimized control rule.
The constraint of the number of data rates did not remarkably affect the system
performance (Cavers 1972). In contrast, the delays (feedback delay and non-zero
rate change period) had a significant effect on the performance.

Hentinen analyzed both the optimal control of power and the data rate when
the channel state values were assumed to be known (Hentinen 1974). He showed
that Cavers’s result, that the average probability of error for binary signalling and
incoherent detection is the same as that for a nonfading channel, is valid for a
wide class of modulation schemes. Furthermore, the performance of orthogonal
signals is even higher over a Rayleigh fading channel with rate control than over
the equivalent nonfading channel. Rate control appeared to be superior to power
control. In optimal power control, the ratio of maximum power and average power,
likewise in optimal control of data rate the ratio of maximum rate and average
rate, was shown to be large. When the ratio of maximum rate and average rate
was assumed to be two, the performance loss was less than 1 dB compared to
the case when the maximum rate was not constrained. This corresponds to the
result obtained in (Cavers 1972). The performance decreased remarkably, however,
when the ratio was reduced to below two. Hentinen also considered suboptimal
control of the data rate, and he noticed that by controlling both the power and
rate simultaneously, the system performance can be improved further compared to
the case of varying only the rate. Hentinen showed that with simultaneous control
of power and rate there is no optimal control rule for finite power and data rate.

When we vary the data rate, a large buffer is required in practice at both the
transmitter and the receiver (Coutts & Davis 1976). In all the above cases, when
the data rate has been varied, it has been assumed that the buffer size is infinite.
A finite buffer size impairs the system performance. Buffer control methods have
been proposed in (Coutts & Davis 1976), (Cavers & Lee 1976) and (Cavers 1977),
where it is shown that in order to achieve a certain performance, the size of the
buffer can be decreased by taking the queue length in the buffer into account.

In all the methods above, the channel state values are assumed to be known.
Srinivasan used in addition to an antipodal data symbol a constant-power, known
pilot symbol in a time multiplexed form in each frame in order to estimate the
channel state by a one-shot MAP (or MMSE) estimator (Srinivasan 1981). Thus,
each frame included only one data symbol in addition to a pilot symbol. The chan-
nel state estimates were used to optimally adjust the transmission power (energy)
or to suboptimally vary the data rate, respectively. The transmission power was
evaluated numerically as a function of the channel state by minimizing the average
error probability of the pilot symbol system when the average transmitted data
symbol energy was the same as the energy of the pilot symbol. The performance
of the pilot symbol system employing feedback power control was compared to the
cases when power control is not used and when optimal power control with known
channel state values (Hayes 1968) is employed. Again, the (suboptimal) control
of data rate with an infinite buffer size was superior to power control. For simple
implementation, a binary nonsequential decision feedback system was proposed in
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(Srinivasan 1975) where the receiver communicates an initial message estimate to
the transmitter generated over a part of the signalling interval. The transmitter
transmits, over the rest of the interval, either no more energy or a signal with
increased energy, depending on whether or not the initial message estimate was
correct. The transmitter is thus not required to be adaptive to channel conditions.
Also, channel coding can benefit from the fed back channel state values. For ex-
ample, the code rate can be changed adaptively as a function of the channel state
(Alamouti & Kallel 1994). A system was proposed in (Kousa & Turner 1993), in
which information is transmitted simultaneously via several independent channels,
in each of which the code rate used depends on the instantaneous channel state.

2.1.1. Information theoretic fading channel capacity
achieving transmission schemes

Recently, in (Goldsmith & Varaiya 1997), the optimal adaptive transmission scheme
was derived that achieves the Shannon capacity for a fading channel. Channel
state values were assumed to be known. The modulation and coding strategy
which achieves this capacity is a multiplexing technique whereby the coding and
modulation transmitted over the channels are optimized for instantaneous fade
levels (Goldsmith & Varaiya 1997, Goldsmith & Chua 1997). The resulting trans-
mission scheme is both variable power and variable rate. The power adaptation
in this scheme is a “water-filling” strategy. In particular, when the channel is
favorable, more power is allocated for transmission. Conversely, when the channel
is not as good, less power is transmitted. If the channel quality drops below a
certain threshold, the channel is not used for that transmission. Note that if the
transmission power optimization is performed in order to obtain, not the maxi-
mum capacity, but the best error exponent, the optimal power method is different
from the water-filling strategy (Ahmed & McLane 1999). It was realized that the
capacity difference between the optimal scheme and the constant-power variable-
rate scheme was a small fraction of a decibel for most types of fading (Goldsmith
& Chua 1997). Note that the effect of power adaptation is pronounced in the
multiuser case, where power adaptation affects the interference on other users
(Goldsmith 1997). On the other hand, Lau proved (Lau 1999) that the capacity
of the constant-power variable-rate scheme over a Rayleigh fading channel is the
same as with the constant-power constant-rate technique (only the error expo-
nent can be increased, i.e., the error probability can be decreased faster with the
code block length by adjusting the rate only). Goldsmith had shown (Goldsmith
& Varaiya 1997) that this is the case for independent and identically distributed
(i.i.d.) fading. In (Alouini & Goldsmith 1999), a capacity of a Rayleigh fading
channel with Lth-order independent antenna diversity and maximal ratio combin-
ing was evaluated. It was found out that a moderate diversity order (L = 3) is
sufficient to approach the AWGN capacity by less than 1 dB. In (Köse & Goeckel
1999) it was demonstrated that by using instantaneous (instead of average) BER
constraints, one can obtain constant-power variable-rate policy that achieves rates
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comparable to the optimum variable-power variable-rate scheme.
Furthermore, in (Caire et al. 1999), optimal constant-rate transmission schemes

for a block-fading channel with a strict transmission delay constraint were studied
under the assumption, again, that both the transmitter and receiver have perfect
channel state information. In a block-fading channel, the block of several sym-
bols undergoes the same channel state defined by the fading gain. A codeword
spans a group of certain amount of blocks, referred as a frame. The number of
blocks in a frame determines the interleaving depth, and is also considered to
be a measure of the overall transmission delay. We want to emphasize that Gold-
smith (Goldsmith & Varaiya 1997, Goldsmith & Chua 1997) discussed the capacity
in a delay-unconstrained (ideal interleaving) case, and the resulting transmission
scheme was variable-power and variable-rate. The important observation in (Caire
et al. 1999) was that no variable-rate coding (or “multiple-codebook” transmis-
sion) is required in order to achieve the capacity, but that a constant-rate (single-
codebook) variable-power scheme is sufficient. Recall that when the performance
criteria was bit error probability (and no channel coding was included), the effect of
rate adjustment was superior to power control (see e.g. (Cavers 1972)). Also, the
“delay-limited” capacity (a delay-constrained case) over a Rayleigh fading channel
was shown to be only 2.5 dB away from the (delay-unlimited) capacity for high
rates in the case of two independent blocks in a frame and no diversity. Note that
the delay-limited capacity is zero when only one block is included in a frame (no
interleaving case) and there is no diversity.

Two suboptimal variable-power constant-rate schemes using channel inversion
and truncated channel inversion were discussed in (Goldsmith & Chua 1997).
Channel inversion adapts the transmission power to maintain a constant received
SNR. This form of power adaptation greatly simplifies the coding and modula-
tion for the fading channel since the channel with inversion appears as an AWGN
channel to the encoder and decoder. However, this technique suffers a large power
penalty since most of the average signal power is used to compensate for deep fades.
In fact, the capacity for channel inversion in Rayleigh fading is zero. Truncated
channel inversion maintains a constant received SNR unless fading falls below a
given cutoff level, at which point a signal outage is declared and no signal is sent.
The capacity of this truncated policy with optimized cutoff level was shown to
exhibit a power loss relative to optimal variable-power variable-rate policy (Gold-
smith & Varaiya 1997) of 1–2 dB in Rayleigh fading. However, the correspond-
ing outage probability can be quite high. Thus, constant-rate transmission with
truncated channel inversion approximates a packet radio protocol, with bursts of
high-speed data when the channel is favorable and idle times in between. Note
that the capacity penalties with different suboptimal schemes compared to the op-
timal transmission strategy are diminished in the diversity case with an increasing
diversity order (Alouini & Goldsmith 1999). In particular, the channel inversion
rather than the truncated channel inversion method can be a better choice when
diversity is available.

The spectral efficiency of the variable-power variable-rate MQAM modulation
scheme was also derived and compared to the fading channel capacity presented
above in (Goldsmith & Chua 1997). The power control scheme in MQAM mod-
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ulation has the same form as the optimal power control strategy which achieves
this capacity (Goldsmith & Chua 1997). There is a constant power gap between
the spectral efficiency of the MQAM modulation scheme and the channel capac-
ity, and this gap is a simple function of the required BER. The variable-power
variable-rate MQAM modulation scheme exhibits up to 20 dB of gain relative to
nonadaptive transmission, where both the transmission power and the rate are
constant. Note that in (Köse & Goeckel 1999) it was demonstrated that a si-
multaneous optimization of rate and power adaptation under the instantaneous
BER constraint actually yields a constant-power policy when there is no restiction
on the available rates. To improve the spectral efficiency, the coding scheme can
be superimposed on top of adaptive modulation. Achievable rates for adaptive
trellis-coded MQAM have been investigated in (Goldsmith & Chua 1998). At low
BER’s, a simple four-state trellis code yields an asymptotic coding gain of 3 dB,
and an eight-state code yields a gain of 3.6 dB. Finally, adaptive coded modulation
comes within 6 dB of the Shannon capacity of the fading channel with adaptive
transmission using a 128-state code. Thus, the constant gap between the spectral
efficiency of adaptive modulation and Shannon capacity cannot be fully closed.
This discrepancy between Shannon capacity and achievable rates arises from the
lack of complexity and implementation constraints inherent to Shannon theory.
Authors in (Goldsmith & Chua 1998), however, believe that by using powerful
turbo codes, adaptive coded modulation will come quite close to the Shannon
capacity of fading channels.

In practice, a wireless channel varies over time, which results in a different
channel at the time of data transmission than at the time of channel estimation.
Goeckel characterized the effects of this channel variation on the adaptive signaling
paradigm (Goeckel 1999), and used this characterization to design adaptive signal-
ing schemes that are effective for the time-varying channel. He considered uncoded
MQAM and trellis coded modulation systems with low mobility. The proposed
scheme was robust. That is, neither the Doppler frequency nor the exact shape
of the autocorrelation function of the channel fading process needed to be known.
Either a single noiseless outdated fading estimate was available at the transmitter,
or multiple estimates were employed in order to achieve spectral efficiency gains
for systems operating over channels that exhibit higher rates of variation. In the
case of multiple outdated fading estimates, the data rate of the robust adaptive
signaling method can be greatly reduced, and the adaptive signaling, where the
autocorrelation function is known, should be called for.

Although adaptive modulation techniques increase the spectral efficiency
(bps/Hz) of a single channel, these techniques may also increase cochannel inter-
ference levels in a cellular system (Goldsmith & Chua 1997). Adaptive modulation
may therefore reduce the area spectral efficiency of a cellular system, defined as
its average bps/Hz/km2. Indeed, while channel inversion can significantly reduce
the spectral efficiency of a single user relative to optimal adaptation, this type of
inversion is necessary in CDMA cellular systems without multiuser detection to
reduce the near-far effect, or because of a signal dynamics restriction in detection.
Truncated channel inversion is most effective for channels with large power fluctu-
ations, and for channels with large background noise, where multiuser interference
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is not the dominant source of errors (Kim & Goldsmith 1997). In (Goldsmith
1997), the Shannon capacity region of the forward link channel (corresponding to a
single isolated cell) is obtained in fading and AWGN for time-division, frequency-
division and code-division. The maximum capacity region is achieved using a
variable-power variable-rate multiresolution code-division with successive decod-
ing. However, the capacity region of the different spectrum sharing techniques is
the same if all users have the same transmission power and fading distribution.
Spread spectrum code-division with successive interference cancellation also max-
imizes spectral efficiency, although bandwidth expansion will result in some rate
penalty. The optimality of this multiuser method is, however, only valid for Shan-
non capacity bounds, where the probability of decoding error is asymptotically
small.

2.2. CDMA power control algorithms

At first, power control in TDMA and FDMA systems is described briefly as a
comparison. Power control is not such an important issue in TDMA and FDMA
systems, at least with sparse reuse, since the near-far problem is not as severe
in such systems. An example of power control in an analog system is the power
control of the analog FDMA part in the FDMA/CDMA system, specified by the
IS-95 standard (Pichna & Wang 1996). Mobile stations are categorized into three
classes according to their effective radiation powers (ERP’s), as shown in Table
2.1. In each class there are eight power levels. Power control is implemented by
the closed loop method. The power control command received by a mobile station
determines which power level the mobile station uses. The largest possible change
in the transmission power in every adjustment is 4 dB. In the digital time-division
GSM system, also only closed loop power control is employed (Pichna & Wang
1996). Mobile stations are divided into five classes according to their maximum
transmission powers, as shown in Table 2.2. A mobile station transmits using
one of 16 possible power levels determined by its received control command. The
difference between adjacent power levels is 2 dB. The transmission power can be
varied in every adjustment by a 2 dB step. The power control dynamic range is
30 dB, whereas in the CDMA system it is about 80 dB (Gilhousen et al. 1991b).
Furthermore, power control in a TDMA system is much slower than in a CDMA
system. In the Advanced TDMA (ATDMA) system (Manzanedo et al. 1996),
control algorithm decides transmission power levels in a time interval of the order
of 160 ms, whereas in the CDMA system the time interval is typically around 1
ms (Gilhousen et al. 1991b).

In sequel, we discuss power control in the CDMA systems. First, the princi-
ples of Qualcomm power control are considered (Salmasi & Gilhousen 1991). In
Qualcomm power control every mobile station attempts to adjust its transmission
power so that signals received at a base station are at the same, minimum level
at which good quality communication can still be provided. Both the closed and
open loop methods are used. The closed loop includes two different loops, i.e., a
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Table 2.1. Mobile station classes in the FDMA system.

Nominal ERP (dBW) of a mobile station
Power level I II III

0 6 2 -2
1 2 2 -2
2 -2 -2 -2
3 -6 -6 -6
4 -10 -10 -10
5 -14 -14 -14
6 -18 -18 -18
7 -22 -22 -22

Source: (Pichna & Wang 1996)

Table 2.2. Mobile station classes in the GSM.

Base station Mobile station
Power class power, W power, W

1 320 20
2 160 8
3 80 5
4 40 2
5 20 0.8
6 10
7 5
8 2.5

Source: (Pichna & Wang 1996)
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relatively fast inner and a slow outer loop.
In Qualcomm’s DS/CDMA system every base station transmits, in addition to

the data signals, a so called pilot signal which is an unmodulated signal (Salmasi
& Gilhousen 1991). Mobile stations can identify base stations which transmit
pilot signals with different phase shifts. The pilot signal is also used at the mobile
stations for synchronization and demodulation as a phase, frequency and time
reference. In the open loop method, a mobile station measures the average received
total power by an automatic gain control (AGC) circuit (in the initial phase of
a call the average received pilot signal power is measured), and it adjusts the
transmission power so that it’s inversely proportional to the received power. The
open loop algorithm is presented in (Soliman et al. 1992). The mobile station
transmission power is a certain constant divided by the received total power. The
constant value used depends on several base station parameters, such as antenna
gain, the number of active users, transmission power, required SIR and interference
caused by other base stations. The base station can send the used constant value
to mobile stations before transmission.

Open loop power control can be nonlinear (Gilhousen et al. 1991a). The pur-
pose of nonlinearity is to allow fast response (maximum control speed of 10 dB/ms)
to reduced channel attenuation, but slow response (maximum control speed of 1
dB/ms) to increased attenuation. When attenuation is suddenly decreased, the
mobile station decreases quickly the transmission power in order to not cause ad-
ditional interference to other users. The extra interference would diminish the
system capacity. Since the separation of the reverse and forward link frequency
bands far exceeds the coherence bandwidth, Rayleigh fades in different links corre-
late poorly with each other. Since the open loop method cannot estimate reverse
link fading, open loop power control is not meant to be accurate. Its inaccuracy
is as much as 10 dB (Viterbi 1991).

In order to compensate for reverse link fading, a closed loop method is required.
In the closed loop method, a base station measures (measurement time 1.25 ms
(Viterbi 1991)) the average received power (Salmasi & Gilhousen 1991) or the SIR
(Viterbi 1991) and compares it to a threshold (Salmasi & Gilhousen 1991). As a
result of the comparison the base station sends a power control command to the
mobile station, the size of which is nominally 0.5-1.0 dB (Salmasi & Gilhousen
1991), by puncturing one data bit every 1.25 ms (Viterbi 1991). The bit rate in
the feedback is then 800 bps. The control speed of the closed loop is restricted to
the capability of the open loop to increase the transmission power, or to about 1
dB/ms. The closed loop employs delta modulation (DM), i.e., after a control delay
of about 1.25 ms the power control command adjusts the previous transmission
power of the mobile station up or down by a fixed step. Power control commands
are thus extracted and integrated at the mobile station. The receiver interprets
the command bits as errors that have occurred in the channel, and which are to
be corrected in channel decoding. The part of the closed loop method discussed
above is called an inner loop (Tiedemann 1993). In (Viterbi et al. 1993), the
histogram of the average received SNR in the case of the inner loop was evaluated
by the use of a simulation model. In an outer loop, a base station measures
the frame-error rate (FER) of each mobile station, according to which it adjusts
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the threshold so that the FER is maintained in the required region (e.g. smaller
than 1 %). The outer loop algorithm is presented in (Sampath et al. 1997). The
outer loop acts more slowly than the inner loop since its updates are once per
every 20 ms frame. The outer loop algorithm discussed above is a fixed-step
variable threshold algorithm which uses fixed-size steps in adjusting the target
threshold. The improved variable-step variable threshold method is proposed in
(Won et al. 1997). Final Qualcomm power control is fulfilled when closed loop
control commands are added to open loop power control.

The dynamic range of the received power can be reduced, and thus facilitate the
task of power control, by using a diversity receiver (microdiversity (Pichna & Wang
1996)) (Turin 1984). In (Ling et al. 1997), functioning of power control is analyzed
when a mobile station is in a soft handoff region. In soft handoff, the mobile station
is connected simultaneously to several base stations (macrodiversity (Pichna &
Wang 1996)), and it can use lower transmission power since a logical-OR operation
is performed on the command bits received from the base stations. The mobile
station transmission power is increased only when all the base stations request
it. On the other hand, the transmission power is diminished even when one base
station requires an decrease. The performance of the CDMA system can also be
improved by interleaving and channel coding (Viterbi & Padovani 1992, Simpson
& Holtzman 1993). Power control and interleaving are complementary methods
since with low velocities interleaving is not efficient but power control performs
accurately. With high velocities, it is difficult for power control to compensate for
the channel effects while, on the other hand, interleaving operates more effectively.
In delay insensitive data traffic, in addition to channel coding, an ARQ protocol
can be used to achieve a very low BER value (Zhuang 1997). In (Abeta et al. 1996),
a CDMA system with soft power control is proposed, where the processing gain
and code rate are controlled according to the variation of the channel. Since the
proposed adaptive processing gain and code rate technique equivalently control the
received SNR per bit to the constant value, the conventional power control, which
adjusts the received carrier-to-interference ratio (CIR) to be constant, is no longer
needed. Thus, CIR-based soft power control has an upper and a lower threshold
for non-power control region. The terms SIR and CIR are closely related to each
other, and they are used in the thesis interchangeably. The former quantity refers
to the ratio in the baseband and the latter the corresponding ratio in the carrier
frequency (Lee 1991, Gunnarsson 2000). In CDMA systems, SIR is actually the
processing gain times CIR. The deviation in dynamical behavior of a power control
algorithm is only a matter of scale when either of the quantity is used (Gunnarsson
2000). In (Yamazato et al. 1994), a convolutionally coded hybrid DS/SFH (slow
frequency hopping) CDMA system using power control is presented. It is shown
using simulations that much less accurate power control is required when the
DS/SFH CDMA, instead of the DS/CDMA system, is employed. The reason for
this is that the hybrid system is less susceptible to the near-far problem than
the DS/CDMA system. The hybrid system, with selection diversity and without
power control, is even better suited to solve the near-far problem than a DS/CDMA
system with accurate power control and an even higher order of diversity (Grujev
et al. 1996).
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Field tests have been carried out for the Qualcomm DS/CDMA system in vary-
ing environments (Viterbi & Padovani 1992). The performance of power control
in particular has been examined. It appeared that mobile stations in the CDMA
system used, on the average, 20–30 dB lower transmission power than mobile sta-
tions in the analog AMPS system. The inaccuracy of power control was observed
to approximate a lognormal distribution with a standard deviation of about 2.5
dB when normal mobile station velocities and small enough FER values (smaller
than 1 %) are used (Padovani 1994, Viterbi et al. 1993).

Now we briefly illustrate the operation of reverse link power control in the IS–95
DS/CDMA system, which is based on the Qualcomm CDMA system (Pichna &
Wang 1996). Power control is implemented by the open and closed loop methods.
The closed loop is initially inactive. The mobile station measures the average re-
ceived pilot signal power. According to this measurement, the open loop estimates
the average transmission power in an Access Channel, on which the mobile station
transmits a probe signal with the average initial transmission power:

average transmission power (dBm) =
− average received power (dBm)
− 73
+ NOM PWR (dB)
+ INIT PWR (dB). (2.1)

NOM PWR and INIT PWR are system parameters, which a mobile station re-
ceives from a base station before transmission. NOM PWR allows the open loop
estimation process to be adjusted for different operating environments. INIT PWR
is the adjustment that is made to the first Access Channel probe, so that it should
be received at somewhat less than the required signal power. This conservatism
partially compensates for occasional, partially decorrelated path losses between
the forward and reverse link. A mobile station increases the transmission power
of successive probe signals, respectively, by a certain step, until a base station
responds to its transmission. Then the mobile station starts the transmission in a
Traffic Channel with the average transmission power:

average transmission power (dBm) =
− average received power (dBm)
− 73
+ NOM PWR (dB)
+ INIT PWR (dB)
+ sum of probe signal’s transmission power corrections (dB). (2.2)

Finally, when closed loop control commands have been received, the estimated
transmission power of the mobile station is given as:
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average transmission power (dBm) =
− average received power (dBm)
− 73
+ NOM PWR (dB)
+ INIT PWR (dB)
+ sum of probe signal’s transmission power corrections (dB)
+ sum of transmission power corrections due to the closed loop (dB).(2.3)

The length of the power control command is one bit: a mobile station increases
the transmission power by a certain amount when the command bit is 0 and,
correspondingly, decreases the power when the bit has a value of 1. The control
commands received are integrated at the mobile station. The bit rate of control
commands is 800 bps, and a dynamic range of closed loop power control is ± 24
dB.

Lee presented an overview of the cellular CDMA system (Lee 1991). He de-
termined the one cell capacity (no interference from adjacent cells) of the CDMA
system in the reverse link. In this analysis he established a simple model, in which
only propagation loss was taken into account in the channel model. Also, ideal
power control was assumed, which fully compensated for the effect of the channel.
In (Stüber & Kchao 1992), the influence of average power control, voice activity
detection and micro- and macrodiversity to cellular DS/CDMA systems were stud-
ied. The performance of power control of the cellular CDMA system was discussed
in (Tonquz & Wang 1994) when the channel model included propagation loss and
Rayleigh fading. The mobile station transmission power was proportional to the
fourth power of the distance. The capacity of the microcellular CDMA system
was evaluated using simulations in (Jalali & Mermelstein 1994) when Qualcomm-
type, fixed-step adjustment, closed loop power control (only inner loop, i.e., no
FER measurement), or FSAPC, was used. The channel model included long-term
attenuation and Rayleigh fading. Furthermore, in (Chockalingam et al. 1998) sim-
ulation results for single-cell and multicell DS/CDMA systems employing FSAPC
were combined with coding bounds to obtain quasi-analytic estimates of the re-
verse link capacity, over both frequency-nonselective and frequency-selective fading
channels.

Ariyavisitakul and Chang simulated the performance of closed loop power con-
trol (only inner loop) in both fixed (FSAPC) and variable-step (VSAPC) cases over
a Rayleigh fading multipath channel (Ariyavisitakul & Chang 1993). The variable-
step was implemented by removing a hard quantizer in the step generation process.
The bit rate of power control commands was assumed to be at least ten times the
Doppler frequency in order for power control to function effectively (see also (Sim
et al. 1999)). In the single user case, they realized that the performances of the
FSAPC and VSAPC were approximately equal when a diversity order of two was
used. The same conclusion with the performance comparison between FSAPC
and VSAPC was also drawn in (Lee & Steele 1996), especially when the number
of tap coefficients in the RAKE receiver was greater than two. In (Lee & Steele
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1996), bit rates of FSAPC and VSAPC were equal. That is, in the variable-step
scheme, the logic pattern of many successive stored command bits was taken into
consideration when adjusting the mobile station’s transmission power. In addi-
tion, FSAPC was not very sensitive to control command errors occurring in the
feedback channel (Ariyavisitakul & Chang 1993, Lee & Steele 1996). In the case
of no diversity, the performance of VSAPC was noticed to be superior to that of
FSAPC according to (Chockalingam et al. 1998). However, the performance of
the coherent antipodal system employing FSAPC over a Rayleigh fading channel
reported in (Chockalingam et al. 1998) appeared to be much better than the per-
formance of the same system using optimal power control, as illustrated in Figure
3.3 in this thesis (see also (Hayes 1968)). Obviously, this cannot be the case. In
(Ariyavisitakul & Chang 1993), ideal average power control was assumed to fully
compensate for the changes due to long-term attenuation, which were propaga-
tion loss and shadowing. According to the simulation curves, the performance of
ideal average power control seemed to be poorer than the performances of FSAPC
and VSAPC. The effect of feedback delay on FSAPC was simulated in (Nikolai
& Kammeyer 1996). The influence of the delay was diminished by estimating the
received power by a linear predictor based on the recursive least-squares (RLS)
algorithm. The performance with high (> 50 km/h) mobile station velocities, us-
ing estimation based on the RLS algorithm, was better than with conventional
power control with power measurement by straight averaging. In cellular systems,
the interference power received at the base station was noticed to be larger in the
cases of FSAPC and ideal power control (tracks fading accurately) than with ideal
average power control (Ariyavisitakul & Chang 1993). This is due to the effects
of power command errors and/or the interference peaking caused by the perfect
tracking of deep fades. The use of fast power control is, however, reasonable since
interleaving is inefficient if average power control employed is slow.

Performances of FSAPC and adaptive fuzzy PI (proportional-plus-integral)
power control were simulated and compared in (Chang & Wang 1996a). Parameter
P in fuzzy PI control extends the bandwidth improving response to changes, and
it also prevents the system from becoming unstable. Term I attempts to force the
steady state error to zero. Fixed-step adjustment control is a slight modification of
the integral (I) control. Fuzzy PI power control was observed to achieve a shorter
rise time, smaller overshoot and smaller rms tracking error. Chang and Wang
modified the rule base to also take into account a control delay (Chang & Wang
1996b). The drawback of fuzzy power control is that the channel behavior has to
be estimated in advance when constructing the rule base. In neural network based
power control, the channel behavior can be learned adaptively on line during the
control process (Gao et al. 1997).

The optimal power control in the multimedia CDMA system, where many kinds
of information (e.g. voice, image and data) are transferred simultaneously, is
analyzed in (Wu & Kohno 1996). Data rate and required communication quality,
and thus the power control of each media, depend on transmitted information.
A method is proposed by which increasing (decreasing) the transmission power of
media with high (low) transmission rates or small (large) processing gains attempts
to improve the BER. Data service is bursty in nature (Huang & Bhargava 1996).



37

This makes its power control more difficult than the power control of voice calls
since channel conditions change between consecutive packets, and are difficult to
predict. Fortunately, the capacity is more sensitive to the power control errors of
voice service than those of data service. Zhuang has derived an upper boundary
for the BER for the packetized multimedia CDMA system using optimal power
control, diversity and convolutional coding with ARQ protocol for delay insensitive
traffic (Zhuang 1997). Using a fixed-rate channel coder and power control in a
CDMA system can be seen as one solution for performing unequal error protection
(UEP) for different traffic types (Yun & Messerschmitt 1995).

2.2.1. Power control based on SIR

Since the measurement of the average received power is in practice very difficult,
power control based on SIR (the effect of noise is assumed to be negligible) is
more preferable (Ariyavisitakul & Chang 1993). In addition, SIR, not the received
power, determines the bit error probability of the user. Utilizing SIR, both the
near-far problem and control of multiple-access interference (MAI) is addressed
(Gunnarsson 2000). Methods for estimating SIR are proposed, e.g., in (Chang &
Ariyavisitakul 1991), (Lee & Steele 1996), (Kim et al. 1999) and (Seo et al. 1998).
A power control algorithm was proposed in (Kumar et al. 1995), where a BER
value, instead of SIR, was estimated as a quality measure. Power control schemes
in which transmitters adapt their power to meet at the receiver some signal quality
target, instead of received power target, are called quality-based power control
(Ariyavisitakul & Chang 1993). If the variations of the interference level are not
fast compared to the signal changes, the performances of power control methods
based on average power or SIR measurement are quite similar. This is also the
case when the number of simultaneous users in a system is small. In that case,
all the users reduce their transmission powers, and thermal noise dominates over
MAI. It is usually assumed that when there are a large number of simultaneous
users, power control of a single user does not affect to the total interference power
much. That is, with a large number of simultaneous users, the performance of
power control methods based on average power or SIR measurement should also
be similar. The simulations in (Ariyavisitakul & Chang 1993), however, showed
remarkable changes in the interference levels, even though there were several tens
of simultaneous active mobile stations in a base station service area.

FSAPC based on SIR measurement was studied via analysis and simulations in
(Ariyavisitakul 1994). The closed loop method used is otherwise similar to that in
(Ariyavisitakul & Chang 1993) except that the SIR is measured instead of the av-
erage power. It is difficult to analyze power control based on the SIR measurement
since power control of each user affects the power control of all the other users.
The change in transmission power of any user has an effect on other users’ received
interference levels, and thus on the SIR values, according to which transmission
powers are adjusted. Power control based on SIR was observed to be stable in these
simulations. A higher system performance was obtained for power control based
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on SIR than that based on the average power. This is because of the interference
adaptation capability of SIR-based power control. The performance, however, was
quite dependent on where each user’s target threshold was set. Furthermore, in
the cellular CDMA system using SIR-based power control, the SIR values of many
users were noticed to decrease significantly when the number of users exceeded
the capacity limit. This is opposite to the CDMA system employing power control
based on the average power where soft degradation in the capacity takes place. In
(Yang & Chang 1996) VSAPC was studied in such a way that the knowledge of
both the received power and the SIR was exploited. Simulations showed that the
performance of this power control was better than with power control based on
SIR only.

Su and Shieh compared the performances of power control based on delta mod-
ulation (DM), modified adaptive delta modulation (ADM) and differential pulse
code modulation (DPCM) (Su & Shieh 1995). The performances of ADM and
DPCM control, which use variable step sizes, were better than that of DM con-
trol. DPCM control, however, requires more than one command bit, and ADM
control needs an intelligent step size controller. VSAPC with PCM realization
was studied in (Chang et al. 1996). Either the average power or the SIR was
measured. Also, the effect of the loop delay on the performance was investigated.
The performance of PCM-based power control appeared to be better than with
FSAPC. On the other hand, PCM-based power control is more prone to power
control command errors, which occur in the feedback channel. Furthermore, the
performance of SIR-based power control was better than the performance of aver-
age power-based power control, but it was not as stable as the power-based power
control. A system with the SIR-based power control mechanism is inherently un-
stable because, in general, most mobile stations must adjust their transmission
powers toward their maximum limitations. Simple upper bounds of stability for
the SIR target threshold were derived in (Kim et al. 1999). Setting the desired tar-
get threshold too high or too low in the SIR-based scheme will significantly degrade
the system performance (Chang et al. 1996) (this was noted also in (Ariyavisitakul
1994)). The optimal target threshold depends on many factors, such as the num-
ber of users, loop delay, control mode (dynamic range of adjustment power) and
minimum step size. In (Song et al. 1999), a nonlinear control system approach was
invoked in order to study the stability and convergence properties of FSAPC and
VSAPC when coupling between different users was taken into account. Su and
Geraniotis proposed a closed loop power control algorithm which uses an optimal
MMSE quantizer at the receiver and a loop filter at the transmitter (Su & Geran-
iotis 1999). The loop filter is included in order to smooth the distorted feedback
information and exploit its memory. In conventional FSAPC, the loop filter at a
transmitter contains only one tap.

In the early work, Aien focused on satellite communication systems, and laid
the foundation for power control based on SIR by introducing the term SIR bal-
ancing for the power control strategy, with which all the users aim to get the same
(balanced) SIR (Aien 1973). The proposed algorithm was based on solving the
eigenvalue problem. This algorithm is actually optimal in a sense that there exist
no other power vector yielding a higher SIR for all receivers (Zander 1992b, Gun-
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narsson 2000). These results were extended and applied to spread spectrum cellu-
lar radio systems in (Nettleton 1980, Alavi & Nettleton 1982, Nettleton & Alavi
1983). Zander analyzed transmitter power control for cellular systems in (Zander
1992b) and (Zander 1992a). The analysis is especially applicable to TDMA and
FDMA systems since power control was employed in order to control interference
from each mobile station to mobile stations located in other cells that used the
same radio channel (cochannel). The target was to maximize the smallest CIR in
the cochannel cells. The assumptions made are not very realistic for CDMA sys-
tems. Zander assumes that orthogonal channels are used, thus neglecting the effect
of the near-far problem. In optimal power control (in interference limited systems)
the probability that the CIR of a randomly chosen mobile station is smaller than
the threshold, i.e., outage probability, is minimized (Zander 1992b). The optimal
algorithm is very complex since a central controller has to know attenuation values
of every user in the cellular system at every time instant. Furthermore, the cen-
tral controller simultaneously adjusts the transmission powers of all the users. In
optimal (brute force) power control, it is first determined whether the maximum
achievable CIR of all mobile stations exceeds the target threshold for the (nor-
malized) link gain matrix, for which the maximum CIR can be calculated as an
eigenvalue problem. If the target is achievable, optimal transmission powers can
be get as an eigenvector of the largest real eigenvalue of the link gain matrix. In
the opposite case, the algorithm tries to fulfill the CIR requirement by removing
(in practice by dropping a call) one mobile station. If this does not help, every
combination of two mobile stations, then three and so on, is tried, until the re-
quirement is satisfied. In the suboptimal stepwise removal algorithm (SRA), one
mobile station at a time is removed until the CIR values exceed the threshold.
Note that straightforward CIR balancing, without mobile station removals, may
be disastrous since all links may drop below the target threshold.

Wu extended Zander’s analysis (Zander 1992b) to be applicable in CDMA sys-
tems, and he presented an optimal power control algorithm for cellular CDMA
systems (Wu 1999). That is, the performance upper bounds for all types of power
control algorithms for cellular CDMA systems, assuming the SIR threshold is
given, were evaluated. In practice, each link has its individual varying SIR thresh-
old at any moment. Thus, the optimal power control algorithm is not really opti-
mal for the practical mobile radio environment. Furthermore, the concept of soft
capacity is not inherent in the optimal power control. These two phenomena were
also stated in (Ariyavisitakul 1994) for SIR-based power control schemes. Wu also
presented a suboptimal sequential algorithm (SORA), the performance of which
was demonstrated in simulations to be better than with Zander’s SRA algorithm.

In distributed power control, only the knowledge of the CIR of each mobile
station is required. In (Zander 1992a), (Grandhi et al. 1994) and (Leung 1996)
suboptimal distributed power control algorithms for narrowband systems are pre-
sented. The algorithm proposed in (Leung 1996) converges much faster than the
algorithms in (Zander 1992a) and (Grandhi et al. 1994), which are special cases of
the first algorithm. Also, the performance of the distributed algorithm proposed
in (Lee & Lin 1996) is better than that with the algorithms in (Zander 1992a)
and (Grandhi et al. 1994). The last algorithm is its special case. The distributed
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algorithms in (Zander 1992a) and (Grandhi et al. 1994) were demonstrated to be
efficient in CDMA systems also, when not considering SIR estimation errors (Wu
et al. 200x). In the above mentioned distributed algorithms, it was assumed that
the transmission power is sufficiently high in order to allow thermal noise to be
neglected. These algorithms are actually not fully distributed, but a normaliza-
tion procedure in transmission powers based on global information is required. A
fully distributed algorithm was introduced in (Foschini & Miljanic 1993), where
the inclusion of thermal noise in the definition of interference avoids the use of
the normalization procedure. Instead of using a constant target threshold, it is
beneficial to tune its value according to the mobile station transmission power so
that the target SIR is decreased when the mobile station increases its transmission
power (Almgren et al. 1994, Yates et al. 1997). Then, the probability of the target
not being reached, though the mobile station’s transmission power is at a maxi-
mum level, is minimized. It was shown in (Gunnarsson 2000) that the algorithms
in (Lee & Lin 1996) and (Almgren et al. 1994) can yield an unstable system when
subject to a small time delay. Ulukus and Yates proposed stochastic power control
in which matched filter outputs, instead of exact knowledge of SIR, are required
(Ulukus & Yates 1998b).

In previous analyses for power control, users were assumed to firmly belong to a
certain base station’s service area. Algorithms for combined base station selection
and power control are proposed in (Yates & Huang 1995) and (Hanly 1995). The
total reverse link transmission power is minimized subject to maintaining an indi-
vidual target CIR for each mobile station. This minimization occurs over the set
of power vectors and base station assignments. In (Rashid-Farrokhi et al. 1998)
it is shown that the capacity can be increased significantly over that presented in
(Yates & Huang 1995) and (Hanly 1995) by applying joint power control, base sta-
tion assignment and beamforming. Finally, Hanly extends his previous approach
by removing the cellular structure and allowing each mobile station to be jointly
decoded by all the receivers in the network (Hanly 1996).

2.3. Imperfect power control in CDMA systems

The inaccuracy of power control is caused by a large change rate of the channel
(e.g. high Doppler frequency), control delays, nonideal channel estimation, power
control command errors occurring in the feedback link and restricted dynamic
range of the transmitter (Pichna & Wang 1996). Power control errors increase
the error probability exponentially, whereas the effect of processing gain and the
number of users on the error probability is linear (Kong & Milstein 1995). Power
control errors increase the error probability in diversity systems also, since the
error is the same in all diversity branches. In (Larsson & Maseng 1996), a new
statistical model for a Rayleigh fading channel is proposed, in which the Doppler
power spectrum deviates from the classical Jakes’s (Jakes Jr. 1974) spectrum. The
probability of the relative change of the signal amplitude with different feedback
delays and Doppler frequencies can be evaluated by using this model. If we want
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the inaccuracy of power control to be at most ± 1 dB with 90 % probability
when the mobile station velocity is 3 km/h (with carrier frequency fc = 850 MHz,
Doppler frequency becomes fd ≈ 2.4 Hz), the feedback delay can be at most 0.5
ms.

Since the CDMA system is interference limited, the system capacity is maxi-
mized by minimizing each mobile station’s interference to other mobile stations.
By capacity, we mean here the maximum number of simultaneous active users per
cell. Interference is minimized when mobile stations transmit with the minimum
possible power by which good quality communication is achieved. Thus, power
control significantly affects the capacity of the CDMA system. In this section we
introduce papers which present studies on how much imperfect power control re-
duces the CDMA system capacity. Wu showed analytically that the capacity is
decreased by 2.3 dB when the standard deviation of the lognormally distributed,
received SIR is 1 dB (Wu et al. 1997). Since a variety of system models and param-
eters are used in the following papers, numerical results are not totally convergent.
We can notice from the results, however, that even a small error in power control
reduces the capacity considerably.

It is assumed here that the received power is a lognormally distributed random
variable. The inaccuracy of power control is determined by the logarithmic stan-
dard deviation of the received power, denoted by σ. In (Prasad et al. 1992), the
effect of imperfect power control on the capacity was analyzed in a both single cell
and cellular CDMA system. In the case of the single cell, the influences of both
voice activity detection and processing gain were also taken into account. Jensen
and Prasad established a simple channel model where the received power was in-
versely proportional to the fourth power of the distance (Jansen & Prasad 1995).
The capacity was determined as the maximum number of users in a cell with which
each received signal’s SIR, at the base station, is at least, with 99 % probability,
larger than 7 dB. When the power control error was σ = 1 dB, the capacity of the
cellular system was observed to decrease about 50–60 % compared to the capacity
of the system using ideal (σ = 0 dB) power control. Also, the throughput and
delay with imperfect power control were investigated for data communications.
According to (Falciasecca et al. 1992), the system capacity diminishes 35 % with
5 % probability when the standard deviation is σ = 1 dB. Correspondingly, reduc-
tion of the capacity is 50 % with σ = 2 dB. The channel model included long-term
attenuation. The influence of imperfect power control was introduced into the
analytical expression of the CDMA system MAI in (Cameron & Woerner 1996).
In a single cell system, the capacity was defined as the number of users whose
error probabilities are at most 0.001. When the standard deviation was σ = 1 dB,
the capacity decreased by approximately 15 %. Similarly, when σ = 1.4 dB, the
reduction was about 30 %, and almost 60 % when σ = 2 dB.

Kudoh investigated the effect of power control on the system capacity by estab-
lishing a simulation model (Kudoh 1993). The channel model included long-term
attenuation. The power control error was, again, assumed to follow lognormal dis-
tribution. When the standard deviation of the error was σ = 1 dB, the capacity
(number of users whose average SIR is greater than 7 dB with 99 % probability)
was decreased by 31 % compared to the system employing ideal power control.
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Correspondingly, the reduction was 61 % with σ = 2 dB and 81 % with σ = 3 dB.
Also, the effects of a finite dynamic range of power control, restricted base station
diversity and non-uniform user distribution on the capacity were considered. In
the channel model presented in (Newson & Heath 1994), only propagation loss
was taken into account, and the received power was inversely proportional to the
fourth power of distance. In this case, when the standard deviation was σ = 2 dB,
the capacity was observed to decrease by over 50 %.

The effect of imperfect power control on the Erlang capacity of the cellular
CDMA system was investigated in (Viterbi & Viterbi 1993). The Erlang capacity
was defined as an average number of users in a cell when the received total interfer-
ence power at a base station is, with 99 % probability, at most 10 dB greater than
the background noise power. When the standard deviation was chosen, according
to field tests, to be σ = 2.5 dB, the Erlang capacity decreased by 20 % compared
to the system using ideal power control. Note that σ now indicates the standard
deviation of errors in tracking Rayleigh fading. These errors have a far smaller
impact than errors in tracking long-term fading (as was the case in the papers
discussed previously).



3. Optimal power control

In optimal power control, it is assumed that the channel state information is known
at the receiver. The instantaneous transmission power (energy of data symbol) is
adjusted as a function of the fed back channel state so that the average error
probability of the system is minimized when the average transmission power is
fixed. The feedback link is noiseless and delayless. In Section 3.2, in addition to
power control, diversity is also taken into account. In this chapter, the performance
of the noncoherent orthogonal system using power control, and the performances
of coherent orthogonal and antipodal systems employing power control with and
without diversity, are evaluated over a known Rayleigh fading channel.

3.1. Noncoherent orthogonal system

The analysis presented in (Srinivasan 1975) is partly reviewed here for clarity and
completeness. The system model was real and time continuous. Here the com-
plex system model time-discretized at the symbol rate is used as in (Kam 1991).
The waveforms are assumed to satisfy the Nyquist criterion, and no intersym-
bol interference (ISI) is present (Proakis 1989). In the binary orthogonal system,
the transmitted sample over the kth bit interval (k ∈ Z, Z represents the set of
integers) is given by

ti(k) =
√

Eb · si(k), i = 0, 1. (3.1)

It is assumed that the hypotheses Hi (i = 0, 1) 1 are equally likely. Parameter Eb is
the average energy of the data bit (i = 0, 1). Let us also assume, for simplicity, that
we have amplitude-shift keying (ASK) modulation, i.e., s0(k) = 0 and s1(k) =

√
2.

We present the channel model here in the general case due to consistency assuming
that diversity is available, though no results in this section are calculated in the
diversity case. Thus, the received complex signal over the slow Rayleigh fading
channel is a length-L row vector

1Hi is the hypothesis that the transmitted bit is 0 (i = 0) or 1 (i = 1).
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r̃(k) = ti(k) · c̃(k) + ñ(k), i = 0, 1, (3.2)

where c̃(k) and ñ(k) contain L statistically independent and identically distributed
(i.i.d.) fading gains and noise components, respectively. Vectors are represented
by bold symbols and complex symbols are illustrated by placing a tilde above
the symbol. The term slowly fading usually refers to a situation where the chan-
nel is approximately time-invariant during the reception of one symbol waveform
(Mämmelä 1995). A random time-invariant channel is a exceedingly slowly fading
channel. It is approximated when the duration of the received symbol sequence
is much smaller than the coherence time of the channel. Each fading gain c̃i(k),
i = 1, 2, . . . , L, is a complex, wide-sense stationary (WSS), zero-mean, Gaussian,
random variable (in sequel the subscript i is omitted for simplicity)

c̃(k) = v(k) · exp[jθ(k)] = a1(k) + ja2(k), (3.3)

of which variance is defined as

R̃(0) = E(|c̃(k)|2) = 2σ2
a. (3.4)

The terms a1(k) and a2(k) are zero-mean, mutually independent, Gaussian, ran-
dom variables with variance σ2

a. Normalization 2σ2
a = 1 is assumed in this thesis.

Samples ñ(k) are WSS, zero-mean, independent, Gaussian, random variables with
variance N0. Hereafter, in this chapter, the time dependence k is omitted since we
have assumed that the channel state values are known. Attenuation

v = |c̃| (3.5)

is Rayleigh distributed, and the phase shift

θ = arg(c̃) (3.6)

is distributed uniformly in [0, 2π). The probability density functions of attenua-
tion, phase, squared value of attenuation (b = v2) and, in the case of diversity,
squared norm 2 of the fading gain vector w = ||c̃(k)||2 are given by (Proakis 1989)

pv(v) =

{
v
σ2

a
exp(−v

2

2σ2
a
), v > 0,

0, elsewhere,
(3.7)

pθ(θ) =
{

1/(2π), 0 ≤ θ < 2π,
0, elsewhere, (3.8)

pb(b) =
{ 1

2σ2
a
exp( −b

2σ2
a
), b > 0,

0, elsewhere
(3.9)

and
2Squared norm of the vector x̃ = [x̃1x̃2] is defined as ||x̃||2 = x̃x̃H = |x̃1|2 + |x̃2|2. The

superscript H denotes a complex conjugate and transpose.
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pw(w) =

{
wL−1

(2σ2
a)L(L−1)! exp(− w

2σ2
a
), w > 0,

0, elsewhere.
(3.10)

Functions pb(b) and pw(w) are central chi-square probability density functions with
2- and 2L-degrees of freedom, respectively.

The conditional error probability with respect to attenuation v for the binary
noncoherent orthogonal system (without diversity) is well known (Proakis 1989)

Pe(v) = 1/2 exp(
−Ebv

2

2N0
). (3.11)

When we take the average over the Rayleigh distributed attenuation, the aver-
age error probability of the noncoherent orthogonal system (without feedback)
becomes

Pe =
1

2 + γ
, (3.12)

where γ is the average received SNR per bit

γ =
Eb ·E(v2)

N0
. (3.13)

We can notice from (3.11) that only the value of attenuation need be fed back
to the transmitter for the purpose of power control. In optimal power control,
the instantaneous energy of the transmitted signal is a function of the known
attenuation value. Let us determine the ratio of the instantaneous energy of the
transmitted bit and noise power spectral density, or the modified transmitted SNR
per bit, from (Srinivasan 1975)

γm(b) =
Eb(b)
N0

. (3.14)

The term modified is used since we employ later in Chapter 4 the term average
transmitted SNR per bit, which is different than the definition used in this chapter.
In optimal power control, the constrained optimization problem must be solved: we
should determine the function γm(b) which minimizes the average error probability

Pe =
1
2

∫ ∞

0

exp(
−γm(b) b

2
) pb(b) db, (3.15)

when the average modified transmitted SNR per bit is

γm =
∫ ∞

0

γm(b) pb(b) db. (3.16)

Of course, the SNR γm(b) must be nonnegative. The probability density function
pb(b) is presented in (3.9). In (Srinivasan 1975), the optimization problem is solved
by the method of Lagrange multipliers. Here, the analysis is performed by starting
from the Kuhn-Tucker conditions (KTC) (Reklaitis et al. 1983). The solution
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of the nonlinear optimization problem, with both the equality and nonequality
constraints, must satisfy the KTC, i.e., the KTC give the necessary conditions
for optimality. New and efficient algorithms for general nonlinear constrained
optimization problems are often based on solving the KTC (Grace 1994). When
minimizing the error probability in (3.15), the KTC are defined as



∂Pe

∂γm(b) −
∫ ∞
0 λ1(b)

∂γm(b)
∂γm(b) db + λ2

∂γm

∂γm(b) = 0

γm(b) ≥ 0∫ ∞
0

γm(b) pb(b) db− γm = 0∫ ∞
0

λ1(b) γm(b) db = 0

λ1(b) ≥ 0.

(3.17)

It can be easily seen that

∂2Pe
∂γ2
m(b)

≥ 0, (3.18)

or the error probability Pe is convex. In addition, the nonequality constraint γm(b)
(for each b) is concave since it is linear, and the equality constraint γm is linear.
Now, if γm(b), λ1(b) and λ2 are found which satisfy the KTC (3.17), the resulting
γm(b) is the global solution to the optimization problem (Reklaitis et al. 1983).
The sign of the coefficient λ2 is not restricted (the coefficient λ1(b) is nonnegative).
In order to simplify the KTC, we choose

λ1(b) = 0, (3.19)

and the set of equations (3.17) is reduced to


∂Pe

∂γm(b) + λ2
∂γm

∂γm(b) = 0

γm(b) ≥ 0∫ ∞
0

γm(b) pb(b) db − γm = 0.

(3.20)

From the first equation of (3.20), we will get

γm(b) =
2 ln[b/(4λ2)]

b
. (3.21)

In (Srinivasan 1975) there is λ2 in the place of 4λ2 in (3.21). This error causes
changes in the analysis presented. The effect of the error on the numerical results
is, however, so small that one cannot see the difference in the figures for the
minimized error probability. Since γm(b) ≥ 0, the coefficient λ2 has to be

λ2 ≤ b

4
. (3.22)

The optimal SNR γom(b) then becomes
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γom(b) =
{

2 ln[b/(4λ2)]
b , b ≥ 4λ2,

0, b < 4λ2.
(3.23)

The coefficient λ2 is determined numerically from the equality constraint (the third
equation in (3.20)). The minimized error probability is obtained by substituting
the optimal SNR (3.23) into the expression of the error probability (3.15).

In Figure 3.1 the average error probabilities of the noncoherent orthogonal sys-
tem without power control (Eq. (3.12)) and with optimal power control are shown
as a function of SNR γ (γ equals γm since we have E(v2) = 2σ2

a = 1). Also, the
average error probability of the noncoherent orthogonal system in an AWGN chan-
nel (without power control) is illustrated as a performance upper boundary. The
performance curve for optimal power control in Figure 3.1, as was mentioned, cor-
responds with the curve presented in (Srinivasan 1981). Power control attempts to
compensate for the changes produced in the transmitted signal amplitude (power)
by a fading channel. When the SNR is small, power control operates poorly, and
the cascading channel, having a power control effect, resembles a fading channel
more than it does an AWGN channel. Power control works better with increasing
SNR, and the similarity of the channel with power control to an AWGN channel
increases. Correspondingly, in diversity systems, fading, in the channel includ-
ing the effect of diversity, becomes shallower when the diversity order increases
(for noncoherent combining methods only to a certain order of diversity (Proakis
1989)). In that case, the channel with diversity resembles the AWGN channel
more. In fact, when the diversity order is infinite, the performance of the diversity
system employing a maximal ratio combining method over a fading channel is the
same as the performance of the system (without diversity) over an AWGN channel
(Lee 1990).

3.2. Coherent orthogonal and antipodal system

In this section, we investigate the influence of optimal power control on the per-
formances of the coherent orthogonal and antipodal system with and without
diversity, over the known Rayleigh fading channel. Note that in the case of the
antipodal system we have s0(k) = 1 and s1(k) = −1 in (3.1). The analysis has
been performed in (Hayes 1968). However, numerous typographical errors appear,
and the analysis is difficult to verify since the erf-function is not defined explicitly
in the paper. The analysis of the coherent orthogonal and antipodal systems is
carried out here briefly for completeness.

The conditional error probabilities with respect to the squared norm of the
length-L fading gain vector w = ||c̃(k)||2 for the coherent orthogonal (i = 0) and
antipodal (i = −1) system are given by (Proakis 1989)

Pe(w) = Q(
√

(1 − i)w γm(w)), (3.24)

where γm(w) is the instantaneous modified transmitted SNR per bit defined in
(3.14) with b replaced by w. The Q-function is defined as
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Fig. 3.1. Effect of optimal power control on the performance of the nonco-

herent orthogonal system (Srinivasan 1981).

Q(x) =
1√
2π

∫ ∞

x

exp(−t2/2) dt. (3.25)

By averaging over w (density function pw(w) is shown in (3.10)), the average error
probabilities yield (Proakis 1989)

Pe = [1/2(1− β)]L
L−1∑
k=0

(
L− 1 + k

k

)
[1/2(1− β)]k, (3.26)

where, by definition,

β =
√

γ

(2 + i)L + γ
(3.27)

and γ is the average received SNR per bit

γ =
Eb · L ·E(v2)

N0
. (3.28)

Optimal power control for the coherent orthogonal and antipodal system can be
solved by determining the nonnegative SNR γm(w) that minimizes the average
error probability (note that when diversity is available, the sum of squared atten-
uations is required to be fed back for power control purposes)

Pe =
∫ ∞

0

Q(
√

(1 − i)w γm(w)) pw(w) dw, (3.29)
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when the SNR γm is defined as

γm =
∫ ∞

0

γm(w)pw(w) dw. (3.30)

The Lagrangian function can be seen in the first equation of the set of equations
(3.20) (without differentiation), and it is

Lf = Pe + λ2γm

=
∫ ∞

0

[Q(
√

(1 − i)w γm(w)) + λ2γm(w)] pw(w) dw. (3.31)

If γm(w) is such that Q(
√

(1 − i)w γm(w))+λ2γm(w) is minimized for each chan-
nel state w, then Lf is minimized. Thus, Lf is minimized by minimizing

I[γm] = Q(
√

(1 − i)w γm) + λ2γm (3.32)

for any w ≥ 0. Differentiating with respect to γm we obtain

∂I[γm]
∂γm

= − exp{(i− 1)w/2γm}
√

w(1 − i)
8πγm

+ λ2. (3.33)

It can easily be shown that I[γm] is a convex function of γm. Thus, I[γm] has a
minimum for

∂I[γom]
∂γom

= − exp{(i− 1)w/2γom}
√

w(1 − i)
8πγom

+ λ2 = 0, (3.34)

or, by rearranging the terms, the implicit equation for γom is

γom(w) =
(1 − i)w exp{(i− 1)wγom(w)}

8πλ2
2

. (3.35)

Note that the inequality constraint γm(w) ≥ 0 is satisfied since w ≥ 0. Finally,
the average error probabilities for the coherent orthogonal (i = 0) and antipodal
(i = −1) systems are given by

Pe =
∫ ∞

0

Q(
√

(1 − i)wγom(w)) pw(w) dw, (3.36)

and the average modified transmitted SNR per bit is

γm =
∫ ∞

0

γom(w) pw(w) dw. (3.37)

In Figure 3.2 the average error probabilities for the coherent orthogonal system
are illustrated with and without optimal power control and diversity as a function
of SNR γ. In the diversity case, the diversity order has been L = 2. Note that now
γ = L · γm. Also, the average error probability of the coherent orthogonal system
(without power control) in an AWGN channel is shown as a performance upper



50

boundary. Similarly, in Figure 3.3 the corresponding curves are presented for the
coherent antipodal system. We can see the well known fact (Proakis 1989) that a
large improvement in performance is achieved with a diversity order of only two.
Also, it is realized that a 3 dB performance difference between the coherent antipo-
dal and orthogonal systems without power control (with and without diversity)
remains very closely when power control is used. There seems to be some inaccu-
racy in (Hayes 1968) in the performance curves of the coherent antipodal system
with and without optimal power control in the case of no diversity (Hayes did not
present error curves for the coherent orthogonal system). Our results for the co-
herent systems (without diversity) were validated by numerical optimizations (see
Chapter 4). The results obtained by both methods appeared to be convergent.
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Fig. 3.2. Effect of optimal power control on the performance of the coherent

orthogonal system with and without diversity.
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4. Feedback MMSE power control

4.1. System model

In optimal power control it was assumed that channel state values are known at
the transmitter and receiver. In practice, the channel state varies randomly, and
must be estimated at the receiver by a channel estimator. This introduces an
estimation error. The channel is estimated by transmitting, in addition to data
symbols, known pilot symbols in a time multiplexed fashion. Power control is then
called feedback power control. A general system model for the pilot symbol system
is introduced in Figure 4.1 (Saarinen & Mämmelä 2000). In Section 4.4 the effect
of diversity on the performance is analyzed, and bold parameters in Figure 4.1
denote vectors with L i.i.d. components. In Sections 4.2, 4.3 and 4.5 diversity
is not available, and the parameters are scalar. The pilot symbol is transmitted
after every F − 1 data symbol, i.e., pilot symbols are transmitted at time instants
k = mF (m ∈ Z). In the case of no power control, the transmitted symbols
are (when power control is employed, the data symbol energy is a function of the
channel state, see the following power control sections)

gF (k) =
{ √

Ep, k = mF,

(−1)d(k)
√
Ed, k 	= mF, d(k) = 0, 1.

(4.1)

In each frame the pilot symbol is transmitted for the purpose of channel estimation
in the first part, and the antipodal ((−1)d(k), d(k) = 0, 1) data symbols in the
second part. The energies of the transmitted pilot and data symbol, Ep and Ed,
respectively, are assumed to be equal (Srinivasan 1981). The received sequence
is presented in (3.2) when gF (k) is substituted for ti(k). In Section 4.2, as a
comparison, the performance of the pilot symbol system with the frame size of two
is analyzed over a random time-invariant channel (Doppler frequency is fd = 0) in
the case of a one-shot MMSE (minimum mean-square error) estimator (Srinivasan
1981). The one-shot MMSE estimator uses information included in only one pilot
symbol in estimating the complex fading gain. In Section 4.3 the performance of
the pilot symbol system is analyzed over a slowly fading channel when a MMSE
predictor (Kam & Teh 1983), which predicts the fading gain optimally, is used (ˆ̃c(k)
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denotes the predicted estimate in Figure 4.1). The predictor takes advantage of
many successive pilot symbols. It must be used in power control since the use of
feedback requires causality. In order to avoid a delay in the detection process, the
predictor is first employed both in power control and detection. This symmetry
restriction is later relaxed, and in Section 4.4 an optimal MMSE smoother ˆ̃cs(k)
(Cavers 1991) is used in detection. The use of the smoother causes a delay of
half of a smoother length in a detection process. Finally, in Section 4.5, operating
strategies of MMSE power control and the often investigated FSAPC are simulated
and compared. Numerical results in this chapter are generated in the case of the
frame size of two, except that in Section 4.3.1, the performance of the pilot symbol
system using MMSE power control with a predictor as an estimator in detection
also is derived in the case of an optimal frame size. Also, this frame size value
is used in Section 4.4 in the case of a smoother where the additional effect of a
feedback delay on the system performance is investigated.

In fact, Srinivasan employed a one-shot MAP (maximum a posterior probabil-
ity) estimator in his work (Srinivasan 1981). However, since the received signal
r̃(k) =

√
Epc̃(k) + ñ(k) (k = mF , see above (4.1)) and the fading gain c̃(k) are

jointly complex Gaussian 1 (Kay 1993, p. 533), the MAP, MMSE and LMMSE
(linear MMSE) estimators are actually identical (Kay 1993, p. 484-485). Hence,
in the case of a frame size of two, when the number of coefficients of the MMSE
predictor (or a smoother) is one and the Doppler frequency is zero, the MMSE pre-
dictor reduces to the Srinivasan’s MAP (or MMSE) estimator. In general, Kailath
shows (Kailath 1960 1969) that in the optimal quadratic (i.e. estimator-correlator)
receiver the estimator appears to be the MMSE estimator, not the MAP estimator.
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Fig. 4.1. System model for the pilot symbol system.

1Since c̃(k) and ñ(k) are Gaussian and independent, they are jointly complex Gaussian. Due
to the linear transformation from c̃(k) and ñ(k), r̃(k) (k = mF ) and c̃(k) are also jointly complex
Gaussian.
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4.2. One-shot MMSE estimator

Performance without power control

Srinivasan studied the pilot symbol system using feedback MMSE power con-
trol (Srinivasan 1981). The channel is the time-invariant random channel, or
the Doppler frequency is, in this section, fd = 0 and the fading gain is denoted
by c̃ = v · exp(jθ). The analysis is partly reviewed here (in complex and time-
discretized form) for completeness. Also, the performance results presented by
Srinivasan are somewhat erroneous. The transmitted symbols in frames are now
(m ∈ Z)

g2(k) =
{ √

Ep, k = m · 2,
(−1)d(k)

√
Ed, k 	= m · 2, d(k) = 0, 1.

(4.2)

Since the energies Ep and Ed are assumed to be equal, the transmitted frames
including one pilot and data symbol (d(k) = 0, 1) are orthogonal. It is shown
in (Wozencraft & Jacobs 1967, pp. 524–526) that the performance of Srinivasan’s
receiver (without power control) is the same as the performance of the noncoherent
orthogonal system. That is, Srinivasan’s receiver is the optimal (one-shot) receiver
for fd = 0 (Proakis 1989).

Srinivasan has indicated that the conditional error probability with respect to
one-shot channel estimates ˆ̃c0 is given by

Pe(ˆ̃c0) = Q(
√

ξ(x)), (4.3)

where x = |ˆ̃c0| = v̂0 and

ξ(x) =
2σ2

aEd

N0

x2

σ2
a

2σ2
aEd/N0

1+2σ2
aEp/N0

+ 1
. (4.4)

The Q-function is defined in (3.25). Since the conditional error probability depends
on the attenuation estimate v̂0, the average error probability of the system is
determined by

Pe =
∫ ∞

0

Q(
√

ξ(x))pv̂0(x) dx, (4.5)

where the probability density function of the attenuation estimate is

pv̂0(x) =

{
x

σ2
aep

exp −x2

2σ2
aep

, x > 0,
0, elsewhere,

(4.6)

when

ep =
2σ2
aEp/N0

1 + 2σ2
aEp/N0

. (4.7)
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As mentioned earlier, in the orthogonal case (Ep = Ed) the average error probabil-
ity will be the same as the error probability of the noncoherent orthogonal system,
which is presented in (3.12).

Performance with power control

In feedback power control, the attenuation estimate v̂0 is fed back to the trans-
mitter, and the transmission power is adjusted according to this estimate. Let us
determine the energy ratio (Srinivasan 1981)

α(y) =
Ed(y)
Ep

, (4.8)

where the integral variable x (x = v̂0) is changed to y = x2/(2σ2
aep) to simplify

the following integral equations. Parameter ep is defined in (4.7). When α(y) is
introduced to (4.4), the average error probability of the pilot symbol system using
MMSE power control can be derived from (4.5), and it finally yields (Srinivasan
1981)

Pe =
∫ ∞

0

Q(

√
γα(y)y

α(y) + 1 + 2/γ
) exp(−y) dy. (4.9)

Parameter γ is the average transmitted SNR per bit including the effect of the
pilot symbol (Saarinen et al. 1998)

γ =
Ep
N0

E(v2) +
Ep
N0

E(v2) · E[α(y)] =
2σ2
aEp
N0

{1 + E[α(y)]}

=
2σ2
a

N0
(Ep + Ed), (4.10)

where E[α(y)] is the average energy ratio

E[α(y)] =
∫ ∞

0

α(y) exp(−y) dy. (4.11)

It can be seen from the last expression in (4.10) that γ is actually the average
received SNR per bit without power control (defined in (3.13)). The instantaneous
transmitted SNR per bit is given by

γf =
Ep
N0

v2 +
Ep
N0

· v2 · α(y) =
Epv

2

N0
[1 + α(y)]. (4.12)

The instantaneous received SNR per bit γr,f is the same as the instantaneous
transmitted SNR γf , but the average received SNR per bit is determined by

γr =
Ep
N0

E(v2) +
Ep
N0

·E[v2 · α(y)] =
Ep
N0

{2σ2
a + E[v2 · α(y)]}. (4.13)
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The correlation between the attenuation and α(y) is neglected in the definition of
the average transmitted SNR (4.10), but it is taken into account in the average
received SNR (4.13). One should remember that in Chapter 3, in the definition
of the average modified transmitted SNR per bit (3.14) and (3.16), the effect of
channel attenuation was not taken into account. The numerical values of the
average transmitted SNR per bit and average modified transmitted SNR per bit
are, however, equal (in the case of no diversity), as was explained previously in
Chapter 3.

Let us assume that (Srinivasan 1981)

E[α(y)] = 1. (4.14)

In MMSE power control a nonnegative function α(y) must be determined, which
minimizes the average error probability (4.9) when the average energy ratio is one
according to (4.14). The numerical optimization problems were solved using a
penalty concept where a constrained problem is transformed into a sequence of
unconstrained problems via the penalty function, which is an optimized function
plus a penalty term (Reklaitis et al. 1983). The penalty term is a function of the
constraints and the penalty parameters. We chose a log penalty for the inequality
constraint in the penalty term so that the stationary points of the penalty function
(solutions of the iterative optimization processes) were forced inside the feasible
region in order to succeed in optimization. The penalty concept is then also called
an interior point method. In the following we briefly discuss the difficulties that
arised in numerical optimizations.

At first, we tried to solve the numerical optimization by employing the algo-
rithm CONSTR of MATLAB’s (MATLAB 1994) Optimization Toolbox (Grace
1994). CONSTR is intended for general, nonlinear constrained optimization prob-
lems. During the minimization process, however, it also used values outside the
feasible region as optimized intermediate variables. Then the error probability
(e.g. Eq. (4.9)) would be an imaginary value, and the algorithm would not have
converged with the real minimum. In using a penalty concept, penalty parameters
affect the optimization accuracy. For example, when the penalty parameter of the
chosen log penalty is small, the optimization accuracy is high because the equality
contours of the penalty function are close to each other. Thus, the unconstrained
optimization problem is then difficult. The problem is how to update the values of
the penalty parameters. In the case of a log penalty, a large initial value is given to
the penalty parameter, and after a convergence in the unconstrained optimization
problem in the previous stage, the penalty parameter value is decreased iteratively
from a larger value (easy optimization task) to a smaller one (more difficult opti-
mization task). Too fast progress in iterative optimization processes due to, e.g.,
large changes in the penalty parameter or loose termination criteria for iterative
optimizations, caused the optimization to fail. The unconstrained optimization
problems were solved by Nelder-Mead’s Simplex algorithm (Grace 1994). Numeri-
cal calculation was very slow since Simplex benefits only from the function values.
Gradient-based algorithms could not be used because the gradient of the function
was too large in some dimensions, and the optimization stopped.

The penalty function is of the form
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P [α(y), λ] =
∫ ∞

0

Q(

√
γα(y)y

α(y) + 1 + 2/γ
) exp(−y) dy+

+ λ−1[1 −
∫ ∞

0

α(y) exp(−y) dy]2 − λ ·
∫ ∞

0

ln[α(y)] dy. (4.15)

where λ is the penalty parameter. Thus, the parabolic penalty is used for the
equality constraint and the log penalty for the inequality constraints. For final
calculations the variable change y′ = exp(−y) ∈ [0, 1] for the integrals has been
carried out, and the discretization has been performed with equal spacing, except
in the fringe areas of y′. An initial value of the penalty parameter has been 10,
and it has been updated iteratively by dividing the previous value by 2 when the
optimization in the previous stage has been converged. The penalty parameter
was λ = 10−8 in the final optimization stage. In order to succeed in convergence,
restarts were also carried out (Reklaitis et al. 1983).

The resulting energy ratios are illustrated in Figure 4.2 as a function of the
squared attenuation estimate v̂2

0 . It is observed that when there is no deep fading
in the channel (v̂0 > 1), the instantaneous transmission power is small (α(y) is
small). During deep fades (v̂0 < 1) and when the depth of fading increases, the
transmission power is first enlarged. After a certain fading depth (which depends
on SNR), however, the power begins to decrease until the channel is so poor that
no power is transmitted (α(v = 0) = 0 (Hayes 1968)). The constraint of the av-
erage energy ratio (E[α(y)] = 1), thus, prevents an increase in the instantaneous
transmission power towards infinity. It is also understood that with increasing
SNR it is beneficial to try to compensate for increasingly deeper fades. The chan-
nel inversion control curve 1/v̂2

0 , which tries to compensate for channel attenuation
completely, is also shown in the figure for comparison. When we compare the con-
trol curves in Figure 4.2 to the curves presented in (Srinivasan 1981), we notice
a remarkable disparity when moving to the left from the peak of the curves. In
(Srinivasan 1981) α(y) diminishes much faster with the decreasing attenuation es-
timate value. For example, when γ = 16 dB and the estimation value is v̂2

0 = 0.01,
α(y) is already below 1. The discrepancies of the control curves significantly affect
the following error probability curves. The effect of this error in the numerical
analysis in (Srinivasan 1981) is indicated later in this section.

Note that the power adaptation in the optimal transmission scheme which
achieves the fading channel capacity (Goldsmith & Varaiya 1997) was shown to be
a water-filling scheme in time, which operates in quite the opposite sense to the
power control rule presented in Figure 4.2. That is, when the channel is favorable,
more power is allocated for transmission. Conversely, when the channel is not as
good, less power will be transmitted. The reason for the different operating strate-
gies comes from the disparate, linear versus nonlinear, system constraints. This
can be understood by studying an analog situation in the application of equal-
ization. The optimal Maximum-Likelihood Sequence Detector (MLSD) (Proakis
1989) consists of a matched filter (MF) bank, each of the filter being matched
to the different possible received signal. When the filters matched to the basic
pulse and the channel are the same in all branches, these MF’s form a common
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block, and in the detector it can be moved to the front of the remaining (discrete)
matched filter bank, each filter now matched to a different possible transmitted
data sequence. If we transmit only e.g., the sequence of ones, the matched fil-
ter bank in the MLSD reduces to only one filter matched to this sequence. The
Viterbi algorithm is a recursive implementation of the MLSD. In a linear equal-
izer, however, the remaining part after the filters matched to the basic pulse and
channel acts as an inverting filter. Now, in our case it is assumed that the bit
rate is constant and that only transmission power is controlled (and no channel
coding is present). Transmission is thus restricted to be linear: power control cor-
responds to a real one-tap FIR (finite impulse response) filter in the transmitter.
The operating strategy of the power control in Figure 4.2 actually resembles the
functioning of the linear one-tap equalizer. To maximize the system performance
they both approximately invert the channel, which does not yield the best result.
Instead of the linear equalizer, it is better to use the correlation principle (Viterbi
algorithm), where the function is such that the stronger the received signal is, the
more it is strengthened. This resembles the water-filling power control scheme in
the optimal nonlinear (Goldsmith & Varaiya 1997) transmission scheme.
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Fig. 4.2. MMSE power control rule in the case of the one-shot estimator

( = 14, 16 and 18 dB).

The average error probability of the pilot symbol system using MMSE power
control as a function of SNR γ is illustrated in Figure 4.3. The performances of the
noncoherent orthogonal system without power control (Eq. (3.12)) and with opti-
mal power control are shown for comparison. In the case of no power control, the
performances of the noncoherent orthogonal system and the pilot symbol system



59

(Ep = Ed) are the same, as was mentioned earlier. The performance of the pilot
symbol system with MMSE power control is poorer than with the noncoherent or-
thogonal system with optimal power control (the two lowest curves in Figure 4.3)
since attenuation estimates of the pilot symbol system are not accurate. The per-
formance gain due to MMSE power control with large SNR γ values is significantly
smaller than in (Srinivasan 1981), where the error probability of the system using
power control decreased more like exponentially with increasing γ. The reason is
that the SNR of the channel state estimate is small since the estimate is computed
over only one pilot symbol, and averaging of noise is not accomplished (Schwartz
et al. 1966).

The results that were obtained by using the interior point method were validated
by determining whether the same result is achieved by giving the α-curve generated
by the interior point method an initial value of the CONSTR algorithm. The
outcomes of the both algorithms were the same. The performance curves were also
confirmed by quasianalytical simulations. These simulation results are marked by
circles in Figure 4.3. When power control is not employed, the conditional error
probability is determined from (4.3) and (4.4) to be (γ = 4σ2

aEp/N0, 2σ2
a = 1)

Pq(v̂0) = Q(

√
γv̂2

0

γ/(2 + γ) + 1
). (4.16)

In the case of power control, it becomes from (4.3) and (4.4) (according to (4.8)
Ed(v̂0) = α(v̂0)Ep)

Pqp(v̂0) = Q(

√
γv̂2

0α(v̂0)
α(v̂0)/(2/γ + 1) + 1

). (4.17)

Since the Doppler frequency is zero here, the optimal estimator is actually the
moving average estimator. Of course, the optimal weight coefficient must be in-
cluded (it can be easily determined from linear equations of the optimal MMSE
predictor (4.22) by setting F = 2 and M = f ′

d = 0). Since the estimate v̂0 is calcu-
lated over one pilot symbol, the estimates with different SNR’s can be generated
by drawing randomly independent, noisy Rayleigh distributed random variables
and multiplying each of them by the weight coefficient. Values of α(v̂0) with each
SNR figure are tabulated, and the correct α(v̂0) element is picked up according to
the estimate. The average error probabilities were derived from (4.16) and (4.17)
by calculating the time average over 100 000 random variables. The simulations
agree well with the numerical optimizations. We also attempted to change the
values of α(v̂0) according to the control rule presented in (Srinivasan 1981) for
when performing simulations, but the performance only seemed to get worse.
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4.3. Optimal MMSE predictor

Performance without power control

The transmitted symbols are introduced in (4.1). In this section, a MMSE pre-
dictor is used in both power control and detection (Saarinen & Mämmelä 1999).
The input signal of the predictor is

K̃(k′F ) =
√

Ep · c̃(k′F ) + ñ(k′F ), (4.18)

where k′ = �k/F � −md (k ∈ Z) 2. The term md (md ∈ N, N represents the set
of natural numbers) indicates the amount of a feedback delay in power control as
multiples of a frame size F . In general, the feedback delay can consist of any delay
caused by feedback power control processing. The effect of a feedback delay on
the system performance is discussed in Section 4.4. Note that md = 0 means the
situation with no feedback delay. The MMSE predictor at time k (k 	= mF, m ∈ Z)
is (Kam & Teh 1983)

ˆ̃c(k) =
M∑

m1=0

hm1(k) · K̃[(k′ −m1)F ], (4.19)

where hm1 , m1 = 0, 1, . . . ,M, are coefficients of the predictor. According to the
orthogonality principle (Proakis 1989, p. 562)

2Labeling �x� means the largest integer which is smaller than or equal to x.
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E{ẽ(k) · K̃[(k′ −m2F )]} = 0, m2 = 0, 1, . . . ,M, (4.20)

where the error signal is defined as

ẽ(k) = c̃(k) − ˆ̃c(k). (4.21)

The optimal coefficients are then determined from the linear equations (m2 =
0, 1, . . . ,M)

√
EpR̃(k′′ + m2F ) =

M∑
m1=0

hm1(k) · {EpR̃[(m2 −m1)F ] + N0 · δm1,m2}, (4.22)

where k′′ = k − k′F (k′′ ∈ {1, 2, . . . , F − 1} when md = 0) and parameter δi,j is
the Kronecker delta function3. The coefficients hm1(k) are periodic in time k, or
hm1(k) = hm1(k′′) (Mämmelä & Kaasila 1997). The autocorrelation function of
the fading gain c̃(k) is defined as

R̃(l) = E[c̃∗(k) · c̃(k + l)], (4.23)

where l is a discrete delay. The autocorrelation function R̃(l) can be represented
by the Bessel function when Jakes’s spectrum is used as a Doppler power spectrum
(Jakes Jr. 1974, p. 26). Normalized autocorrelation function is

R̃′(l) = R̃(l)/R̃(0) = J0(2πf ′
dl), (4.24)

where J0(·) is the zeroth order Bessel function of the first kind and f ′
d is by the

symbol rate normalized (divided) Doppler frequency. The MMSE of the predictor
ˆ̃c(k) becomes

ε(k) = 2σ2
a −

√
Ep

M∑
m1=0

hm1(k) · R̃[−(k′′ + m1F )], (4.25)

which is also periodic in time, or ε(k) = ε(k′′) (Mämmelä & Kaasila 1997). When
there is no feedback delay (md = 0), the frame size is F = 2, the number of
predictor coefficients is one (M = 0) and the normalized Doppler frequency is zero
(f ′
d = 0), the MMSE (4.25) is the same as the mean-square error (MSE) of the

Srinivasan’s (Srinivasan 1981) estimator. The attenuation estimate v̂(k) = |ˆ̃c(k)|
is Rayleigh distributed, and its probability density function is given by (Kam &
Teh 1983)

pv̂(k)(x) =

{
x

σ2
a−ε(k)/2 exp( −x2

2σ2
a−ε(k) ), x > 0,

0, elsewhere.
(4.26)

The error probability of the data symbol is now a function of k (Cavers 1991),
and it is defined as (due to symmetry of the antipodal modulation)

3δi,j = 1 when i = j and δi,j = 0 when i �= j.
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Pe(k) = Prob[D(k) < 0], k 	= mF,m ∈ Z, (4.27)

where

D(k) = Re{ˆ̃c∗(k) · [
√

Ed · c̃(k) + ñ(k)]}. (4.28)

The conditional error probability is defined as

Pe[k; ˆ̃c(k)] = Prob[D(k) < 0| ˆ̃c(k)], (4.29)

which finally yields

Pe[k; ˆ̃c(k)] = Q(
√

ϕ(x)), (4.30)

when x = v̂(k) and

ϕ(x) =
x2

ε(k)/2 + N0/(2Ed)
. (4.31)

The average error probability without power control is determined by (k ∈ {1, 2, . . . ,
F − 1})

Pe =
1

F − 1

F−1∑
k=1

∫ ∞

0

Q(
√

ϕ(x))pv̂(k)(x) dx. (4.32)

Hence, the average error probability is the arithmetic average of each data sym-
bol’s error probability, averaged over the attenuation estimate, and it eventually
becomes

Pe =
1

F − 1

F−1∑
k=1

1
2
(1 −

√
1 − ε(k)/(2σ2

a)
1 + F/[γ · (F − 1)]

), (4.33)

where γ = F · 2σ2
a ·Ed/[(F − 1)N0] is the average received SNR per bit including

the effect of the known pilot symbol. When F = 2 and M = f ′
d = md = 0, the

average error probability Pe (without power control) equals the performance of the
noncoherent orthogonal system (Eq. (3.12)). When the number of coefficients of
the MMSE predictor is very large, and the normalized Doppler frequency f ′

d is very
small (and there is no feedback delay), the performance of the predictor approaches
the performance of an ideal channel estimator, or the estimates approach the
accurate values. In the case of F = 2, M → ∞ and f ′

d = md = 0, the average
error probability of the pilot symbol system using the MMSE predictor is the same
as with the coherent orthogonal system (Eqs. (3.26) and (3.27), i = 0, L = 1).
The performance is 3 dB worse than the performance of the antipodal system since
half of the transmission power is consumed in pilot symbols (Ep = Ed).
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Performance with power control

In MMSE power control using the MMSE predictor, α(y) is, again, defined as
α(y) = Ed(y)/Ep, where the term y is y = v̂2(k)/[2σ2

a−ε(k)] (Saarinen & Mämmelä
1999). When α(y) is introduced to (4.31), the average error probability of the pilot
symbol system using power control is derived from (4.32) to be (k ∈ {1, 2, . . . , F −
1})

Pe =
1

F − 1

F−1∑
k=1

∫ ∞

0

Q[ψ(y)] exp(−y) dy, (4.34)

where

ψ(y) = Q(

√
γα(y)[2σ2

a − ε(k)]y
γα(y)ε(k)/2 + σ2

a{E[α(y)] + 1/(F − 1)}) (4.35)

and the average transmitted SNR per bit is

γ =
2σ2
aEp/N0 · {(F − 1)E[α(y)] + 1}

F − 1
. (4.36)

The instantaneous transmitted SNR per bit γf is the same as the instantaneous
received SNR γr,f , and

γf = γr,f =
Ep/N0 · [v2(k − 1) + α(y)v2(k) + · · ·+ α(y)v2(k + F − 2)]

F − 1
. (4.37)

The average received SNR per bit is defined as

γr =
Ep/N0 · {2σ2

a + E[α(y)v2(k)] + · · ·+ E[α(y)v2(k + F − 2)]}
F − 1

. (4.38)

Now, an optimal nonnegative function α(y) must be determined which min-
imizes the average error probability (4.34) and (4.35) when the average energy
ratio is E[α(y)] = 1. The optimal energy ratios α(y) with different γ in the case
of md = 0 and F = 2 (Saarinen et al. 1998) have been evaluated numerically as
in Section 4.2. The energy ratios are shown in Figure 4.4 as a function of the
squared attenuation estimate v̂2(k). The number of coefficients were 21 (M = 20)
and the normalized Doppler frequency f ′

d = 0.001. When comparing the MMSE
control curve in Figure 4.4 with the corresponding curve in the case of the one-shot
estimator in Figure 4.2, it is noticed that when we have more accurate attenuation
estimates, feedback power control attempts to compensate for deeper fades. At the
same time, the transmission power during these deep fades, of course, increases.
The situation is similar when examining either of the power control rules with
increasing γ.

The performance of the pilot symbol system using the MMSE predictor (Eq.
(4.33), md = 0, F = 2, M = 20 and f ′

d = 0.001) and, for comparison, the perfor-
mance of the coherent orthogonal system (Eqs. (3.26) and (3.27), i = 0, L = 1)
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are shown in Figure 4.5 as a function of SNR γ. Also, the average error probability
of the pilot symbol system employing MMSE power control with the predictor is
illustrated in the figure. The comparison curve in the power control case is the
average error probability of the coherent orthogonal system using optimal power
control (Figure 3.2, L = 1). Note that the performance difference between opti-
mal and MMSE power control now includes nonideal power control and detection.
The degradation caused by nonideal detection (M = 20, f ′

d = 0.001) is, however,
small as can be seen from the two uppermost curves. The still detectable signif-
icant performance loss of feedback power control with large SNR’s is due to the
fact that MMSE power control employs a predictor, and the accuracy of the pre-
dicted estimate is ultimately limited by the fluctuation rate of the fading process
(Kam 1991). The performance gap between optimal and feedback power control is,
however, smaller when the predicted estimates are used rather than the one-shot
estimates. Note that the conditional error probability (Eqs. (4.30) and (4.31)) is
actually a function of the attenuation estimate. The performance gap between op-
timal and feedback MMSE power control using the predictor could be decreased to
some extent by determining the attenuation, instead of the fading gain, optimally
predicting estimator. That estimator would, however, be nonlinear.

Numerical optimization results were validated by performing some additional
optimizations. The performance of MMSE power control with the predictor (at
γ = 13 · · · 17 dB) appeared to be the same as the performance of optimal power
control when the MMSE was set ε(k) = 0. Similarly, the performance of MMSE
power control with the predictor was equal to the performance of MMSE power
control with the one-shot estimator, when it was set M = f ′

d = 0 when calculating
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ε(k). In addition, the performance curves were ensured by simulations like in
Section 4.2, or time averaging the conditional error probabilities (Eqs. (4.30) and
(4.31); in power control case also Ed[v̂(k)] = α[v̂(k)] · Ep is employed). Since the
Doppler frequency used is quite small, the attenuation estimates were generated by
the same method as in the one-shot estimator case. Now, the effective SNR of the
generated estimate is the number of coefficients (M+1 = 21) times the SNR in the
one-shot case, because averaging over 21 noisy pilot symbols is accomplished. It is
noticed, again, that simulations (marked by circles) agree well with the numerical
optimization results.

The performance difference between optimal and MMSE power control is due to
the lag error and the inaccuracy of the estimator caused by noise. In Figure 4.5, the
performance of MMSE power control when M = 20 and f ′

d = 0.0001 is presented
by the dashed line and the performance curve when M = 20 and f ′

d = 0 (no lag
error) is illustrated by the dotted line. Note that the dotted line is illustrated for
clarity only in the SNR region 14 · · ·16 dB. The curves are difficult to distinguish,
or the lag error of the predictor is nearly zero when f ′

d = 0.0001. It can be seen
that the loss in performance caused by the lag error and noise (with M = 20 and
f ′
d = 0.001) is quite equal in this SNR region. The lag error appears to significantly

diminish the performance of MMSE power control, though the channel is fading
very slowly. The effect of lag error and noise can be decreased by increasing the
number of predictor coefficients. The performance of MMSE power control when
M = 80 and f ′

d = 0.001 is shown by the dash-dotted line. It is observed that to
achieve good performance, quite a large number of coefficients is required.
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The optimal transmission power depends, e.g., on the SNR. In practice, an error
arises in SNR estimation. Now, we are studying by quasianalytical simulations
how much the inaccurate SNR estimation decreases the performance of feedback
MMSE power control (M = 20, f ′

d = 0.001). Simulations have been carried out as
before, except that in the whole SNR region of 13 · · ·18 dB either a 13 dB α-curve
or a 18 dB α-curve has been used. Results are illustrated in Figure 4.6. In the
case of the 13 dB α-curve the performance loss appears to be about 0.5 dB when
the SNR estimation error is 3 dB. When using the 18 dB α-curve, the performance
is reduced more but the loss is still less than 1 dB.
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Fig. 4.6. Effect of inaccurate SNR estimation on the performance of the

system using MMSE power control.

4.3.1. Performance with an optimal frame size

In the previous sections, numerical results were obtained in the case of F = 2
(Saarinen et al. 1998). Now, the performance of the pilot symbol system with
and without feedback MMSE power control is derived with an optimal frame size
(Saarinen & Mämmelä 1999). Cavers analyzed the BER of the pilot symbol system
for different modulation methods in his work (Cavers 1991) where he discussed in
great detail the question of the frame size optimality. Our performance results are
an extension of Cavers’s work on the pilot symbol system where also power control
is employed. Also, Cavers used a MMSE smoother as a channel estimator, whereas
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the optimal predictor must be employed for feedback power control purpose.
When considering the average error probability, the frame size F has an optimal

value, which represents a trade-off between wasting energy in unnecessary pilot
symbols and not sampling the fading process often enough for good estimation
(Cavers 1991). From the performance loss between our pilot symbol system and the
coherent antipodal system in a known Rayleigh fading channel, 10 lg[F/(F−1)] dB
is attributable to the pilot symbols themselves. In the case of f ′

d = 0, the remainder
is due to the limitation of a finite number of estimator coefficients. For example,
the loss due to the pilot symbols is about 3 dB and 0.5 dB, when F = 2 and F = 9,
respectively. The estimation error rises steeply when the frame size causes the
sampling to fall below the Nyquist rate, i.e. when F > 1/(2f ′

d) (Cavers 1991). In
our case, F must then be smaller than 500 since the normalized Doppler frequency
is f ′

d = 0.001. In general, the optimal frame size depends on the Doppler frequency,
the feedback delay, the number of estimator coefficients and SNR. Here, an optimal
frame size is obtained numerically in the case of md = 0, M = 20, f ′

d = 0.001 and
γ = 15 dB by comparing the resulting bit error probabilities with different values
of F in the case when power control is not employed (Eq. (4.33)). An optimal
value was found to be F = 9. It actually appeared that the error probability
difference with md = 0, M = 20 and f ′

d = 0.001 was negligible if either the true
optimal frame size value with each SNR or the value F = 9 was used. The effect
on estimation error of the position of the data symbol in a frame was found to be
negligible, as was also pointed out in (Cavers 1991) in the case of the smoother. For
example, for M = 20, in an F = 9 symbol frame, with f ′

d = 0.001 and γ = 15 dB,
there was a 2.3 % variation in the BER across the frame.

The performance curves in the case of F = 9 (md = 0) are plotted in Figure
4.7. Also, the curves for F = 2, shown earlier in Figure 4.5, are illustrated as a
comparison. The performance upper boundaries for our pilot symbol system with
and without feedback power control are the curves of the coherent antipodal system
with and without optimal power control. The three uppermost curves represent
the situation without power control and the three other curves illustrate the case
with MMSE (using the predictor) or optimal power control. When MMSE power
control is employed, the performance is obtained by numerical optimization using
(4.34) and (4.35) (F = 9). The optimization for each data symbol is performed
separately, and the average bit error probability is the arithmetic average of the
minimized average error probabilities of each data symbol. It can be noted from
Figure 4.7 that when power control is not employed, the performance loss between
different curves is constant in the SNR region 13 · · · 18 dB. On the other hand, the
performance curves for MMSE power control with F = 2 and F = 9 come closer to
each other with larger SNR’s. With very large SNR’s, however, the performance
curves when power control is not used, with F = 2 and F = 9, eventually lead
to similar levels. For example, when SNR was γ = 150 dB, the error probability
(4.33) was −lg(Pe) = 14.95 and 14.98 with F = 2 and F = 9, respectively. When
SNR is small (with M = 20, f ′

d = 0.001), the term F/[γ(F−1)] in (4.33) dominates
the error probability over the ε(k)’s, k ∈ {1, 2, . . . , F − 1}, and the performance
with F = 9 is better than with F = 2. The effect of the term F/[γ(F − 1)],
however, decreases with increasing SNR. With γ = 150 dB, higher ε(k)’s with
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large values of k cancelled the benefit of transmitting less pilot symbols, and the
performance with F = 2 and F = 9 became almost equal. This is, of course,
not true for all parameter choices. If estimation can be done accurately (M is
very large, f ′

d is very low), it is reasonable (also from the performance point of
view) to increase the value of F (from F = 2) also with very large SNR’s. On the
other hand, when the estimation accuracy becomes poorer, the performance gets
worse with increasing F , especially with large SNR’s. Finally, when the Doppler
frequency is high enough, the performance with F = 2 is better than with F = 9,
irrespective of SNR. Note that in the error floor region (Cavers 1991) (where the
error probability is flat, i.e. it does not depend on SNR) the system performance
with F = 2 is better than that with F = 9. This is due to the fact that the SNR
term F/[γ(F − 1)] does not have any effect on the error probability, and the lag
error of the predictor (and also MMSE) is higher when F = 9 than when F = 2.
In the case of MMSE power control, the projection of the curves in Figure 4.7 with
F = 2 and F = 9 suggests that they can cross over, and even for moderate SNR
values. The above reasoning for the case without power control is, however, valid
also when power control is used. Thus, the behavior of the MMSE power control
curves with very large SNR’s is similar to that of the curves without power control,
and e.g. when γ = 150dB (M = 20, f ′

d = 0.001), the MMSE power control curves
with F = 2 and F = 9 end up to levels which are close to each other.
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4.4. Optimal MMSE smoother

Performance without power control

The symmetry restriction in estimation is now relaxed, and the optimal smoother
is employed in detection (Saarinen & Mämmelä 2000). The derivation of the
smoother ˆ̃cs(k) proceeds as in the case of the predictor presented in Section 4.3.
The number of smoother coefficients is M +1, and the summation index in (4.19)
and (4.22) and the term m2 in (4.20) and (4.22) have values {−M/2, . . . ,−1, 0, 1,
. . . ,M/2}. Note also that in detection there is no feedback delay, and in the case
of the smoother, the delay parameter md must be removed from the variable k′

(see e.g. (4.18)). The error signal of the smoother is defined as

ẽs(k) = c̃(k) − ˆ̃cs(k), (4.39)

and the MMSE becomes

εs(k) = 2σ2
a −

√
Ep

M/2∑
m1=−M/2

hsm1
(k) · R̃[−(k′′ + m1F )], (4.40)

where hsm1
(k), m1 = −M/2, . . . ,−1, 0, 1, . . . ,M/2, are the smoother coefficients.

In this section, we assume that antenna diversity is available at a base station.
That is, there are L antennas with enough physical separation so that fading gains
are i.i.d. random variables. The system performance, as a function of the average
received SNR, is essentially the same if some other diversity technique is used.
The received signal at time k (k 	= mF, m ∈ Z) is a length-L row vector (“+1” is
assumed to be transmitted)

r̃(k) =
√

Ed · c̃(k) + ñ(k) =
√

Ed · [ˆ̃c(k) + ẽ(k)] + ñ(k), (4.41)

where the latter form is based on (4.21). Vector ẽ(k) contains the error signal
ẽi(k), i = 1, 2, · · · , L, of each predictor, c̃(k) correspondingly contains L i.i.d.
fading gains with equal variances 2σ2

a and ñ(k) contains L i.i.d. noise components
with variances N0. When conditioned on the predicted gain estimate ˆ̃c(k) (see
(Cavers 1999)), the received signal power is

Ed||ˆ̃c(k)||2 + EdLε(k). (4.42)

Predictor’s MMSE ε(k) is presented in (4.25). It is noted from (4.41) that the
channel is conditionally Rician, with the K-factor

K =
||ˆ̃c(k)||2
Lε(k)

. (4.43)

The smoother estimates ˆ̃cs(k) = ˆ̃c(k)+ẽ(k)−ẽs(k) ≡ q̃ (time index k is omitted
for simplicity) are used in detection, and the decision variable is

D(k) = Re{r̃q̃H}. (4.44)
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In the above equation, r̃i and q̃i are a pair of correlated complex Gaussian vari-
ables with nonzero mean values, and for channels considered, the L pairs {r̃i, q̃i}
are mutually statistically independent. The conditional error probability becomes
(u = ||ˆ̃c(k)||2) (Proakis 1968, Cavers 1999)

Pe(k;u) = Q(o1, o2) − 1 + η

2
I0(o1o2) exp(−o2

1 + o2
2

2
), L = 1, (4.45)

and (Proakis 1968)

Pe(k;u) = Q(o1, o2)− I0(o1o2) exp(−o2
1 + o2

2

2
) +

I0(o1o2) exp(− o21+o
2
2

2 )
( 2
1−η )

2L−1

·
L−1∑
m=0

(
2L− 1

m

)
(
1 + η

1 − η
)m +

exp(− o21+o
2
2

2 )
( 2
1−η )

2L−1
·
L−1∑
n=1

In(o1o2) · {
L−1−n∑
m=0

(
2L− 1

m

)

· [(o2

o1
)n(

1 + η

1 − η
)m − (

o1

o2
)n(

1 + η

1 − η
)2L−1−m]}, L ≥ 2, (4.46)

where Q(·, ·) is the Marcum Q-function and In(·) is the nth order modified Bessel
function of the first kind. The parameters are given by

o2
1 =

1
2
[
||µ̃r||2
σ2
r

+
||µ̃q||2
σ2
q

− 2Re(
µ̃q µ̃Hr
σqσr

)] (4.47)

and

o2
2 =

1
2
[
||µ̃r||2
σ2
r

+
||µ̃q||2
σ2
q

+ 2Re(
µ̃q µ̃Hr
σqσr

)], (4.48)

where µ̃r is the conditional mean of r̃ (when conditioned on ˆ̃c(k)) and σ2
r =

E|r̃i− µ̃r,i|2 ∀i, i = 1, 2, . . . , L. Correspondingly, µ̃q denotes the conditional mean
of q̃ and σ2

q = E|q̃i − µ̃q,i|2 ∀i, i = 1, 2, . . . , L. The correlation coefficient η is
defined as η = σ2

rq/(σrσq), where σ2
rq = E[(r̃i− µ̃r,i)(q̃i − µ̃q,i)∗] ∀i, i = 1, 2, . . . , L.

The ratios of squared norms of means to the second moments and the correlation
coefficient finally yield (u = ||ˆ̃c(k)||2)

||µ̃r||2
σ2
r

=
u

ε(k) + F
F−1

L2σ2
a

γ

, (4.49)

||µ̃q||2
σ2
q

=
u

4σ2
a − ε(k)− εs(k)− 2S(k)

, (4.50)

µ̃q µ̃Hr
σqσr

=
u√

[ε(k) + F
F−1

L2σ2
a

γ ][4σ2
a − ε(k) − εs(k) − 2S(k)]

(4.51)

and
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η =
2σ2
a − εs(k)− S(k)√

[ε(k) + F
F−1

L2σ2
a

γ ][4σ2
a − ε(k)− εs(k) − 2S(k)]

, (4.52)

where the average received SNR per bit is

γ =
F

F − 1
L · 2σ2

a ·
Ed
N0

(4.53)

and the term

S(k) =
M∑

m1=0

M/2∑
m2=−M/2

hm1(k)h
s
m2

(k) · {EpR̃[(m1 +md−m2)F ]+N0 · δm1+md,m2}.

(4.54)
When L = 1, the average error probability becomes

Pe =
1

F − 1

F−1∑
k=1

∫ ∞

0

Pe(k;u)pu(u) du, L = 1, (4.55)

where Pe(k;u) is defined in (4.45) and pu(u) is the central chi-square probability
density function with 2L-degrees of freedom given by

pu(u) =

{
uL−1

[2σ2
a−ε(k)]L(L−1)!

exp(− u
2σ2

a−ε(k) ), u > 0,
0, elsewhere.

(4.56)

Correspondingly, in the case of L ≥ 2, the average error probability is

Pe =
1

F − 1

F−1∑
k=1

∫ ∞

0

Pe(k;u)pu(u) du, L ≥ 2, (4.57)

where Pe(k;u) is defined in (4.46).

Performance with power control

When power control is employed, α(u) = Ed(u)/Ep (u = ||ˆ̃c(k)||2). The average
error probabilities are still given in (4.55) and (4.57), but α(u) has been introduced
into (4.49), (4.51) and (4.52), and we get (E[α(u)] = 1):

||µ̃r||2
σ2
r

=
uα(u)

ε(k)α(u) + L2σ2
a{(F−1)E[α(u)]+1}

(F−1)γ

, (4.58)

µ̃q µ̃Hr
σqσr

=
u
√

α(u)√
[ε(k)α(u) + L2σ2

a{(F−1)E[α(u)]+1}
(F−1)γ ][4σ2

a − ε(k) − εs(k) − 2S(k)]
(4.59)
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and

η =
[2σ2

a − εs(k) − S(k)]
√

α(u)√
[ε(k)α(u) + L2σ2

a{(F−1)E[α(u)]+1}
(F−1)γ ][4σ2

a − ε(k)− εs(k) − 2S(k)]
, (4.60)

where the average transmitted SNR per bit is given by

γ =
L · 2σ2

a{(F − 1)E[α(u)] + 1}Ep

N0

F − 1
. (4.61)

In MMSE power control, an optimal, nonnegative function α(u) must be deter-
mined which minimizes the average error probability (Eq. (4.55) and (4.57), re-
spectively) when the average energy ratio is E[α(u)] = 1. The energy ratios α(u)
with different SNR values γ have been evaluated numerically as previously. In
this section, the frame size is F = 9, the number of predictor and smoother co-
efficients 21 (M = 20), and normalization 2σ2

a = 1 is assumed. As was shown
in Section 4.3, the frame size F = 9 is an optimal value in the case of the pre-
dictor with γ = 15 dB, M = 20 and f ′

d = 0.001 (md = 0). In the case of the
smoother (γ = 15 dB, M = 20), an optimal frame size is 31 when f ′

d = 0.001 and
L = 1, 30 when f ′

d = 0.001 and L = 2 and 8 when f ′
d = 0.01 and L = 1. The

relative errors in error probabilities, when using the value F = 9 instead of the
aforementioned optimal values, were found to be only 3.0 % (f ′

d = 0.001, L = 1),
5.1 % (f ′

d = 0.001, L = 2) and less than 0.1 % (f ′
d = 0.01, L = 1), respectively.

The performance of the pilot symbol system using the smoother in detection with
and without MMSE power control and a feedback delay and without diversity
(L = 1) is plotted in Figure 4.8 as a function of SNR γ when the normalized
Doppler frequency is f ′

d = 0.001. Corresponding curves are shown in Figure 4.9
for f ′

d = 0.01. In Figure 4.8, the performance curves of the pilot symbol system
using the predictor in detection, with and without MMSE power control, are il-
lustrated as a comparison. Also, in both figures, the performance of the coherent
antipodal system in a Rayleigh fading channel with and without optimal power
control is plotted.

We can see from Figure 4.8, that in the case of power control and no feedback
delay (md = 0), a clear performance improvement can be achieved by using the
smoother instead of the predictor in detection. The drawback is that the use of
the smoother introduces a time delay in the detection process of half of a smoother
length. In the case of a feedback delay, the delay parameter md has values md =
1, 5, 15, 25 with f ′

d = 0.001 and md = 1, 3 with f ′
d = 0.01. Since the length of the

feedback delay is mdF symbols, the delay is approximately half of the coherence
time of the channel (defined as (∆t)c = 1/(2fd)) when f ′

d = 0.001 and md = 25
or f ′

d = 0.01 and md = 3. Similarly, the delay duration corresponds to about 10%
from (∆t)c when f ′

d = 0.001 and md = 5 and 20% from (∆t)c when f ′
d = 0.01 and

md = 1. We can see from Figure 4.8 that with Doppler frequency f ′
d = 0.001, the

feedback delay of one frame size has a negligible effect on the system performance.
Also, the performance loss is small, slightly over 0.5 dB, when the delay is 10−20%
from (∆t)c (see Figures 4.8 and 4.9). Note that the loss increases with lower BER
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values (Goeckel 1999). Furthermore, we can deduce from the figures that when the
delay duration approaches half of the coherence time, the performance degradation
is remarkable. Cavers showed (Cavers 1972) - for the noncoherent orthogonal
system with the optimal (channel state values are known) BER minimizing rate
variation scheme - that the performance loss with the BER level 10−3 is some
dB’s and over 20 dB when the delay duration is 1 % and 10 % from the coherence
time, respectively. Thus, the optimal variable-rate scheme is very sensitive to the
delay effect. Note, however, that the performance of this variable-rate system,
even with a delay duration of 10 % from the coherence time, was still substantially
better than with the constant-rate system. Also, it was stated in (Goldsmith &
Chua 1997) - for the spectral efficiency maximizing variable-power variable-rate
MQAM scheme with known channel state values - that in order to remain at the
BER target 10−3 (i.e. to cause only negligible performance loss), the delay should
not exceed 2 % from the coherence time. Note that in (Goldsmith & Chua 1997)
the receiver had accurate channel estimates and the transmitter used a delayed
version of the true channel value as an estimate, i.e., there was only lag error, not
the loss due to noise, involved. When we have f ′

d = 0.001, 2 % from the coherence
time is 10 symbols. That is, our result with f ′

d = 0.001 and md = 1 supports the
rule presented in (Goldsmith & Chua 1997) (note that we have here slightly higher
BER values than 10−3).

The performance of the pilot symbol system with MMSE power control and
diversity was reported in (Saarinen & Mämmelä 2000) in the case of diversity order
of two (L = 2). The presented performance curve and, conclusions made based on
it, are, however, fallacious due to an error occured in the author’s MATLAB code.
The recalculations have not been finalised yet, but according to the preliminary
results a substantial performance improvement is achieved due to joint effect of
power control and diversity already with diversity order of two. This is against
what was stated in the above mentioned paper.

4.5. Simulations of MMSE power control and FSAPC

The simulation model for MMSE power control, where the fading gain c̃(k) is
estimated by the MMSE predictor (4.19), is shown in Figure 4.10 (Saarinen et al.
1998). Note that the effects of a feedback delay and diversity are not studied.
In simulations, the frame size is F = 2, and c̃(k) is generated by Jakes’s method
(Jakes Jr. 1974, pp. 65–76). The pilot symbol SNR in the input of the predictor
is γ/2 since the energies of the pilot and data symbol are, on the average, equal
(E[α(y)] = 1). The power control rules that were generated in Section 4.3 as a
function of the squared attenuation estimate have been tabulated. Thus, in MMSE
power control, a proper value for α(y) is picked up from the table according to
the fed back attenuation estimate. The performance of MMSE power control is
represented by the instantaneous received data symbol SNR, or α(y) · |c̃(k)|2 ·
Ep/N0.

The discrete signalling model for FSAPC (Salmasi & Gilhousen 1991) in the
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Fig. 4.10. Simulation model for MMSE power control.

case of the pilot symbol system is illustrated in Figure 4.11. Parameter p represents
the pilot symbol and d the data symbol. Since the received power is averaged over
three pilot symbols, the measurement time becomes 1.04 ms when the signalling
interval is T = 1/(4.8 kHz). Only pilot symbols are used in received power mea-
surement. In addition to data symbol power, the pilot symbol power, is adjusted
since the effect of power control is measured by the average power of received pi-
lot symbols. The power control signal is updated every sixth signalling interval
(updating interval is 1.25 ms), or at time instants marked by x in Figure 4.11.

�- � -

� -� -

· · ·d d dddd

0 1 · · ·

1.25 ms1.04 ms

F

· · ·
· · ·
k x x

1
4800 s

p p p p pp

Fig. 4.11. Signalling model for FSAPC, when pilot symbols are used.

The simulation model for FSAPC employing pilot symbols is illustrated in Fig-
ure 4.12. The average power of the fading gain c̃(k) is chosen to be 1, and the
average power of complex, zero-mean, white Gaussian noise ñ(k) is 1/(1 + γ/2)
since the average total power in the input of the estimator approximately equals
1. Note that this is valid only when the channel is fading slowly enough. For
simplicity, the value of both the pilot and data symbol in this model is selected
to be one. The average received pilot symbol power is compared to the threshold
value of one. Averaging is done over three pilot symbols (N = 6). As a result of
comparison, the error signal ek is attained, the sign of which determines whether
the data symbol (and the pilot symbol) power is adjusted by a fixed step (1 dB/ms)
up or down. The performance of FSAPC is, again, described by the instantaneous
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received data symbol SNR, or h2
k−1 · |c̃(k)|2 · (1 + γ/2).
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Fig. 4.12. Simulation model for FSAPC using pilot symbols (N = 6).

In simulations, SNR is γ = 16 dB and the number of predictor coefficients 21
(M = 20). Also, normalization 2σ2

a = 1 is assumed. In Figures 4.13 and 4.14,
the performance of MMSE power control and FSAPC, respectively, is shown when
the channel is very slowly fading (f ′

d = 0.001). Similarly, the simulation curves
for both methods are illustrated in Figures 4.15 and 4.16, in the case of a slowly
fading channel (f ′

d = 0.01). Notice the different time scales. In the beginning
of the curves for MMSE power control, a transient state can be recognized since
the delay line of the predictor is filling. The functioning of FSAPC (without pilot
symbols) is well documented, e.g., in (Gilhousen et al. 1991b) and (Ariyavisitakul
& Chang 1993). Thus, we discuss only briefly the main characteristics of the
operation strategy of FSAPC arised in simulations. It can be noted from Figure
4.14 that the instantaneous received data symbol SNR remains approximately at
the constant level γ/2 = 13 dB, or FSAPC tries to compensate for all the changes
occurred in the channel. FSAPC cannot, however, eliminate the deepest fades,
though the channel is very slowly fading. Because of the slowness of FSAPC, the
transmission power is also too high after the deepest fades, and power peaks occur.
When fading is faster (see Figure 4.16), the ability of FSAPC to track changes due
to fading is reduced considerably.

We can note from Figure 4.13 that feedback MMSE power control does not at-
tempt to compensate for fading completely (as can be seen also from Figure 4.4).
When fading is deep enough, the transmission power is not increased without limit
due to the average power constraint. On the contrary, the transmission power is
gradually turned down, or the algorithm “gives up”. That is, it is not wise to
waste transmission power for deep fades (see also (Goldsmith & Chua 1997)). At
other time instants, or when deep fades do not occur, the power control algorithm
attempts to set the received SNR to an approximately constant level. When fading
is faster (Figure 4.15), the performance of feedback MMSE power control deto-
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riarates, but not as much as in the case of FSAPC. Our power control scheme
is, thus, quite similar to the truncated channel inversion technique (Goldsmith &
Chua 1997) where a constant received SNR is strictly maintained unless channel
fading falls below a certain optimized cutoff level, at which point a signal outage
is declared and no signal is sent. Using this scheme, only a 1–2 dB power loss rel-
ative to optimal (when the capacity is the optimization criterion) variable-power
variable-rate policy is realized in a Rayleigh fading channel. The truncated channel
inversion can be seen as a simple approximation of MMSE power control since the
MMSE power control rule is optimized in a whole channel attenuation region. On
the other hand, in the truncated channel inversion strategy, only the cutoff value
is optimized. In fact, the truncated channel inversion scheme can be approximated
by a curve that follows the 1/v̂2(k)-curve in Figure 4.4 for v̂2(k) values larger than
a (optimized) cutoff value, say v̂2

c . With v̂2(k) values smaller than v̂2
c , the trans-

mission power for the channel inversion strategy is forced to zero. Also, in (Coutts
& Davis 1976), an intermittent data transmission system was presented, in which
during deep fades the system also gives up transmitting. Data is transmitted only
when the received SNR is above a desired threshold. Actually, ARQ (automatic
repeat request) schemes reduce the information transmission rate to zero during
deep fades, i.e., the feedback link acts as a switch that stops the flow of information
during bad channel conditions (Schalkwijk 1969).

In Figure 4.13 we can see that the received data symbol SNR is at most time
instants nearby the constant 8 dB level. The constant level is 5 dB smaller than
the average transmitted data symbol SNR γ/2 = 13 dB. The difference between
the average transmitted SNR γ and the average received SNR γr can be explained
by looking at Figure 4.17 (see also definitions (4.36) and (4.38), F = 2), where
a product of each estimate v̂2(k) and the corresponding value of α(y) has been
presented in dB’s as a function of the estimate v̂2(k). That is, Figure 4.17 approx-
imates the received (normalized ) data symbol power (energy) as a function of
v̂2(k). Note that in Figure 4.17 the attenuation estimate (v2(est)) is used instead
of the attenuation value. It is realized that at the deepest fades the power control
algorithm gives up, and elsewhere the received power is set approximately to the
level -5 dB. Although the powers of both

√
α(y) and v(k) are one, on the average,

the power of their product is, on the average, clearly less than one due to their
correlation. That is, the received SNR γr is much smaller than the transmitted
SNR γ, but power control has reduced the fluctuations (except the deepest ones)
of the instantaneous received data symbol SNR caused by the channel. According
to simulations (γ = 13 · · · 18 dB, not presented here) the approximately constant
received data symbol SNR level appeared to rise slowly with increasing γ (with
decreasing BER target).
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Fig. 4.13. Performance of feedback MMSE power control (f 0

d = 0:001).
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Fig. 4.15. Performance of feedback MMSE power control (f 0

d = 0:01).
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5. Discussion and Conclusions

Power control has been analyzed in a single-user case. Feedback MMSE power
control, proposed in this thesis is, thus, applicable also to more systems than only
DS/CDMA systems since no MAI is considered. When there are multiple simul-
taneous users, the system performance is reduced unless the spreading codes (in
CDMA systems) of different users are orthogonal. In that case, the power control
problem for a multiuser case reduces to that of the single-user case. Extension
of the presented analysis to a multiuser case is quite difficult since the optimiza-
tion problem is nonlinear and cannot be solved in a closed form. One possibility
to extend the analysis to the multiuser situation would be to attempt to apply
the single-user power control rules to the multiuser case, as was done in (Gold-
smith 1997). Our power control rules are (numerically) optimized, however, with
the BER, not the capacity, as a performance criterion. Another possibility is to
extend the analysis in Section 4.4 without power control to the multiuser case
as in (Cavers 1999), and power control could be incorporated as in Section 4.4.
Ariyavisitakul studied (multiuser) power control in cellular systems by simulations
in (Ariyavisitakul & Chang 1993) and (Ariyavisitakul 1994). One conclusion was
that ideal power control, which tracks fading accurately, is not preferable due to
the overall increase of interference. The fact that MMSE power control gives up,
or turns the power gradually down, during very deep fades is a profitable feature
from the viewpoint of the system level also. In addition to power control based
on power measurement, Ariyavisitakul investigated SIR-based power control. How
the thresholds should be set for each user in order to maximize the performance
in the practical system employing SIR-based power control remains an open prob-
lem (Ariyavisitakul 1994, Chang et al. 1996). Ariyavisitakul showed only that it
is essentially the mean value of the set thresholds of different users that directly
controls the overall system capacity as a maximum number of simultaneous users.

The Rayleigh fading channel model that was used in the thesis represents fading
well in narrowband systems (Turin 1980, Shapira 1992, Schilling et al. 1991). In
broadband systems (e.g. in CDMA systems) Rayleigh distribution describes fading
more poorly since, either the dynamic range of fading is not so large, or the rate
of fading is not as high as in narrowband systems. The Rayleigh fading channel
model is, however, widely used in the literature when also analyzing broadband
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systems. Furthermore, correlation between the forward and reverse link increases
when the channel bandwidth expands (Schilling et al. 1991). In the Broadband
CDMA (B-CDMA) system, the channel bandwidth of each channel is 48 MHz (in
the narrowband CDMA system it can be 1.25 MHz (Salmasi & Gilhousen 1991)),
and the received signal powers in the two links differ usually by less than 1.5 dB
(Schilling et al. 1991). In this case, reverse link power control can be accomplished
by using only the open loop method, if the resulting capacity reduction due to
imperfect power control can be tolerated. An unavoidable feedback delay restricts
our scheme to be applicable only in slowly fading channels. That is, it is most ap-
plicable to indoor and microcellular communications. In these systems the delay
spread is small enough that the channel of, for example, 1.25 MHz bandwidth sys-
tems may be modeled as narrowband (a single fading path) (Jalali & Mermelstein
1994), which supports the use of a frequency nonselective fading channel model.
The Rayleigh fading channel model is, however, a pessimistic choice also for indoor
and microcellular communications.

We made an assumption of noiseless feedback in our system model. When the
channel attenuation varies slowly compared to the symbol rate, the symbol rate
of the feedback (forward) link can be far less than that of the reverse link. Thus,
redundancy can be included, and a good method for protection against feedback
link noise would be to quantize and code the information to be fed back (Srinivasan
1975). The most realistic situation is the one in which the feedback link is, like
the reverse link, subject to fading.

The near-far problem can also be solved by employing multiuser detection
(Verdú 1986). The optimal multiuser detector is not practical, however, since its
complexity depends exponentially on the number of simultaneous users. Subopti-
mal multiuser detectors, whose complexity depends only linearly on the number of
users, are reviewed in (Moshavi 1996). In practice, power control is also required
in the case of multiuser detection in order to, e.g., compensate for the motion of
a mobile station and to conserve the battery power (Kumar & Holtzman 1995).
In addition, if we assume that multiuser detection is employed only for users with
known codes with the other interfering users being treated as noise, the amount
of interference caused by these unknown users is the same as with single-user re-
ceivers. Rough power control is necessary with multiuser detection also due to
synchronization errors (timing and carrier phase and frequency) (Zheng & Barton
1995). Power control and multiuser detection can, thus, be seen as complemen-
tary methods in the cellular system. The distributed algorithm was proposed in
(Ulukus & Yates 1998a), which iteratively adjusts both the transmission power of
users and the coefficients of the receiver filter. In this algorithm the total trans-
mission power is minimized, and the receiver converges to the multiuser MMSE
detector when all the users achieve the target SIR. If we use a successive inter-
ference cancellation method as the multiuser detector, transmission powers are
controlled in a way that the earlier the received signal is to be detected, the larger
the received power should be (Hatrack & Holtzman 1997). The goal is to have
equal SIR for each user in detection so that the BER’s of the users are the same.
This strategy clearly deviates from conventional power control, where the average
received powers are attempted to be kept approximately at the same level.
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In this thesis, the pilot symbol assisted system using feedback MMSE power
control in subject to a feedback delay and in conjunction with diversity was con-
sidered over a slow Rayleigh fading channel. For the purpose of power control,
a MMSE channel predictor had to be used, and in detection, a MMSE predic-
tor or a smoother was employed. Also, the results for the pilot symbol system
with the frame size of two employing a one-shot MMSE estimator over a random
time-invariant channel were reviewed for comparison. First, the frame size was
restricted to the value of two, and in order to avoid a delay in detection, the pre-
dictor was used in both power control and detection. The performance difference
between MMSE power control using the predictor, and optimal power control, was
found to be smaller than in the one-shot estimator case. This is due to the fact
that the SNR of the estimation is then larger because the averaging is performed
over many successive pilot symbols.

An implementation model of MMSE power control was investigated by simu-
lations. It was noted that MMSE power control does not try to compensate for
the deepest fades due to the average energy constraint. MMSE power control,
thus, turns the power gradually down during very deep fades, and at other time
instants it attempts to set the received SNR to an approximately constant level
which depends on the BER target. In the optimal nonlinear (capacity as a per-
formance criterion) variable-power variable-rate transmission scheme (Goldsmith
& Varaiya 1997, Goldsmith & Chua 1997) the power adaptation was found to
be a water-filling strategy in time. Our linear fixed-rate feedback MMSE power
control (BER as a performance criterion) operates in quite the opposite sense to
that scheme. In fact, MMSE power control appeared to operate quite similarly to
a truncated channel inversion technique (Goldsmith & Chua 1997), which can be
seen as a simple approximation of the MMSE power control method.

In the pilot symbol system employing MMSE power control, the complex fad-
ing gain has been estimated by the optimal (and also linear) MMSE estimator.
Transmission of pilot symbols reduces the spectral efficiency. Estimation of the
fading gain directly by using data symbols is, however, difficult since the fading
channel with power control is not Rayleigh anymore. The optimal channel esti-
mator would in that case be nonlinear. The spectral efficiency of the pilot symbol
system can be improved by increasing the number of data symbols in a frame. The
performance of the pilot symbol system employing MMSE power control with the
predictor was also evaluated with an optimal frame size. It was shown that both
the good performance and spectral efficiency can be achieved in a slowly fading
channel (when estimation accuracy is good).

Finally, symmetry restriction in estimation was relaxed, and the MMSE smoother
was used in detection. In this case, a clear improvement of performance to the
pilot symbol system with MMSE power control could be achieved. Also, it was
discovered that a delay in power control duration of 10− 20 % from the coherence
time only slightly diminishes the system performance with reasonable BER values.

Power control, diversity and channel coding are complementary methods with
which the performance of the system can be maximized. Some results for the
coded DS/CDMA system using diversity and a certain power control scheme were
presented in (Yi & Lee 1996), (Dohi et al. 1996), (Liu 1992), (Jalali & Mermelstein
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1993), (Jalali & Mermelstein 1994), (Adachi et al. 1996), and (Diaz & Agusti
1992). Also, an upper boundary for the BER of a DS/CDMA multimedia wireless
communication system using channel coding with and without ARQ, diversity and
optimal power control was evaluated in (Zhuang 1997). However, the performance
upper limits for the systems using coding, diversity and optimal power control
schemes has not yet been evaluated rigorously in the literature.

In this thesis different power control rules were evaluated for various SNR and
Doppler frequency values. It would be interesting to study whether it is possible
to create a small amount of power control rules for the whole range of practical
SNR region, with good enough system performance. The same applies also to
different Doppler frequencies. This problem closely involves how to approximate
the generated power control rules by some easily attained practical curves. A
good starting point would perhaps be to use the modified power control rules like
in Figure 4.17.

In the third generation wideband CDMA (WCDMA) mobile communication
systems, fixed-step adjustment, closed loop power control (FSAPC) with a com-
mand rate of 1.6 kHz is proposed for both the reverse and forward link (Ojanperä
& Prasad 1998). These systems carry out coherent detection in the reverse link
also by transmitting time multiplexed pilot symbols. Thus, the reverse link can
have larger capacity than the forward link, especially when receiver antenna diver-
sity is included. Also, since multiuser detection is easier to implement at a base
station, the reverse link capacity can be increased further in the future.
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Mämmelä A & Kaasila V-P (1997) Smoothing and interpolation in a pilot symbol-assisted
diversity system. International Journal of Wireless Information Networks 4(3):205–214.

Manzanedo B S, Cosimini P, Irvine J & Dunlop J (1996) Implementation and assessment
of adaptive power control in a 3rd generation cellular system. Proc. IEEE Vehicular
Technology Conference, Atlanta, Georgia, p 1135–1139.

MATLAB (1994) Matlab User’s Guide. The Mathworks Inc., Natick, Massachusetts.

Moshavi S (1996) Multi-user detection for DS/CDMA communications. IEEE Commu-
nications Magazine 34(10):124–136.

Nettleton R W (1980) Traffic theory and interference management for a spread spectrum
cellular mobile radio system. Proc. IEEE International Conference on Communica-
tions, Seattle, Washington.

Nettleton R W & Alavi H (1983) Power control for a spread spectrum cellular mobile
radio system. Proc. IEEE Vehicular Technology Conference, Toronto, Canada, p 242–
246.

Newson P & Heath M R (1994) The capacity of spread spectrum CDMA system for
cellular mobile radio with consideration of system imperfections. IEEE Journal on
Selected Areas in Communications 12(12):673–684.

Nikolai D & Kammeyer K-D (1996) Noncoherent RAKE receiver with optimum weighted
combining and improved closed-loop power control. Proc. IEEE International Sympo-
sium on Spread Spectrum Techniques and Applications, Mainz, Germany, p 239–243.
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