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Abstract-In this paper, pilot-assisted transmission over time­
selective flat fading channels is studied. It is assumed that
noncausal and causal Wiener filters are employed at the receiver
to perform channel estimation with the aid of training symbols
sent periodically by the transmitter. For both filters, the variances
of estimate errors are obtained from the Doppler power spectrum
of the channel. Subsequently, achievable rate expressions are
provided. The training period, and data and training power
allocations are jointly optimized by maximizing the achievable
rate expressions. Numerical results are obtained by modeling
the fading as a Gauss-Markov process. The achievable rates of
causal and noncausal filtering approaches are compared. For
the particular ranges of parameters considered in the paper, the
performance loss incurred by using a causal filter as opposed to
a noncausal filter is shown to be small. The impact of aliasing
that occurs in the undersampled version of the channel Doppler
spectrum due to fast fading is analyzed. Finally, energy-per-bit
requirements are investigated in the presence of noncausal and
causal Wiener filters.

I. INTRODUCTION

In wireless communications, channel conditions vary over
time due to mobility and changing environment. If the channel
conditions are not known a priori, practical wireless systems
generally employ training sequences to perform channel esti­
mation, receiver adaptation and optimal decoding [5]. Cavers
in [1] and [2] conducted one of the early studies in this
area and provided an analytical approach to the design of
pilot-assisted transmissions. Recently, there has been much
interest in the optimization of training parameters using an
information-theoretic approach. Hassibi and Hochwald [4]
considered the multiple-antenna Rayleigh block fading channel
and optimized the power and duration of training signals by
maximizing a capacity lower bound. Adirredy et al. [3] investi­
gated the optimal placement of pilot symbols and showed that
the periodical placement maximizes the data rates. In general,
the amount, placement, and fraction of pilot symbols in the
data stream have considerable impact on the achievable data
rates.

Considering adaptive coding of data symbols without feed­
back to the transmitter, Abou-Faycal et ale [10] studied the data
rates achieved with pilot-symbol-assisted modulation (PSAM)
over Gauss-Markov channels. The authors in [11] also studied
the PSAM over Gauss-Markov channels and analyzed the
power allocation of data symbols when the pilot symbol has
fixed power. They showed that the power has a decreasing
character with respect to the distance to the pilot symbol. In
similar settings, [12] analyzed the training power when the

data power is distributed uniformly. More recently, we in [13]
jointly optimized the pilot symbol period and power allocation
among pilot and data symbols by maximizing the achievable
rates in Gauss-Markov fading channels. Ohno and Giannakis
[7] considered general slowly-varying fading processes. Em­
ploying a noncausal Wiener filter for channel estimation at the
receiver, they obtained a capacity lower bound and optimized
the spacing of training symbols and training power. Baltersee
et ale in [8] and [9] have also considered using a noncausal
Wiener filter to obtain a channel estimate, and they optimized
the training parameters by maximizing achievable rates in
single and multiple antenna channels.

In this paper, we study training-based transmission and
reception schemes over a-priori unknown, time-selective
Rayleigh fading channels. Since causal operation is crucial
in real-time, delay-constrained applications, we consider the
use of causal, as well as noncausal, Wiener filters for channel
estimation. We optimize the training parameters by maximiz­
ing a capacity lower bound. Although the treatment is general
initially, we concentrate on the Gauss-Markov channel model
for numerical analysis. As another contribution, we analyze
fast fading channels and the impact upon the performance of
aliasing due to under-sampling of the channel.

II. CHANNEL MODEL

The time-selective Rayleigh channel is modeled as

Yk = hkXk + nk k = 1, 2,3, ...

where Yk is the complex channel output, Xk is the complex
channel input, {nk} is assumed to be a sequence of inde­
pendent and identically distributed (i.i.d.) zero-mean Gaussian
random variables with variance a;, and {h k } is the sequence
of fading coefficients. {hk} is assumed to be a zero-mean sta­
tionary Gaussian random process with power spectral density
Sh(eiw ). It is further assumed that Xk is independent of h k

and n k. While both the transmitter and the receiver know the
channel statistics, neither has prior knowledge of instantaneous
realizations of the fading coefficients. Note that the discrete­
time model is obtained by sampling the received signal every
Ts seconds.

III. PILOT SYMBOL-ASSISTED TRANSMISSION AND
RECEPTION

We consider pilot-assisted transmission where periodically
inserted pilot symbols, known by both the sender and the
receiver, are used to estimate the fading coefficients of the
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