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Abstract-We study the design parameters of pilot-symbol­
assisted modulation (PSAM) schemes for spatially correlated
single-input multiple-output (SIMO) systems in time-varying
Gauss-Markov flat-fading channels. We use an information
capacity lower bound as our figure of merit. We investigate
the optimum design parameters, including the ratio of power
allocated to the pilots and the fraction of time occupied by the
pilots, for SIMO systems with different antenna sizes and with
spatial channel correlation. Our main finding is that by optimally
designing the training parameters for single-input single-output
(SISO) systems, the same parameters can be used to achieve near
optimum capacity in both spatially independent and correlated
SIMO systems for the same fading rate and signal-to-noise ratio
(SNR). In addition, we show that spatially independent channels
give the lowest capacity at sufficiently low SNR. These findings
provide insights into the design of practical PSAM systems.

I. INTRODUCTION

Channel estimation is crucial for reliable high data rate
transmission in wireless communications with coherent de­
tection. Pilot-symbol-assisted modulation (PSAM) has been
used in many practical communication systems, e.g. in Global
System for Mobile Communications (GSM) [1], to assist es­
timation of unknown channel parameters. In PSAM schemes,
training symbols are inserted into data blocks periodically to
acquire the channel state information (CSI) [2]. However, the
insertion of pilots also reduces the information capacity as less
transmission resource is allocated to data. Therefore, trade-off
analysis in PSAM parameter design is required on the resource
allocation to pilots and data. Furthermore, the parameters
of the wireless channel, such as the number of the channel
inputs/outputs, the fading rate and the spatial correlations, add
another level of complexity into the design problem.

Optimal PSAM designs for time-varying fading channels
with low-pass Doppler spectra were studied in [3,4], where
Wiener filtering was used for non-causal channel estimation.
In [3], the authors studied a lower bound on channel capacity
and concluded that optimal sampling frequency of the fading
process equals the Nyquist rate. On the other hand, the studies
on channel capacity with ideal interleaving via Monte Carlo
simulations in [4] showed that pilot symbols should be sent
more frequently than the Nyquist rate.

More recently, studies on optimal PSAM design in single­
input single-output (SISO) systems adopted a Gauss-Markov
channel model which is an alternative model for time-varying
fading channels [5-7]. With fixed ratio of pilot insertion,
the authors in [5] found that allocating only one pilot per
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transmission block minimized the channel estimation error
at the last data symbol in the block. From an information
theoretic viewpoint, the authors in [6] investigated the power
distribution among data symbols and showed that data symbols
closer to the pilot symbols should have more power than
those further away from the pilots. In [7], the authors assumed
uniform power distribution among data symbols, and jointly
optimized a channel capacity lower bound to find the optimum
pilot power allocation ratio and pilot spacing.

For multiple-input multiple-output (MIMO) systems, the
authors in [8] studied a lower bound on the information
capacity in PSAM schemes for block fading channels, and
derived the optimal pilot power allocation and optimal number
of pilot symbols per transmission block. For slow bandlimited
fading channels with maximum likelihood estimation, the
authors in [9] found that the optimal pilot spacing is nearly
independent of the number of receive antennas. However,
studies in [9] assumed spatially independent channels with
equal power allocation to pilot and data symbols.

The impact of channel spatial correlations on the capacity
has been studied mainly in non-PSAM schemes. With the
knowledge of the channel spatial covariance at the transmitter,
correlations among transmit antennas increase the channel
capacity when perfect CSI is present at the receiver [10]. On
the other hand, the authors in [11] showed that correlations
among the transmit/receive antennas always reduce capacity,
assuming perfect CSI is available only at the receiver.

In this paper, we consider the optimal PSAM design from
an information theoretic viewpoint for SIMO systems in time­
varying Gauss-Markov channels. We investigate the following
questions: Does channel spatial correlation at the receiver al­
ways reduce information capacity? Are optimal parameters for
SISO systems also optimal for SIMO systems with spatially
correlated channels? The main contributions of this paper are:

• In Section IV, we show that spatially independent SIMO
channels result in the highest channel estimation error,
and hence the lowest capacity at sufficiently low SNR.

• In Section V, we show that the optimum PSAM design
parameters for SISO systems are very close to optimal for
spatially independent SIMO systems for Gauss-Markov
channels with the same fading rate and operating SNR.

• In Section V, we show that the optimal design for
spatially independent channels are also near optimal for
correlated channels, which is an extension of [9]. Based
on the above results, we conclude that by optimally
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