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 Abstract—Monte Carlo simulations are used to determine

the performance of several orthogonal space-time block codes
for wireless channels that exhibit both temporal and spatial
correlation. A channel model is employed that specifies the spatial
distribution of the channel scatterers and is based upon recent
measurements. A significant degradation in the performance of
the space-time codes is observed for cases where the scatterers are
located in close proximity to the mobile and fractional wavelength
antenna spacing is used at the transmitter. The conditions under
which the channel transmission paths may be assumed to be
independent are guantified in terms of the scattering radius about
the mobile and transmit antenna spacing.

[. INTRODUCTION

Wireless systems employing multiple transmit and receive
antennas have the potential for tremendous gains in channel
capacity through exploitation of independent transmission
paths due to scattering. Diversity combining techniques have
been used at the base station receiver for some time and these
approaches are well understood [1],[2]. Achieving transmit
diversity through the use of space-time coding techniques
at the base station is a recent innovation moetivated by the
need for higher throughput in the wireless channel. A simple
two-branch transmit diversity scheme was first proposed by
Alamouti [3}, It was demonstrated that this scheme provides
the same diversity order as a wireless system employing a
single transmit antenna and two receive antennas and utilizing
maximal-ratio combining (i.e. classical receive diversity). The
bit-error-rate (BER) performance of the proposed scheme
was evaluated assuming that the path from each transmit
antenna to each receive antenna experiences mutually uncor-
related Rayleigh amplitude fading. Tarokh et al. [4] proposed
additional space-time block codes utilizing three and four
transmit antennas. These codes are based upon complex-
valued orthogonal destgns [5] and have the feature that only
linear processing is required at the receiver for decoding. The
transmission model used in this work assumed that the path
gains are independent compiex Gaussian random variables.
Further, it was assumed that the path gains are constant over
the space-time code frame Iength and vary independently from
frame to frame.
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The majority of the research to date on space-time cod-
ing techniques has employed the assumption of independent
transmission paths without regard for the conditions under
which this assumption is justified. The degree of correlation
between channel transmission paths depends significantly on
the scattering environment and on the antenna separation at
the transmitter and receiver. For example, if the majority of
the channel scatterers are located in close proximity to the
mobile then the transmission paths will be highly correlated
unless the transmit antennas are sufficiently separated in space.
Early research that characterized the spatial and temporal
characteristics of the mobile radio channel was performed
by Jakes [1] and Clarke [7]. In these works a simple geo-
metric scattering model was employed that places scatterers
uniformly on a circular ring a fixed distance from the mobile.
More recently, Chen et al. [8] extended this 'circular ring’
scatterer model to include multiple antennas at the base station,
a single antenna at the mobile and Doppler effects due to
motion of the mobile. Shiu et al. [9] investigated the effects of
fading correlation on the capacity of multiple-antenna wireless
systems by employing the Jakes model to multiple antennas
at the base station as well as the mobile, However, Doppler
effects due to mobile motion were not considered.

A recent measurement campaign conducted by Peder-
sen et al. [11},[121,[13] characterized the temporal and az-
imuth dispersion of muitipath in urban wireless environments.
Janaswamy [14} determined that these measurements were
consistent with a two-dimensional Gaussian density model for
the scatterer locations surrounding the mobile receiver. In the
work presented here we quantify the performance of space-
time coding techniques for a scattering model based upon a
two-dimensional Gaussian density. A linear model is employed
for the mobile motion and the results include the effects of
Doppler.

II. SIGNAL MODEL

Consider a wireless system employing N transmit antennas
and Np receive antennas. The signal received at the q”‘
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antenna at time ( is
Np
Yy (t) = Z Pp,q(t)ep(t) + 1 (£)

p=1

n

where 7,(¢) is noise and is assumed to be independent zero-
mean complex Gaussian with variance Np/(2SNR) per
complex dimension with SNR denoting the signal-to-noise
ratio. The quantity A, 4(t) in Equation | denotes the complex
path gain between the p** transmit antenna and the ¢** receive
antenna at time ¢, The next section presents the details of
the channel model and a expression for the complex path
gain. The quantity c,(¢) denotes the space-time code symbol
transmitted by the p*® antenna at time £. The space-time codes
are normalized such that the average energy over all codes
is wnity. Each code is described by a T x Np matrix with
the columns corresponding to the space dimension and the
rows corresponding to the time dimension. Each entry in the
matrix consists of linear combinations of the complex-valued
signal constellation variables xq, za, ..., zx. These variables
are determined by the type of modulation employed (e.g. M-
QAM, M-PSK, etc.) and the specific data to be encoded. The
space-time code symbol ¢,(t) is chosen as the entry in the
code matrix corresponding to the p** column and t** row.
Three space-time block codes are investigated in the work
presented here [4]. The code G2 is defined by

G (x1,22) = ( “ wg) ()]

—23 o
Clearly, the rate of the G2 code is 1. This code was first
proposed by Alamouti [3] for wireless systems employing
N7 = 2 transmit antennas. Two codes with rate 3/4 are also
employed in the simulation results presented here. They are

2 ;3
T
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Codes that are equivalent to these two designs and possess a
somewhat simpler form have been found. See [6] for details
and additional references. A key feature of the codes Go, Hs
and Hy is that only linear processing is required for decoding.

IIl. CHANNEL MODEL

This section describes the channel model employed for the
Monte Carlo simulations presented here. Consider the path
gain associated with the signal received at the ¢ array ele-
ment of the antenna at the mobile and transmitted from the pt*
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array element at the base station. It consists of contributions
from M discrete scatterers with each scatterer characterized
by its amplitude A,,. phase 1, and spatial location &,. All
scatterers are assumed to be coplanar with the mobile and base
station. The spatial locations of the array phase centers for the
mobile and base are Z,,obite aNd Zpase. respectively, Assuming
a plane wave with frequency f. is transmitted by the base, the
expression for the complex path gain h, o (%) is:
M=1
Bpg(t) = Amexp {(jthm) exp (127 fo (7 (t))]

m=0

Tm —p S —q
X exp [+]km0bile * Trobite T Jl‘base : xbase]

%)

In the previous expression 7,,(f) denotes the path delay
associated with the m*® scatterer and

b obite = K (€08 O,y 8T18,, 0) (6)
kD = k (COS @y, 8i70bm, 0) (M

k = 2m/)\ with X the transmitted wavelength. The angle
. corresponds to the angle of arrival at the mobile (array
phase center) associated with the signal re-radiated from the
m*h scatterer and the angle ¢,,, comesponds to the angle of
departure of the signal transmitted from the base (array phase
center). In order to specify the path delay associated with the
m* scatterer, 7, (f), some assumptions about the motion of
the mobile must be made. In what follows we assume a linear
motion model. Specifically, the spatial location of the mobile
as a function of time is given by

- -0 -
Frmobite(t) = Thopite T Tt

(8)
with 79, ... denoting the initial location of the: mobile and
v = |¥| cos{) denoting the velocity vector. The quantity |7|
is the magnitude of velocity vector and ~ is the angle the
vector makes with the x-axis of the coordinate system. Using

this model, the expression for the path delay is

'Tm(t) - 'i:base - i:m' +C|fm - ;i:mob'i,lgl (9)
. |fbase - i:ml + lfm - (‘f?nobile + 'ﬁt) |

4

where ¢ denotes the speed of light and |£] denotes the norm
of the vector Z.

The amplitude A,, and phase %, associated with the
m** scatterer depend on the physical characteristics of the
scatterer itself [10] and are in general unknown. For the
results presented here it is assumed that the scatterer amplitude
Am = A for all 77 and the scatterer phase i, is uniformly
distributed on (~m, 7) and independent for each m.

A key aspect of the channel model is the probability
distribution of the A scatterer locations ,. Given T, the
mobile parameters (£2, ... and ¥) and the locations of the
transmit and receive array phase centers, Zpase and Tmobite,
respectively, the path delay 7, (¢), angle of arrival 6,, and
angle of departure ¢,, associated with the m'* scatterer
are completely determined. A recent measurement cantpaign
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conducted by Pedersen et al. [11],112],[13] characterized the
temporal and azimuth dispersion of multipath in urban wire-
less environments. The study found that the power azimuth
spectrum was accurately modeled using a truncated Laplacian
function and power delay spectrum was well-approximated by
a negative-exponential function. Recent work by Janaswamy
[14] concluded that the measurements reported by Pedersen et
al. were consistent with a two-dimensional Gaussian density
model for the scatterer locations surrounding the mobile
receiver. Expressions were derived for the root-mean-square
(RMS) angular spread and RMS delay spread as a function
of the distance D between the mobile and the base and the
Gaussian spread parameter o (denoted by o5 in [14] ). The
parameter og specifies a radius about the mobile for which
approximately 68 percent of the scatterers are contained. Sim-
ilarly, the value 2og specifies a radius for which roughly 95
percent of the scatterers are contained. The two-dimensional
Gaussian scatterer density model was used for the simulation
results presented here.

IV. SIMULATION RESULTS

For the Monte Carlo simulations A{=50 discrete scatterer
locations were generated about the mobile using the two-
dimensional Gaussian scatterer model. Values considered for
the parameter o were ox=10, 20, 50, 100, 200, 500m and
the separation between the mobile and the base was fixed
at D=1000m. For reference, Janaswamy determined the best
fit parameters for the measurements of Pedersen et al. to be
D /o r=9.62 yielding o gp=104m for D=1000m. The magnitude
of the mobile velocity vector was chosen to be |§|=100km/hr
resulting in a maximum Doppler shift of 78.7Hz for a carrier
frequency of f,=850MHz. The symbol rate for all modulation
schemes was 24000symbols/sec resulting in a data-to-fading
ratio of approximately 300:1. We call this case 'slow fading’.
For a fixed value of o and signal-to-noise ratio the symbol
error probability was calculated by averaging the symbol error
over 10000 space-time symbols transmitted and 100 channel
realizations.

For the (73 code the input symbols to the space-time encoder
were selected from a 8PS K constellation and for the Hz and
H, codes the input symbols were selected from a 16QAM
constellation. Since the rate of the space-time code G5 is | and
the rate of both codes H; and H, is 3/4, the spectral efficiency
for all space-time codes investigated was 3 bits/sec/Hz.

Figure 1 shows the simulation results for the Gz 8PSK
code with A/2 element spacing at the base antenna array
and Np=2, Np=1. Also shown for reference is the symbol
error probability for 8PSK modulation in Rayleigh fading

(i.., no space-time coding). Note that for small values of the

parameter g, comesponding to scatterers in close proximity
to the mobile, significant degradation in the performance of the
space-time code is observed. For example, the SNR required to
achieve a symbol error probability of 104 for an uncorrelated
channel is approximately 29dB but increases to more than
40dB for or=10m. The latter case corresponds closely to the
result for no space-time coding. From the figure it is also
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observed that the symbol error probability for the ¢r=500m
case is essentially the same as that for the uncorrelated
channel. Figure 2 shows the simulation results for the Go
8PSK code with 5A element spacing at the base antenna
array. Considerable improvement in the performance of the
space-time code is observed for this case, particularly for small
values of the parameter op. It was found that approximately
30X spacing of the base antennas was required to achieve
performance within 0.5dB of that observed for the uncorrelated
channel at 10~ symbol error probability for oz=10m.

Figure 3 shows the simulation results for the H3 16QAM
code with A/2 element spacing at the transmitter and Np=3,
Ng=1. For this case the SNR required to achieve a symbol
error probability of 107* is approximately 27dB for the
uncorrelated channel, achieving a gain of 2dB over the Go
8PSK code. However, for ox=10m the results correspond
closely to the case of no space-time coding. Figure 4 shows
the results for the H3 16Q) AM code with 5X element spacing
at the transmitter. For this case the symbol error probabilities
for op=50, 100, 200, 500m are essentially identical 10 that
for the uncomelated channel. It was found that approximately
40X spacing of the base antennas was required to achieve
performance within 0.5dB of that observed for the uncorrelated
channel a1 10~ symbol error probability for oz=10m.

Figures 5 and 6 show the results for the Hy 16QAM code
with A/2 and 5X element spacing at the transmitter, respec-
tively. For this case, to achieve a symbol error probability
of 10~¢ for the uncorrelated channel requires approximately
25dB SNR, a gain of 4dB over the G; 8PSK code and
2dB over H; 16QQAM code. However, for small values of
the parameter g severe degradation in the performance of
the space-time code is observed, particularly for A/2 element
spacing.

V. CONCLUSIONS

Monte Carlo simulations were used to determine the perfor-
mance of several orthogonal space-time block codes using a
two-dimensional Gaussian scatterer model. Codes employing
2, 3 and 4 transmit antennas, a single receive antenna, and
with a spectral efficiency of 3bits/s/Hz were investigated. A
significant degradation in performance was observed for cases
in which the scatterers were located in close proximity to
the mobile and fractional wavelength spacing was employed
at the transmitter. Increasing the transmit antenna spacing
mitigates this effect to a certain extent and the antenna spacing
required in order to achieve performance comparable to the
uncorrelated channel was quantified.
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Ne=4, A/2 element spacing, Ngp=1. Symbo} emor probability versus per
symibol signal-to-noise ratio.
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Fig. 6. Hy 16QAM code, Gaussian scatterer density model, slow fading,
Np=4, 5\ element spacing, Ng=1. Symbol error probability versus per
symbaol signal-to-noise ratio.
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