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Abstract-Monte Carlo simulations are used to determine 
the performance of several orthogonal space-time block codes 

The majority of the research to date on space-time cod- 
ing techniques has employed the assumution of independent . .  

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 recent 

A signiscant degradation in the performance ,,f 
the space-time codes is observed for cases where the scatteren are 

paths without regard for he 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 

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 quantified in t e m  of the scattering radius about 
the mobile and transmit antenna spacing. 

I .  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 motivated 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 designs [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 complex Gaussian random variables. 
Further, it was assumed that the path gains are constant over 
the space-time code frame length and v a q  independently from 
frame to frame. 

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 he 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 [I] 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. [SI 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],[12],[131 characterized the temporal and az- 
imuth dispersion of multipath in urban wireless environments. 
Janaswamy [I41 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. 

11. SIGNAL MODEL 

Consider a wireless system employing NT transmit antennas 
and iV, receive antennas. The signal received at the qth 
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antenna at time t is 
'VT 

p=1 
Y q ( t )  = ChP,Y( t )CP( t )  + %(t )  (1) 

where qs( t )  is noise and is assumed to be independent zero- 
mean complex Gaussian with variance N T / ( ~ S N R )  per 
complex dimension with SNR denoting the signal-to-noise 
ratio. The quantity hp.q(t)  in Equation I denotes the complex 
path gain between the pth transmit antenna and the qth receive 
antenna at time t. The next section presents the details of 
the channel model and a expression for the complex path 
gain. The quantity cp( t )  denotes the space-time code symbol 
transmitted by the pth antenna at time t. The space-time codes 
are normalized such that the average energy over all codes 
is unity. Each code is described by a T x NT 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 

array element at the base station. It consists of contributions 
from nd discrete scatterers with each scatterer characterized 
by its amplitude A,, phase +, and spatial location Z,. All 
scatterers are assumed to be coplanar with the mobile and base 
station. The spatial locations of the m a y  phase centers for the 
mobile and base are &oh& and respectively. Assuming 
a plane wave with frequency fc is transmitted by the base, the 
expression for the complex path gain hp,q(t) is: 

AI-1 

h,,,(t) = C .4mexp(3~,jexpIj2nf,(-r,(t))I ( 5 )  
m=0 

In the previous expression T,(t) denotes the path delay 
associated with the mth scatterer and 

(6) = k (COSO, ,  sino,,~) - 
.. I I . -  

QAM, M-PSK, etc.) and the specific data to be encoded. The the Of at the (array 
space-time code symbol is chosen as the ently in the phase center) associated with the signal re-radiated from the 
code matrix corresponding to the pth column and tth row. mth scatterer and the angle 4, corresponds to the angle of 
Three space-time block codes are investigated in the work transmitted from the base (may Phase 
presented here [4]. The code Ga is defined by center). In order to specify the path delay associated with the 

mth scatterer, r,(t), 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 

of the 

(2) 

Clearly, the rate of the G2 code is 1. This code was first 

NT = 2 transmit antennas. Two codes with rate 3/4 are also 
employed in the simulation results presented here. They are 

Gz(s1,xz) = ( 
-22  :;) 

(8) 
proposed by Alamouti [31 for wireless systems employing - 

zmohile( t )  = Zobile + Gt 

with Pmnobile denoting the initial location of the mobile and 
5 = IC1 cos (y) denoting the velocity vector. The quantity /GI 
is the magnitude of velocity vector and y is the angle the 
vector makes with the x-axis of the coordinate system. Using 
this model, the expression for the path delay is 

fi (3) 

z1 x2 
-2; x; 

< (-%L-q+*2-z;) 
./? ./? 

where c denotes the speed of light and 131 denotes the norm 
of the vector L 

The amplitude A, and phase &, associated with the 

zz zz 
42. 
Ji 2 1  x2 

fi .Ji 
-2; x; 
5 3 i-z?-z*+Z,-z;) 

mth scatterer depend on the physical characteristics of the 
2 2 scatterer itself [IO] and are in general unknown. For the 

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 Gz, H3 
and H4 is that only linear processing is required for decoding. 

111. 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 qfh array ele- 
ment of the antenna at the mobile and transmitted from the pth 

results presented here it is assumed that the scatterer amphtude 
A ,  = A for all m and the scatterer phase d~, is uniformly 
distributed on (-T, n) and independent for each m. 

A key aspect of the channel model is the probability 
distribution of the Ab scatterer locations 5,. Given Zm, the 
mobile parameters and 9 and the locations of the 
transmit and receive array phase centers, ?base and 3,,,brler 
respectively, the path delay ~,(t) ,  angle of anival 8, and 
angle of departure e,,, associated with the mth scatterer 
are completely determined. A recent measurement campaign 



conducted by Pedersen et al. [ I  1],[12],[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 
[I41 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 U R  (denoted by us in [I41 ). The 
parameter ufi specifies a radius about the mobile for which 
approximately 68 percent of the scatterers are contained. Sim- 
ilarly, the value 2 u ~  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 AJ=SO discrete scatterer 

locations were generated about the mobile using the two- 
dimensional Gaussian scatterer model. Values considered for 
the parameter OR were UR=IO, 20, 50, 100. 200, 500111 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 / u ~ = 9 . 6 2  yielding ffR=104m for D=100Om. The magnitude 
of the mobile velocity vector was chosen to be lSl=IOOkm/hr 
resulting in a maximum Doppler shift of 78.7Hz for a carrier 
frequency of f,=SSOMHz. The symbol rate for all modulation 
schemes was 24000symbols/sec resulting in a data-to-fading 
ratio of approximately 300:l. We call this case 'slow fading'. 
For a fixed value of OR and signal-to-noise ratio the symbol 
error probability was calculated by averaging the symbol error 
over IOOOO space-time symbols transmitted and 100 channel 
realizations. 

For the Gz code the input symbols to the space-time encoder 
were selected from a 8PSK constellation and for the H3 and 
H4 codes the input symbols were selected from a l6QAhI 
constellation. Since the rate of the space-time code GZ is I and 
the rate of both codes H3 and H4 is 3/4, the spectral efficiency 
for all space-time codes investigated was 3 hits/sec/Hz. 

Figure 1 shows the simulation results for the Gz 8PSK 
code with X I 2  element spacing at the base antenna array 
and N T = ~ ,  N,=l. Also shown for reference is the symbol 
error probability for 8PSK modulation in Rayleigh fading 
(i.e., no space-time coding). Note that for small values of the 
parameter OR, corresponding 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 for an uncorrelated 
channel is approximately 29dB but increases to more than 
40dB for ffR=lom. The latter case corresponds closely to the 
result for no space-time coding. From the figure it is also 

observed that the symbol error probability for the o ~ = 5 0 0 m  
case is essentially the same as that for the uncorrelated 
channel. Figure 2 shows the simulation results for the G? 
8PSK code with 5X 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 U R .  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 

Figure 3 shows the simulation results for the H3 16QAM 
code with X/2 element spacing at the transmitter ind N T = ~ ,  
N R = ~ .  For this case the SNR required to achieve a symbol 
error probability of lo-* is approximately 27dB for the 
uncorrelated channel, achieving a gain of 2dB over the GZ 
8PSK code. However, for aR=lOm the results correspond 
closely to the case of no space-time coding. Figure 4 shows 
the results for the H3 16QAM code with 5X element spacing 
at the transmitter. For this case the symbol error probabilities 
for f f ~ = 5 0 ,  100, 200, 500m are essentially identical to that 
for the uncorrelated channel. It was found that approximately 
4OX spacing of the base antennas was required to achieve 
performance within 0.5dB of that observed for the uncorrelated 
channel at lo-' symbol error probability for UR=lOm. 

Figures 5 and 6 show the results for the H4 l6QAM code 
with X/2 and 5X element spacing at the transmitter, respec- 
tively. For this case, to achieve a symbol error probability 
of for the uncorrelated channel requires approximately 
25dB SNR, a gain of 4dB over the GZ 8PSK code and 
2dB over H3 16QAM code. However, for small values of 
the parameter UR severe degradation in the performance of 
the space-time code is observed, padcularly for X/2 element 
spacing. 

symbol error probability for oR=lOm. 

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. 

REFERENCES 
111 W.C. lakes, Micmwave Mobile Cornmunicarions. IEEE-Press, 1974. 
121 I. Winters, "Optimum Combining in Digital Mobile Radio with Cochan- 

ne1 Interference:' IEEE Joumal on Selected Amos in Cornmunicotions, 
Vol. SAC-2, No. 4, pp. 528-539. July 1984. 

131 S. Alamouti, "A Simple Transmit Diversity Technique for Wireless 
Communications:' IEEE Jounvrl on Selected Amas in Communicnrions, 
Vol. 16, No. 8. October 1998. 

[41 V. Tarokh et al., "Space-?" Block Coding for Wireless Commu- 
nications: Performance Results," IEEE Jountal on Selerred Areas in 
Communications, Vol. 17. No. 3, March 1999. 

0-7803-8255-2/04pSu).W 02004 IEEE. 115 



”‘i Y 
Fig. 1. G2 8PSh’ code, Gaussian scatterer density model. slow fading. 
h+2, A/? element spacing, NFI. Symbol error probability versus per 
symbol signal-to-noise ratio. 

‘7 Y 
Fig. 2. G2 8PSK code. Gaussian scanerer density model, slow fading, 
h+2. 5X element spacing, N R = ~ .  Symbol emr  probability versus per 
symbol signal-to-noise ratio. 
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Fig. 5 .  Hd 16QAM code. Gaussian scanerer density model, slow fading. 
N,,-=4, X I 2  element spacing, NR=I. Symbol error probability versus per 
symbol signal-to-noise ratio. 
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Fig. 6.  Ha I6QAAf code. Gaussian scatterer density model. slow fading, 
NT=~,  5X element spacing. N R = ~ .  Symbol error probability versus per 
symbol signal-to-noise ratio. 
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