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ABSTRACT 

This paper presents a deterministic space-time multipath 
Rayleigh fading channel model to study space-time correla-
tion of the received signal waveforms to multi-antenna array 
receiver system. It can be considered as a modification of 
Lee’s model, which is based on vector sum of fading wave-
forms, incorporating azimuth spread, time delay along the 
array, scatterers’ location geometry and number of scatterers’ 
considerations. Recent field measurements show a Laplacian 
distribution of power azimuth, suggesting that there are 
more scatterers or more scatterers’ energy closer to the true 
direction of the mobile transmitter. Therefore number and 
location of scatterers at the vicinity of the mobile as well as 
power of contributed signal components should be revisited 
in spatio-temporally correlated fading models, which is our 
motivation. Simulation results show fair agreement with 
recent field measurements in terms of spatial correlation. 

1. INTRODUCTION 

Multiple-antenna in cellular systems have been used in mo-
bile communication systems to provide spatial diversity. In 
order to evaluate its performance, we need a fading channel 
simulator to generate the spatiotemporally correlated fading 
waveforms. This calls for adequate modeling and simulation 
of the channel. Classically, dense scattering has been viewed 
as leading to a Rayleigh fading phenomenon for narrowband 
signals [1]. In [2] a survey of spatial channel models is given 
where the amplitude and delay of scattered signals were 
considered as well as the angle of arrival (AOA).  
In macrocell environment, the base station antenna is placed 
at some height and the influence of scatterers close to the 
base station can be neglected. Because of this some pro-
posed models consider a ring (or disk) of uniformly distrib-
uted scatterers around the mobile [3,4], in order to introduce 
azimuth spread (i.e. AOA). Depending on the spatial distri-
bution of the scatterers, different probability density func-
tions (a  function [5], a uniform distribution [6], 

and a truncated normal distribution [7]) for the azimuth dis-
tribution of the incident waves as seen from the base station 
(BS) have been proposed in the literature. A Gaussian distri-
bution of power azimuth spectrum (PAS) has been consid-

ered in [8], while Kim et al. [9] proposed a spatio-temporal 
correlated fading model by assuming uniform distribution of 
power over a fixed span of azimuth, but the high order Dop-
pler filters and the interpolators, which are essential to en-
hance the temporal correlation, increase computational 
complexity of the model. Recent field measurements in [10] 
show a Laplacian distribution of power azimuth suggesting 
the existence of more scatterers’ energy closer to the true 
direction of the mobile transmitter. In [12], a deterministic 
model for spatiotemporally correlated fading generation was 
proposed, and the fading waveforms generated by the vector 
sum of the complex sinusoids with the Doppler frequencies 
caused by the scatterers. However, it is difficult to apply the 
method to the channel with arbitrary spatial correlation. It is 
not clear what kind of distribution of the scatterers within a 
cluster area that produce a uniform distribution of arrival 
angle, which is widely used in the literature.  
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In this paper we develop a spatio-temporally fading model 
by incorporating the azimuth of the scatterer signals into 
Lee’s fading model [4]. This produces a set of fading wave-
forms which is correlated spatially given the desired azimuth 
spreading. By this method, the power reflected from a par-
ticular point will be a function of its distance from the 
transmitter. Since the circular symmetry of the scatterers 
about the transmitter is maintained, the appropriate Doppler 
spectrum and temporal correlation of the waveforms is as-
sured.preparation, submission, and review process. 

2. CHANNEL MODEL 

In a macrocell environment, it is usually assumed that the 
base station (BS) antennas are set well above the city build-
ings with no major scatterers nearby and therefore the influ-
ence of scatterers close to BS is considered negligible. We 
assume the mobile station (MS) is frequently immersed in a 
complex plane scattering environment with no line-of-sight 
(LOS) between MS and BS, which is typical in an urban 
environment. The radius of scatterer’s location, , is con-

siderably small-ler than the distance between MS and BS, 

. The transmitted signal is represented as 
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where the angular frequency 0ω  is equal to 
cfπ2 , and  

is the carrier frequency. We restrict ourselves to the case 
where the scatterers are standing, and the mobile station is 
moving with a constant velocity V. The received signal  

at the BS, coming from N signal paths, can be expressed as  
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where iτ  is delay and complex value  is the i -th path 

transmission attenuation factor. We assume N discrete scat-
terers are placed uniformly of radial distance  from the 

mobile transmitter, where the i-th scatterer is at the angle 
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and BS. Then the received signal  at the receiver can be 

expressed as  

)(ts

( )]))(2exp[)(()(
1

0 ∑
=

+−=
N

i
idcdi ii

fftfjAtsts τπ ,(3) 

where )cos( ζα −= imd ff
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, ( )λVf m =  is the maxi-

mum Doppler frequency and ζ  is the angle of motion of 

the transmitter with respect to the LOS, as shown in Fig.1. 

 
The angle iψ  which is the azimuth of the i-th scattered sig-

nal with respect to broadside of a linear array is equal to 

iθθ + , where iθ  is the angle of spreading around some 

nominal azimuth θ . We note that the maximum angle 

spread (
maxiθ ) is ( rdd0 ) and iθ  is given by 

[ ]))cos(()sin(arctan 00 irii ddd ααθ −= . To incorporate 

the azimuth of each scatterer iψ , an array response vector 

(ARV) is created for each scattered signal. The ARV simply 
contains the phase shift appropriate for each antenna ele-
ment due to the azimuth of the signal. For a uniformly 
spaced linear array (ULA) of M antenna elements, this is 
given by  
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where 0δ  is the inter-element spacing of the antennas in 

terms of wavelengths. Each scattered signal is multiplied by 
its response vector and summed with the other scattered 
signals to form received signal as 
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Now, if we consider P scatterers on each radial line, then the 
received signal waveform for NP signal path reflected from 
NP scatterers is:         
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For all scatterers on radial line , we consider 

same 
),,1( , Nii K=

iα  (implies the same Doppler shift) and equal angle 

with respect to the mobile transmitter’s motion (Fig. 2). 

 
 If we consider scatterers’ locations according to 

r
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scatterer in i-th radial to mobile node (the exponent 
r
 re-

flects the desired distribution of scatterer within the area) 
and include some scaling factor, 
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tion of distance from the transmitter (  is the degree to 

which the power reflected from a scatterer tapers off)  then 
the reflected power from a given scatterer is no longer con-
stant but varies as a function of the distance from the trans-
mitter. An ‘aggregate’ ARV can be used for the p-th scatterer 
on i-th radial line as  
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 assures normalized power in re-

ceived signal waveform. It is desirable that the phase of each 
row of s(t)  be uniformly distributed. This can be accom-
plished by two conditions such as zero correlation and equal 
variance between real and imaginary part of each row of 



s(t). By choosing ]/4exp[ NijAA iip π== , the above 

two conditions are satisfied [11]. By these considerations, 
the expression for received (Rayleigh fading) signal can be 
simplified to  
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The analytical spatial correlation function corresponding to 

Laplacian PAS can be derived as , 

follow in the approach in [12], where 

( ) 12)2(1)(
−

+= θπδσδρ

θσ and δ are azimuth 

spreading (azimuth deviation) and distance between two 
receiver sensors (in wavelength) respectively.  

3. NUMERICAL RESULTS 

Simulink was used to simulate the received signal wave-
forms given by (8) for antenna array M having 16 elements 

at wavelength spacing ( 0δ ) equal to 0.5. The spatial corre-

lation between the waveform for the first antenna and the 
waveforms generated for each of the other antenna calcu-
lated as the time average of the product of the first antenna 
waveform with the complex conjugate of the waveform for 
each of the respective antennas. We set the simulation time 
to 2 second, and then waveforms of 2 second duration were 
generated for a maximum Doppler shift of 100 Hz. We have 
used sampling time of  second. This generates 
5653 samples of each fading waveforms within each simula-
tion run. In order to obtain acceptable results, we should use 
the number of scatterers at the vertices of polygonal cluster 
(N) equal to 64 [11]. The magnitude of the averaged product 
is plotted versus the separation between the antennas to 
which the waveforms corresponded. Plotted for comparison 
is the magnitude of the analytic expression, taken at the ap-
propriate separation (

410538.3 −×

δ ), maximum azimuth spread (
maxiθ ), 

and nominal azimuth (θ ).  

Fig. 3: Correlation versus antenna separation, 
N=64 scatterers
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Correlation as a function of antenna separation is plotted in 
Fig. 3 for N=64 sources uniformly placed at vertices of a 
polygonal cluster i.e. , . The distance be-

tween transmitter and scatterers ( ) as well as the distance 

between transmitter and receiver ( ) are varied to generate 

signal with  maximum angular spread at the receiver. It 

can be seen that the spatial correlations are almost the same 
for different values of  and . The analytical spatial 

correlation function is also plotted in Fig. 3. We observe 
close agreement between the simulated output and the theo-
retical outputs.  
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In Fig. 4, the effect of angle spread on spatial correlation 
investigated in the case of N=64 sources at vertices and 
P=20 sources on each radial line between a source and the 
transmitter node. These sources are uniformly placed in the 
scattering cluster by considering . We consider all 

power scattered toward the array receiver to be evenly dis-
tributed among all the scatterers in the cluster about the mo-
bile transmitter by considering . Different values of 

azimuth spreading considered by increasing the distance 
between the transmitter and receiver, =2000, 1000, 500, 

with a fixed value =50 for different distance between 

transmitter and scatterer sources ( ).The 

analytical spatial correlation function is also plotted in Fig. 
4. We observe high effect of angular spread on spatial corre-
lation (with smaller angular spread the magnitude of spatial 
correlation increasing to 1 and with larger angular spread the 
correlation falling down close to 0). Also good agreement 
between analytical and simulated outputs is observed. 
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In Fig. 5, the correlation of generated waveforms by simula-
tion model is compared with measurements reported in [10], 
taken in cities Stockholm and Aarhus. In those cases, the 
measured PASs corresponded to parameter values of 

 respectively. oo 5.6,5.3=θσ

Fig. 5
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4. CONCLUSION 

This paper presents a spatio-temporally correlated multipath 
Rayleigh fading model by incorporating azimuth spread in 
Lee’s received signal waveform scattering model. The statis-
tical properties of the model such as spatial correlation of 
the model-generated signals are in good agreement with 
theory and measurements. The model can be applied to 
evaluate the performance of smart antenna systems and 
beam forming algorithms. By using Walsh-Hadamard code-
words wideband channels can be simulated. 

REFERENCES 

 
[1] R.H.Clarke, “A statistical theory of mobile-radio re-

ception”, Bell Syst. Tech. J., vol.  47, No. 6, pp. 
957-1000, July-Aug. 1968. 

[2] R.B.Ertel, P.Cardieri, k.W.Sowerby, T.S.Rappaport, 
and J.H.Reed, “Overview of spatial channel models 
for antenna array communication systems,” IEEE 
Personal Commun., vol.5, pp.10-21, Feb.1998. 

[3] P.Petrus, J.H.Reed, T.S.Rappaport, “Geometrical-
based statistical macrocell channel model for mo-
bile environments”, IEEE Trans. on Commun., 
Vol50, no.3. pp.495-502,  Mar. 2002. 

[4] W.C.Y. Lee, Mobile communications Engineering, 
New York: Mc-Graw-Hill, 1982. 

[5] W.C.Y. Lee, “Effects on correlation between two 
mobile radio base-station antennas”, IEEE Trans., 
COM-21, (11), pp. 1214-1224, 1973. 

[6] J. Salz, J.H. Winters, “Effect of fading correlation 
on adaptive array in digital mobile radio”, IEEE 
Trans. veh. Technol. 43, (4), pp.1049-1057, 1994. 

[7] F. Adachi, M.T. Feeny, A.G. Williamson, J.D. Par-
sons, “Crosscorrelation between the envelope of 
900 MHz signals received at a mobile  radio base 
station site”, IEE Proc., 133, (6), pp. 506-512, 1986. 

[8] B. Ottersten, “Spatial division multiple access 
(SDMA) in wireless communications,” in Proc. 
Nordic Radio Symp., Saltsjöbaden, Sweden, 1995. 

[9] S.T.Kim, J.H.Yoo,, H.K.Park, “A spatially and tem-
porally correlated fading model for array antenna 
applications”, IEEE Trans. on Veh. Tech., Vol. 48, 
No. 6, Nov. 1999. 

[10] K.I.Pedersen, P.E.Mogensen, B.H.Fleury, “A sto-
chastic model of the temporal and azimuthal disper-
sion seen at the base station in outdoor propagation 
environments”, IEEE Trans. on Vehi. Tech., Vol. 49, 
No.2, pp. 437-447, Mar. 2000. 

[11] P. Dent, G.E. Bottomley, T.Croft, “Jakes model re-
visited”, Electron. Lett., Vol.29, pp. 1162-1163, 
1993. 

[12] J. H. Yoo, C. Mun, J. K. Han, and H. K. Park, 
“Spatiotemporally correlated deterministic 
Rayleigh fading model for smart antenna systems,” 
in Proc. IEEE VTC’99 Fall, vol. 3, pp. 1397–1401, 
1999. 


	Index
	EUSIPCO 2005

	Conference Info
	Welcome Messages
	Sponsors
	Committees
	Venue Information
	Special Info

	Sessions
	Sunday 4, September 2005
	SunPmPO1-SIMILAR Interfaces for Handicapped

	Monday 5, September 2005
	MonAmOR1-Adaptive Filters (Oral I)
	MonAmOR2-Brain Computer Interface
	MonAmOR3-Speech Analysis, Production and Perception
	MonAmOR4-Hardware Implementations of DSP Algorithms
	MonAmOR5-Independent Component Analysis and Source Sepe ...
	MonAmOR6-MIMO Propagation and Channel Modeling (SPECIAL ...
	MonAmOR7-Adaptive Filters (Oral II)
	MonAmOR8-Speech Synthesis
	MonAmOR9-Signal and System Modeling and System Identifi ...
	MonAmOR10-Multiview Image Processing
	MonAmOR11-Cardiovascular System Analysis
	MonAmOR12-Channel Modeling, Estimation and Equalization
	MonPmPS1-PLENARY LECTURE (I)
	MonPmOR1-Signal Reconstruction
	MonPmOR2-Image Segmentation and Performance Evaluation
	MonPmOR3-Model-Based Sound Synthesis ( I ) (SPECIAL SES ...
	MonPmOR4-Security of Data Hiding and Watermarking ( I ) ...
	MonPmOR5-Geophysical Signal Processing ( I ) (SPECIAL S ...
	MonPmOR6-Speech Recognition
	MonPmPO1-Channel Modeling, Estimation and Equalization
	MonPmPO2-Nonlinear Methods in Signal Processing
	MonPmOR7-Sampling, Interpolation and Extrapolation
	MonPmOR8-Modulation, Encoding and Multiplexing
	MonPmOR9-Multichannel Signal Processing
	MonPmOR10-Ultrasound, Radar and Sonar
	MonPmOR11-Model-Based Sound Synthesis ( II ) (SPECIAL S ...
	MonPmOR12-Geophysical Signal Processing ( II ) (SPECIAL ...
	MonPmPO3-Image Segmentation and Performance Evaluation
	MonPmPO4-DSP Implementation

	Tuesday 6, September 2005
	TueAmOR1-Segmentation and Object Tracking
	TueAmOR2-Image Filtering
	TueAmOR3-OFDM and MC-CDMA Systems (SPECIAL SESSION)
	TueAmOR4-NEWCOM Session on the Advanced Signal Processi ...
	TueAmOR5-Bayesian Source Separation (SPECIAL SESSION)
	TueAmOR6-SIMILAR Session on Multimodal Signal Processin ...
	TueAmPO1-Image Watermarking
	TueAmPO2-Statistical Signal Processing (Poster I)
	TueAmOR7-Multicarrier Systems and OFDM
	TueAmOR8-Image Registration and Motion Estimation
	TueAmOR9-Image and Video Filtering
	TueAmOR10-NEWCOM Session on the Advanced Signal Process ...
	TueAmOR11-Novel Directions in Information Theoretic App ...
	TueAmOR12-Partial Update Adaptive Filters and Sparse Sy ...
	TueAmPO3-Biomedical Signal Processing
	TueAmPO4-Statistical Signal Processing (Poster II)
	TuePmPS1-PLENARY LECTURE (II)

	Wednesday 7, September 2005
	WedAmOR1-Nonstationary Signal Processing
	WedAmOR2-MIMO and Space-Time Processing
	WedAmOR3-Image Coding
	WedAmOR4-Detection and Estimation
	WedAmOR5-Methods to Improve and Measures to Assess Visu ...
	WedAmOR6-Recent Advances in Restoration of Audio (SPECI ...
	WedAmPO1-Adaptive Filters
	WedAmPO2-Multirate filtering and filter banks
	WedAmOR7-Filter Design and Structures
	WedAmOR8-Space-Time Coding, MIMO Systems and Beamformin ...
	WedAmOR9-Security of Data Hiding and Watermarking ( II  ...
	WedAmOR10-Recent Applications in Time-Frequency Analysi ...
	WedAmOR11-Novel Representations of Visual Information f ...
	WedAmPO3-Image Coding
	WedAmPO4-Video Coding
	WedPmPS1-PLENARY LECTURE (III)
	WedPmOR1-Speech Coding
	WedPmOR2-Bioinformatics
	WedPmOR3-Array Signal Processing
	WedPmOR4-Sensor Signal Processing
	WedPmOR5-VESTEL Session on Video Coding (Oral I)
	WedPmOR6-Multimedia Communications and Networking
	WedPmPO1-Signal Processing for Communications
	WedPmPO2-Image Analysis, Classification and Pattern Rec ...
	WedPmOR7-Beamforming
	WedPmOR8-Synchronization
	WedPmOR9-Radar
	WedPmOR10-VESTEL Session on Video Coding (Oral II)
	WedPmOR11-Machine Learning
	WedPmPO3-Multiresolution and Time-Frequency Processing
	WedPmPO4-I) Machine Vision, II) Facial Feature Analysis

	Thursday 8, September 2005
	ThuAmOR1-3DTV ( I ) (SPECIAL SESSION)
	ThuAmOR2-Performance Analysis, Optimization and Limits  ...
	ThuAmOR3-Face and Head Recognition
	ThuAmOR4-MIMO Receivers (SPECIAL SESSION)
	ThuAmOR5-Particle Filtering (SPECIAL SESSION)
	ThuAmOR6-Geometric Compression (SPECIAL SESSION)
	ThuAmPO1-Speech, speaker and language recognition
	ThuAmPO2-Topics in Audio Processing
	ThuAmOR7-Statistical Signal Analysis
	ThuAmOR8-Image Watermarking
	ThuAmOR9-Source Localization
	ThuAmOR10-MIMO Hardware and Rapid Prototyping (SPECIAL  ...
	ThuAmOR11-BIOSECURE Session on Multimodal Biometrics (  ...
	ThuAmOR12-3DTV ( II ) (SPECIAL SESSION)
	ThuAmPO3-Biomedical Signal Processing (Human Neural Sys ...
	ThuAmPO4-Speech Enhancement and Noise Reduction
	ThuPmPS1-PLENARY LECTURE (IV)
	ThuPmOR1-Isolated Word Recognition
	ThuPmOR2-Biomedical Signal Analysis
	ThuPmOR3-Multiuser Communications ( I )
	ThuPmOR4-Architecture and VLSI Hardware ( I )
	ThuPmOR5-Signal Processing for Music
	ThuPmOR6-BIOSECURE Session on Multimodal Biometrics ( I ...
	ThuPmPO1-Multimedia Indexing and Retrieval
	ThuPmOR7-Architecture and VLSI Hardware ( II )
	ThuPmOR8-Multiuser Communications (II)
	ThuPmOR9-Communication Applications
	ThuPmOR10-Astronomy
	ThuPmOR11-Face and Head Motion and Models
	ThuPmOR12-Ultra wideband (SPECIAL SESSION)


	Authors
	All authors
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z
	Ö
	Ø

	Papers
	Papers by Session
	All papers

	Search
	Help
	Browsing the Conference Content
	The Search Functionality
	Acrobat Query Language
	Using Acrobat Reader
	Configurations and Limitations

	Copyright
	About
	Current paper
	Presentation session
	Abstract
	Authors
	M. U. Siddiqi
	S. S. Jamuar
	Borhanuddin Mohd. Ali
	Arastoo Rostami-Ravari



