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ABSTRACT

In this paper a new fading model is proposed, which is well consistent with the real environment of smart
antenna applications since it is spatially and temporally correlated simultaneously. The new model(STCFM:
Spatially and Temporally Correlated Fading Model) is derived statistically in spatio-temporal domain so that it can

provide high accuracy in the evaluation of the smart antenna system. As will be seen, the simulation results agree

well with the theory.

1. Introduction

The increasing demand for the mobile communication
services with high speciral efficiency has motivated
development of new techniques. SDMA(Spatial Division
Multiple Access) using a smart antenna has been
proposed as a potential answer to this challenge.
Recently benefits of smart antennas have been
demonstrated by many authors[1]-{3]. For a primary
work of such complex systems the simulation provides
a cost-effective solution. Channel models including
the spatial parameters have been proposed in recent
papers. Roughly the spatial models fall into two
groups. One is sum of scattered waves{4][5], and the
other is measurement-based model[6]{7]. These models,
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however, have a common drawback of imperfection
in the statistical property on which the reliability of a
simulation result depends heavily. It is, therefore,
urgently needed to develop a model which satisfies
both the statistical and spatial properties of the real
fading channel simultaneously. In this paper a new
model is proposed, which has statistical strictness in

both time and space domains.
II. Spatio-Temporal Channel Model

A. Spatial correlation between array elements

Figure 1 shows a wireless communication system
employing an array antenna. All signals from the
mobile arrive at the base station within AOS(Angle
Of Spread) of +4 at DOA(Direction Of Arrival) of
¢. We assume that the array is linear with M ommi-
directional elements of identical spacing, d. Assuming

flat fadings and the narrow-bandwidth plane waves at
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Fig. 1. Mobile channel for array antenna applications with
directional informations, DOA and AOS.
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the array input, the output signals at the array
element m due to the transmission s(f) from the
DOA of ¢ are given by

Tm)=a,s{) l<m<M (1)

where

d
a"':Z Zn e /0 gi2rlm—1) sin 4,
n

9]
=X+ Vm

where g,’s and 6,’s are the random scattering
amplitudes and phases respectively, @, is the angle of
arrival of the nth ray, and A is the wavelength of the
carrier frequency. Then, the M X 1 array response

becomes
A=la ay--- ay]” (3)
where the superscript denotes transpose. Now, we

seek the correlation between the following random

variables,
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Assuming the probability density function of g, as,
forall n
1
— —Atg<g, <A+
pg)=] 22 gt ©)

0 elsewhere

, we obtain the following formulas for the spatial

correlations|8]
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where z=2nd/A, and 02=7 2 Elg?l Then, the
”
spatial correlation coefficient p becomes
p=y R +R.) ®)

Defining a 2M X 1 augmented vector of A4 as 4,=
{x) 91 %3 35 - x5 ¥y]7, the 2M X 2M spatial corre-
lation matrix R, = E[A, A,"] can be obtained as in [8]

Ly, D D, -+ Dy

R D] Ly, Dy - Dy,

a: = DZT D,T L, =+ Dy3 9
Dy, Dy, Dyy -~ by

where the 2 X 2 matrix

RuG—k —R,(i-k)]| .

Rl Rl i k=1, M
ny(ll—'kl) sz(l—k) (]0)

Dy =
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B. Temporally correlated fading process
We assume the power spectral density of the Jake’s
model[9]
20?

S.(f)= nfp N1-U/fo)?

0 L f1> fp

A1 <fp an

where fp is the maximum Doppler spread. Here,
(11) is implemented using a FIR(Finite Impulse
Response) filter as following:Let h(m), 0 < m< N;
—1, be the impulse response of the FIR shaping filter
we seek, and let H(n), 0 <n < N,—1 be the corre-
sponding DFT(Discrete Fourier Transform) coefficients.
Obviously, S.(f) in (11) can be expressed in the form
of DFT as

Hy(n)=
i 0<n< N= Nefo
\/‘;_fovl“(” s/Nth)z %
Ny~1
0 NiSns Ny=="
(12)

for odd N; with N, = f,/(f;—2 fp), and the sampling
rate f,> 2 fp where N; fp [f; has been assumed as an
integer. Since the real and imaginary parts of (2) must
be independent each other, 4 (m) should be real. If we

set

Hm)=H;(n)
H(n)=H(N,—n)

0<n<N,
Ny <n<N; (13)

then, the resulting filter will have real coefficients.
From the definition of the inverse DFT & (m) becomes

Ny .,
hm) =—— {H(0)+2z RelHm)e 77" ¥, |
N.‘ n=1

0<m<N,—1 (14)

Each tap coefficient ; (m) after the Kaiser windowing

Nl
is divided 4/by 2. h*(m) to obtain the normalized

m=0

coefficient h (m).

Il. The implementation of spatially and
temporally correlated fading process

Let ¢, ¢2,°+*, ¢ be the 2M X 1 eigenvectors corre-
sponding to the distinct eigenvalues A;, A;,-+, A5y of
the spatial correlation matrix R,/a? respectively. Let
a 2M X1 column vector U be [#; ;- 143,,]7 where
each element %, is a zero-mean Gaussian random
variable with variance of 1/2. Then, a random process
V with the desired spatial correlation R; can be
obtained by

V=[v) vy v5]7

" 1s)
s
=—;—2—
where
1/2
s
: =QAl2 Q4 (16)

g

where O=[q,, ¢,,-.q2y] and A is the diagonal
matrix of diag(~/A; , VA2 ,**,+/Az ). Finally, the M
X1 spatially and temporally correlated complex channel
vector 4 of (3) is given by

N1 _
A(n)=);o h(mW (n-—m an

where the M X1 complex W (n)’s are statistically
independent each other with the mth element given by
W (M) = Vs M) + jv,,,(n). Hereafter we call this
channel model as STCFM(Spatially and Temporally
Correlated Fading Model).

IV. Numerical Results

A. Spatial properties of STCFM

To validate the STCFM the DOA performance is
evaluated first. The testbed is a 2-clement array antenna
with element spacing d =0.5A. As well known, when
a non-faded LOS(Line Of Sight) signal arrives, the
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array antenna has the only maximum output at the
DOA of the signal in the range of [#] < 90° with the
corresponding unique beam pattern. If we set the
AQOS narrow enough, the fading signals in the two
branches are highly correlated and the spatial signa-
ture resembles that of a LOS signal. Using this prin-
ciple we can measure the DOA performance of
STCFM without using a complex direction-finding
algorithm. A =5° is enough for this purpose. For
three different DOA’s (= ~60°, 0°, and 45°) the
results are illustrated in Fig. 2. The solid lines are for
the non-faded LOS. Each dotted line for the fading
signal has been obtained by averaging the 1 x10°
spatial signatures from (17). It agrees well with the
beam pattern of the corresponding LOS, having the
same maximum peak. It assures that the DOA of
STCFM is well defined. The two patterns deviate in
the null. To form a null the phase difference between
the signals in the two branches must be 180° with the
same magnitudes as in the LOS case. Since the fading
signals, although highly correlated, are random pro-

cess, they cannot be out of phase exactly so that the
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Fig. 2. DOA property of STCFM
( :LOS, ----ee- :fading, DOA ¢=a:0°, b:45°,
c: —60%)

614

deep null does not occur.

Secondly, the AOS property has been observed. To
the authors’ knowledge, it seems that a convenient
method for the measurement of the AOS in a fading
environment has not been developed so far. Thus, we
have to rely on a straight-forward solution which
scans the received signals with a very narrow-beam
array antenna. The linear array we consider, however,
has a wide beamwidth because it consists of the
omni-directional elements. The beamwidth can be
narrowed by either increasing the number of the
array elements, or widening the element-spacing.
Increasing d, however, generates the grating lobes. If
we consider A <30°, d=21 does not introduce the
grating lobes in the scanning area. Also, we have
increased the element number to 48. The resulting
3-dB beamwidth is about 1°, and the powers at +1°
from the maximum peak are 14.6 dB below, from
which we have determined the scanning resolution as
2°. For three different AOS’s2A =12, 20, and 40°)
the narrow beam has been scanned in the range |¢]
< 30° with DOA =0° and equal power in all cases.
The results have been obtained by averaging over 1 X
10 snap-shots and are given in Fig. 3. It can be seen
that the measured 3-dB beamwidth is exactly equal to
the corresponding AOS. The power angular density is
lowered by 3 dB as & doubles, which is well consist-
ent with the physical consideration because we have
assumed equal power for all three case. For DOA =0°
and AOS > 10° we consider, the spatial correlation
coefficient p becomes less than 0.4 with d > 42, in
which case the faded signals in the two branches can
be seen as stalistically independent. Since the length
of the array is 472, the spatial signature in our case is
very different from in the LOS condition. So, the
patterns in Fig. 3 have some errors from a rectangu-
lar form assumed in (5). The reason for the relatively
high-level sidelobes outside the AOS can be explained
in the same vein. The errors, therefore, are due to the
scanning method itself. Taking this into account, it is
concluded that the AOS characteristic of STCFM is
also well defined as the DOA.
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Fig. 3. AOS property of STCFM
(A0S 2A =——112°, — — —120°, —--—:40°)

B. Statistical properties of STCFM

The previous two tests were to validate the spatial
property while this subsection is for the temporal stat-
istical characteristics of STCFM. To this end we have
evaluated temporal ACF(Auto-Correlation Function).
The testbed is a 2-element array with d =0.5A. The
DOA and the AOS are 0° and 20°, respectively. The
simulation has been performed on the first of the two
array elements and is plotted in Fig. 4. The simulating
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Fig. 4. ACF as a function of time delay t
(sz(l')
:theory, — — — :simulation).

—:theory, ——-:simulation, Ry,(7)

runs are 4 X 10%. The ACF of STCFM agrees well
with the theory.

C. Application to maximal ratio diversity system

The probability distributions of the output SNR, as
the model is applied to the two-branch MRC(maximal
ratio combining), are given in Fig. 5 to demonstrate
the spatial correlation property. The DOA and d are
0° and 0.3822a, respectively. The averaging has been
performed over 4 X 10% runs. The theory and the
simulations are in tight agreement. The four different
spatial correlation coefficients p=1, 0.89, 0.77, and
0.0024 have been obtained by adjusting & to 0, 20,
30, and 180°, respectively.
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Fig. 5. Probability distributions of output SNR ¥ for
two-branch MRC with branch SNRTI"
( :theory, -—-—: simulation, p=a:0.0024, b:0.77,
c:0.89,d:1).

V. Conclusion

In this paper we have extended the present tem-
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poral fading channel model to the space domain. The
development of smart antenna system for the mobile
communication services has required a new channel
model which is spatially and temporally correlated
simultaneously. The conventional channel models
have been focused mainly on the realization of the
directional informations of DOA or AOS. Hence the
statistical properties such as the spatial correlation
between the array branches or the temporal autoco-
rrelation are incomplete in these models. To overcome
these drawbacks the newly proposed STCFM has
been derived from the statistical point of view
incorporating all the necessary informations in space
and time domain. As demonstrated in the simulations
the STCFM shows strictness in both the physical con-
sistency and the statistical property.
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