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Abstract— In multi-antenna system, the correlations between
the receiver antennas degrades the systems performance. In this
paper, we propose a spatial decorrelation receiving technique in
frequency-selective SIMO channels. A spatial-to-modal matrix is
placed after the SIMO channel output to remove the correlations
between the receiver antennas caused by the limited antenna
separations. Simulation results of this newly proposed spatial
decorrelation design demonstrate favourable BER improvement
and better system performance.

I. I NTRODUCTION

Multi-antenna communication systems have drawn increase
attention due to the higher capacity and promising improved
performance. For frequency-selective fading channels, which
generally arise in broadband wireless systems, most of the
existing work [1], [2], [3] on channel equalization/ estimation
are based on the assumption of independent fading between
the transmitter-receiver antenna pairs. Little work has been
reported on the effect of the spatial correlation on the sys-
tem performance for frequency-selective fading channels [4].
However, in practice, this idealized independent assumption
does not necessarily hold due to insufficient antenna spacing
and sparse scattering environment. The presence of fading
channel correlation degrades the system performance. In order
to combat this correlation effect, we propose a decorrelation
receiving design based on the spatial decomposition proposed
in [5], [6], [7], which decomposes the channel matrix of a
MIMO system into a product of three matrices, transmit-
ter configuration matrix, receiver configuration matrix, and
scattering environment matrix. The transmitter configuration
matrix and the receiver configuration matrix are fixed for a
given antenna configuration and characterize the correlation
effects on the finite separation of antennas on the overall
channel matrix. The scattering environment matrix represents
the parameters of the scattering region.

This spatial channel matrix decomposition [5], [6], [7] can
be applied to frequency selective channels, which provides
another channel equalization/estimation solution to overcome
the intersymbol interference caused by multipath channels.
Motivated by the correlation properties contained in the re-
ceiver configuration matrix, we propose to have a decorrelation
matrix in cascade with the channel output to remove the cor-
relations between the receivers caused by the limited antenna

separations.
Another advantage of our proposed receiving technique is

the function of spatial-to-mode conversion in the decorrelation
matrix. Normally, with the increase of the number of antennas
with constant aperture will cause increased signal correlation
due to the limited antenna separation. However, this spatial-
to-mode conversion virtually transforms the antenna diversity
scheme to a pattern (mode) diversity scheme, where the signals
obtained by different modes may be combined to yield a
diversity gain [5]. The drawback of signal correlation effects
between the antennas in antenna diversity scheme are simply
overcome since the number of available modes is determined
by the size of the receiver apertures, regardless how many
antennas are packed into the apertures.

Another antenna geometry representation model - Virtual
Channel Representation (VCR) model was introduced in [8],
[9]. The virtual channel representation [8], [9] characterizes
the channel in the spatial domain by beamforming in the
direction of fixed virtual angles determined by the spatial
resolution of arrays. This model allows for insights into the
effects of spatial correlation and scattering. To better confirm
the improved performance of our proposed design, we use this
Virtual Channel Representation model as the test model to
generate the channel output and then applied to our receiving
system.

In this paper, we investigate the spatial aspects of the
frequency-selective SIMO channel and propose a new re-
ceiving technique based on the decorrelation of the receiver
signals. This receiving technique design combines the estima-
tion/equalization technique and diversity scheme. Simulation
results demonstrate the favourable system performance of this
newly proposed spatial decorrelation design for frequency-
selective SIMO channel.

II. SYSTEM MODEL

Consider a frequency-selective SIMO channel withP re-
ceivers, let

{

u(k)
}

denotes an i.i.d. scalar training sequence
input to the time-varying SIMO channel, then the discrete time
signal received at thepth antennayp(k) can be written as [10]:

yp(k) =
L

∑

l=0

hp(l)u(k − l) + np(k) (1)
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where L is the channel-memory length,hp(l) is a discrete
time representation of the channel between the transmitter and
the pth receiver, andnp(k) is additive white Gaussian Noise
(AWGN).

We write received signal vector

y(k) =
L

∑

l=0

h(l)u(k − l) + n(k) (2)

wherey(k) = [y1(k), . . . , yP (k)]′, h(k) = [h1(l), . . . , hP (l)]′

andn(k) = [n1(k), . . . , nP (k)]′ .

III. SPATIAL DECOMPOSITION

Consider a multipath propagation scenario where there are
Q multipaths originating from farfield scatters which arrive at
the receiver antennas from directionsθ1, θ2, . . . , θQ.

We assumeP receivers located at polar coordinates
[(x1, ϕ1), (x2, ϕ1), . . . , (xP , ϕP )] from an origin and letrR =
max x1, x2, . . . , xP . Then the channel gain at thepth antenna
and lth delay is given by:

hp(l) =

Q
∑

q=1

aq(l)e
j

2πfxP
c

cos(θq−ϕP ) (3)

whereaq(l) is the gain of the signal arriving from the direction
θq with time delay ofl samples,f is the carrier frequency,c
is the signal propagation speed.

We use the truncated Jocobi-Anger expansion [11], [12] to
write

e2πf(xP /c)·cos(θq−ϕP ) =

M
∑

m=−M

imJm

(2πfxP

c

)

e−jmθqejmϕP

(4)
whereM = ⌈ker/2⌉, ⌈·⌉ is the ceiling operator,e ≈ 2.7183
andJm(·) are the Bessel functions of first kind.

We combine (3) and (4)to get

hp(l) =
M
∑

m=−M

βm(l)Jm
2πfxP

c
ejmϕP , (5)

whereβm(l) =
∑Q

q=1 aq(l)i
me−jmθq . We use (5) to write,

h(l) = JRβ(l) (6)

whereJR is the receiver configuration matrix

JR =







J−M ( 2πfx1

c ) . . . JM ( 2πfx1

c )
...

...
...

J−M ( 2πfxP

c ) . . . JM ( 2πfxP

c )







and

β(l) = [β−M (l), β−M+1(l), · · · , βM (l)]. (7)

Now, we substitute (6) into (2), and get

y(k) =
L

∑

l=0

JR(l)β(l)u(k − l) + n(k) (8)

We have the following comments regarding the channel
decomposition given by (6) :

i) Equation (6) decomposes the conventional SIMO chan-
nel vectorh(l) into a product of a matrixJR and a
vectorβ(l).

ii) The receiver configuration matrixJR describes the map-
ping of the modes of the system to the received signals.
It includes antenna positions and orientations relative
to the receiver origin and characterizes the correlation
effect of the finite separation of antennas on the overall
channel vectorh(l). JR is known and fixed for a given
receiver antenna array structure.

iii) For a random scattering environment,eachβm(l) are
random variables and time-variant with lengthL.

IV. SPATIAL DECORRELATIONRECEIVING TECHNIQUE

A. Standard Receiving technique

1) Diversity Scheme:Standard receiving technique involves
an antenna diversity scheme and an adaptive Normalized Least
Mean Square (NLMS) channel estimator. For simplicity, the
selection diversity is chosen in this paper. The strongest signal
output among the receiver antennas is selected as the system
output

z(k) = max
{

y1(k), y2(k), . . . , yP (k)
}

(9)

2) Adaptive NLMS Channel Estimator:The standard adap-
tive Normalised Least Mean Square (NLMS) channel estima-
tor is employed after the system outputz(k). According to
the diversity scheme chosen in Section (IV-A.1), we assume
hz(k) = [hz(0), hz(1), . . . , hz(L)]′ is the channel vector
which produces the strongest signal outputz(k), then the
equation used to provide an estimateĥz(k) of the unknown
channel vectorhz(k) at timek is as follows [13]:

ĥz(k) = ĥz(k) +
µ

u(k)′u(k) + δ
u(k)e(k) (10)

e(k) = z(k) − ĥz(k)u(k) (11)

where u(k) = [u(k), u(k − 1), . . . , u(k − l)]′. Note, δ is a
small positive regularization constants andµ is the step-size.

B. Spatial Decorrelation Receiving Technique

Motivated by the comments from the spatial decomposition,
we design a spatial-to-modal matrixJ ♯

R in cascade with the
channel outputy(k) to remove the signal correlations between
the receivers caused by the limited antenna separation, as
shown in Figure 1. Here, we defineJ ♯

R as a pseudo-inverse
matrix of JR

J
♯
R = (JRJ ′

R)−1J ′

R (12)

Hence,

z(k) = J
♯
Ry(k)

= (JRJ ′

R)−1J ′

R

(

L
∑

l=0

JR(l)β(l)u(k − l) + n(k)
)

=
L

∑

l=0

β(l)u(k) + J
♯
Rn(k). (13)
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Fig. 1. System block diagram of spatially decorrelated receiver

1) Diversity Scheme:The inclusion ofJ ♯
R automatically

transfer the antenna diversity scheme to a pattern (mode)
diversity scheme. Using the selection diversity, the system will
select the strongest mode as the output, which is the zeroth
order mode in this case [5], [6], [7], i.e, theM th element of
the vectorz(k).

In antenna diversity scheme, by increasing the number of
antennas within a constant spatial aperture will increase the
signal correlations between the antennas, however, the signal
correlation effect between the antennas in antenna diversity
scheme are simply ignored in pattern/mode diversity scheme
since the number of available modes is determined by the size
of the receiver apertures, regardless how many antennas are
packed into the apertures.

2) Adaptive NLMS Channel Estimator:The outputz(k)
is then applied to the standard adaptive Normalized Least
Mean Square (NLMS) channel estimator. We assume that
β0(k) = [β0(0), β0(1), . . . , β0(L)]′ is the channel scattering
vector which produces the strongest signal outputz(k), and
then the equation used to provide an estimateβ̂0(k) of the
unknown channel scattering vectorβ0(k) at time is now
become:

β̂0(k) = β̂0(k) +
µ

u(k)′u(k) + δ
u(k)e(k) (14)

e(k) = z(k) − β̂0(k)u(k) (15)

V. SIMULATIONS

Simulations were carried out to investigate the performance
of the following two receivers: (A) Standard SIMO receiver
(B) Spatially decorrelated SIMO receiver. Virtual Channel
Representation channel model [8], [9] was used to generate the
channel output and applied to our proposed spatially decorre-
lated receiver. Details of Virtual Channel Representation model
can be found in Appendix

A. Simulation conditions

i) Propagation PathL = 100,
ii) f = 900MHz,

|(e(k)|2 λ/32 λ/16 λ/8 λ/4
Receiver A 0.7758 4.083 × 10−3 3.751 × 10−3 3.217 × 10−3

Receiver B 7.137 × 10−4 5.239 × 10−4 3.165 × 10−4 8.336 × 10−5

TABLE I

AVERAGE MEAN SQUARED ERROR WITH DIFFERENT RECEIVER

APERTURE= λ/32, = λ/16, = λ/8, = λ/4

iii) Regularization parameterδ = 0.1,
iv) Step-sizeµ = 0.01,
v) Noise vectorn(k) is zero mean Gaussian process with

variance= 0.1,
vi) Mean squared channel estimation error‖(e(k)‖2 is used

to compare the system performance. All data obtained
are the average of 50 similar simulations.

B. Results and Analysis

1) Simulation 1:Simulations of these two channel receivers
with receiver aperture= λ/4, λ/8, λ/16,λ/32. Number of
receiversP = 5. Results are shown in Table I, Figure 2 and
Figure 3.

i) For the standard SIMO receiver (A) with receiver aper-
ture λ/32, as the antenna spacing is insufficient, the
system fails to perform the filtering operation due to
the high correlations between receiver antennas.

ii) For all cases, the proposed spatially decorrelated receiver
(B) show significant outperforms the standard SIMO
receiver (A). This is due to the decorrelation property
provided inJ

♯
R.

iii) For the proposed spatially decorrelated receiver, as the
number of modes is determined by the size of receiver
aperture, the increase in receiver aperture increases the
pattern (mode) diversity and therefore better system
performance.

iv) For the standard SIMO receiver (A), the increase in
receiver aperture increase the antenna separation, hence,
decrease the signal correlation. However, as indicated
experimentally in [14], after a certain antenna separation,
further separation gives negligible improvement in signal
correlation and therefore output performance.

2) Simulation 2: Simulations of these two receivers with
different number of receiving antennas. The results are shown
in Table II, Figure 4 and Figure 5. The receiver aperture is
= λ/8.

i) For the standard SIMO receiver (A) as the number of re-
ceiving antenna within a constant aperture increases, the
average mean square channel estimation error slightly
drops. However, the antenna number increase coherently
leads to a decrease in antenna separation which causes
higher signal correlation. The system performance con-
verges due to the increased signal correlation. This again
confirms the experiment results in [14], after a certain
antenna separation, further separation gives negligible

1-4244-0741-9/07/$20.00 © 2007 IEEE 131 AusCTW'07



Fig. 2. Simulations for standard SIMO receiver (A) and spatially decorrelated
receiver (B) with receiver aperture= λ/32.

Fig. 3. Simulations for standard SIMO receiver (A) and spatially decorrelated
receiver (B) with receiver aperture= λ/4.

improvement in signal correlation and therefore output
performance.

ii) For the proposed spatially decorrelated receiver, as the
inclusion of J

♯
R automatically transform the antenna

diversity scheme to pattern (mode) diversity scheme.
Since all the modes of the antenna are independent of
each other, the performance remains constant and is not
affected by the increase number of antennas. This is due
to the number of modes has been determined by the size
of receiver aperture, regardless how many antennas are
packed into the apertures.

‖(e(k)‖2 Receiver A Receiver B
P = 3 7.784 × 10−3 3.264 × 10−4

P = 5 3.751 × 10−3 3.165 × 10−4

P = 7 3.458 × 10−3 3.276 × 10−4

P = 9 2.921 × 10−3 2.297 × 10−4

P = 11 2.898 × 10−3 3.306 × 10−4

TABLE II

AVERAGE MEAN SQUARED ERROR WITH DIFFERENT NUMBER OF

RECEIVER ANTENNAS

Fig. 4. Simulations for standard SIMO receiver (A) and spatially decorrelated
receiver (B) with5 receiving antennas

Fig. 5. Simulations for standard SIMO receiver (A) and spatially decorrelated
receiver (B) with11 receiving antennas

VI. CONCLUSIONS

In this paper, we have considered a spatially decorrelated
receiving technique for the frequency selective SIMO channel.
This is to combat the correlation effects between receiving
antenna due to the finite antenna separation. Simulation results
confirmed this favourable performance.

VII. A PPENDIX

A. Virtual Channel Representation

Virtual channel representation (VCR) maps the channel ma-
trix from antenna space to beam space. (details can be found
in [8] ). The time-vary channel matrix can be represented in
the following form [8], [9], [15]:

H = ARHv(k) (16)

whereAR = [~aR(θ1R), , . . . ,~aR(θMR)]. Here,

~aR(θiR) =
1√
M

[1, e−jπθiR , . . . , e−j(M−1)πθiR)]′ (17)

where i ∈ {1, 2, . . . ,M}. θiR are evenly selected within the
range of[−0.5, 0.5], i.e.θiR = 2i + 1 − M/2M . In this case,
AR is unitary matrix. i.e.ARA′

R = I The virtual channel
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Fig. 6. Virtual Channel Representation of SIMO channel

matrix can be computed by beamforming in the direction of
virtual angles.

Hv, p(k) =
L

∑

l=1

βl(k)e−j 2πf
c

xP cos (θR,l−ϕP ), (18)
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