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Abstract— In this paper we present the multiple-input
multiple-output (MIMO) capacity results of an orthogonal fre-
quency division multiplexing (OFDM) based system in correlated
Ricean fading. Assuming that only receiver has the channel state
information (CSI), the dependence of capacity on the propagation
and system parameters are investigated. Our simulation and
analytical results show that in general there would be a loss in
ergodic capacity because of the Line-of-Sight (LOS) component,
while high cluster angle spread increases the ergodic capacity.

I. I NTRODUCTION

An OFDM-based MIMO system has the potential to drasti-
cally increase the capacity of wireless links with no additional
power or bandwidth consumption. This is because an OFDM
system has the ability to turn a frequency-selective MIMO fad-
ing channel into a set of parallel frequency-flat MIMO fading
channels. This makes multichannel equalization remarkably
simple. Also, by using a cyclic prefix (CP) (of duration greater
than the multi-path delay spread of the channel) the inter-
symbol interference (ISI) can be completely eliminated. Using
a broad-band fading channel model reported in [1], ergodic
capacity of an OFDM based spatial multiplexing system
under Rayleigh fading was derived assuming that the CSI is
available only at the receiver in [2]. These expressions were
then used to study the influence of propagation parameters
(delay spread, cluster angle spread and total angle spread)and
system parameters (number of antennas and antenna spacing)
on capacity. In this paper we consider the capacity of a
similar OFDM-based system under a more general Ricean
fading model. We obtain closed form expressions for the
asymptotic capacity when only one LOS component is present.
The dependence of asymptotic capacity on eigenvalue spread
of the total correlation matrix (i.e. sum of correlation matrices
of all the paths) was investigated in [2]. Here, we investigate
how the eigenvalue spread, and hence the asymptotic capacity,
would be affected by the Rice factorκ. Our analytical work
followed by the simulation results reveal that in general the
presence of a fading specular component reduces the ergodic
capacity. This loss in ergodic capacity can be attributed tothe
reduction in the effective signal-to-noise ratio (SNR) dueto
the presence of LOS component.
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Eigen Value distribution under High Spatial fading Correlation.
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Fig. 1. Asymptotic Eigenvalue distribution with high and lowspatial fading
correlation

The rest of the paper is organized as follows. Section II
presents system model and assumptions. Section III presents
the capacity of the given system under Ricean fading. Sections
IV and V present the simulation results and conclusions.

II. SYSTEM MODEL DESCRIPTION

In general, using the discrete-time MIMO fading channel
model we can write [2],

y [n] =

L−1∑

l=0

Hlx [n − l] (1)

where n denotes the discrete-time index,x [n] denotes the
discrete-timeNT × 1 transmitted signal vector,y [n] denotes
the discrete-timeNR × 1 received signal vector andHl

represents thel-th tap of the channel impulse response.

A. Propagation Scenario

We assume that the receiver is at a height and is surrounded
by a scatter-free environment resulting in spatially correlated
fading at the receiver. On the other hand, it is assumed that
the transmitter is surrounded by a number of scatterers and
hence fading at the transmitter is spatially uncorrelated.
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It is also assumed that the elements of the individualHl

are correlated but different scatterer clusters are uncorrelated,
i.e.,

E
[
vec {Hl} vecH {Hl′}

]
= 0NRNT

for l 6= l′ (2)

where vec {Hl} =
[
hT

l,0 hT
l,1 · · · hT

l,NT −1

]
, with hl,k =

[
h0

l,k h1
l,k · · · hNR−1

l,k

]T

, denoting thek-th column of the
matrix Hl and 0NRNT

denoting the all zero matrix of size
NRNT × NRNT . Also, let us assume that each cluster has a
mean angle of arrival̄θl, a cluster angle spreadδl and a path
gain of2σ2

l . The path gains are obtained from the power delay
profile of the channel.

B. Fading Statistics

In a semi-urban environment it is realistic in assuming that
there is one LOS component along withL − 1 scattered
signal components [1]. Thus, in our case we assume that
h0,k is distributed asNc

(
µ0√

2
(1 + j), 2σ2

0

)
whereNc means a

circularly symmetric complex Gaussian distribution. The other
paths (i.e. forl = 1, 2 · · ·L− 1) are assumed to be distributed
asNc

(
0, 2σ2

l

)
. Based on the above assumptions,h0,k is said

to have a Ricean distribution while the other paths are all
assumed to be Rayleigh distributed. As in [2], we assume that
the fading correlations are the same for all transmit antennas.
Thus Rl = E

{
hl,kh

H
l,k

}
. The entries of correlation matrix

Rl can be written as

[Rl]m,n = 2σ2
l ρl

(
(n − m)∆, θ̄l, δl

)
. (3)

where we defineρl

(
s∆, θ̄l, δl

)
= E

{
hr

l,k

(
hr+s

l,k

)∗}
to be the

fading correlation between two receiver antenna elements [1].
Note that,ρl is a function of the antenna spacing∆, mean
angle of arrivalθ̄l and the angular spreadδl. In general, it can
be said that the spatial correlation increases with decreasing
angular spread. Assuming a Gaussian distribution for angleof
arrival, it has been shown in [1] that for a small angular spread
the correlation can be approximated as

ρl

(
s∆, θ̄l, δl

)
≈ e−j2πs∆ cos(θ̄l)e−0.5(2πs∆ sin(θ̄l)σθ,l)

2

. (4)

The tapH0 of the channel, which is Ricean distributed can
be written as

H0 = R
1/2
0 Hw,0 + H0 (5)

whereR0 is the covariance matrix ofH0, Hw,0 is an uncor-
relatedNR ×NT matrix with i.i.d complex normal entries of
zero mean and unit variance andH0 is an NR × NT matrix
defined as form = 1, 2, · · · , NR andn = 1, 2, · · · , NT ,

[
H0

]
m,n

=
µ0√

2
(1 + j) .

The Rayleigh distributedl-th tap forl = 1, 2, · · ·L− 1 can be
written as

Hl = R
1/2
l Hw,l for l = 1, 2 · · ·L − 1 (6)

whereHw,l consists of complex normal entries of zero mean
and unit variance. Also, for our further analysis we define the
Rice factorκ as κ =

µ2

0

2σ2

0

and introduce the normalization

µ2
0 +2σ2

0 = 1. Thus, with this normalization we can write the
mean and variance of the LOS component in terms ofκ as
µ2

0 = κ
κ+1 and2σ2

0 = 1
κ+1

III. M UTUAL INFORMATION OF MIMO-OFDM BASED

SYSTEM

In this section we derive the mutual information of the
MIMO-OFDM based system using the channel model de-
scribed in the previous section. Throughout our analysis we
assume that the length of the cyclic prefix is greater than
the mutli-path time delay spread. Also the loss in spectral
efficiency due to employing the cyclic prefix is neglected.

As in [2], we arrange the transmitted data symbols into

frequency vectorsck =
[
c
(0)
k c

(1)
k · · · cNT −1

k

]T

where c
(i)
k

denotes the data symbol transmitted from the i-th antenna on
the k-th tone (k = 0, 1, · · ·N − 1). For our further analysis
we define the following matrixH

(
ej2πθ

)
=

∑L−1
l=0 Hle

−j2πlθ

(0 ≤ θ < 1). Using these definitions the received code vector
on thek-th tone can be written as

ĉk = H
(
ej2π(k/N)

)
ck + nk, for k = 0, 1, · · · , N − 1 (7)

where nk is the additive white Gaussian noise which is
spatially and temporally white satisfying

E
{
nkn

H
l

}
= σ2

nINR
, (8)

whereINR
is the identity matrix of sizeNR. With these def-

initions it can be shown as in [2] that the mutual information
of an OFDM-based system with CSI available at the receiver
is

I =
1

N

N−1∑

k=0

Ik

=
1

N

N−1∑

k=0

log
[
det

(
INR

+ ρH
(
ej2π(k/N)

)

HH
(
ej2π(k/N)

))]
(9)

whereρ = P/
(
NT Nσ2

n

)
and P is the total transmitter power.

Note that we can write,

H
(
ej2π(k/N)

)
= R

1/2
0 Hw,0 + H0

+

L−1∑

l=1

R
1/2
l Hw,le

−j2π(kl/N) . (10)

By denoting the first column of H
(
ej2π(k/N)

)
as

h
(
ej2π(k/N)

)
it is straightforward to show as in [2]

that

E
{
h

(
ej2π(k/N)

)
hH

(
ej2π(k/N)

)}
= R , (11)
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whereR = R0 + µ2
0Ψ +

∑L−1
l=1 Rl and Ψ is an NR × NR

matrix of all ones. Thus, we note that the correlation matrix
R is independent ofk. Thus, we have shown that

H
(
ej2π(k/N)

)
= R̃1/2Hw + H0 , (12)

where Hw is NR × NT is uncorrelated complex Gaussian
matrix with zero mean and unit variance andR̃ = R− µ2

0Ψ.
Hence, it follows that

Ik ∼ log
[
det

(
INR

+ ρ
(
R̃1/2Hw + H0

)

(
R̃1/2Hw + H0

)H
)]

. (13)

A. Influence of LOS component on Capacity

The ergodic capacityC is defined as

C = E

{
1

N

N−1∑

k=0

Ik

}
. (14)

Since the distribution ofIk is independent of k, from (14),C
can be further simplified asC = E {Ik} whereIk is defined
in (13).

Next, we resort to simple asymptotic analysis assuming that
NT is large. In the limit of large transmit antennas it can be
shown that

C = log
[
det

(
INR

+ ρ̄R̃
)]

(15)

whereρ̄ = P/(Nσ2
n).

To study the effect ofκ on the ergodic capacity let us
consider the case of only one path. In this case,R̃ = R0

where R0 corresponds to the covariance matrix of the0-th
path. In the low SNR regime, the asymptotic capacity in (15)
can be approximated as

C ≈ log (1 + ρ̄ Tr (R0)) = log

(
1 +

ρ̄

κ + 1

)
(16)

Thus, from (16) when the channel energy is fixed the presence
of LOS component can decrease the capacity. This fact is
further substantiated by our simulation results.

In the high-SNR case, we obtain

C ≈
NR−1∑

i=0

log
(
1 + ρ̄λi

(
R̃

))
. (17)

The eigenvalue spread of̃R critically determines the ergodic
capacity. In [2] it has been proved that the capacity is maxi-
mized whenλi

(
R̃

)
= 1/(NR) and any deviation from this

constant value would result in a loss in ergodic capacity.
We next show as how the propagation parameters along

with κ influence the eigenvalues of̃R and hence the ergodic
capacity. It is straightforward to see thatR̃ is a Toeplitz matrix,
thus we can invoke Szegö’s theorem [3] [4]. Using (4) we can

write the limiting (NR → ∞) distribution of the eigenvalues
of R̃ as

λ (ν) =
1

κ + 1
ϑ3

(
π (ν − ∆cos(θ0)) , e−(1/2)(2π∆ sin(θ0)σθ,0)

2
)

+

L−1∑

l=1

ϑ3

(
π (ν − ∆cos(θl)) , e−(1/2)(2π∆ sin(θl)σθ,l)

2
)

where the third-order theta function is defined asϑ3 (x, y) =∑∞
n=−∞ yn2

e2jnx [5]. Although the expression forλ(ν)

yields the eigenvalue distribution in the limiting case, in
case of finiteNR, good approximations can be obtained by
samplingλ(ν) uniformly on the unit circle [3]. We are now
ready to study the impact of propagation parameters andκ on
the eigenvalue distribution and hence the ergodic capacity.

B. Impact of cluster angle spread and Rice factor

As stated before, in general the spatial fading correlation
depends on the cluster angle spread (δl) and antenna spacing.
In fact for σθ,l = 0 the correlation matrix collapses to a
rank-1 matrix. For the sake of simplicity, first let us consider
only one path. Fig.(1) shows the eigenvalue distribution under
both high and low spatial fading correlation. As it is evident
from this figure in the absence of cluster angle spread (i.e.
high spatial fading correlation) the eigenvalue distribution is
peaky and thus could result in a loss in ergodic capacity.
Also, the presence of LOS component does not alter the
eigenvalue distribution, but merely scales down the eigenvalue
distribution by a factor ofκ + 1. This down scaling results
in a reduction in the effective SNR by a factor ofκ + 1.
But, in the presence of non-zero cluster angle spread (i.e. low
spatial fading correlation) the eigenvalue distribution relatively
flattens out and thus an improvement in ergodic capacity can
be obtained. Thus, from this we conclude that in general the
presence of a LOS component may reduce the capacity of an
OFDM-based MIMO system in correlated fading.

IV. SIMULATION RESULTS

In every simulation example 1000 independent Monte Carlo
runs were performed. We considered an OFDM based system
in which the number of tones (N ) is equal to 512, the
CP length was 64. We also assume that the tap spacing in
the simulation to be uniform and thus we model the power
delay profile of the channel to be exponential. Also, for all
the simulations we assume that only one tap is Ricean and
the remaining taps are Rayleigh. The power of the LOS
component was assumed to be 10 dB for all the cases. Finally,
the SNR is defined as̄ρ = P/(Nσ2

n).

A. Simulation Example 1

The number of antennasNT = NR = 4. To make the
comparison fair we keep the total energy in the channel
constant. In this example, we assume that the cluster angle
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spreadσθ,l = 0 (l = 0, 1, · · · , L − 1). In the flat-fading case
we set the mean angle of arrivalθ̄0 = π/2. In the multi-path
case we assume a total angle spread of 90 degrees. As Fig. 2
indicates that in general the presence of a LOS component
would reduce the capacity. ForL = 6 the capacity with
pure Rayleigh fading channels and 1 Ricean + 5 Rayleigh
tap channel is almost the same. This is because whenL is
large, the fraction of channel energy in the first path is very
small. This makes the loss in effective SNR due to the LOS
path component in this tap negligible. In general, the capacity
of the system reduces with the increasing strength of LOS
component as it would bring down the effective SNR.

B. Simulation Example 2

Here, we investigated the effect of LOS component along
with that of cluster angle spread (see Fig. 3). The parameters
are same as in example 1 except that we assume a cluster
angle spread ofσθ,l = 0.25 (l = 0, 1, · · · , L − 1). As Fig. 3
shows, in general the cluster angle spread could result in an
improvement in ergodic capacity. An interesting point to note
is that the effect of cluster angle spread on the capacity is
small in L = 1 Ricean channel compared to that of Rayleigh
channel. BeyondL = 3, both Rayleigh and Ricean channels
have almost the same capacity.

V. CONCLUSIONS

We considered the capacity of an OFDM-based MIMO
system under correlated Ricean fading. Assuming that the CSI
is available only at the receiver we derived expressions forthe
asymptotic capacity of such a system under the assumption
that there is only one LOS component. We then derived the
asymptotic eigenvalue distribution using which we analyzed
the impact of LOS component along with other propagation
parameters on the ergodic capacity.

Our analytical results suggest that in general the presenceof
LOS component could be detrimental to the ergodic capacity
of the system. This fact was also illustrated using simulation
results.
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Fig. 2. Ergodic Capacity with small cluster angle spread
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