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Abstract— A simple framework for Monte-Carlo simulations of a
multiple-input-multiple-output radio channel is proposed. The derived
model includes the partial correlation between the paths in the channel,
as well as fast fading and time dispersion. The only input parameters re-
quired for the model are the shape of the power delay spectrum and the
spatial correlation functions at the transmit and receive end. Thus, the
required parameters are available in the open literature for a large va-
riety of environments. It is furthermore demonstrated that the Shannon
capacity of the channel is highly dependent on the considered environ-
ment.

I. I NTRODUCTION

The remarkable Shannon capacity gains available from de-
ploying multiple antennas at both the transmitter and receiver
of a wireless system, has generated great interest in recent
years [1]-[2]. Large capacity is obtained via the potential
decorrelation in the multiple-input-multiple-output (MIMO)
radio channel, which can be exploited to create many paral-
lel subchannels. However, the potential capacity gain is highly
dependent on the multipath richness in the radio channel, since
a fully correlated MIMO channel only offers one subchan-
nel, while a completely decorrelated channel offers multiple
subchannels depending on the antenna configuration. Today,
most studies have been conducted assuming either fully corre-
lated/decorrelated channels, while a partially correlated chan-
nel should be expected in practice. The objective in this study
is therefore to derive a realistic MIMO channel model, which
is applicable for link level simulations for evaluation of space-
time coding algorithms. It is believed that simulations are re-
quired in order to determine the performance of various space-
time coding algorithms under more realistic propagation con-
ditions, including channel estimation errors and other algorith-
mic imperfections.

During the last decade, there have been many studies fo-
cusing on single-input-multiple-output (SIMO) radio channel
models for evaluation of adaptive antennas at the base station
[3]. These models have mainly been derived from geometric
scattering distributions [4]-[8] or extensive analysis of mea-
surement data [9]-[11]. In this study, the goal is to take advan-
tage of the numerous results obtained from studying SIMO

channels, and try to extrapolate these findings into a simple
wideband stochastic MIMO channel model. Measurement re-
sults which support the MIMO channel model derived in this
paper are presented in [12].

II. STOCHASTIC MIMO CHANNEL

Let us consider the setup pictured in Fig. 1 withM an-
tennas at the base station (BS) andN antennas at the mobile
station (MS). The signals at the BS antenna array are denoted
y(t) = [y1(t); y2(t); : : : ; yM (t)]T , whereym(t) is the signal
at themth antenna port and[�]T denotes transposition. Simi-
larly, the signals at the MS are the components of the vector
s(t) = [s1(t); s2(t); : : : ; sN (t)]T .
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Fig. 1. Two antenna arrays in a scattering environment.

The wideband MIMO radio channel which describes the
connection between the MS and the BS can be expressed as

H(�) =
LX
l=1

AlÆ(� � �l); (1)
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is a complex matrix which describes the linear transformation
between the two considered antenna arrays at delay�l, where
�
(l)
nm is the complex transmission coefficient from antennan

at the MS to antennam at the BS. Notice that (1) is a simple
tapped delay line model, where the channel coefficients at the
L delays are represented by matrices. The relation between
the vectorsy(t) ands(t) can thus be expressed as

y(t) =

Z
H(�)s(t� �)d� (3)

or

s(t) =

Z
H
T (�)y(t� �)d�; (4)

depending on whether the transmission is from MS to BS, or
vice versa.

To keep the channel model simple, it is assumed that�
(l)
mn

is zero-mean complex Gaussian distributed, i.e.j�(l)
mnj is

Rayleigh distributed. It is furthermore assumed that the av-
erage power of the transmission coefficients is identical for a
given delay, so

Pl = E
n
j�(l)
mn

j2
o

(5)

for all

n 2 [1; 2; : : : ; N ] ^ m 2 [1; 2; : : : ;M ]; (6)

and uncorrelated from one delay to another, so

D
j�(l1)
mn

j2; j�(l2)
mn

j2
E
= 0 for l1 6= l2; (7)

whereha; bi computes the correlation coefficient betweena

and b. This implies that the average power delay spectrum
(PDS) that the model reproduce equalsP (�) =

P
PlÆ(� �

�l). Thus, by proper selection of the parameter setf�l; Plg
an exponential decaying PDS with a specified delay spread
can be realized [17]. Alternatively, the shape ofP (�) can be
chosen according to some of the specified ITU profiles such
as Vehicular A, Indoor A, Pedestrian A, etc. [18].

The potential gain from applying space-time coding is
strongly dependent on the correlation coefficient between the
components ofH(�) and thus ofAl. The spatial correlation
function observed at the BS has been studied extensively in the
literature for scenarios where the MS is surrounded by scatter-
ers, while there are no local scatterers in the vicinity of the
BS antenna array, i.e. typical urban environment. This basi-
cally means that the power azimuth spectrum (PAS) observed

at the BS is confined to a relatively narrow beamwidth. Given
these conditions, expressions for the spatial correlation func-
tion have been derived assuming that the PAS follows a co-
sine raised to an even integer [13], a Gaussian function [14], a
uniform function [15], and a Laplacian function [16]. Experi-
mental results have been reported in [19]-[20], among others.
Consequently, the correlation coefficient between antennam1

andm2 at the BS,

�BS
m1m2

=
D
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m2n

j2
E

(8)

is easily obtained from the literature assuming that the BS an-
tenna array is elevated above the local scatterers. Notice that
(8) implicitly assumes that the spatial correlation function at
the BS is independent ofn. This is a reasonable assumption
provided that all antennas at the MS are closely co-located and
have the same radiation pattern, so they illuminate the same
surrounding scatterers and therefore also generate the same
PAS at the BS, i.e. the same spatial correlation function.

The spatial power correlation function observed at the MS
has also been extensively studied in the literature [25]-[27],
among others. Assuming that the MS is surrounded by local
scatterers, antennas separated more than half a wavelength can
be assumed to be practically uncorrelated [25], with
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(9)

approximately zero forn1 6= n2. However, experimental re-
sults reported in [9] show that in some situations antennas sep-
arated half a wavelength can be highly correlated for a MS
located in an indoor environment. Under such conditions, an
approximate expression of the spatial correlation function av-
eraged over all possible azimuth orientations of the MS array
is derived in [28]. This expression is a function of the azimuth
dispersion� 2 [0; 1], where� = 0 corresponds to a scenario
where the power is coming from one distinct direction only,
while � = 1 when the PAS is uniformly distributed over the
azimuthal range[0Æ; 360Æ[ [29]. As the MS typically is non-
stationary, the results presented in [28] are considered to be
very useful since they are averaged over all orientations of the
MS array.

Given (8) and (9), let us define the symmetrical correlation
matrices
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for later use.



The spatial correlation function at the BS and the MS does
not provide sufficient information to generate the matricesAl.
The correlation of two transmission coefficients connecting
two different sets of antennas also need to be determined, i.e.

�n1m1
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(12)

for n1 6= n2 andm1 6= m2. However, it can be shown theo-
retically that

�n1m1

n2m2
= �MS

n1n2
�BS
m1m2

; (13)

provided that (8) and (9) are independent ofn andm, respec-
tively.

III. SIMULATION OF THE MIMO CHANNEL

A. Generation of correlated fading

Given the proposed model, the MIMO channel is easily sim-
ulated on a computer by generatingLMN uncorrelated com-
plex Gaussian processes followed by a filtering procedure in
order to obtain the desired correlation between the transmis-
sion coefficients. Following the approach in [22], the corre-
lated transmission coefficients can be obtained according to

~Al =
p
PlCal (14)

where
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where it is assumed thata(l)x is zero-mean complex Gaussian
distributed with Efja(l)x j2g = 1 and hja(l1)x1 j2; ja

(l2)
x2 j2i = 0

for x1 6= x2 or l1 6= l2. The symmetrical mapping matrix
C 2 R

MN�MN , results in a correlation matrix� = CC
T

where the(x; y)-th element of� is the root power correla-
tion coefficient between thexth andyth element of~Al. As a
first approximation, it is proposed to simulatea(l)x according
to Jakes’ model [26] to ensure that temporal correlation is in-
cluded in the model as well. Assuming that the components of
� are known, the symmetrical mapping matrixC can be ob-
tained by using a standard matrix square root decomposition
method as described in [21], provided that� is non-singular.

B. Directional properties

Notice that the proposed model only reproduces the corre-
lation metrics and fast fading characteristics of the radio chan-
nel, while the phase derivative across the antenna arrays is not
necessarily reflected correctly in the model. The current model
gives rise to a mean phase variation of0Æ across the antenna ar-
ray, provided that the elements are highly correlated. The im-
plication is a mean direction-of-arrival (DoA) of the imping-
ing field corresponding to broadside, since the phase differ-
ence between two antenna elements is proportional tosin(�),
where� is the DoA. However, the model is easily modified to
comply with scenarios like the one pictured in Fig. 2, where
the mean DoA at the BS�BS 6= 0Æ. This mechanism is in-
cluded in the model by modifying (3) to

y(t) =W(�BS)

Z
H(�)s(t� �)d� (16)

where the steering diagonal matrix is expressed as

W(�) =

2
66664

w1(�) 0 � � � 0

0 w2(�)
...

...
. . .

0 � � � wM (�)

3
77775
M�M

; (17)

wherewm(�) describes the average phase shift relative to an-
tenna number one assuming that the mean azimuth DoA of
the impinging field equals�. For a uniform linear antenna ar-
ray with element spacingd, wm(�) = fm(�) exp[�j(m �
1)d��12� sin(�)] wherefm(�) is the complex radiation pat-
tern of antennam, � is the wavelength, andj is the imaginary
unit.
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Fig. 2. Sketch of a scenario where all scatterers are located near the MS so
the impinging filed at the BS is confined to a narrow azimuth region with
a well defined mean direction-of-arrival.

In situations where the antenna signals at the array are as-
sumed statistically independent (uncorrelated), the model re-
produces random phase variations from one antenna to an-
other. In such environments, it does not make sense to define
a mean DoA, hence (3) is applicable without the modification
proposed in (16).

C. Simulation flow

Simulation of the proposed MIMO channel on a computer
basically consists of two steps as illustrated in Figs. 3a and



3b. In the initialization phase, a given environment is first se-
lected, where the power delay spectrum and the spatial corre-
lation functions at the MS and BS are known a priori. Given
the antenna configuration at the MS and BS, the correlation
matricesRMS andRBS are determined, and subsequently the
mapping matrixC can be computed. Notice thatC only needs
to be computed once per simulation.

Select an environment type such as:
- Typicel Urban
- Bad Urban
- Rural
- etc....

- Power delay spectrum
- Spatial correlation function

Select antenna configuration
for both BS and MS, i.e. select ,

and antenna spacing
M, N

Compute the mapping matrix C

Initialization step

R RBS MSand

(a)

Delay Delays(t)

y(t)

w( )� BS

A1
A2 AL

Add signals

(b)
Tapped delay line model

Fig. 3. Implementation of the MIMO channel; (a) initialization steps (b)
Tapped delay line model.

After the initialization phase, the MIMO channel is simu-
lated as a tapped delay line as shown in Fig. 3b. Additional
details are discussed more thoroughly in [31], where a COS-
SAP implementation is presented.

IV. SOME CAPACITY RESULTS

To illustrate the behavior of the proposed MIMO channel,
let us consider a scenario withN = 2 antennas at the MS
andM = 4 antennas at the BS. Uniform linear arrays are as-
sumed at both ends with half a wavelength element spacing. A
typical urban environment is considered with the MS situated
in a street canyon and the BS antenna array mounted slightly
above rooftop level of the surrounding buildings. No line-of-
sight exists between the MS and BS. The PAS observed at the
BS typically follows a Laplacian function for such a typical ur-
ban environment [23]-[24], with a mean azimuth spread (AS)
on the order of10Æ [16]. Consequently, an analytical expres-
sion for the spatial correlation function at the BS is available

in [16], which yields

RBS =

2
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This implies that two neighboring elements are highly cor-
related (0.91), while the two outer elements in the BS array
exhibit low correlation (0.43). The MS is assumed to be sur-
rounded by numerous local scatterers which results in a fairly
low correlation between the two antennas [25]. Hence, as an
example we can assume

RMS =

�
1:0 0:3
0:3 1:0

�
: (19)

Given this channel configuration, let us determine the po-
tential capacity for a narrowband scenario (L = 1). The
MIMO channelH(�) offers K separate data subchannels,
whereK is the rank ofR = HH

H and bounded byK �
minfN;M;Qg assuming that there areQ discrete propagation
paths present in the channel [2]. Here[�]H denotes Hermitian
transposition and the function minf�g returns the smallest ar-
gument. The gain in thekth subchannel is given by thekth
eigenvalue�k of R. Assuming that equal power is allocated
to each subchannel1, the total capacity can be expressed by
applying Shannon’s capacity formula,

C =
KX
k=1

log2

�
1 +

�k

K

P

�2

�
(20)

= log2

����I+R P

K�2

���� ; (21)

whereP is the total power,�2 is the noise power,I is the
Identity matrix, andj � j is the Determinant. Based on (21),
the cumulative distribution function (cdf) ofC is obtained
via Monte-Carlo simulations for three different cases: (i) All
transmission coefficients are completely correlated, (ii) fully
uncorrelated, and (iii) partially correlation as specified in (18)-
(19). Notice that case (i) might correspond to a situation where
there are few scatterers and a LOS between the MS and BS,
say a macro cellular rural environment. Case (ii) is equivalent
to an indoor pico cell configuration where both antenna arrays
are surrounded by a large number of local scatterers. The cdf’s
ofC are plotted in Fig. 4 for the three different cases assuming
a signal-to-noise ratio (SNR) ofP=�2 = 20:0 dB.

It is observed that the potential capacity is very sensitive to
the mutual correlation of the transmission coefficients and thus
the type of environment. The capacity almost doubles when
comparing the correlated and uncorrelated case at the 10%
outage level. The capacity of the partially correlated chan-
nel (typical urban) is somewhere in between the two extreme
cases.
1If optimum power allocation is applied instead, then it can be obtained by

using theWater filling theorem as discussed in [30].
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Fig. 4. Cumulative distribution function of the capacity for three different
propagation scenarios.

V. CONCLUDING REMARKS

The proposed MIMO channel model provides a simple
framework for simulation of such channels, and allows ex-
isting wideband tapped delay line single-input-single-output
channel models to be easily extended to include MIMO. The
model is designed so the required parameters are accessible in
the open literature for various types of environments.
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