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Abstract

The present paper describes the set-up for the measure-
ment of MIMO (Multi-Input-Multi-Output) radio channels
as part of the European project METRA (Multi Element
Transmit and Receive Antenna). Inputs for the stochastic
model described in [1] are extracted from the measurement
results and fed into a COSSAP R
block implementing this
model. A good matching between the eigenanalysis per-
formed on both measured and simulated signals is shown.

1. Introduction

Extensive work on improving the bit rate to accommo-
date the increasing demand for throughput in wireless sys-
tems by using multi-element transmit and receive antennas
has been reported in the literature by Foschini [2] and An-
dersen [3] among others. The capacity of the Multi-Input-
Multi-Output (MIMO) radio channel depends on the spa-
tial correlation properties of the channel. It is important
to have a good channel model to obtain realistic results.
As an example, preliminary experimental investigations [4]
have empirically illustrated for a microcell (Indoor to Out-
door) environment that a total capacity up to 27.9 b/s/Hz
can be achieved in the case of a MIMO radio channel using
a 4�4 antenna array set-up. As part of the European re-
search project METRA (Multi-Element-Transmit-Receive-
Antenna), experimental investigation of the MIMO radio
channel for picocell environments is presented in this pa-
per.

A stochastic MIMO model developed by the authors is
thoroughly treated in [1]. The present paper is dedicated
to the empirical investigation of correlation properties of

MIMO radio channels. The spatial correlation matrix as
well as the Doppler power spectrum are extracted from
the measurements. They serve as inputs to the stochastic
model which main goal is to represent the MIMO radio
channel with a single correlation matrix such that not only
fully (un)correlated but also partially correlated propagation
channels can be investigated. This last option truly reflects
real wireless communication scenarios.

The spatial correlation function at the base station (BS)
has been well documented in the literature in Lee [5],
Adachi et al. [6] for outdoor propagation scenarios along
with results in both indoor and outdoor [7]. However, the
MIMO channel has not been yet thoroughly experimentally
investigated. This lack of expertise motivates the necessity
to obtain empirical spatial correlation matrices which pro-
vide full information of the spatial correlation between each
pair of antenna array element.

In this paper, the measurement set-up, including the used
antenna arrays, and the picocell environments are described.
MIMO results obtained using a parallel channel sounding
measurement testbed are presented. Simulated results pro-
duced by the COSSAP R
implementation of the stochastic
MIMO model [8] and measured results of the eigenanalysis
are compared and developed in this paper.

2. Measurement Set-up

MIMO measurements with a M�N set-up, where M and
N are the number of elements at the BS and MS respec-
tively, were performed with M=N=4. A simplified sketch
of the MIMO set-up is presented in Figure 1, where the
transmitter (Tx) at the mobile station (MS) is on the left
and the stationary receiver (Rx) located at the BS is on the
right. The Tx uses a 1-to-4 switch with a switch time of
50 �s between each element of the antenna array, imple-
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menting a pseudo parallel transmission. The BS consists of
eight parallel Rx channels, nevertheless due to the configu-
ration set-up only four channels will be considered in this
paper. Channel sounding measurements were performed
every 20 ms at a carrier frequency of 2.05 GHz (UMTS
band) and a chip rate of 4.096 Mcps. A more thorough
description of the testbed is given in [9]. The complex nar-
rowband information has been extracted from the wideband
channel data.

The MS uses two trolleys. One trolley was carrying all
the electronic hardware of the transmitter. The other one,
later referred as the “satellite”, was equipped with a linear
slide used to move the antenna array at the MS. The two
trolleys were connected by 10 m coaxial and signal cables.
The purpose of using two trolleys was to avoid any inter-
ference from metallic surfaces. The satellite trolley was
made of wood and the metallic part of the linear slide was
shielded by microwave absorbers. A picture of the MS dur-
ing one measurement run is shown in Figure 2 where the
shield can be seen. The height of the antenna arrays at the
MS and the BS were 1.69 m and 2.34 m respectively. The
measurements were made free from people moving around
to investigate time stationary picocell environments.
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Figure 1. Configuration set-up for parallel
channel sounding MIMO measurements.

The MS was moved along the slide over a distance of 9�,
where � is the wavelength. The measurement procedure
is described as follows and illustrated in Figure 3. For a
stationary position of the satellite, the antenna array moves
forward during 5 s (i.e. from A to B) while the received
signals are being recorded. When the array reaches the end
of the slide (B) it moves backward while the slide is moved
perpendicularly to the motion of the array over a distance
of 0.4�. Starting from C, a new set of measurements is
then collected (C to D). This provides two sets of measure-
ments for each MS location. The specific distance of the
perpendicular displacement of the slide is later explained in
Section 2.1. The acceleration and deceleration phases of
the array moving along the slide were disregarded from the
measurement analysis.
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Figure 2. MS “satellite" during a measure-
ment.
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Figure 3. Measurement procedure at the MS.

2.1. Antenna configuration

Vertical polarized sleeve dipoles, with an average return
loss of approximately 14 dB and a cross polar discrimina-
tion of 20 dB were used during the measurement campaign.

An issue encountered when measuring MIMO radio
channels is the mutual coupling between the elements of
the antenna array. Figure 4 presents the measured and sim-
ulated co-polarized radiation patterns in azimuth of a sleeve
dipole when positioned in a 4 element linear array with a
separation of 0.5�. The antenna array was simulated using
AWAS c
[10], a tool consisting of a kernel for numerical
analysis of wire antennas and scatterers. Our confidence in
this simulating tool is comforted by the reasonable match-
ing between the measured and the simulated results as illus-
trated in Figure 4. Clearly the effect of coupling drastically
impacts the shape of the radiation pattern since a reduction
in gain of 10 dB is noticed for rays coming from 0

Æ or 180Æ.
Such variances in the radiation pattern would directly im-



pact the correlation coefficient (if no postprocessing com-
pensation is made) since the waves coming to the array el-
ements would not be weighted identically. Therefore, in
order to measure directly the correlation properties of the
MIMO radio channel, it is essential to use array elements
with an omnidirectional characteristic. From AWAS c
, dif-
ferent scenarios were investigated to provide an antenna ar-
ray with an optimum omnidirectional radiation pattern.
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Figure 4. Measured and simulated co-
polarized radiation patterns in azimuth of one
of the 4 elements of a linear antenna array
with 0.5� separation.

At the MS, an added constraint to the issue of mutual
coupling is the separation between the elements of the an-
tenna array to be considered. In order to provide Direction-
of-Arrival (DoA) information, it was decided to use 0.4�
separation between the elements to enable to discriminate
waves coming from the back from waves coming from the
front. Figure 5 presents a sketch of the antenna array used.
The interleaved solution provides an actual separation of
1.1� between the elements compared to a traditional lin-
ear array. Furthermore the 3� separation will both cancel
the coupling between the two pairs of elements and create
two separate arrays. The x and y axis offset of the array el-
ements is postprocessed to obtain two uniform linear arrays
each having four elements separated by 0.4�. Simulated re-
sults of the co-polarization radiation pattern in azimuth for
four elements of the antenna array is shown in Figure 6. It
can be seen that the influence of the mutual coupling has
been sufficiently reduced such that our constraint in terms
of omnidirectionality of the radiation pattern is fulfilled.

At the BS, a uniform linear array with four elements and
a spacing of 1.5� was employed since the mutual coupling

influence is low with such a spacing. Moreover, contrary to
the MS, no DoA analysis are planned at the BS.

0.8

3

1.1

0
.8

X

Y

0.4

postprocessing

Figure 5. Top view drawing of the antenna ar-
ray used during the measurement campaign
and the postprocessed linear antenna array
at the MS.

2.2. Environment

The measurement campaigns were undertaken within
several buildings. Three different environments were se-
lected for their different characteristics. The first environ-
ment, referred to as Novi2, provides an example of a build-
ing with several small offices on the same floor as shown
in Figure 7. The second environment, denoted Nokia, illus-
trates a typical modern open office environment as shown in
Figure 8. The last environment, denoted Novi3, is a recep-
tion hall. It provides a large open indoor environment with
two floors which could easily illustrate a conference hall or
a shopping galleria scenario.

For each environment several MS locations were se-
lected to provide a set of measurements where Line-Of-
Sight (LOS) and Non-Line-Of-Sight (NLOS) were present.
Moreover, several BS locations were selected in addition to
the MS locations in order to increase the statistical informa-
tion of the environment. Table 1 indicates the number of
location of the MS and the BS per environment.

The different locations of both the BS and the MS and
the layout of the environment are illustrated in Figures 7
and 8. The arrows represent the run of the slide as well as its
orientation within the environment. The 4 circles represent
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Figure 6. Simulated co-polarized radiation
patterns in azimuth of the four elements of
the antenna array used during the measure-
ment campaign.

Building Number of BS Number of MS
identification location location

Novi2 3 7
Novi3 2 9
Nokia 3 5

Table 1. Number of locations of the BS and
the MS for each environment.

the linear array for each BS location.

3. Measured and Simulated Results

3.1 Spatial correlation analysis of the MIMO
channel

The interest of using MIMO concept is to create paral-
lel subchannels and consequently to increase the capacity
of the communication link. It is known from theoretical
study [1] that the lower the spatial correlation within the
indoor picocell environment, the greater the achieved ca-
pacity. One of the goals of the measurement campaign is to
evaluate the spatial correlation which exists between several
elements of a same antenna array for picocell scenarios.

The complex narrowband information is extracted from
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Figure 7. Novi2: layout example of a floor sep-
arated by small offices.
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Figure 8. Nokia: layout example of a large
open modern office type.

the channel sounding measurement such as

hmn(t) =
1

L

LX

l=1

hmn(t; �l) (1)

where L is the length of the measured complex impulse re-
sponse hmn(t; �l) associated to its delay �l between themth

antenna at the BS and the nth antenna at the MS.
The spatial correlation coefficients �BSm1m2 and �MS

n1n2

(see Figure 9) defined at both the BS and MS respectively
write

�BSm1m2 =< jhnm1j
2; jhnm2j

2 > (2)

�MS
n1n2 =< jhmn1j

2; jhmn2j
2 > (3)

The spatial correlation coefficient is defined as

� =< a; b >=
E[ab]�E[a]E[b]p

(E[a2] �E[a]2)(E[b2]�E[b]2)
(4)

where E[�] denotes expectation. The spatial power correla-
tion coefficient �power [11] [12] is derived from (4) by

�power = j�j (5)
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Figure 9. Representation of the spatial corre-
lation coefficients for a MIMO scenario.

The spatial power correlation coefficients at the MS are
hereafter analysed. The spatial power correlation coefficient
is not treated at the BS since antennas separated with 1.5�
is decorrelated.

Figures 10, 11 and 12 represents the empirical cumula-
tive distribution function (cdf) of the spatial power correla-
tion coefficient computed over all the MS and BS locations
for each environment. This means that 21 different loca-
tions were considered for Novi2, 12 for Novi3 and 15 for
Nokia. For simplicity in reading the graph, the cdf of the
spatial correlation between the elements are grouped into
three categories with the same spacing (i.e. 0.4�, 0.8� and
1.2�). The curves have to be read such that for instance
when looking at Figure 10, at 50 % of the measured loca-
tion for the environment Novi2, the spatial correlation at the
MS for each element separated with 0.4� is less than 0.3. It
can be seen that for the three environments, the elements of
the MS are decorrelated.
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Figure 10. Empirical cdf of the spatial power
correlation coefficient for Novi2.

3.2 COSSAP R
implementation

Another aim of the measurements is to derive realistic
parameters of the MIMO radio channel and to fed them
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Figure 11. Empirical cdf of the spatial power
correlation coefficient for Novi3.
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Figure 12. Empirical cdf of the spatial power
correlation coefficient for Nokia.

into the COSSAP R
implementation of the stochastic chan-
nel model described in [1] in order to validate it.

These parameters presented later are extracted from two
positions (i.e. pos A and pos B) which reflect two different
propagation characteristics. The input parameters given to
the COSSAP R
MIMO model are the followings:

� The spatial power correlation matrixRMS at the MS.

� The spatial power correlation matrixRBS at the BS.

� The Doppler spectrum of the signal.

The correlation matricesRMS andRBS are both defined
as

RBS =

h
�
BS;power
ij

i
; i; j 2 f1 � � �Mg (6)

RMS =

h
�
MS;power
ij

i
; i; j 2 f1 � � �Ng (7)

where �powerij is the spatial correlation defined previously.
The measured power correlation matrices used in the

simulations are presented below. They are the result of an
average over the reference antennas with respect to which



the measured spatial power correlation matrices are com-
puted.

R
pos A
MS =

2
664

1 0:3394 0:0856 0:1615
0:3394 1 0:2947 0:1379
0:0856 0:2947 1 0:2490
0:1615 0:1379 0:2490 1

3
775 (8)

R
pos A
BS =

2
664

1 0:2628 0:2550 0:1216
0:2628 1 0:2417 0:2143
0:2550 0:2417 1 0:2896
0:1216 0:2143 0:2896 1

3
775 (9)

R
pos B
MS =

2
664

1 0:6951 0:2082 0:2404
0:6951 1 0:3411 0:2603
0:2082 0:3411 1 0:3253
0:2404 0:2603 0:3253 1

3
775 (10)

R
pos B
BS =

2
664

1 0:3173 0:1781 0:1189
0:3173 1 0:7603 0:5366
0:1781 0:7603 1 0:7973
0:1189 0:5366 0:7973 1

3
775 (11)

The average measured Doppler power spectrum of the
MS seen from the BS applied to the channel model is pre-
sented in Figures 13 and 14. The Doppler spectra of pos A
and pos B, normalized to the maximum Doppler shift fm,
present two different propagation characteristics.
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Figure 13. Average empirical Doppler power
spectrum for pos A.

In order to check the matching between the measured
and simulated results, their eigenanalysis is performed in
the following section.
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Figure 14. Average empirical Doppler power
spectrum for pos B.

3.3 Measured and simulated eigenanalysis results

A method to estimate the number of independent chan-
nels between two terminals in a rich scattering environment
is to use the eigenvalue decomposition [3] of the instanta-
neous correlation matrixR defined as

R =HHH (12)

where H is the narrowband complex channel matrix and
[�]H represents Hermitian transposition. H is expressed as

H =

2
6664

h11 h12 : : : h1N
h21 h22

...
. . .

...
hM1 : : : hMN

3
7775

where hmn is defined in (1).
A channel matrix H may offer k parallel subchannels

with different mean gains, with k defined as

k = RankfRg � minfM;Ng (13)

where the function Rankf�g and minf�g returns the rank
of the matrix argument and the minimum value of the argu-
ments respectively. The kth eigenvalue is to be visualised
as the power gain of the kth channel [3]. An investigation
of the measured and simulated data in terms of eigenvalues
is presented below.

The simulated data sets have been generated according
to a two phase procedure.

Phase 1 RMS and RBS are mapped to the identity ma-
trix. The measured complex Doppler spectra (i.e. with
phase and magnitude information) of the MN paths
hmn are fed into the model. This is a first validation
of the model with respect to the implementation of the
fading.



Phase 2 The true average spatial power correlation matri-
ces RMS and RBS are applied to the model. MN
i.i.d. variables with amplitude shaped by the average
Doppler power spectrum and random phase uniformly
distributed over [0; 2�[ are generated by the model.

The cdf of the channel envelope hmn and the eigenval-
ues �k (not to be confused with the wavelength �) for a full
run of the transmitter along the linear slide is displayed in
Figures 15 and 16 for pos A and B respectively. Measured
and simulated results are both presented on the same graph.
The eigenvalues are normalized to the mean gain value of a
single transmit and single receive element hmn of the chan-
nel matrix H. It can be seen that the environment of the
two considered cases is decorrelated. This makes the eigen-
values more predominant than in a correlated scenario and
consequently parallel subchannels are achieved within the
investigated picocell with only 0.4� separation.

Moreover simulated and empirical cdf’s of the channel
envelope fit well with the Rayleigh distribution reference
line. This shows that for the two cases the channel is almost
Rayleigh distributed.

The simulated phase 1 fits perfectly well with the mea-
sured cdf in both figures as one would expect. From sim-
ulated phase 2, it can be seen that the simulated results
are close to the measured ones. They may be several rea-
sons why the simulated and measured results do not match
perfectly: insufficient amount of statistics, Wide-Sense Sta-
tionary (WSS) assumption not 100% fulfilled, ... This needs
further investigations. Nevertheless, it is fair to conclude
from the matching of the curves in Figures 15 and 16 that
the stochastic channel model is validated.
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Figure 15. Empirical cdf of narrowband chan-
nel envelope and the eigenvalues for pos A
(�: hmn, o: measured �, continuous line:
simulated phase 1, dashed line: simulated
phase 2, thick dash-dotted line: Rayleigh dis-
tribution reference).
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Figure 16. Empirical cdf of narrowband chan-
nel envelope and the eigenvalues for pos B
(�: hmn, o: measured �, continuous line:
simulated phase 1, dashed line: simulated
phase 2, thick dash-dotted line: Rayleigh dis-
tribution reference).

4. Conclusion

This paper presented the set-up and the initial results
of measurements of MIMO radio channels performed as
part of the European project METRA. Exploitation of the
measurements showed that 0.4� separation between the el-
ements of the antenna array is sufficient to have them decor-
related. Doppler spectra and spatial power correlation ma-
trices were derived from these measurements to serve as in-
puts of a COSSAP R
block implementing a stochastic model
of the MIMO radio channel. Comparison of the eigenanal-
yses performed on both measured and simulated signals
demonstrated a good matching between the implemented
stochastic model and the real measurements.
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