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Abstract— In this paper, measurements are used as the
experimental basis for evaluation of MIMO antenna
configurations at 2.15 GHz. At the transmitting fixed station, the
effects of increasing the number of channels and increasing the
inter-element spacing in MIMO systems are studied. The goal of
the paper is to find out how MIMO channels could be exploited
better. We have performed radio channel sounder measurements
using antenna arrays of directive and dual-polarized elements.
Three potential MIMO environments have been included in the
study. We found that increasing the distance between
transmitting antenna elements or increasing the number of
elements decreases eigenvalue spread and improves MIMO
performance.
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angles of arrival of incident field

1. INTRODUCTION

Multi-Input Multi-Output (MIMO) systems can provide
radio channels capable of transferring parallel information
within the same bandwidth, and increase the attainable capacity
[1, 2]. In this paper, measurements are used as the experimental
basis for evaluation of MIMO antenna configurations. The goal
of the paper is to find out how MIMO channels could be
exploited better and at the same time to continue the work of
the paper [3].

Both the propagation environment and the antenna
configurations affect MIMO performance. Effects of different
directive and omnidirectional multi-antenna configurations on
capacity were studied in [3]. Two different propagation
environment types, indoor picocellular environment and
outdoor microcellular environment, provided different results,
the picocellular environment being better in capacity
comparison. Based on that study, receiving antenna elements
with orthogonal polarizations are equally effective with the co-
polarized elements in capacity comparison. As mentioned in
[4], the dual polarized elements can be compact solutions to
add diversity dimension with low correlation between antenna
ports. In some cases, dual-polarized elements result in
relatively high power unbalance between antenna ports that
deteriorates the power gain in MIMO channel [4].

In this paper, the effect of three different propagation
environments on MIMO performance in downlink is studied by
calculating the eigenvalues of normalized instantaneous
channel correlation matrices. The eigenvalues enable an
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estimation of independent sub-channels in MIMO channel. At
the fixed station (FS), the effects of increasing the number of
transmitting (Tx) channels and increasing the inter-element
spacing on the eigenvalue spread are studied.

In Section II the measurement system and the environments
used in the work are described. The calculation of the
eigenvalues is presented in Section III. Section IV presents the
results and discussion of the results and Section V concludes
the work.

IL.

We have performed radio channel sounder measurements
with antenna arrays at both ends of the radio channel [5]. At the
transmitting FS we used a linear antenna array of eight
directive and dual-polarized antenna elements from which
different number of elements were selected in the post
processing of the measurement data. The Tx element spacing
was 0.5 A but in picocellular environment it was 0.7 A. The
antenna array of 32 directive and dual-polarized elements,
similar to the elements of the Tx array, located on the sphere
was used at the receiving mobile station (MS). One dual-
polarized element consists of two orthogonal channels (ch), 6-
and ¢-polarized feeds [3]. In our study, we select groups of
four receiving (Rx) elements from the spherical antenna array
(see Fig. 1). Similar groups of elements in five azimuth
orientations are included in the analysis here.

MEASUREMENTS

Figure 1. A group of four elements selected from the spherical antenna

array.

Potential MIMO environments, indoor picocell inside a
building and outdoor microcell and small macrocell in
downtown Helsinki, are included in the study. The maps of the
routes are in Fig. 2.



The measured angles of arrival of incident field on the same
routes calculated according to [6] are presented in Fig. 3 Fig. 4,
and Fig. 5. The elevation angle 0° equals to the horizontal
level. Negative values are downward and positive upwards.
The azimuth angle 0° is the moving direction marked by
arrowheads in Fig. 2. Here, the positive azimuth angles are on
the left hand side and negative on the right hand side.
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Figure 2. Maps of the environments.

As shown in Fig. 3, in picocellular environment the radio
waves arrive at the MS slightly above the horizontal level
(elevation = 0°). In azimuth, the turn in the moving direction
can be seen at the distance of about 30 m.

In microcellular environment the angle of arrival is around
0° in elevation and the streets determine the azimuth
distribution, which can be noticed in comparing the map of Fig.
2b with Fig. 4.

In macrocellular environment (Fig. 5), the FS is located on
a rooftop level and the signals arrive at the MS at the elevation
angles of close to 20°. In azimuth, the directions of arrival are
from negative angles indicating that the signals have reflected
from the wall opposite to the FS direction (see map in Fig. 2c).
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Figure 3.
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Figure 4. Incidence angles at the MS in the microcellular environment.
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Figure 5. Incidence angles at the MS in the macrocellular environment.

III.

The eigenvalues of normalized instantaneous channel
correlation matrix are used here to study and distinguish the
effects of different transmitting antenna configurations on
MIMO performance. The eigenvalues have been calculated
using the eigenvalue decomposition of the normalized
instantaneous correlation matrix [7] and equal power allocation
at the Tx. The normalized correlation matrix was calculated
according to [3]

EIGENVALUE DISTRIBUTIONS

H"H

1 <
E{Z Hl,zHl,z

n[ t=1

(1)

norm

}

where ()" is complex conjugate transpose, ()  is complex
conjugate, E{} is expectation operator over the sliding window
of 35 snapshots, and n, is the number of transmitting antenna

elements. H is the narrowband complex channel matrix
obtained from impulse responses by at first removing noise and
then using coherent summing in the delay domain. The channel
gain used in normalization was calculated by taking the mean
power over vertically polarized transmitting elements and the
receiving discone antenna and averaging over a sliding window

of about 1 m, corresponding to 7A, in order to mitigate the
effects of slow fading.
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The cigenvalue spread [8] of 7, at the probability level
of 50 % is calculated according to

EVSpread = Apax|dBl — AmindB) 2)
Amax and Ay, are the smallest and the largest eigenvalues at
the probability level of 50 %, respectively. The EVSpread of
the studied cases and that of the isotropic, identically and
independently distributed sensors, called i.i.d, are in Table 1.

IV. RESULTS

Antenna aperture can be enlarged in two different ways, by
adding more antenna elements or increasing the inter-element
spacing of antenna elements. We have studied MIMO systems
consisting of antenna arrays with different number of elements
at the FS and at the MS.
norm 1n
cases where inter-element spacing at the Tx is enlarged. In that
study, we have used two dual-polarized Tx elements (4 ch) and
four Rx elements (8 ch).

Fig. 6 presents the cdfs of the eigenvalues of R

As the distance between Tx elements is enlarged, which
increases the opportunity to utilize the complexity of the
propagation environment, the eigenvalue spread is decreased
and the capacity increases. There is a relatively large difference
between the environments if the eigenvalue spread of g is

considered. The effect of spacing of antenna elements on
eigenvalue spread is more significant outdoors than indoors. If
the environment is scatter-rich enough the effect of antenna
configuration on eigenvalue spread is of minor importance as
can be seen in the results of the indoor picocellular
environment in Table 1.

TABLE I. EIGENVALUE SPREAD AT 50 % PROBABILITY LEVEL
EVSpread Tx spacing Tx spacing 2 Tx 6 Tx
[dB] 0.7A /0.5, | 3.5A/2.5\. | elements | elements
picocell 12 11 20 10
microcell 20 14 28 17
macrocell 18 11 26 14
iid. 9 9 18 7

In Fig. 6c and Fig. 6e, most probably the effect of using
vertical and horizontal polarizations can be seen as dividing the
eigenvalues clearly in two groups, the stronger and the weaker
pairs of values. According to [3], using elements with
orthogonal polarization in receiving seems as good as using co-
polarized elements if two polarizations are used in the
transmission.

In Figure 7, the effect of increasing the number of antenna
elements on cdfs of cigenvalues of z ~ are drawn. At the

MS, we had four elements from which two 6-polarized feeds
and two ¢-polarized feeds were selected (one feed per
element). At the FS, it is possible to install more antenna
elements than at the MS and accordingly, we have studied the
cases of using either two adjacent elements (4 ch) or six
adjacent elements (12 ch) at the FS. In the figures we clearly



see that the highest cdf curve remains at the same power level
although more elements are added at the Tx. Adding more
elements increases the level of the lower eigenvalue curves and
thus, decreases the EVSpread in Table 1 and increases the
attainable capacity, which is presented in Fig. 11 in [3]. Both
the Tx diversity gain and array resolution increase as elements
are added. On the other hand, the complexity of the system
increases if more elements are added which is a drawback.

Antenna aperture can be enlarged in two different ways, by
adding more antenna elements or increasing the inter-element
spacing of antenna elements. According to this study, the effect
of increasing the number of elements is more beneficial than
enlarging the spacing between antenna elements from
eigenvalue spread point of view (see Table 1).
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Figure 6. Effect of increasing the interelement spacing on eigenvalues. We
had 4x8 channels MIMO system with dual-polarized elements.

V. CONCLUSION

Increasing the distance between Tx antenna elements
increases resolution by narrowing the main beam, which results
in decreased eigenvalue spread and increased capacity here.
The effect of Tx element spacing on MIMO performance is
smallest in picocellular indoor environment. In addition to
increasing resolution, adding more elements at the Tx antenna
configuration increases Tx diversity, which can be seen as
sharper eigenvalue curves. The effect of element spacing on
MIMO performance is the strongest in picocellular indoor
environment. When comparing three environments, the
smallest eigenvalue spread is indoors. In some cases as the
inter-element spacing is decreased the eigenvalues are divided
into two groups, the stronger and the weaker values probably
because of using two orthogonal polarizations.
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Figure 7. Effect of increasing the number of Tx channels on eigenvalues.
Four Rx channels used in all cases.
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