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Abstract— An icosahedron antennas configuration for operat-
ing MIMO transmission in outdoor environments is proposed to
get rid of dead angles causing the asymmetry of the conventional
configurations in nature for SVD-MIMO. The proposed config-
uration provided a higher substream gains by the symmetrical
structures with respect to all DOAs, and it made use of the
smaller number of eigenbeams than the conventional method did.
The transmission rate of the proposed configuration is slightly
degraded than that of the conventional rectangular configuration
because of small aperture, but the degradation is only 0.35
bit/sym.

I. I NTRODUCTION

Multiple-input multiple-output (MIMO) that uses several
antenna elements for transmission and reception is promis-
ing architecture for supporting higher-bit-rate transmission. It
transmits different channels called substreams simultaneously
at the same frequency. In singular value decomposition (SVD)
MIMO, or it is also referred to as eigenbeam space division
multiplexing (E-SDM), forms the eigenbeams mutually or-
thogonal to each other at transmission and reception arrays by
providing their appropriate amplitudes and phases (antenna-
element weights) determined by SVD of the channel matrix.
Capacity to be obtained using SVD-MIMO transmission has
been evaluated based on array measurements [1]–[3] and as-
suming known random channels [4]. Recent experiment report
showed SVD-MIMO with 8 transmission and 4 reception
antenna elements provided better performance than SVD-
MIMO with 4 transmission and 4 reception antenna elements
[5].

As a technology improvement of signal processing hardware
enables us to equip much more elements. The most typical
antennas configurations are uniform linear array (ULA) and
equispaced quasi-circular array. Various antennas configura-
tions has evaluated to place array elements on an arbitrary
surface for applications of radar systems [6], [7]. The antenna
elements located on any nonplanar surface could be made to
radiate the desire direction by applying the proper phases and
amplitudes to the elements. Radar researchers have proposed
antennas configurations and beam controlling methods of
obtaining low sidelobes and high stability.

If we can equip many antenna elements to SVD-MIMO
systems, it becomes rather important to determine the antennas
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Fig. 1. SVD-MIMO transmission: (a) concept and (b) antenna-element
weight determination.

configuration utilizing multipath signal clusters in real envi-
ronments. The increase in the capacity is source of the array
gains and the degrees of freedom for these multipath signal
clusters. If we employ linear array elements for transmission
and reception, the capacity is diminished where the direction
of arrival (DOA) of a multipath signal cluster is near the
endfire direction. In this paper, the ray tracing is extended
to evaluate SVD-MIMO transmission performance, then an
icosahedron antennas configuration in outdoor environments is
proposed to get rid of the dead angles causing the asymmetry
of the conventional configurations in nature, and we evaluate
the performance of this new approach.

II. SVD-MIMO T RANSMISSION AND ITS EVALUATION BY

USING THE RAY TRACING

Figure 1 (a) shows a schematic overview of SVD-MIMO
transmission. The SVD-MIMO transmission system transmits
the substreams in mutually different directions and receives
these substreams. First, the receiver detects the array responses
among the transmission and reception antenna elements to
obtain the channel matrix, calculates the antenna-element
weights, the expected carrier-to-noise ratio (CNR), the mod-
ulation levels for each substream, and sends the antenna-



element weights and the modulation levels to the transmitter
via a side channel. The weights are obtained so that the 1st
substream achieves maximum combined ratio. Other eigen-
beams orthogonal to the 1st eigenbeam are also formed within
the degree of freedom of the array, although the substream gain
diminishes as the eigenbeam number increases.

The weights is determined using the SVD of the complex
channel response matrixH. Here we use the weight model
shown in Fig. 1 (b) and assumesnt transmission antenna
elements andnr reception antenna elements. Then we perform
the SVD H = U ΣV ∗, where U and V are the unitary
left- and right singular value matrices,Σ is the diagonal
matrix whose elementsλ1, λ2, . . . , λn, [n = min(nt, nr)]
are associated with the substream gains, and∗ expresses a
conjugate transpose (Hermitian) operation. Then we substitute
V andU∗ into the transmission and reception weights matrices
wt and wr respectively, and the weights,wt(k) and wr(k),
for substreamk are thek-th row extraction of the weights
matrices.

For performance evaluation of SVD-MIMO with ray trac-
ing, we have chosen three dimensional image-based ray tracing
[8] to accurately obtain site-dependent complex channel matrix
and DOA. After obtaining the antenna-element weights for the
transmission and reception, the complex amplitude of each ray
is multiplied by the transmission and reception array responses
of the corresponding substream. These complex amplitudes are
summed up to obtain the substream impulse responses. The
transmission array response fork-th substreamDt(θ, φ, k) is
then derived asDt(θ, φ, k) = w∗

t (k)p(θ, φ), wherep(θ, φ)
is the array propagation vector defined by

p(θ, φ) = exp
{

j
2π

λ
tL l(θ, φ)

}
,

where L is the element location matrix with respect to the
antenna origin,t expresses a transpose operation,λ is the
wavelength, andl(θ, φ) is the look direction vector defined
by

l(θ, φ) =




cos θ cos φ
sin θ cos φ

sin φ


 .

The reception array responseDr(θ, φ, k) is also obtained.

III. I COSAHEDRONANTENNAS CONFIGURATION

In an indoor environment, many multipath signal clusters
are expected because of the parallelism nature of the building
structure. On the other hand, however, the capacity of SVD-
MIMO is significantly reduced if the antenna fails to capture
the small number of multipath signal clusters in an outdoor
environment.

The icosahedron antennas configuration is proposed to re-
move the dead angles of the conventional flat MIMO array ele-
ments. This configuration has mostly symmetric element struc-
ture with respect to all azimuths and elevations. Icosahedron
inscribed a unit sphere has 12 vertices of(0, 1, 0), (0, a, 2a),
(e, a, b), (d, a, −c), (−d, a, c), (−e, a, b), (d, −a, c),
(e, −a, −b), (0, −a, −2a), (−e, −a, −b), (−d, −a, c), and
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Fig. 2. Outdoor layout.

(0,−1, 0), where a = 1√
5

, b = 1 − a
2 , c = 1 + a

2 , d =
√

b, e =
√

c. Now, the minimum distance between vertices

is
√

2 − 2√
5

∼ 1.051, and therefore these coordinates are

multiplied by the half wavelength to keep the separation of
the antenna elements.

IV. SIMULATION RESULTS

An urban outdoor layout depicted in Fig. 2 and a 1-km
stretch road is used here. The amplitude due to reflections
or penetrations is calculated using Fresnel’s equation, and
the amplitude due to the diffractions is obtained from the
uniform theory of diffraction (UTD). The total number of
reflections and penetrations is limited to 2, and the maximum
number of diffraction is 1. Ground reflections and building-
edge diffractions are considered in this evaluation. A frequency
of 3.35 GHz, transmission output of 200 mW, bandwidth
of 1 MHz, and noise figure of 5 dB are assumed. In this
evaluation, dipole antennas are used for all MIMO elements,
the mutual coupling of the elements are not considered, and the
transmission element weights are perfectly conveyed from the
receiver to the transmitter without any errors. The substream
modulation levels are chosen from 64QAM, 16QAM, QPSK,
BPSK, and no transmission so that the target bit error rates for
all substream are exactly less than10−3 [9]. These procedures
are repeated every 5-m locations in Fig. 2. Transmission
performance is evaluated in term of total conveyed bits per
symbol.

The proposed icosahedron antenna consists of 12 vertically-
polarized half wavelength dipole antennas, and they are placed
at the 12 vertex with half wavelength spacing as shown in
Fig. 3 (a). On the other hand, 12-rectangular antenna elements
with 4 elements for horizontal direction and 3 elements
for vertical direction, as shown in Fig. 3 (b) is also used
as an example of the conventional antennas configuration.
There are two classes of conventional transmission perfor-
mance: broadside-to-broadside azimuth and random azimuth.
In this rectangular case, because the array has the maximum
directivity gain for the broadside direction, the maximum
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Fig. 3. Antennas configurations: (a) proposed icosahedron antennas config-
uration and (b) conventional 12-rectangular antennas configuration.

 0

 5

 10

 15

 20

 100  200  300  400  500

tr
an

sm
is

si
o

n
 r

at
e 

[b
it

/s
y

m
]

distance [m]

icosahedron

rectangular

rect. (random azimuth) average
min.

max.

Fig. 4. Expected transmission rates.

transmission performance may be obtained where the trans-
mission and reception arrays are confronted each other. A word
“broadside-to-broadside azimuth” is a class defined where the
transmission and reception broadsides are confronted each
other. In general, both transmitter and receiver do not know
the optimum antenna directions. A word “random azimuth”
is a class where the transmission and reception arrays has
uniform-distribution azimuth. In this class, the transmission
performance at a location is evaluated several times with
different transmission and reception azimuths, and is obtained
in terms of the average or the variation interval. For this
random azimuth evaluation, 30 pairs of different azimuth
combinations are used.

Distance dependence of total transmission rates of sub-
streams for the proposed and conventional antennas con-
figurations is shown in Fig. 4. Plots indicated rectangular
represent the total transmission rate of the broadside-to-
broadside azimuth of the conventional antennas configuration.
For the random azimuth, the maximum, average, and minimum
transmission rates within different 30-pair azimuths are plotted
every 50 m, though we have obtained the rates every 5 m. The
proposed antennas configuration did not always provide higher
transmission rates than the conventional antennas configura-
tion provides.In particular, transmission rates of the random
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Fig. 5. Transmission rate differences between the proposed and conventional
antennas configurations.

azimuth of the conventional were sometimes the highest than
others and always vary significantly. The fact indicates that a
slight difference in azimuth of the arrays results in significant
variation of the transmission rate. Nevertheless, the proposed
antennas configuration is preferable for MIMO data transmis-
sion applications because the transmission-rate variation of the
proposed antennas configuration is smallest than others. The
sensitiveness of the conventional configuration to the array
azimuth comes from the dead angles and requires cumber-
some orientation. Because typical DOAs in urban outdoor
are uneven and the proposed configuration does not use the
backside of the antenna array, and because the aperture of
the proposed configuration is smaller than the conventional
one, the transmission rate was slightly degraded than that of
the conventional one. However, the degradation was only 0.35
bit/sym for entire the 1-km evaluation.

The transmission rate differences for the proposed and con-
ventional random azimuth antennas configurations are summa-
rized in Fig. 5. The differences here are obtained from trans-
mission rates where the receiver moves 5 m. At each move-
ment, the array orientations of the proposed- and conventional-
antenna directions are randomly turned. A movement does
not affect the transmission rates of the proposed configuration
significantly, but the conventional (random azimuth) configura-
tion fluctuates, say more than 5 bit/sym within 500 m from the
transmitting antenna. The r.m.s. transmission rate differences
were 2.9 and 7.7 bit/sym for the proposed and conventional
configurations for an entire range of 1-km road shown in
Fig. 2.

The proposed configuration tends to make use of a lower
substream and degenerate the number of available substreams.
The mean transmission rate for each substream is plotted
in Fig. 6. For a lower substream, the proposed icosahe-
dron antennas configuration provided the highest transmission
rate than others and the conventional broadside-to-broadside
configuration provided the lowest rate. On the other hand,
transmission rate of the proposed configuration was the lowest
than that of others and the broadside-to-broadside configura-
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Fig. 6. Mean transmission rates comparison for each substream.

tion was the highest. The rate of the conventional random
azimuth configuration varied. According to the figure, the
proposed icosahedron antennas configuration made use of a
few multipath signal clusters in the outdoor environment. The
results showed the proposed antennas configuration is rather
more preferable than the conventional linear or rectangular
antennas configurations.

V. CONCLUSION

An icosahedron antennas configuration for operating MIMO
transmission in outdoor environments was proposed for uti-
lizing multipath signal clusters in real environments. The
capacity of SVD-MIMO is significantly reduced if the antenna
fails to capture the small number of multipath signal clusters
in an outdoor environment.

For performance evaluation of SVD-MIMO with ray trac-
ing, we had chosen three dimensional image-based ray tracing
to accurately obtain site-dependent complex channel matrix
and DOA. After obtaining the antenna-element weights for
the transmission and reception, the complex amplitude of each
ray was multiplied by the transmission and reception array
responses of the corresponding substream, and then they were
summed up to obtain the substream impulse responses.

The proposed antennas configuration did not always provide
higher transmission rates than the conventional antennas con-
figuration provides, because the aperture of the proposed con-
figuration is smaller than the conventional one. However, the
degradation was small; say only 0.35 bit/sym. The proposed
antennas configuration is preferable for MIMO data transmis-
sion applications because the transmission-rate variation of the
proposed antennas configuration was smallest than others. The
sensitiveness of the conventional configuration to the array
azimuth is source of dead angles and requires cumbersome
orientation. A movement did not affect the transmission rates
of the proposed configuration significantly. The proposed
configuration made use of a lower substream, and it showed
that the proposed method made use of a few multipath signal
clusters in the outdoor environment. The results showed the
proposed antennas configuration is rather more preferable than
the conventional rectangular antennas configurations.
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