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Abstract—Channel capacity of indoor Multi-input Multi-
output Space Division Multiplexing (MIMO-SDM) with antenna
selection diversity is analyzed using the ray tracing method. A
large number of receiving antennas are divided into several
blocks. Each block is corresponding to a receiving MIMO
channel, and the number of transmitting channel is assumed
to be equal to the number of receiving channel. The number of
divided blocks is changed and the channel capacity is evaluated
in many antenna locations. It is found that, in the case of a weak
fading environment, decreasing the number of divided blocks can
improve the channel capacity per channel. On the other hand,
increasing the number of blocks can lead to increase the channel
capacity per channel in the case of a rich fading environment.

I. INTRODUCTION

Because of the strong requirement of high speed data trans-
mission service, many techniques of wideband mobile commu-
nications have been studied. The multiple input multiple out-
puts (MIMO) multiplexing is an attractive technique to achieve
very high speed transmission with a limited bandwidth[1]-[3].
The frequency utilization efficiency can be greatly improved
when the MIMO-Space Division Multiplexing (SDM) tech-
nology is used in wireless communication systems.

The millimeter wave band has attracted great interest for
its wide bandwidth allocated for future broadband wireless
communications[4],[5]. Therefore, a combination of MIMO
technique and millimeter wave band can be used to realize an
ultra high-speed wireless communications.

A large number of receiving antennas for MIMO can be
easily implemented in a mobile handset by using the advantage
of the millimeter wave because miniaturization of the antenna
size is possible in the millimeter wave band. The large number
of antennas can be divided into several groups. The selection
diversity processing can be performed inside each group, and
each group can be used as one of the channels in the MIMO-
SDM. Combination of MIMO-SDM and antenna selection
diversity has been studied theoreticaly[6]-[8].

In this study, propagation characteristics of MIMO-SDM
with antenna selection diversity in indoor environment at
millimeter wave band are numerically analyzed. The effect of
the number of antenna blocks, antenna elements in each blocks
and the number of total antennas on MIMO transmission
capacity is investigated to show how to optimize the group
size to obtain the high MIMO transmission capacity.
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Fig. 1. Receiving system of MIMO-SDM with antenna selection diversity.

TABLE I
ANALYSIS SPECIFICATION.

Frequency 60 GHz (λ0 = 5 mm)
Transmission antenna Omnidirectional antennas

Receiving antenna Dipole antennas
Antenna spacing 0.5λ0

Transmission power 0 dBm
Received noise level -100 dBm

II. MIMO-SDM TRANSMISSION USING ANTENNA
SELECTION DIVERSITY

A. Receiving system

Receiving system is shown in Fig. 1. M is the number of
total receiving antennas. Ms is the number of antenna elements
in each group which process selection diversity. Mc is the
number of groups. Thus M = Ms ∗ Mc.

Received signal was processed in the way of selection
antenna diversity which select a maximum receiving SNR in
Ms elements in one block. The selected Mc signals are used as
the input signal in the MIMO-SDM receiving system. In this
study, the MIMO channel capacity was calculated by changing
the number of total receiving antennas M and the number of
block Mc.

B. MIMO Channel Capacity

Propagation channel between transmitting and receiving
antennas can be calculated by numerical analysis. The chan-
nel transmission matrix H is obtained from the propagation
channel as shown in the following equation.
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Fig. 2. Indoor model (Unit:m).
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Fig. 3. Pattern of receiving antennas.

gij =
K∑

k=1

Pij(k), i = 1, 2 . . . Nr, j = 1, 2 . . . Nt (1)

where Nt is number of transmitting antenna, Nr is number
of receiving antenna, K is number of path which reach
receiving antenna from transmission antenna. gij is element of
channel matrix G which is calculated by ray tracing. Pij(k) is
channel response of the ray which reaches the i-th receiving
antenna through the k-th propagation channel from the j-th
transmitting antenna.

It is known that MIMO channel capacity is calculated
by channel transmission matrix which is normalized by the
received power shown in the following.

H=AG (2)
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where E[·] is ensemble average. The MIMO channel capacity
is calculated by [9],

C =
Nt∑
j=1

log2(λjγ0/Nt + 1) [bit/s/Hz] (4)

where Nt≤Nr, λj is eigenvalue of HHH, γ0 is average
received SNR.

C. Simulation method

The method of moments and the FDTD (Finite Difference
Time Domain) method are known well to analyze the field dis-
tribution around scatterer. A high accurate analysis is possible
by using these methods. On the other hand, it takes very large
memory and long calculation time when the size of scatterers
and antennas, and propagation path length are much larger
than wavelength. However, the ray tracing method, which is a
kind of high-frequency approximation methods, is an efficient
method in calculating the electrically large scale problems.
Therefore, the ray tracing method is applied to the numerical
analysis of propagation channel in the present study[10].

Either a ray launching method or an image method is
required in the ray tracing method. The ray launching method
follows up many ray’s propagation path which generated from
transmitting antennas, while the image method calculate reflec-
tion path from scatterer using image path. The ray launching
method is more suitable than the imaging method in saving
CPU time when a large amount of scatterers are included in
the analysis model, although the image method usually gives
results with a higher accuracy. However, phase information of
each receiving paths is very important when calculating MIMO
channel capacity. Therefore, an accurate path length should be
estimated more accurately to obtain a higher accurate MIMO
channel capacity. As a result, the image method is used in this
study.

Analysis specification is shown in Tab. I. Frequency is 60
GHz. Antenna element spacing is 0.5 λ0 = 2.5mm. The total
transmission power is 0 dBm. Received noise level is defined
as -100 dBm. In the imaging method, the maximum number
of reflection times is assumed to be 3. No diffraction wave is
considered in the analysis.

III. ANALYSIS MODEL

This section describes the indoor model and antenna geom-
etry in the simulation. The indoor model is a rectangular room
bounded by a concrete wall (εr = 6.765, σ = 2.3∗10−3 S/m)
with 10 cm thickness as shown in Fig. 2. The room has a
length of 7.7 m, width of 6.3 m, and height of 2.5 m. Center
of transmitting antenna arrays are located at (1.0 m, 3.15 m) at
a height of 1.5 m. Receiving antennas are placed at 2 positions,
i.e., area A and area B, at a height of 1.5 m.

The transmitting antenna is assumed to have an isotropic
radiation pattern. The receiving antennas have several types
of geometries: M = 24 ∗ 24, 16 ∗ 16, 8 ∗ 8 and 4 ∗ 4. The
receiving antennas are divided into several blocks which is
shown in Fig. 3. The divided patterns of antennas are named
as (a), (b), (c), (d), (e), respectively. MIMO channel capacity
was calculated. Radiation pattern of receiving antenna is uni-
directional. Antenna has a gain of 4.53 dBi and has a vertical
polarization.
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Fig. 4. Received power distribution of receiving antennas at area A (M =
24 ∗ 24).
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Fig. 5. Normalized MIMO channel capacity at area A.

IV. SIMULATION RESULTS

A. Simulation results in area A

The spatial distribution of received power in area A is shown
in Fig. 4.

Antenna selection diversity was applied to the received
signal inside each antenna group. First, received power at
each receiving antenna was calculated by using the ray tracing
method. Then, the antenna element was selected which has the
maximum SNR in each group which is shown in Fig. 3. The
selected antenna element was used as one of the MIMO-SDM
branches. The number of transmitting antennas is assumed to
be equal to the number of blocks Mc of receiving antennas.
The MIMO channel capacity was evaluated by changing the
total number of receiving antennas M and the number of di-
vided blocks Mc. The MIMO channel capacity was normalized
by the number of MIMO braches, i.e. the number of bocks
of the receiving antennas. The MIMO channel capacity was
calculated for every movement of the receiving antennas in
direction x at a step of 0.1λ0 and then was averaged at areas
of A and B, respectively.

Normalized MIMO channel capacity is shown in Fig. 5.
It is found that decreasing the number of divided blocks can
improve the normalized channel capacity.
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Fig. 6. Average received SNR at area A.
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Fig. 7. Normalized eigen value at area A.

Average of received SNR (signal to noise power ratio) of
the output of selection diversity is shown in Fig. 4. Only 0.5
dB improvement is observed by using the selection diversity
because of the weak fading environment as shown in Fig.
4. Therefore, effect of the antenna selection diversity is very
limited.

The normalized eigenvalues are shown in Fig. 7. It is found
that the normalized eigenvalues of more than 3 order becomes
very small because of the level of the reflection paths is
very small due to the large propagation loss at the millimeter
wave band in the case of Mc = 4(c) and Mc = 8(d,e).
Therefore, normalized MIMO channel capacity per channel
becomes small than that at Mc = 2.

B. Simulation result in area B

The spatial distribution of received power in area B is shown
in Fig. 8. It is found that a strong fading environment is
observed in area B. The normalized MIMO channel capacity
is shown in Fig. 9. When the number of divided blocks Ms

increases, the normalize channel capacity per channel does not
decrease as rapidly as that in the case of area A.
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Fig. 8. Received power distribution of receiving antennas at area B (M =
24 ∗ 24).
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Fig. 9. Normalized MIMO channel capacity at area B.

The average of received SNR of the output of selection
diversity is shown in Fig. 10. This result is different from
that in the case of area A. A strong correlation is observed
between the number of antenna elements Ms in each divided
block and the received SNR as shown in Fig. 11. A 5-dB
difference appears in the averaged received SNR for various
numbers of Ms.

However, the normalized channel capacity per channel does
not change as much as the SNR when Ms changes. The
eigenvalues are shown in Fig. 12. The normalized eigenvalues
are larger than that in the case of area A because the reflection
paths from walls cause a strong fading in area B as shown
in Fig. 8. From these results, a high received SNR can
be obtained by increasing the number of elements Ms in
each divided block, which contributes to increase the MIMO
channel capacity per channel.

V. CONCLUSION

In this study, MIMO-SDM with antenna selection diversity
was investigated. Indoor propagation characteristics at mil-
limeter band was analyzed by using the ray tracing method,
Effect of the number of receiving antennas, number of divided
blocks for selection diversity on the normalized MIMO-SDM
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Fig. 10. Average received SNR at area B.
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Fig. 11. Number of elements in each divided block Ms and received SNR.

channel capacity was obtained. In the case of weak fading
environment, because a high performance of MIMO-SDM can
not be expected, the normalized channel capacity per channel
can be increased by decreasing the number of divided blocks.
On the other hand, in the case of strong fading environment,
although the effect of the antenna selection diversity can
improve the SNR, a large number of divided blocks can result
in a high channel capacity due to the rich reflection paths.
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