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Abstract

Multiple-input multiple-output (MIMO) systems offer a greater capacity in comparison with systems based on single
antennas. They are particularly suitable for an indoor environment. In this paper, the performance of the MIMO system (4,4)
with 1 transmitter and 32 receivers, situated in an office room, was investigated. For calculations, the ray-tracing algorithm
was used. With an optimal configuration, the achieved capacity was more than 3 times greater than the capacity for the
system (1,1). The results were almost independent of the dielectric constant of the room walls, floor, and ceiling.
� 2005 Elsevier GmbH. All rights reserved.
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1. Introduction

Wireless Local Area Networks (WLANs) have become
very popular in recent years. However, the throughput they
offer is still much lower than the one in cable networks.
Multiple-input multiple-output (MIMO) systems allow in-
creasing the capacity and, in consequence, the throughput,
by using multi-element antennas both at the transmitter
and the receiver. There are two reasons why MIMO sys-
tems are very suitable for an indoor environment. First, the
mobility of radio terminals is limited, and therefore, the
radio channels are stationary or quasi-stationary. Second,
there are many objects in an indoor environment that re-
flect radio waves, so the radio propagation has a multi-path
character.
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In the MIMO system (n,n) – with n antennas at the trans-
mitter and n antennas at the receiver – the capacity is given
by Foschini and Gans [1]

C = log2 det
(
In + �

n
HH ∗) b/s/Hz, (1)

where In is the n×n identity matrix, � is the ratio between the
total transmit power and the noise power, H is the channel
transfer matrix and “*” denotes the “transpose conjugate”
operation. It should be noted that average signal-to-noise-
ratio (SNR) at each receiver antenna can be calculated as

SNR = � · ∑n
i=1

∑n
j=1

∣∣hij

∣∣2

n2 , (2)

where hij is the element of the matrix H.

2. Ray-tracing algorithm

An algorithm that can be used to analyze the radio
propagation in the indoor environment is the ray-tracing
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algorithm [2,3]. With the ray tracing, the propagation paths
between all the transmitters and receivers can be calculated.
Of course, there may be millions of possible paths. In prac-
tice, it is assumed that paths with more than m reflections
have negligible effect on the channel transfer function. Ex-
periments [4] suggest that m is equal to 3. In calculations
reported in this paper m is equal to 4, to achieve even higher
level of accuracy. For each path, the partial channel transfer
function is calculated as

hx = Gx ·
m∏

i=1

Rxi · Px · exp(−j2�lx)

lx
, (3)

where Gx is the factor that incorporates effects such as an-
tenna gain, wavelength, etc., Rxi is the reflection coefficient
for ith reflection, Px is the result of the projection of the
wave polarization vector on the receiver antenna polarization
vector, lx is the length of the path divided by the wavelength.

For each reflection, the wave polarization vector should
be resolved into two components: perpendicular ( ⊥ ) and
parallel (||) to the plane of incidence. The reflection coeffi-
cients R for both vectors have the following values [5]:

R⊥ = cos � −
√

�r − sin2 �

cos � +
√

�r − sin2 �
, (4)

R|| = �r · cos � −
√

�r − sin2 �

�r · cos � +
√

�r − sin2 �
, (5)

where �r is relative dielectric constant and � is the angle of
incidence. After multiplying by the reflection coefficients,
both vectors should be added. To find possible propagation
paths, the method of images can be used [6].

The total channel transfer function between a transmitter
and a receiver is the superposition of the partial channel
transfer functions for all paths:

h = h1 + h2 + · · · + hn. (6)

To calculate the channel matrix H, the total channel trans-
fer functions between all the transmitters and all the receivers
should be calculated.

3. Numerical experiment

Capacity of MIMO system (4,4) in an office room was
investigated. The size of the room was: 10m×15m×3m. It
could be a computer laboratory, a schoolroom, a small con-
ference or lecture hall, or an office working room. Relative
dielectric constant of the walls, floor, and ceiling was �r = 5
(wood, some kind of glass). Furniture, as well as any other
equipment in the room, was ignored.

System consisted of an Access Point (AP) as a transmit-
ter and 32 Personal Computers (PCs) as receivers. AP was
placed under the ceiling, 2.9 m above the floor level. All PCs
were situated uniformly in the room, 1 m above the floor
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Fig. 1. The capacity of the system as a function of the position of
AP. AP is moved along the diagonal of the ceiling.

level. The carrier frequency was 2.4 GHz. All transmitter and
receiver arrays had 4 elements. The arrays were placed hor-
izontally with spacing d =6.25 cm (half of the wavelength).
All antennas were omnidirectional with the polarization per-
pendicular to the floor surface. The mutual coupling between
all antennas was neglected.

Optimal position of AP was investigated. This is the po-
sition where the average capacity for the channels between
AP and all PCs is maximal. The ray-tracing algorithm was
implemented in C++ using geometric data on all the walls,
the floor, and the ceiling. The calculations were performed
for propagation paths with up to four reflections. Average
SNR at each receiver antenna was assumed to be 20 dB. To
achieve it, the preliminary calculations were performed with
ratio � equal to 1 (0 dB). AP was moved along the diagonal
of the ceiling and the average SNR was calculated for each
receiver antenna and for each position of AP. The diagonal
of the ceiling was chosen as it seems to be representative
for all positions of AP. Then, the ratio � was corrected to
achieve average SNR equal to 20 dB. This new value of �
was kept for all further experiments.

The capacity for the channel between AP and all PCs
was calculated. Then, the average value was gained. Dif-
ferent positions of AP were considered, always close to the
ceiling, 2.9 m above the floor level. The obtained capacities
were between 7 and 14.6 b/s/Hz. The maximum capacity
was achieved for AP placed near the middle of the ceiling.
Fig. 1 gives the capacity of the system as a function of the
position of AP, when AP is moved along the diagonal of the
ceiling. The difference between the minimum and maximum
values indicates that the position of AP plays a key role in
the performance of the system. In comparison, the capacity
for the system (1,1) with the same SNR is 6.7 b/s/Hz.

Afterwards, the antennas of the AP were drawn aside from
the middle to the corners of the ceiling. Fig. 2 shows the
capacity of the system when antennas of the AP were sepa-
rated and the scheme of separating the antennas. When the
antennas were placed in the half of the way between the
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Fig. 2. (a) The capacity of the system as a function of the position
of the transmitter antennas. (b) The scheme of separating the
antennas. The antennas are drawn aside, they are always 2.9 m
above the floor level. Position = 0 m means that antennas are in
the middle of the ceiling. Position = 9 m means that antennas are
in the corners.

middle and the corners of the ceiling, their position was
optimal. The achieved capacity was maximal and equal to
22.3 b/s/Hz.

Early papers about MIMO systems [1] suggest that an-
tenna spacing d should be at least 0.5 wavelength (�). Later
experiments [7] show that smaller values of antenna spacing
are also acceptable. The calculations reported here confirm
this thesis. Fig. 3 gives the capacity of the system as a func-
tion of receiver antenna spacing when transmitter antennas
are drawn aside optimally. For d ∈ (0.46�, 0.5�) the capac-
ity is greater than for d = 0.5�. The capacity of 22 b/s/Hz is
achieved even for spacing d =0.38�. Large receiver antenna
spacing did not increase the capacity significantly.

Such an asymmetrical configuration – large transmitter
antenna spacing and small spacing at receivers – seems to be
very advantageous. The transmitter antennas can be placed
anywhere under the ceiling, so large spacing is acceptable.
On the other side, the receiver terminals might be small
(palmtops, wireless phones) and small spacing could appear
to be necessary.

The influence of the relative dielectric constant �r of the
walls, floor, and ceiling was also investigated. Fig. 4 gives
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Fig. 3. The capacity as a function of receiver antennas spacing.
Transmitter antennas are drawn aside and have optimal positions.
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Fig. 4. The capacity as a function of relative dielectric constant of
the room walls, floor, and ceiling. Transmitter antennas are drawn
aside and have optimal positions. Receiver antennas spacing is
0.5�.

the capacity as a function of �r. For �r > 2 (most of insu-
lators and semiconductors), a very weak dependence was
observed. These results suggest that the above calculations
for wooden or glass walls (�r = 5) are also correct for a
room made of other materials. This is encouraging for future
experiments.

All calculations were performed for propagation paths
with up to 4 reflections. This number appears to be suffi-
cient to achieve the desired level of accuracy. Fig. 5 gives a
comparison of calculations performed for propagation paths
with up to 3 and 4 reflections. The difference is negligi-
ble. This allows concluding that contributions from subse-
quent reflections are even smaller. Similar conclusions can
be found in [4].
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Fig. 5. The comparison of calculations performed for propagation
paths with up to 3 (a) and 4 reflections (b). AP is moved along
the diagonal of the ceiling, like in Fig. 1.

4. Conclusions

The capacity was calculated for the MIMO system
(4,4) with 1 transmitter and 32 receivers. The system was
placed in an office room. Ray tracing algorithm was used
for the calculation of the propagation paths with up to 4
reflections. With optimal position of the transmitter, the
capacity of the system was 14.6 b/s/Hz. When transmitter
antennas were separated, the capacity was even growing.
Also, the adjustment of the receiver antenna spacing was

advantageous – the results for the spacing d = 0.46� were
better than for d = 0.5�. With such an asymmetrical con-
figuration, the capacity of 22.4 b/s/Hz was achieved. It was
more than 3 times greater than the capacity for the system
(1,1). These results were almost independent of the dielec-
tric constant of the room walls, floor, and ceiling.
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