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Ray-tracing-based Technique for
Reducing Computational Complexity
of MIMO Propagation Channel

Estimation

Wataru Yamada®, Naoki Kita, and Takatoshi Sugiyama

Abstract

When radio areas or systems in wideband wireless communication systems are being planned, a
multiple-input multiple-output (MIMO) propagation channel must be considered. This article introduces
a technique based on ray tracing that reduces the computational complexity for estimating the MIMO
propagation channel. This technique can estimate the MIMO propagation channel without any increase
in the computational complexity when the number of antenna elements is increased.

1. Introduction

In wireless communication systems, wireless sig-
nals from a transmitter are transmitted to a receiver
via multiple propagation paths. As shown in Fig. 1,
the ground and buildings cause reflection, diffraction,
or penetration in these paths. As a result, radio waves
taking different propagation paths arrive at the receiv-
er at different times and each propagation path has a
different phase condition since it has a different path
length. Therefore, at the receiver, different received
power levels are observed for each frequency. This
frequency selective fading, as it is called, has a tre-
mendous impact on the communication quality of
wideband wireless communication systems. There-
fore, propagation characteristics including frequency
selective fading must be considered when service
areas or systems in wideband wireless communica-
tion systems are being planned. There are various
methods for estimating propagation characteristics.
The ray-tracing method [1] is one of the most well
known and most effective methods for estimating the
propagation characteristics in multiple-input multi-
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ple-output (MIMO) systems. However, MIMO prop-
agation channel estimation by ray tracing requires an
enormous amount of calculation resources. In this
article, we introduce a ray-tracing technique for over-
coming the computational complexity, which is a
major problem in MIMO propagation channel esti-
mation.

2. Ray-tracing method and its issues

2.1 Ray-tracing method

Algorithms for the ray-tracing method are classi-
fied into two general types: the imaging method and
ray-launching method. The imaging method derives a
propagation path by using geometric optics from a
combination of the transmission position, receiving
position, and reflecting surfaces. On the other hand,
the ray-launching method derives the propagation
path using rays discretely launched at given regular
intervals and searching for the rays that arrive at the
received position.

Estimating the propagation characteristics using
the ray-tracing method requires three parameters: the
propagation distance, incident angle to the reflecting
surface, and complex permittivity of the reflecting
surface. The propagation distance and the incident
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Fig. 1. Propagation characteristics in wireless communication systems.
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Fig. 2. Propagation path search process using imaging method.

angle to the reflecting surface are derived from
ray-tracing estimation results. The complex permit-
tivity of the reflecting surface is a predetermined
static parameter.

2.2 Issues facing ray tracing

As shown in Fig. 2, the ray-tracing method derives
the propagation path including reflection, diffraction,
and penetration from the transmitter to receiver using
geometric optics. The estimation accuracy can be
improved by increasing the number of reflections,
diffractions, or penetrations in the case of the imaging
method or by increasing the number of rays launched
from the transmitter in the case of the ray-launching
method. However, the receiving area must be config-
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ured for propagation channel calculation by the ray-
launching method since there is a very low probabil-
ity that rays launched from the transmitter will arrive
at the receiving point. Moreover, it is quite compli-
cated to decide the receiving area. Therefore, in this
article, we focus on the imaging method in order to
introduce our new technique.

In the imaging method, it is necessary to search for
the propagation path for the combination of all allo-
cated building walls. Thus, in the case of single-input
single-output systems, one must judge whether a
reflection point exists on the wall a total of AB times
when the number of building walls is set to A and the
number of reflections is set to B. For instance, as
shown in Fig. 2, a single reflection requires two
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Fig. 3. Features of MIMO propagation channel.

judgments and a double reflection requires four. The
computational complexity increases with the square
of the number of walls, reflections, diffractions, and
penetrations. Therefore, many computational com-
plexity reduction techniques have been studied.

2.3 Special problem in applying ray tracing to
MIMO systems

MIMO technology, which uses multiple antennas at
the transmitter and at the receiver to improve the
transmission rate, has recently been widely studied.
IEEE 802.11n (IEEE: Institute of Electrical and Elec-
tronics Engineers) and WiMAX (worldwide interop-
erability for microwave access), which are recently
standardized wireless schemes, both use MIMO tech-
nology. MIMO propagation channel evaluations that
use the ray-tracing method have been reported. How-
ever, whether a reflection point exists on a wall must
be judged a total of m x n x AP times when an m x n
MIMO system is treated. Thus, there is the additional
problem that the computational complexity increases
in proportion to the number of antenna combinations
when the ray-tracing method is applied to MIMO
systems.

3. New technique for reducing calculation
complexity for MIMO propagation
channel estimation

3.1 Special characteristics of MIMO propagation
channel

In general, a MIMO propagation channel simula-
tion is performed under the condition that the physi-
cal sizes of the transmitter and receiver array anten-
nas are much smaller than the distance between the
transmitter and receiver antennas. Under such a con-
dition, as shown in Fig. 3, the propagation paths
between all the transmitter and receiver antenna ele-
ments are often extremely similar. Thus, to decrease

the computational complexity, it is generally thought
that a MIMO propagation path can be simulated by
using the propagation path between a particular com-
bination of antennas instead of those for all the trans-
mitter and receiver antenna combinations.

3.2 New technique

Our new technique uses the abovementioned
MIMO propagation channel characteristic to simu-
late a MIMO propagation channel for the propagation
path between a particular combination of transmitter
and receiver antennas instead of those for all antenna
combinations. The procedure for deriving the propa-
gation distance using this technique for a single-
reflection wave in a 2 x 2 MIMO system is shown in
Fig. 4.

The procedure is as follows.

1. Calculate the center of gravity (CoG) of the trans-
mitter and that of the receiver.

2. Derive the virtual image of the receiver CoG.

3. Derive the vector from the transmitter CoG to the
virtual image of the receiver CoG, and derive the
reflection point on the basis of the intersection of
the vector and the reflecting wall.

4. Derive the vector from the transmitter CoG to the
reflection point, the vector from the reflection
point to the receiver CoG, and the vectors from
the receiver CoG to all of the receiver antenna
array components.

5. Calculate the positions of all the receiving antenna
array components by rotating the vectors from the
reflection point to the receiver CoG until they
overlap the vectors derived in Step 3 while retain-
ing the positional relationship between the vector
from the reflection point to the receiver CoG and
the vectors from the receiver CoG to all of the
receiver antenna array components (Rx1’ and
Rx2’in Fig. 4).
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Fig. 4. Procedure of our MIMO propagation channel estimation.

6. Calculate the propagation distances from all the
transmitter antenna positions and receiver anten-
na positions and then derive the MIMO propaga-
tion channel.

In our technique, a shorter distance between a par-
ticular antenna position and another antenna position
is better considering the estimation error. Thus, desir-
able antenna positions for a particular combination
are the CoGs of the transmitter and the receiver
array.

Our technique attempts to decrease the propagation
distance estimation error by using information about
the positional relationship between the array CoG
and each array element. The reflection and diffraction
angles in our technique are defined as the same angles
as derived by ray tracing between the transmitter and
receiver COGs. This is because the propagation paths
between all transmitter and receiver antenna elements
are often extremely similar to the results of ray trac-
ing between the transmitter and receiver CoGs.

3.3 Special features of our technique

Because our technique focuses on decreasing the
computational complexity of the path search, it can
be applied to not only the imaging algorithm but also
the ray-launching algorithm. Moreover, it further
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decreases the computational complexity by combin-
ing previously proposed ray-tracing acceleration
algorithms because they are mainly focused on effi-
cient path searching.

4. Verification based on simulation model

4.1 Simulation model and parameters

The propagation channel calculated using the ray-
tracing method is derived using the propagation dis-
tance, reflection or diffraction angle, and electrical
properties of the wall. The wall’s electrical properties
are represented by a fixed parameter. On the other
hand, since the propagation distances and reflection
or diffraction angles calculated using our technique
are approximated parameters, there is some mismatch
between the values of these parameters calculated by
our technique and by conventional ray tracing. There-
fore, the MIMO propagation channel estimation error
was evaluated from the difference between the eigen-
value calculated using the imaging algorithm and that
using our technique because the parameter provides a
good representation of the effect of the phase differ-
ence of each element.

A MIMO propagation channel simulated using the
outdoor simulation model is shown in Fig. 5. A four-
element transmitter antenna array and a four-element
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Fig. 6. Calculation example of simulation results.

receiver antenna array were used. As shown in Fig. 5,
a 4 x 4 MIMO propagation channel was calculated
using the imaging algorithm and our technique at
positions ranging from Y= 0 m to 30 m at intervals of
1 cm. The calculated frequency was 2.45 GHz. The
maximum number of reflections was set to three, and
the number of diffractions was set to one for the ray-
tracing calculation. Only the reflected wave and the
diffracted wave were treated in the simulation model
for verifying our technique. When propagation char-
acteristics are simulated using the ray-tracing meth-
od, a penetration wave may need to be considered.
However, our technique is effective even when the
existence of a penetration wave is taken into consid-
eration.

4.2 Simulation results

An example of the variability of the eigenvalue
characteristics obtained using the imaging algorithm
and our technique for positions from Y=20 m to 21 m

in the simulation model is shown in Fig. 6(a). The
value of each eigenvalue calculated using the imaging
algorithm could be reproduced by our technique. The
cumulative probability of each eigenvalue in the
whole simulation section calculated using the imag-
ing algorithm and our technique is shown in Fig. 6(b),
which shows that the distribution was almost the
same for all eigenvalues compared with those for the
imaging algorithm and our technique. Therefore,
these results show that a statistical evaluation of the
MIMO propagation characteristics calculated using
the imaging algorithm can be reproduced using our
technique.

With our technique, as the number of antennas is
increased, the benefit of the reduced computational
complexity increases. This is because the path search
process accounts for the majority of the computa-
tional complexity in the conventional ray-tracing
method. In general, when the number of antenna ele-
ments is increased, our technique can estimate the
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MIMO propagation channel without any increase in
computational complexity. For instance, when 4 x 4
MIMO is assumed, the number of antenna combina-
tions is 16. Therefore, the computational complexity
for our technique is approximately 1/16 (6.25%) of
that for the conventional ray-tracing method. For the
simulation model and conditions, it is 6.30% [4].

5. Conclusion

MIMO technology is essential to current wireless
communication systems. In this article, we described
a technique for overcoming the computational com-
plexity, which is a major problem in MIMO propaga-
tion channel estimation using ray tracing. Our tech-
nique can estimate the MIMO propagation channel
without any increase in computational complexity
when the number of antenna elements is increased.

In the future, we will continue to evaluate propaga-
tion characteristics with our technique and improve it
for practical use so that it can handle various wireless
communication systems.
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