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Abstract—The effects of complex wall structures on the char-
acteristics of fading and the capacity of multi-input multi-output
(MIMO) wireless communication systems for some typical indoor
propagation environments are investigated. Two cases of wall
structures are examined in this paper. In the first case, the walls
are considered to be homogenous solid slabs, while, in the second
case, the walls are assumed to be of complex structures. A two-di-
mensional finite difference time domain method is employed to
calculate the electric field distributions, and then, the local mean
power, the Rician factor, and the MIMO capacity are calculated
and analyzed. It is found that the patterns of the local mean power
distributions are different for the two wall-structure cases. As for
the small-scale fading, it is shown that the Rician factors for the
two cases may be different by 5 dB. The resulting values of MIMO
capacities are also quite different and are less than the ideal cases,
where the elements of the transfer ( ) matrix are assumed to be
zero-mean Gaussians with unit variance. We also investigate the
cases where complex walls are replaced by effective slab walls. It
is found that complex walls cannot be appropriately characterized
by simple effective slab walls as considerable difference exists
between the two cases.

I. INTRODUCTION

WITH THE rapid deployment of wireless communication
systems and the advent of multi-input multi-output

(MIMO) systems, accurate propagation characterization is
needed for coverage, optimal site design, calculation of system
capacity, and so on. To ensure an accurate propagation pre-
diction, it is important to develop accurate models for the
propagation environments, including the geometry and elec-
trical properties of building walls and other objects involved.
Usually, a wall in a building is approximated by an interface of
two different materials, as in the outdoor cases, and/or homoge-
nous solid slabs when transmission is considered (for indoor
and/or outdoor to indoor cases). It is also common to assume
that walls are infinitely thin in determining the transmitted ray
trajectory when ray-tracing method is used. Recently, some
investigations have been made in characterizing the effects of
wall thickness, dielectric parameters, and complex geometries
of walls on the accuracy of propagation prediction models
[1]–[6]. It was reported in [6] that the delay spread is sensitive
to the building dielectric parameters. The effects of complex
walls like those shown in Fig. 1(b) on path loss prediction are
most interesting because resonance, i.e., total transmission,

Manuscript received December 20, 2002; revised May 1, 2003.
The authors are with the Hawaii Center for Advanced Communication, Col-

lege of Engineering, University of Hawaii at Manoa, Honolulu, HI 96822 USA.
Digital Object Identifier 10.1109/TAP.2004.825691

Fig. 1. Simple slab walls and complex walls used in the simulation. (a) Simple
slab wall. (b) Complex wall structure.

may occur at some specific angles of incidence. It is reported
that the path loss is different by as much as 8–10 dB between
solid walls and those of complex structures in a simple outdoor
case [1]. The complex walls can be equivalently represented
by three uniform layers using the homogenization method.
The dielectric parameters of the first and the third layers are
identical and constants, and equal to the value of the wall
material, while the dielectric parameter of the mid-layer varies
with the angle of incidence. The complex structures will
give more complicated multipaths and will affect the fading
characteristics and capacity of MIMO systems. It should be
noted that most studies on MIMO systems and the estimation
of their capacity have been theoretical and involved simplified
assumption regarding propagation environments [7]–[14],
although some experiments have been carried out [15]–[17].
No investigation has been carried out for the effect of realistic
wall structures on MIMO capacities to the authors’ knowledge.

In this paper, we present the results of a study on the effects
of complex wall structures on the fading properties and the ca-
pacity of MIMO systems. Calculations are made using an finite
difference time domain (FDTD) method that can provide more
detailed (high resolution) and accurate results than a ray-tracing
approach,as thecomplexwallstructuresare involved.First, acase
where walls are simulated by slabs is calculated as a reference.
Then, complex walls with the same thickness are used and the
electric field distribution in the propagation environment is cal-
culated.Thelocalmeanpowerdistribution, thesmall-scalefading
characteristics, and the MIMO capacities are then obtained and
compared for the two cases of wall structures. It is found that the
patterns and coverage of the local mean power distributions of
the two cases are different and the factors for the two cases are
different by as much as 5 dB. The calculated MIMO capacities
are also quite different and are less than those calculated using
the ideal cases where the elements of matrix are assumed zero
mean unit variance Gaussians. When complex walls are replaced
byeffectiveslab-walls, thevariousresultsarecalculatedandcom-
pared with the slab and complex wall cases. It is found that the

0018-926X/04$20.00 © 2004 IEEE



YUN et al.: COMPLEX-WALL EFFECT ON PROPAGATION CHARACTERISTICS 915

Fig. 2. FDTD model for a floor plan in a building. The whole FDTD model has a dimension around 40 � 40 m. The fields in the dashed rectangle (around
27 � 27 m) will be analyzed. All dimensions are in meters.

Fig. 3. Comparisons of equal-power patterns between (solid line) the complex, (dashed line) slab walls, and (dotted line) effective walls. (a) For �5-dB power
contours. (b) For �10-dB power contours.

effective wall structures behave more like slabs walls instead of
complex walls, which means that simple effective wall structures
do not represent the complex walls very well.

II. FINITE DIFFERENCE TIME DOMAIN MODELING

We focus our study on the comparison of simple and com-
plex walls with the geometries shown in Fig. 1(b). Although

other complex geometries [4] may have been considered, the
one shown in Fig. 1(b) serves as a representative example that
will illustrate impact of wall structures on the characterization
of a propagation environment. The reflection and transmission
properties of this kind of wall can be analyzed using the homog-
enization method [1]. It is shown in [1] and [2] that resonance
effect may occur for some angles of incidence and at some fre-
quencies and the reflected and transmitted powers can be very
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TABLE I
PERCENT COVERAGE OF THE POWER CONTOURS

Fig. 4. Three lines on which small scale fading characteristics are examined.

different from those calculated based on the assumption of the
solid slab walls. The dimensions of the walls shown in Fig. 1 are

13.4715 cm, , 9.6225 cm, and 1.9245
cm. The frequency is assumed to be 900 MHz with wavelength
in air equal to 1 3 m. The relative permittivity of the ma-
terial is equal to 3.0 and the wavelength in the material is thus
approximately equal 3 19.245 cm. The conduc-
tivity of the material is 1.95 10 S/m.

This paper employs the FDTD method to accurately char-
acterize the different effects of simple and complex walls
on the power distribution, Rician factor, and the MIMO
capacity. A two-dimensional (2-D) FDTD code is used to
simulate the electric field distributions. To make things more
realistic, the floor layout of a real building is employed, as
shown in Fig. 2. The position of the transmitter is also shown
in the figure. The total dimension is around 30 30 m. A

square FDTD grid is used with a cell size equal to 1/10 of
the wavelength in material .

First, the solid slab walls are assumed. The FDTD simulation
gives the electric field distribution in the whole region. Second,
the FDTD simulation is carried out when slab walls are replaced
by complex walls and the field distribution is obtained. Third, the
complexwallsaresubstitutedbytheireffectivewalls,andthefield
distributionisagaincalculated.Thepowerdistributioncanbecal-
culated as the square of the magnitude of the electric field.

III. CALCULATION OF MEAN POWER, RICIAN

FACTOR, AND MIMO CAPACITY

For the calculation of the local mean signal strength, several
methods exist in the literature [18] and [19]. Valenzuela et al.
use the average (in watts) of a large number of the measured
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values while rotating transmit and/or receive antennas over a
horizontal circle with radius equal to several wavelengths [17].
In this paper, we first calculate the electric field distribution in
the region of interest, and this gives the complex electric fields
at each FDTD cell. Since the cell size is about 1/17 of the wave-
length in the air, the obtained fields samples are of high resolu-
tion. The local mean power at a point is calculated using the
average values over a square centered at and with side length
of several wavelengths 6 . We believe that this will be more
accurate than the average value over a circle or a line segment.
The local mean power at a point is thus defined as

(1a)

where stands for expectation (average values), is the
number of the FDTD cells, and is the signal strength at
cell . The local mean signal strength (the electric field)
can be calculated similarly as

(1b)

The small-scale fading can be characterized by the Rician dis-
tribution [20] that represents the more general case with pos-
sible dominant rays [e.g., in line-of-sight (LOS) regions]. The
envelop distribution of the signal strength can be written as

(2)

where is the average power, is the peak am-
plitude of the dominant signal, and is the modified Bessel
function of the first kind with zero order. Usually, the Rician
distribution is characterized by the factor that is defined as
the ratio of dominant power to the scattered power [20], hence

dB dB (3)

A larger value means a stronger dominant power and usu-
ally happens in the LOS or equivalent cases. It also means that
the fading is less severe in this case. The envelop distribution
(2) can then be rewritten in terms of factor as [21]

The factor can be calculated by solving the following equa-
tion [22] when the electric field distribution is known:

(4)

Fig. 5. Cumulative density functions of theK and the mean values ofK along
the designated three lines ab, cd, and ef , as shown in Fig. 4. (a) Results for
complex walls. (b) Results for slab walls. (c) Results for effective walls.

where , and are average values of the field mag-
nitude and power, respectively. It should be noted that when

0, the Rician distribution becomes the Rayleigh distribu-
tion, which corresponds to the case with no dominant rays (e.g.,
in non-LOS regions).
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TABLE II
COMPARISON OF THE AVERAGE AND STANDARD DEVIATION (STD) OFK FACTORS ALONG THREE LINES

The MIMO capacity calculation can be done if the ma-
trix is found. Assume, without loss of generality, the number of
transmit and receive antennas are assumed to be the same and
equal to . The matrix is expressed as follows:

...
...

...
...

(5)

The element 1 2 in the matrix is the
received signal (complex valued) of the receive antenna from
transmitter . To determine the matrix using FDTD method,
we first calculate the complex electric field distribution for each
transmitter antenna, 1 2 . Then, the received
complex field at receive antenna 1 2 due to
the th transmitter can be easily determined by picking up the
field at the receive antenna’s location in the field distribution
generated by the th transmit antenna. The capacity is
then calculated as

bps Hz [13] (6)

where, means determinant, is the identity matrix, means
transpose conjugate, and is the signal-to-noise ratio.

In this paper, we consider only linear antenna arrays (both
for transmit and receive antennas) and assume the distance be-
tween two neighboring antennas (for both transmit and receive
antennas) is equal to half the wavelength.

IV. RESULTS

A. Local Mean Power Distributions

First, the patterns of the local mean power distribution are
calculated and are shown in Fig. 3. It can be seen that the pattern
shapes for the two cases of solid slab walls and the complex
walls are quite different. The percent areas covered by the power
contours are also calculated and listed in Table I. It can be seen
from Table I that the difference of coverage areas for the two
cases is significant and the complex walls give larger coverage
than the slab walls. The coverage for the complex wall case is
larger than that for the slab wall case by about 40%.

When the complex walls are replaced by their effective walls,
the mean power distribution is also calculated and plotted in
Fig. 3 and the coverage percentages are listed in Table I. It is
observed from Table I that the coverage for the effective wall
structures is similar to that of the slab wall structures in the re-
gions close to the transmitter, while in the regions far away from

Fig. 6. Linear antenna array geometry for the MIMO capacity calculations. Tx
and Rx are the transmit and receive MIMO arrays. (a) Normalized capacity for
complex walls. (b) Normalized capacity for slab walls. (c) Normalized capacity
for effective walls.

the transmitter, it is similar to that of the complex wall struc-
tures. This can be explained as due to the fact that the effective
walls have a smaller relative permittivity ( 2.0) than slab
walls ( 3.0), and the energy from the transmitter can prop-
agate longer distances than that for the slab wall cases. It is also
clear that the effective walls do not approximate the complex
walls well, particularly in the regions close to the transmitter.

B. Rician Factors

Second, the Rician factors are calculated for three lines, ,
, and , representing the LOS, non-LOS, and a composite

region, respectively, as shown in Fig. 4. For each line, values
of factors are calculated for 350 points that are uniformly
distributed along the respective line. The distance between two
neighboring points is a quarter of wavelength. At each of these
350 points, the mean values of the power and the signal
strength are calculated using (1a) and (1b), respectively.
The values at that point can then be calculated using (4). The
cumulative density functions (CDF) of the values along these
three lines are calculated for the complex, slab and effective
walls and are shown in Fig. 5.

Table II lists the average values and the standard deviations of
the factors. It can be seen from the figure and the table that,
for both cases of complex and slab walls, the factors have the
largest values along line and the smallest values along line

, and the values along line are in between. This means that
the fading in LOS region (line ) is less severe than that in the
non-LOS region (line ). It can also be seen that, for each line,
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Fig. 7. Normalized capacities along the three observation lines for the cases
of slab, complex, and effective dielectric constant walls. The capacities along
a line are normalized to the capacity of single-transmit, single-receive antenna
along the line.

the fading in the case of complex walls is less severe than that of
slab walls. This can be explained by noting that the reflections
in the slab wall case are stronger than that for the complex wall
case. The differences between the complex and slab wall cases
range from around 3 to 5 dB. For the effective walls, the statistics
are very different from the complex walls, and the largest value
of difference is around 7 dB, larger than the difference between
complex and slab walls. The values for the effective wall

Fig. 8. Normalized capacities along the three lines for the slab, complex, and
effective walls. The capacities along the lines are all normalized to the smallest
capacity of the single transmit, single receive antenna case, i.e., the effective
wall case on line cd. (a) Normalized capacities along line ab. (b) Normalized
capacities along line cd. (c) Normalized capacities along line ef .

cases are the largest because the relative permittivity is small
and leads to an environment with less reflection.

C. MIMO Capacities

To examine the MIMO capacity, we fix the locations of the
transmit antennas, move the receive antennas along the three
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TABLE III
NORMALIZED CAPACITIES

lines shown in Fig. 4, and calculate the MIMO capacities at
each of the uniformly distributed 350 locations (the distance be-
tween two neighboring locations is around quarter wavelength
as in Section IV-B). Linear antenna arrays are considered in this
paper as shown in Fig. 6. The number of transmit antennas are
1, 2, , and 8, and the receive array has the same number of
antennas. The average capacities for each transmit-receive pairs
along the designated three lines are calculated.

To find how the realistic capacity differs from the ideal ca-
pacity calculated by assuming that the elements of the matrix
are zero mean unit variance complex Gaussians, we calculated
the capacity increase as a function of the number of transmit
(receive) antennas. The average capacities are normalized to the
average capacity of the single transmit, single receive antenna
system (i.e., 1). Fig. 7 shows the results for the linear an-
tenna array cases. It can be seen from Fig. 7 that all realistic
capacities increase at a lower rate than the realistic ones with
the increase in the number of antennas. It can also be seen that
the capacity along line increases at the slowest rate with the
increase of number of antennas, the capacity along line has
the highest rate, and the capacity along line has a rate in be-
tween. This can be justified by the values of factors along
these lines, i.e., higher values give lower rates of capacity in-
crease as propagation is dominated by LOS signals.

To compare the capacities among the three wall structures,
all the average capacities are normalized to the smallest capacity
for a single-transmit, single-receive antenna case (i.e., 1, ef-
fective walls along line ). Fig. 8 shows the results along lines

, , and , and Table III lists the normalized capacity values.
From the figure and the table we can observe the following. i)
The capacities in the LOS region (line ) are larger than that
in other regions (lines and ). This is mainly due to the fact
that the received power level in the LOS region is greater than
that in other regions. ii) The capacities for effective wall struc-
tures are the smallest in all the cases. This cannot be explained
by the received power levels solely. As may be seen from (6),
multipath signals and their distribution reflected in the ma-
trix also impact the values of capacity. For the effective slab wall
case, the relative permittivity is lower and this resulted in more
uniform field distribution while the complex wall case provided
rich multipath environment that resulted in higher capacities at
the same received power levels. From Table I, it can be seen that
the power distribution for the effective wall structures is similar
to that of the slab walls in the region close to the transmit an-
tenna, while in the regions far away from the transmitter, it is
similar to that of the complex walls. If the power level plays

the sole role, the capacity of effective wall cases should be sim-
ilar to that of slab wall cases along line (region close to the
transmitter), while it should be similar to that of complex wall
cases along line (far-away region). It is obviously not true
according to our simulation results. One possible cause is prob-
ably the higher uniformity for the electric field distributions for
the effective wall structures. This is because the effective walls
have smaller relative permittivity and tends to behave more like
air and leads to more uniform field distribution. iii) Complex
wall structures give higher capacities in the NLOS (line ) or
hybrid regions (line ). In the LOS region (line ), the ca-
pacity of the complex wall structures is similar to that of the slab
wall cases. This indicates that both power level and the field dis-
tribution have effect on the values of capacities.

Throughout the presented results, walls of complex structures
showed improved coverage (as indicated in Table I) and larger
values of MIMO capacity (as indicated in Figs. 7 and 8) com-
pared with the slab, especially the effective wall structures.

V. CONCLUSIONS AND DISCUSSIONS

The effect of the complex wall on the path loss prediction, the
small-scale fading, and the MIMO capacity are examined using
FDTD simulations. It is shown that the patterns of the local
mean power distribution for the complex wall cases are quite
different from that of the slab and effective wall cases, as shown
in Fig. 1. The areas covered by power contours with same power
levels are also different by as much as 40% to 50%. The mean
values of factors of complex wall cases are larger than that of
the slab walls by around 3 to 5 dB, while the values of effec-
tive walls are larger than the complex wall cases by as large as
7 dB. It is shown that, as the number of Tx and Rx increases, the
MIMO capacities increase but at a slower speed than the ideal
cases. It is observed that, for each of the three wall structures,
larger values of factors lead to a smaller increase of capac-
ities when the number of antennas increases. It is also shown
that the complex wall structures give larger MIMO capacities
for most regions except the LOS region where the capacities are
similar to that of the slab wall cases. The effective wall struc-
tures give the lowest MIMO capacities in all cases. Based on
these results, it may be concluded that the complex wall effect
on the propagation characteristics and the MIMO capacity could
not be appropriately approximated by effective wall structures.
These results show that detailed modeling of wall structures is
important in the accurate characterization of the fading channel
of indoor propagation. Ongoing work involves making similar
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calculations for much larger complex propagation environments
using ray-tracing codes [23] rather than the FDTD method.
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