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Abstract

A comparison of 4 × 4 multiple-input multiple-output wireless local area network wireless communication
characteristics for six different geometrical shapes is investigated. These six shapes include the straight shape
corridor with rectangular cross section, the straight shape corridor with arched cross section, the curved shape
corridor with rectangular cross section, the curved shape corridor with arched cross section, the L-shape corridor,
and the T-shape corridor. The impulse responses of these corridors are computed by applying shooting and
bouncing ray/image (SBR/Image) techniques along with inverse Fourier transform. By using the impulse response of
these multipath channels, the mean excess delay, root mean square (RMS) delay spread for these six corridors can
be obtained. Numerical results show that the capacity for the rectangular cross section corridors is smaller than
those for the arched cross section corridors regardless of the shapes. And the RMS delay spreads for the T-and the
L-shape corridors are greater than the other corridors.
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1. Introduction
In recent years, there has been a growing interest in the
development of potentially mass-producible wireless sys-
tems using millimeter waves, such as wireless local area
networks (WLAN) systems [1]. To develop millimeter-
wave wireless LAN systems, however, we need to know the
reflection and transmission characteristics in millimeter-
wave bands so that we can evaluate indoor multipath
propagation characteristics and the interactions of milli-
meter waves with various objects. Many propagation char-
acteristics have extensively been studied, and several
models have focused on specific indoor environments
[2,3]. Lee and Bertoni [4] use a hybrid ray-mode conver-
sion model for the L-bend and T-junction, respectively, for
a 900-MHz signal in a 4-m wide tunnel.
Channel capacity of multiple-input multiple-output

(MIMO) for wireless communications in a rich multipath
environment is larger than that offered by conventional
techniques [5-9]. Channel capacity of WLAN transmission
or MIMO transmission has been discussed separately in
many literatures. However, there are only few papers
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dealing with channel capacity of MIMO–WLAN transmis-
sion. In [10], the feasibility of dual-polarized antennas in
the MIMO system has been validated for indoor scenarios.
This article addresses basic issues regarding the wire-

less LAN systems that operate in the 60-GHz band as
part of the fourth-generation (4G) system [11]. The 60-
GHz band provides 7 GHz of unlicensed spectrum with
a potential to develop wireless communication systems
with multi Gbps throughput. The IEEE 802.11 standard
committee [12], one of the major organizations in
WLAN specifications development, established the IEEE
802.11ad task group to develop an amendment for the
60-GHz WLAN systems.
All wireless systems must be able to operate in a

multipath propagation channel, where object in the en-
vironment can cause multiple reflections to arrive at the
receiver. In general, effective antenna selection and de-
ployment strategies are important for reducing bit error
rate in indoor wireless systems [13,14]. In general, the
transmission quality is estimated with strength of power
in the narrowband communication system. Besides, a
prior knowledge of the characteristics of the channel is ne-
cessary for understanding how the signal is affected in the
environment. Therefore, many techniques of channel cal-
culation have been developed in recent years. Especially,
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using ray-tracing method to obtain impulse response is ex-
tensively applied [15-17]. The different values of dielectric
constant and conductivity of materials for different fre-
quencies are carefully considered in channel calculation.
The remainder of this article is organized as follows.

In Section 2, system description and channel modeling
are presented. Several numerical results are included in
Section 3. Section 4 gives the conclusion.

2. System description
2.1. Channel modeling
The two steps described in the following two subsections
are used to calculate the multipath radio channel.

2.1.1. Frequency responses for sinusoidal waves by SBR/
image techniques
The SBR/image method can deal with high-frequency
radio wave propagation in the complex indoor environ-
ment [18,19]. It conceptually assumes that many tri-
angular ray tubes are shot from the transmitting antenna
(TX), and each ray tube, bouncing, and penetrating in
the environment is traced in the indoor multipath chan-
nel. If the receiving antenna (RX) is within a ray tube,
the ray tube will have contributions to the received field
at the RX, and the corresponding equivalent source
(image) can be determined. By summing all contribu-
tions of these images, we can obtain the total received
field at the RX. In real environment, external noise in
the channel propagation has been considered. The
depolarization yielded by multiple reflections, refraction,
and first-order diffraction are also taken into account in
our simulations. Note that the different values of dielectric
constant and conductivity of materials for different fre-
quencies are carefully considered in channel modeling.
A ray-tracing technique is a good technique to calculate

channel frequency response for wireless communication
[20-25]. As a result, we develop a ray-tracing technique to
model channel for our simulations. Using ray-tracing tech-
niques to predict channel characteristic is effective and
fast [18,19,26]. Thus, a ray-tracing channel model is devel-
oped to calculate the channel matrix of WLAN system.
Flow chart of the ray-tracing process is shown in Figure 1.
It conceptually assumes that many triangular ray tubes
(not rays) are shot from a transmitter. Here, the triangular
ray tubes whose vertexes are on a sphere are determined
by the following method. First, we construct an icosahe-
dron which is made of 20 identical equilateral triangles.
Then, each triangle of the icosahedron is tessellated into a
lot of smaller equilateral triangles. Finally, these small tri-
angles are projected on to the sphere and each ray tube
whose vertexes are determined by the small equilateral tri-
angle is constructed [27].
For each ray tube bouncing and penetrating in the en-

vironments, we check whether reflection times and
penetration times of the ray tube are larger than the
numbers of maximum reflection Nref and maximum
penetration Npen, respectively. If it is no, we check
whether the receiver falls within the reflected ray tube. If
it is yes, the contribution of the ray tube to the receiver
can be attributed to an equivalent source (i.e., image
source). In other words, a specular ray going to receiver
exists in this tube and this ray can be thought as
launched from an image source. Moreover, the field
diffracted from illuminated wedges of the objects in the
environment is calculated by a uniform theory of diffrac-
tion [28]. Note that only first diffraction is considered in
this article, because the contribution of second diffrac-
tion is very small in the analysis. As a result, the corre-
sponding equivalent source (image) can be determined.
Some details can refer to literature [29]. By using these
images and received fields, the channel frequency re-
sponse can be obtained as follows:

H fð Þ ¼
XNp

p¼1

ap fð Þejθp fð Þ; ð1Þ

where p is the path index, Np is the total number of
paths, f is the frequency of sinusoidal wave, θp (f ) is the
pth phase shift, and αp (f ) is the pth receiving magni-
tude. Note that the transmitting and receiving antenna
are modeled as a WLAN antenna with simple omni-
directional radiation pattern and vertically polarized. The
channel frequency response of WLAN can be calculated
from Equation (1) in the frequency range of WLAN.

2.1.2. Inverse fast Fourier transform and hermitian processing
The frequency response is transformed to the time do-
main by using the inverse fast Fourier transform (IFFT)
with the Hermitian signal processing [30]. By using the
Hermitian processing, the pass-band signal is obtained
with zero padding from the lowest frequency down to
direct current (DC), taking the conjugate of the signal,
and reflecting it to the negative frequencies. The result
is then transformed to the time domain using IFFT [31].
Since the signal spectrum is symmetric around DC. The
resulting doubled-side spectrum corresponds to a real
signal in the time domain.
Using ray-tracing approaches to predict channel charac-

teristic is effective and fast, and the approaches are also
usually applied to MIMO channel modeling in recent years
[26,32]. Thus, a ray-tracing technique is developed to cal-
culate the channel matrix of MIMO system in this article.

2.2. System description
The received signal for a time-invariant narrowband sys-
tem combining with MIMO (MIMO-NB system) is de-
scribed as follows [33]:
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Figure 1 Flow chart of the ray-tracing process.
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Y ¼ HXþW ð2Þ

H ¼

h11 h12 h13 . . . h1Nt

h21 h22 h33 . . . h2Nt

h21 h22 h33 . . . h3Nt

⋮ ⋮ ⋮ ⋱ ⋮
hNr1 hNr2 hNr3 . . . hNrNt

2
66664

3
77775 ð3Þ

where X, Y, and W denote the N

t × 1 transmitted signal
vector, the Nr × 1 received signal vector, and the Nr × 1
zero mean additive white Gaussian noise vector at a
symbol time, respectively, H is the Nr ×Nt channel
matrix and hij is the complex channel gain from the jth
transmitting antenna to the ith receiving antenna.
From linear algebra theory, every linear transformation

can be represented as a composition of three operations: a
rotation operation, a scaling operation, and another rota-
tion operation [28]. As a result, the channel matrix H can
be expressed by singular value decomposition as follows

H ¼ UDV�; ð4Þ

where U and V* are the Nr ×Nr and Nt ×Nt unitary matri-
ces, D is a Nr ×Nt rectangular matrix whose diagonal ele-
ments are non-negative real values and other elements are
zero and the symbol * in Equation (4) stands for the con-
jugate transpose or Hermitian operation.
MIMO is capable of signal processing at the transmit-

ter and receiver to produce the set of received signals
with highest overall capacity. A matrix representation of
MIMO-NB system is shown in Figure 2. In this figure, a
linear signal processing operation V is multiplied by the
transmitted signal vector X to produce a new set of sig-
nals. The new set of signals is fed further into the
MIMO channel. Finally, another linear signal processing
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Figure 2 A matrix representation of MIMO-NB system.
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operation U is multiplied by the incoming signal propa-
gating through the channel. The final output signal vec-
tor Y is expressed as follows:

Y
^¼ U

^
UDV�ð ÞV^ X þ U

^
W ð5Þ

Note that there is no adding or subtracting of any sig-

nal power in the system, because V̂ and Û are both uni-
tary matrices.
If channel state information (CSI) is known for re-

ceiver, the channel capacity of the MIMO-NB system
can be written in an equivalent matrix notation for Nt ≥
Nr as follows [34-36]:

CNB ¼ Blog2 det I þ SNRt

Nt
HH�

� �� �
; ð6Þ

where I is an appropriately sized identity matrix. SNRt is
the ratio of total transmitting power to noise power. Nt

is the number of transmitting antennas. B is the band-
width of the narrowband channel and the symbol * in
Equation (6) stands for the conjugate transpose. The
equation is especially effective to calculate MIMO cap-
acity in a mathematical software package, since the
channel capacity needs CSI for the receiver only.
By the ray-tracing technique, all the frequency re-

sponses inside the bandwidth of WLAN between any
transmitter and receiver antennas are calculated. Then,
MIMO channel capacity of WLAN transmission can be
calculated as summation of many channel capacities of
narrowband at each discrete frequency point. Thus, the
channel capacity (bandwidth efficiency) can be written
as follows:

CWLAN ¼ 1
BW

XNf

k¼1

Cnarrowband
k bits=s=Hzð Þ; ð7Þ

where BW is the total bandwidth of WLAN and Nf are
the numbers of frequency components.
Total channel power gain of MIMO can be defined as
follows:

PH ¼ Hk k2F ¼ Tr RHf g ¼
XNm

k¼1

λk ð8Þ

where ‖·‖F denotes the matrix Frobenius norm, Tr{·} de-
notes the matrix trace, and λk are the eigenvalues of the
eigenmatrix RH. Eigenmatrix can provide information
about the relative strengths of the independent transmis-
sion modes supported by the MIMO. It is well known that
high spatial correlation between sub-channels can reduce
the number of significant eigenvalues of eigenmatrix. In
other words, just one significant eigenvalue exists with
perfect correlation between sub-channels, and Nm signifi-
cant eigenvalues exist with perfect independence between
sub-channels. As a result, the number of significant eigen-
values determines the spatial degrees of freedom and the
corresponding channel capacity.
Condition number is an important parameter to de-

cide whether a channel is suitable for MIMO communi-
cation, and it can be defined as follows:

CN ¼
max λ

→

k

� �

min λ
→

k

� � ; λ
→

k ¼ λ1; λ2; λ3; . . . ; λNmf g; ð9Þ

where λ
→

k is the eigenvalue vector. If total transmitting
power is spread equally between all the transmitting an-
tennas, then a system that has highest channel capacity
is the one with all the singular values equal. In other
words, the eigenvalues are identically equal to PH/Nm, a
uniform power allocation strategy optimizes the channel
capacity of MIMO-NB system. Furthermore, a channel
matrix is said to be well conditioned if its condition num-

ber is close to 1, and the elements of the vector λ
→

k , here
are close to each other. As a result, a well-conditional
channel matrix can facilitate communication.

3. Numerical results
Simulation scenarios and numerical results are presented
in this section. A comparison of 4 × 4 MIMO WLAN
wireless communication characteristics for six different
geometrical shapes is investigated. The space between
adjacent antennas is 0.0025 m for each antenna array,
which satisfies space (d = λ/2) without interference be-
tween adjacent antennas. Note that the wavelength λ is
0.005 m in our simulation. Furthermore, the transmit-
ting and receiving antennas in these six different corri-
dors are both linear array, as shown in Figure 3. The
elements for the transmitting and receiving antenna are
short dipole antennas with simple omni-directional radi-
ation pattern and vertically polarized. A ray-tracing



Figure 3 Geometry of a transmitting and receiving
antenna arrays.
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(c) (d)

(e) (f)
Figure 4 A straight shape corridor with (a) rectangular cross
section modeled by triangular facets, (b) arched cross section
modeled by triangular facets. A curved shape corridor with
(c) rectangular cross section modeled by triangular facets, (d) arched
cross section modeled by triangular facets. (e) A L-shape corridor
with rectangular cross section modeled by triangular facets.
(f) A T-shape corridor with rectangular cross section modeled by
triangular facets.
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technique is developed to calculate the channel fre-
quency response from 59.5 to 60.5 GHz with a fre-
quency interval of 5 MHz. i.e., 201 frequency
components are used. For example, the relative permit-
tivity and conductivity of the other different materials
can be referred in [37-40]. The dielectric constant and
conductivity of the concrete materials are shown in
Table 1. The maximum number of bounces setting be-
forehand for these corridors is 10, and the convergence
is confirmed.
This article intends to compare the channel character-

istics of six different corridors, which are composed of
triangular facets is shown in Figures 4a–f. The straight
corridors with rectangular and arched section are, re-
spectively, shown in Figure 4a,b. The curved shape corri-
dors with rectangular and arched cross sections are,
respectively, shown in Figure 4c,d. The L-shape corridor
with rectangular cross section is given in Figure 4e,
whereas the T-shape corridor with rectangular cross sec-
tion is given in Figure 4f. The top view of the straight
shape corridors is plotted in Figure 5. Note that the top
Table 1 Dielectric properties of concrete materials
measured at 60 GHz

Materials Relative permittivity

Real Imaginary Conductivity Tan loss

ε' ε'' σ Tan(δ)

Concrete 6.4954 0.4284 1.43E+00 6.60E–02
views of Figure 4a,b are the same. Figure 6 shows the
top view of curved shape corridors. The top view of the
L-shape corridor is shown in Figure 7. Figure 8 shows
the top view of the T-shape corridor. The cross sections
of all corridors are 2-m wide and 3-m high. The lengths
of straight shape corridors with rectangular and arched
section are 10 m. The inner and outer radius of the
curved shape corridors with rectangular and arched
cross section are, respectively, 6 and 8 m. 30–cm thick
walls and ceilings of the concrete are used for these
corridors.
The transmitting and receiving antennas in these six dif-

ferent corridors are both short dipole antennas and verti-
cally polarized. The positions of transmitting antenna
(TX) for these corridors are shown in Figures 4, 5, 6, and 7
with the fixed height of 1.5 m. There are 270 receiving
points for each corridor. The locations of receiving anten-
nas in these six different corridors are distributed uniformly
with a fixed height of 1 m. The distance between two adja-
cent receiving points is 0.25 m.
A three-dimensional SBR/image technique has been

presented in this article. This technique is used to
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Figure 7 Top view of the L-shape corridor. TX denotes
the transmitter.
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calculate the WLAN channel impulse response for each
location of the receiver. Based on the channel impulse
response, the number of multipath components, the root
mean square (RMS) delay spread τRMS, and the mean
excess delay τMED are computed.
The RMS delay spread τRMS is defined as follows [41]:

τRMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

n¼1
τn

2 anj j2
G

�
XN

n¼1
τn anj j2
G

0
@

1
A

2
vuuut ;

ð10Þ

where G ¼
XN
n¼1

anj j2 is the total multipath gain.
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Figure 8 Top view of the T-shape corridor. TX denotes
the transmitter.
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Figure 9 Capacity versus SNRt for the six different geometrical
configurations of corridors.
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Figure 10 Capacity versus SNRr for the six different geometrical
configurations of corridors.
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The MED, τ, is defined as follows [42-53]:

τ
�
¼

XN

n¼1
τn anj j2
G

ð11Þ

By Equations (10) and (11), we can obtain the RMS
delay spreads and MED.
In this article, the capacity versus SNRt for these six

corridors is calculated. Here, channel capacity is the
average information rate over the ensemble of channel
realizations. There are 270 receiving points for each cor-
ridor. In truth, the capacity in Equation (7) can be calcu-
lated by equal transmitting powers in these six different
corridors. SNRt is the ratio of total transmitting power
to noise power for 270 receiving points. As a result, the
channel realizations for various receiving locations are
combined into one ensemble with 270 samples.
In other words, we have calculated the SNRt in all re-

ceiving positions. Capacity using that SNRt is computed
in Figure 9. The capacity versus SNRt plots for these six
corridors are given in Figure 9. Here, SNRt is defined as
the ratio of the average transmitting power to the noise
power. The results show that the capacity for arched
straight corridors is larger than those shape corridors. It
is due to the fact that the arched straight corridors can
minimize the fading and reduce the multipath effects.
Numerical results show that the rectangular straight and
arched straight corridors are maximum capacity. The
straight and arched straight corridors are to calculate the
received power for these corridors. The results show that
the received power for rectangular straight and arched
straight corridors is larger than those shape corridors. It is
due to the fact that the rectangular straight and arched
straight corridors can maximize the received power and
minimize the fading and reduce the multipath effects. In
other words, rectangular straight and arched straight cor-
ridors are only LoS positions. It is due to the fact that the
rectangular straight and arched straight corridors can
maximize the received power, resulting in more than the
capacity.
MIMO can dramatically increase channel capacity not

only due to the beamforming gain and diversity gain, but
also MIMO spatial multiplexing technique makes full use
of multipath fading. Furthermore, a channel matrix is vi-
tally interrelated to calculate the received power. As a re-
sult, the capacity can be increased substantially in straight
shape corridors with rectangular and arched sections.
Let us consider the capacity performance for six corri-

dors. The capacity versus SNRr plots for these six corri-
dors are given in Figure 10. Here, SNRr is defined as the



Table 2 Parameters of multipath channel for the six different geometrical configurations of corridors

Shapes τMED (ns) τRMS (ns)

Mean Standard deviation Mean Standard deviation

Rectangular straight 0.83 0.35 1.65 0.54

Arched straight 0.97 0.45 1.46 0.42

Rectangular curved 1.68 1.59 1.90 0.54

Arched curved 1.76 1.51 1.47 0.49

L-shape 4.48 5.06 2.59 0.73

T-shape 5.60 5.37 2.47 0.78
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ratio of the average power to the noise power at the
front end of the receiver. The results show that the cap-
acity for T-shape corridor and L-shape corridor is
greater than the other corridors since the multipath ef-
fect caused by the back wall for light-of-sight (LOS)
cases is severe and the number of receiving points of
non-light-of-sight (NLOS) cases are greater than others.
Table 2 shows τRMS and τMED for these six corridors.

There are two parameters, including RMS delay spread,
MED. The RMS delay spread is the square root of the
second central moment of the power delay profile. It is
also found that the mean RMS delay spreads for the
arched cross section corridors are smaller than those for
the rectangular cross section corridors regardless of the
shapes. This situation can be explained by the fact that
the multipath effect for the arched cross section corridors
is less severe than those for the rectangular cross section
corridors. Besides, we can see that the RMS delay spreads
for the straight shape corridor with rectangular cross sec-
tion are almost the same as those for the curved shape
corridor with rectangular cross section. Similar results are
found for the arched cross section corridors. This is due
to the reason that most waves inside the curved corridors
arrived simultaneously owing to the curved geometry and
this results in small RMS delay spreads. Finally, we can
find that the RMS delay spreads for the T-shape corridor
and L-shape corridor are greater than the other corridors
since the multipath effect caused by the back wall for LOS
cases is severe and the number of receiving points of
NLOS cases is greater than others. The MEDs are the
rectangular straight, arched straight, rectangular curved,
and arched curved corridors are smaller than those for the
Table 3 The τRMS and τMED for these six corridors with 10 and

Shapes τMED (ns)

Mean (10 reflections) Mean (50 refl

Rectangular straight 0.83 0.845

Arched straight 0.97 0.989

Rectangular curved 1.68 1.702

Arched curved 1.76 1.785

L-shape 4.48 4.516

T-shape 5.60 5.645
L-shape and T-shape corridors. This situation can be
explained by the fact that the multipath effect for the rect-
angular straight, arched straight, rectangular curved, and
arched curved corridors are less severe than those for the
L-shape and T-shape corridors. The MED of rectangular
straight is 0.83 ns and increases about 18% to 0.98 ns for
arched straight corridor. It is also seen that the MED of
rectangular curved is 1.69 ns and increases about 5% to
1.77 ns for arched curved corridor. The MED of rectangu-
lar straight is 0.83 ns and increases about 4.77 to 5.6 ns for
T-shape corridor. Finally, we can find that the MEDs for
the T-shape and L-shape corridors are greater than the
other corridors since the multipath effect caused by the
back wall for LOS cases is severe and the number of re-
ceiving points of NLOS cases are greater than others.
The τRMS and τMED for these six corridors with 10 and

50 reflections are, respectively, shown in Table 3. The
mean RMS delay spread for the T-shape with 10 reflec-
tions is 2.47 ns and increases about 1.6% to 2.51 ns for
the T-shape with 50 reflections. It is also seen that the
MED for the L-shape with 10 reflections is 4.48 ns and
increases about 0.6% to 4.51 ns for the L-shape with 50
reflections. Therefore, the maximum number of bounces
setting beforehand for these corridors is 10, and the con-
vergence is confirmed.

4. Conclusions
Comparison is made of 4 × 4 MIMO–WLAN communi-
cation characteristics for corridors of different shapes
and cross sections. The frequency dependence on mate-
rials utilized in the structure on the indoor channel is
accounted for in the channel simulation. The MED and
50 reflections

τRMS (ns)

ections) Mean (10 reflections) Mean (50 reflections)

1.65 1.668

1.46 1.475

1.90 1.928

1.47 1.491

2.59 2.629

2.47 2.515
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RMS delay spread for six different channels are com-
puted by the SBR/image method and inverse Fourier
transform. Numerical results are given for the capacity
varying with channel shapes and cross sections. Further-
more, we find that the capacity for the rectangular
straight and arched straight corridors is greater than cor-
ridors of other shapes. The capacity for T-shape corridor
is smallest among all shapes. The RMS delay spread for
arched straight corridor is smaller than those corridors
regardless of the shapes. It is found that the RMS delay
spread for the T-shape corridor is the largest. Besides,
the RMS delay spread for arched cross section corridors
are less than those for rectangular cross section corri-
dors regardless of the shapes.
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