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Investigation of Wall Effect on Indoor MIMO Channel Capacity by
Using MoM-FDTD Hybrid Technique

Xiao Peng YANG†a), Qiang CHEN†, Members, and Kunio SAWAYA†, Fellow

SUMMARY A numerical hybrid method for analyzing the wireless
channel of Multiple-Input Multiple-Output (MIMO) communication sys-
tem is proposed by combining of the method of moments (MoM) and the
finite difference time domain (FDTD) method. The proposed method is
capable of investigating a more practical MIMO wireless channel than the
conventional methods, and CPU time is much less than that of the FDTD
method in analysis of spatial statistical characteristics of received signals.
Based on the channel transfer matrix obtained by the proposed method, the
wall effect on indoor MIMO channel capacity are investigated with consid-
eration of received power, Ricean K-factor and effective degrees of freedom
(EDOF) of multipaths by changing the wall locations and material.
key words: MIMO, channel capacity, hybrid method, MoM, FDTD, Ricean
K factor, effective degrees of freedom (EDOF)

1. Introduction

Multiple-Input Multiple-Output (MIMO) communication
system which uses multiple antennas at both the transmit-
ter and the receiver could achieve much higher spectral ef-
ficiency and transfer reliability than the conventional wire-
less communication techniques with the same transmitted
power and frequency bandwidth [1]–[3]. Because the per-
formance of MIMO system is significantly affected by the
wireless propagation channel [3]–[5], it is very important to
investigate MIMO wireless channel accurately. At present,
several analysis methods have been used to analyze MIMO
wireless channel, such as the empirical formulae [6]–[9],
the Monte-Carlo method [1]–[4], [10]–[12], the ray tracing
method [13]–[15] and the experimental measurement [21]–
[23], etc. The empirical formulae are simple and easy, but
they are only applicable to some limited communication en-
vironments. The Monte-Carlo method, a mathematical sta-
tistical method to solve uncertain problems, is mainly ap-
plied to the one-ring, two-ring and scattering disc MIMO
wireless channel models [3], [4]. On the other hand, the ray
tracing method with the combination of geometrical optics
(GO) and uniform theory of diffraction (UTD) methods is
currently a widely used technique for the site specific large
scale path propagation channel, but the CPU time increases
greatly when the number of scatterers becomes larger, and
the accuracy is degraded when the electrically small scat-
terers are included in the propagation channel. The exper-
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imental measurement can provide the accurate and reliable
information to characterize the indoor and outdoor MIMO
wireless channel, but the cost and complexity of conducting
the measurement is significant.

Recently, indoor MIMO system has attracted consid-
erable research attention [17]–[24]. In indoor propagation
environment, the wall is an important scatterer and its effect
on MIMO system is worth investigating. Although some re-
searches have been done [17]–[19], they were limited only
in two dimensional (2-D) models and the effect of wall lo-
cations and material has not been investigated.

In this paper, a hybrid technique of the method of mo-
ments (MoM) and the finite difference time domain (FDTD)
method is proposed, which can be used to investigate a more
realistic MIMO wireless channel model with the spatial sta-
tistical characteristics of received signals in an acceptable
CPU time. Further more, based on the channel transfer ma-
trix obtained by the proposed hybrid technique, the effect of
wall locations and material on the indoor MIMO channel ca-
pacity are investigated with consideration of received power,
Ricean K-factor and effective degrees of freedom (EDOF) of
multipaths.

2. Hybrid Technique of MoM and FDTD Method

The MoM is a powerful method in analyzing various anten-
nas, especially the thin wire antennas [25]. It is also capa-
ble of analyzing MIMO wireless channel, but the compu-
tation time becomes tremendous when a number of electri-
cally large scatterers exist in the wireless channel because
the MoM costs O(N3) order of CPU time due to the in-
verse of impedance matrix, where N is the number of un-
knowns. On the other hand, because the FDTD method
which is based on the direct solution of Maxwell’s equation
can solve the problem including both the conducting scat-
terers and dielectric objects with arbitrary structures [26], it
is suitable to investigate MIMO multiple paths channel with
almost arbitrary scatterers. However, it is difficult to ana-
lyze the spatial statistic characteristics of received signals
for MIMO system. In this paper, a hybrid technique of the
MoM and the FDTD method is proposed to solve this prob-
lem. The MoM-FDTD hybrid technique for MIMO wireless
channel is illustrated in Fig. 1.

In the hybrid technique, the FDTD method is used to
analyze the transmitting array antennas and the propagation
channel, and the MoM is applied to analyze only the receiv-
ing array elements which are moved randomly in a proper
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Fig. 1 Analysis model of MoM-FDTD hybrid technique for MIMO
wireless channel.

area in order to obtain the spatial statistical characteristics
of received signals. The electromagnetic field of the whole
region is calculated by the FDTD method without consider-
ation of the receiving array antennas and the electric field at
the Yee Cell in the receiving area is stored. The stored elec-
tric field is then used as the incident field on the receiving
array elements. In the MoM analysis, the piecewise sinu-
soidal function is used as the basis function and weighing
functions, which is denoted by

fm (z) = wm (z) =
sin [k0 (∆z − |z|)]

sin (k0∆z)
(1)

where k0 is the wave number in free space, m denotes the
mth segment of receiving antenna elements, and ∆z is a half
length of receiving antenna segments which is the same with
the size of Yee cell. The voltage of mth segment of receiving
antenna element is calculated by

Vm =

∫
wm (z) · Em (z) dz (2)

where Em(z) is the incident electric field on the mth segment
of receiving antenna calculated by the FDTD method. The
current on receiving antenna array is calculated by

[I] = [Z]−1 [V] (3)

where the voltage vector [V] is changed with the movement
of receiving antenna array. However, because the mutual
impedance matrix calculated by the Richmond’s method
[28] is independent of the movement, the matrix inverse is
performed only once.

The hybrid technique is suitable to analyze the complex

Fig. 2 Calculation processing of the channel transfer matrix of MIMO
system.

indoor wireless channel with consideration of the spatial sta-
tistical characteristics of received signals. If only the FDTD
method is used to analyze the spatial statistical characteris-
tics, the FDTD analysis has to be repeated as many times
as the sampling number so that CPU time is tremendous.
For example, if it is required to calculate the bit error rate
(BER) of MIMO system less than 10−4, the FDTD analysis
has to be repeated more than 104 times for statistical analy-
sis. On the other hand, the complementary cumulative dis-
tribution functions (CCDF) of spatial statistics are usually
required in multipath environment, and the receiving area is
at least larger than a half of wavelength (0.5λ). If the size
of receiving area is λ × λ × λ with 0.1λ sampling interval
in three dimensional (3-D) models, the FDTD analysis has
to be repeated 103 times. These problems can be solved in
the proposed hybrid technique of the MoM and the FDTD
method. In the proposed hybrid technique, the spatial sta-
tistical characteristics of received signals can be evaluated
by only once execution of the FDTD calculation, so that
CPU time is saved significantly. The reliability and effec-
tiveness of the proposed hybrid technique will be validated
in Sect. 4.1.

The calculation processing of MIMO channel transfer
matrix H is illustrated briefly in Fig. 2. When the transmit-
ted signals are fed at the jth transmitting antenna, and the
other of transmitting antennas are terminated with 50Ω re-
sistance, hi j (i=1, · · ·, Nr) can be evaluated according to the
ratio of received voltage of the ith receiving antenna to the
input voltage of the jth transmitting antenna. The same pro-
cessing is repeated for different transmitting antennas ( j=1
· · · Nt) till all the elements of matrix H is obtained. Here,
Nr and Nt denote the number of receiving and transmitting
antenna elements, respectively.



YANG et al.: INVESTIGATION OF WALL EFFECT ON INDOOR MIMO CHANNEL CAPACITY
1203

3. Definition of Received Power, Ricean K Factor and
EDOF

Based on the analysis of general MIMO channel capacity
formula [1], it is found that MIMO channel capacity is de-
termined by the received power and the effective multipaths.
The average received power on each receiving branch is cal-
culated by

Pavg = E

⎡⎢⎢⎢⎢⎢⎢⎣ 1
Nr

Nr∑
i=1

⎛⎜⎜⎜⎜⎜⎜⎝PT

Nt

Nt∑
j=1

∣∣∣hi j

∣∣∣2
⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎦ (4)

where PT is the total transmitted power and E[·] is the ex-
pectation.

Ricean K factor and the effective degrees of freedom
(EDOF) of multipaths are useful parameters to analyze the
multipath richness for MIMO system. When the statistical
values of electric field distribution are known, Ricean K fac-
tor can be calculated by [31]

K =

√
1 − γ

1 − √1 − γ (5)

where γ is the ratio of the variance of the electric field power
to its mean. While EDOF is a number to approximately in-
dicate the effective parallel sub-channels which are formed
by MIMO wireless channel and is calculated by

EDOF =
n∑

i=1

λi/max [λi] (6)

where λi is the ith eigenvalue of MIMO channel covariance
matrix. The EDOF, a real number between one and the min-
imum number of transmitting and receiving array antennas,
is independent of the path loss [20], [30].

4. Wall Effect on Indoor MIMO Channel Capacity

4.1 Simulation Conditions

A single user to single user narrowband 2 × 2 MIMO sys-
tem with uniform power allocation is considered. The
vertical half wavelength dipole antennas are used as the
transmitting and receiving antennas, and the array spac-
ing of transmitting and receiving antenna arrays is a half
of wavelength. The whole analysis region is divided into
346×211×211 Yee cells with the 8-layer perfectly matched
(PML) absorbing boundary [32], and each cell has a size
of 1.25 cm × 1.25 cm × 1.25 cm. The number of time step
is 8192. The total transmitted power is constrained to
−30 dBm. Only the additive white noise with a power of
−94 dBm is considered on each output of the receiving an-
tenna elements. In the MoM analysis, each receiving dipole
antenna is divided into 15 segments. The operation fre-
quency is 800 MHz. The receiving array antennas are moved
randomly in the receiving area (0.5λ×λ×λ), in which there

Fig. 3 Magnitude of h11 in MIMO channel transfer matrix calculated by
MoM, FDTD and hybrid technique.

are 16384 receiving points. The distance between the trans-
mitting array and the center of local receiving area is 2.6 m.

In order to validate the proposed technique, the chan-
nel transfer matrix of MIMO system in free space is calcu-
lated by the proposed hybrid technique and the results are
compared with those of the MoM and the FDTD method,
respectively. The magnitude of (h11) in frequency domain is
calculated and shown in Fig. 3. It is found that the results
of hybrid technique agree with those of the MoM and the
FDTD method. The CPU time of the hybrid technique to
give the spatial statistical values is 2.7 × 103 s by using the
supercomputing system SX-7 at Information Synergy Cen-
ter, Tohoku University. However, if only the FDTD method
is used, the CPU time of 4.5 × 107 s is required for repeat-
ing the FDTD analysis 16384 times to get the same spatial
statistical results. It is found that CPU time of the proposed
technique is much less than that of the FDTD method in
analysis of spatial statistical characteristic of received sig-
nals.

4.2 Effect of Wall Location

The wall location is defined according to the relative posi-
tion between the transmitting antenna array and the wall,
which is illustrated intuitively in Fig. 4. When the wall is
located behind, top and side to the transmitting antenna ar-
ray, it is named as Case 1, Case 2 and Case 3, respectively.
Case 4 denotes that the wall is located between the trans-
mitter and the receiver. The wall geometry in the different
Cases is shown in Table 1. The wall thickness is 0.2 m.

The CCDF of MIMO channel capacity with wall loca-
tion is calculated and shown in Fig. 5. The average values
of EDOF, Ricean K factor and received power are listed in
Table 2. The results of MIMO system in free space are also
calculated and named as Case 0. It is found that the high-
est and the lowest channel capacity are obtained in Case 3
and Case 4, respectively. In Cases 1, the same as Case 2 and
Case 3, the average received power is near that of free space,
but MIMO channel capacity is improved, because the effec-
tive multipaths are increased. Although the highest EDOF
and the smallest Ricean K factor are obtained in Case 4, the
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Fig. 4 Definition of wall location according to the relative position
between the transmitting antenna array and wall.

Table 1 Wall geometry in the different cases.

Location [m] Electric parameters
−0.85 < x < 0.85 εr = 4

Case 1 −0.3 < y < −0.1 σ=0.1 S/m
−0.85 < z < 0.85
−0.85 < x < 0.85 εr = 4

Case 2 −0.3 < y < 3.1 σ=0.1 S/m
1.1 < z < 1.3
−1.3 < x < −1.1 εr = 4

Case 3 −0.3 < y < 3.1 σ=0.1 S/m
−0.85 < z < 0.85
−0.85 < x < 0.85 εr = 4

Case 4 1.3 < y < 1.5 σ=0.1 S/m
−0.85 < z < 0.85

Fig. 5 CCDF of MIMO channel capacity with wall location (the different
cases).

average received power is much lower than other Cases so
that the channel capacity is the lowest. The different wall lo-
cation brings the different effect on the effective multipaths
and the received power. Therefore, when MIMO system is
deployed in indoor environment, the relative position of the
transmitting array to the wall should be considered.

When the transmitting antenna array is near to the be-

Table 2 Average values of EDOF, Ricean K factor and received power
according to wall locations (different cases).

EDOF K-factor [dB] Received Power
[dBm]

Case 0 1.000 ∞ −63.7
Case 1 1.003 30.77 −63.5
Case 2 1.002 22.14 −63.1
Case 3 1.035 7.31 −63.6
Case 4 1.063 6.45 −79.9

Fig. 6 Average values of MIMO channel capacity with the distance
between transmitting antenna array and wall in Case1.

Fig. 7 Average values of received power of MIMO system with the
distance between transmitting antenna array and wall in Case1.

hind wall (Case 1), MIMO channel capacity is changed pe-
riodically with the distance between the antenna array and
the wall. This phenomenon is not observed in other cases.
The effect of the distance between transmitting antenna ar-
ray and the behind wall on MIMO system is investigated,
and the average values of MIMO channel capacity, received
power, Ricean K factor and EDOF are shown in Fig. 6, Fig. 7
and Fig. 8, respectively. It is found that the change of MIMO
channel capacity with the distance between transmitting an-
tenna array and the wall has a period of a half of wave-
length. The minimum of MIMO channel capacity is ob-
tained when the distance is Nλ/2 (N is a nonnegative integer
number), while the maximum is obtained when the distance
is (N + 1/4)λ/2. The change of average received power has
the same characteristic with that of channel capacity. On the
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Fig. 8 Average values of EDOF and Ricean K factor of MIMO system
with the distance between transmitting antenna array and wall in Case1.

other hand, the change of Ricean K factor with the distance
is almost opposite with that of channel capacity. The min-
imum of Ricean K factor is obtained when the distance is
Nλ/2. The effect of the distance on EDOF is not significant.
It is found that the received power is the main factor to affect
MIMO channel capacity in Case 1 when the transmitting an-
tenna array is near to the behind wall.

4.3 Effect of Wall Material

In previous researches, the effect of wall material on MIMO
system has not been investigated because the limitation of
conventional method. In this paper, the effect of three kinds
of practical material of wall, i.e. the wooden wall, the con-
crete wall and the reinforced concrete wall, is investigated
by using the proposed hybrid technique. In order to analyze
the effect of wall material mainly, only the wall is considered
and the other scatterers inside the room are not included in
the analysis model. The top view of analysis model of in-
door environment is shown in Fig. 9, and the other simu-
lation conditions are the same with those in Sect. 4.1. The
room size is 3.4 m × 1.9 m × 1.9 m. The distance between
the transmitting antenna array (Tx.) and the wall is 0.1 m.
The distance between the transmitting array and the center
of local receiving area is 2.6 m.

The relative permittivity, conductivity and thickness of
wooden wall are 3, 0, and 0.1 m, respectively, and those
of concrete wall are 6.25, 0.0814 S/m and 0.2 m. The re-
inforced concrete wall is formed by deploying 8 cubical
metallic pillars (0.2 m × 0.2 m × 1.9 m) inside the concrete
wall. The top view of reinforced concrete wall is illustrated
in Fig. 10.

The CCDF of MIMO channel capacity and the average
values of EDOF, Ricean K factor and received power for the
different kinds of wall material are investigated, and the re-
sults are shown in Fig. 11 and Table 3, respectively, where
the results of MIMO system in free space is also shown for
comparison. It is found that MIMO channel capacity is im-
proved than that of free space because of the presence of
the wall, and which is affected significantly by the different

Fig. 9 Top view of indoor MIMO analysis model.

Fig. 10 Top view of reinforced concrete wall.

Fig. 11 CCDF of indoor MIMO channel capacity for the different kinds
of wall material.

Table 3 Average values of EDOF, Ricean K factor and received power
for the different kinds of wall material.

EDOF K-factor Received Power
[dB] [dBm]

Free space 1.00 ∞ −63.7
Wooden wall 1.23 8.62 −64.9
Concrete wall 1.18 5.32 −59.3
Reinforeced 1.19 3.08 −56.4
concrete wall

material of the wall. The average MIMO channel capacity
in free space is 13 bps/Hz, which is smaller 6 bps/Hz than
that in wooden wall. The highest MIMO channel capacity
is obtained in the reinforced concrete wall, which is higher
2 bps/Hz than that in concrete wall. The EDOF of multi-
paths is affected insignificantly by the wall material. The
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reinforced concrete wall brings the highest received power
and the smallest Ricean K factor. Although the wooden wall
brings the lowest received power, the channel capacity is
higher than that in free space owing to the EDOF is higher.
The effect of wall material on MIMO system is investigated
on a certain thickness of the wall. It is well known that the
wall thickness can bring some effect on the electric field dis-
tribution of indoor environment. Therefore, a more practical
analysis model which can reflect the effect of wall material,
thickness and geometry together will be investigated in our
further work.

5. Conclusions

A hybrid technique of the MoM and the FDTD method
for analyzing MIMO wireless channel has been proposed,
which can be used to analyze a more realistic wireless chan-
nel model with CPU time significantly less than the FDTD
method to give the spatial statistical characteristics of re-
ceived signals. Based on MIMO channel transfer matrices
obtained by the proposed technique, the wall effect on in-
door MIMO channel capacity have been investigated by an-
alyzing the Ricean K-factor, the EDOF of multiple paths
and the received power for wall locations and material. It
has been found that different relative locations of wall cause
different effects on the effective multipaths and the received
power which affects MIMO channel capacity. The side wall
brings the highest channel capacity and the partition wall de-
grade the channel capacity. When the transmitting antenna
array is located near to the wall, MIMO channel capacity
is changed periodically with the distance between the an-
tenna array and the wall. Therefore, the antenna array loca-
tion should be considered when MIMO system is deployed
in indoor environment. The wall material effect on MIMO
channel capacity has also been investigated. It is expected
that these numerical results can provide some useful infor-
mation to the design of practical indoor MIMO system.

References

[1] G.J. Foschini and M.J. Gans, “On limits of wireless communications
in a fading environment when using multiple antennas,” Wirel. Pers.
Commun., vol.6, no.3, pp.311–335, March 1998.

[2] I.E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur.
Trans. Telecommun. (ETT), vol.10, no.6, pp.586–595, Nov./Dec.
1999.

[3] D.-S. Shiu, Wireless communication using dual antenna arrays,
Kluwer Academic Publishers, Boston, 2000.

[4] K. Yu and B. Ottersten, “Models for MIMO propagation channels:
A review,” Wirel. Commun. Mob. Comput., vol.2, no.7, pp.653–666,
Nov. 2002.

[5] D. Gesbert, H. Bolcskei, D.A. Gore, and A.J. Paulraj, “Outdoor
MIMO wireless channels: Models and performance prediction,”
IEEE Trans. Commun., vol.50, no.12, pp.1926–1934, Dec. 2002.

[6] J. Walfisch and H.L. Bertoni, “A theoretical model of UHF propaga-
tion in urban environments,” IEEE Trans. Antennas Propag., vol.36,
no.12, pp.1788–1796, Dec. 1988.

[7] Y. Okumura, E. Ohmori, T. Kawano, and K. Fukuda, “Field strength
variability in VHF and UHF land mobile service,” Rev. Elect. Com-
mun. Lab., vol.16, no.9-10, pp.825–873, Sept.-Oct. 1968.

[8] M. Hata, “Empirical formula for propagation loss in land mobile
radio services,” IEEE Trans. Veh. Technol., vol.29, no.3, pp.317–
325, Aug. 1980.

[9] T.S. Rappaport, Wireless communications, principles and practice,
Prentice Hall, Upper Saddle River, NJ, 1996.

[10] H.L. Beertoni, Radio propagation for modern wireless systems,
Pretice-Hall, Englewood Cliffs, NJ, 2000.

[11] J. Salz and J.H. Winters, “Effect of fading correlation on adaptive
arrays in digital wireless communications,” Proc. IEEE Veh. Tech.
Conf., vol.3, pp.1768–1774, May 1993.

[12] D.-S. Shiu, G.J. Foschini, M.J. Gans, and J.M. Kahn, “Fading corre-
lation and its Effect on the capacity of multielement antenna sys-
tems,” IEEE Trans. Commun., vol.48, no.3, pp.502–513, March
2000.

[13] M.F. Iskander and Z. Yun, “Advances in propagation modeling of
wireless communications environments and systems,” IEICE Trans.
Electron., vol.E87-C, no.9, pp.1441–1448, Sept. 2004.

[14] M.F. Iskander and Z. Yun, “Propagation prediction models for wire-
less communication systems,” IEEE Trans. Microw. Theory Tech.,
vol.50, no.3, pp.662–673, March 2002.

[15] Z. Yun, Z. Zhang, and M.F. Iskander, “A ray-tracing method based
on the triangular grid approach and application to propagation pre-
diction in urban environments,” IEEE Trans. Antennas Propag.,
vol.50, no.5, pp.750–758, May 2002.

[16] V. Papamichael, C. Soras, M. Karaboikis, and V. Makios, “SISO
and SIMO indoor wireless transmission systems simulations using
the FDTD method,” WSEAS Trans. Commun., vol.3, no.3, pp.898–
903, July 2004.

[17] Z. Yun, M.F. Iskander, and Z. Zhang, “Complex-wall effect on prop-
agation characteristics and MIMO capacities for an indoor wire-
less communication environment,” IEEE Trans. Antennas Propag.,
vol.52, no.4, pp.914–922, April 2004.

[18] Z. Yun and M.F. Iskander, “MIMO capacity for realistic wire-
less communications environments,” Proc. 2004 IEEE AP-S, vol.2,
pp.1231–1234, June 2004.

[19] J.W. Wallace and M.A. Jensen, “Validation of parameteric direc-
tional MIMO channel models from wideband FDTD simulations
of a simple indoor environment,” Proc. 2003 IEEE AP-S, vol.2,
pp.535–538, June 2003.

[20] J.W. Wallace and M.A. Jensen, “MIMO capacity variation with SNR
and multipath richness from full-wave indoor FDTD simulations,”
Proc. 2003 IEEE AP-S, vol.2, pp.523–526, June 2003.

[21] J.W. Wallace, M.A. Jensen, A.L. Swindlehurst, and B.D. Jeffs, “Ex-
perimental characterization of the MIMO wireless channels: Data
acquisition and analysis,” IEEE Trans. Wirel. Commun., vol.2, no.2,
pp.335–343, March 2003.

[22] R. Stridh, K. Yu, B. Ottersten, and P. Karlsson, “MIMO channel
capacity and modeling issues on a measured indoor radio channel
at 5.8 GHz,” IEEE Trans. Wirel. Commun., vol.4, no.3, pp.895–903,
May 2005.

[23] Z.W. Tang and A.S. Mohan, “Experimental investigation of indoor
MIMO Ricean channel capacity,” IEEE Antennas Wirel. Propag.
Lett., vol.4, pp.55–58, 2005.

[24] J.W. Wallace and M.A. Jensen, “Modeling the indoor MIMO wire-
less channel,” IEEE Trans. Antennas Propag., vol.50, no.5, pp.591–
599, May 2002.

[25] R.F. Harrington, Field computation by moment methods, Macmil-
lan, New York, 1968.

[26] D.M. Sullivan, Electromagnetic simulation using the FDTD method,
IEEE Press, New York, 2000.

[27] K.S. Yee, “Numerical solution of initial boundary value problems
involving Maxwell’s equations in isotropic media,” IEEE Trans. An-
tennas Propag., vol.14, no.3, pp.302–307, May 1966.

[28] J.H. Richmond and N.H. Greay, “Mutual impedance of non-planar-
skew sinusoidal dipoles,” IEEE Trans. Antennas Propag., vol.23,
no.3, pp.412–414, May 1975.

[29] X.P. Yang, K. Yamaguchi, Q. Chen, and K. Sawaya, “Numerical



YANG et al.: INVESTIGATION OF WALL EFFECT ON INDOOR MIMO CHANNEL CAPACITY
1207

simulation for MIMO wireless channel by using hybrid method of
FDTD and MoM,” Proc. ISAP’04, vol.1, pp.313–316, Aug. 2004.

[30] X.P. Yang, Q. Chen, and K. Sawaya, “Numerical analysis of wall
material effect on indoor MIMO channel capacity,” IEICE Trans.
Commun., vol.E89-B, no.10, pp.2949–2951, Oct. 2006.

[31] A. Abdi, C. Tepedelenlioglu, M. Kaveh, and G. Giannakis, “On the
estimation of the K parameter for the Rice fading distribution,” IEEE
Commun. Lett., vol.5, no.3, pp.92–94, March 2001.

[32] J.P. Berenger, “A perfectly matched layer for the absorption of elec-
tromagnetic waves,” J. Comput. Phys., vol.114, no.2, pp.185–200,
1994.

[33] D.M. Pozar, Microwave Engineering, 2nd ed., John Wiley and Sons,
New York, 1997.

Xiao Peng Yang received the B.E. and M.S.
degrees from Xidian University, Xi’an, China,
in 1999 and 2002, respectively. He is currently
pursuing the Ph.D. degree in electrical and com-
munication engineering at Tohoku University,
Sendai, Japan. His research interests include
computational electromagnetics, MIMO wire-
less communications and adaptive array anten-
nas.

Qiang Chen received the B.E. degree from
Xidian University, Xi’an, China, in 1986, the
M.E. and D.E. degrees from Tohoku University,
Sendai, Japan, in 1991 and 1994, respectively.
He is currently an Associate Professor with the
Department of Electrical Communications, To-
hoku University. His primary research interests
include computational electromagnetics, adap-
tive array antennas, and antenna measurement.
Dr. Chen received the Young Scientists Award
in 1993 from the Institute of Electronics, Infor-

mation and Communication Engineers (IEICE) of Japan. He has served as
the Secretary and Treasurer of IEEE AP-S Japan Chapter in 1998, the Sec-
retary of Technical Committee on Electromagnetic Compatibility of IEICE
from 2004 to 2006. Dr. Chen is a member of the IEEE, and the Institute of
Image Information and Television Engineers of Japan.

Kunio Sawaya received the B.E., M.E.
and D.E. degrees from Tohoku University, Sen-
dai, Japan, in 1971, 1973 and 1976, respectively.
He is presently a Professor in the Department
of Electrical and Communication Engineering
at the Tohoku University. His areas of inter-
ests are antennas in plasma, antennas for mo-
bile communications, theory of scattering and
diffraction, antennas for plasma heating, and ar-
ray antennas. He received the Young Scientists
Award in 1981 and the Paper Awards in 1988

and 2006 both from the Institute of Electronics, Information and Commu-
nication Engineers (IEICE) of Japan. He served as the Chairperson of the
Technical Group of Antennas and Propagation of the IEICE from 2001 to
2003 and the Chairperson of the Organizing and Steering Committees of
2004 International Symposium on Antennas and Propagation (ISAP ’04) .
Dr. Sawaya is a senior member of the IEEE, and a member of the Institute
of Image Information and Television Engineers of Japan.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


