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SUMMARY A novel algorithm for an adaptive array that is
suitable for a multi-carrier transmission will be proposed in this
paper. In an adaptive array, signals received by antenna elements
are weighted and combined together. In the proposed algorithm,
distortion of a spectrum of the combined signal is detected and
weight coefficients for each antenna element are controlled so that
the spectrum of the combined signal becomes flat. Concept of the
proposed algorithm can be interpreted as the CMA which is ap-
plied to signals sampled in the frequency domain. Furthermore,
a configuration of the adaptive array will be shown. Signals sepa-
rated in a receiver of the multi-carrier transmission are utilized to
detect the distortion of the signal spectrum. By adopting the pro-
posed configuration, the spectrum of the multi-carrier signal can
be easily detected. In order to investigate the performance of the
proposed adaptive array, computer simulation has been carried
out. Numerical results show that; 1) A desired wave is captured
well even if an interference wave is narrow band signal and is
stronger than the desired wave. 2) Suppression performance for
a co-channel interference wave depends on both a symbol timing
and SIR of arrival waves. If the symbol timing of the interfer-
ence wave greatly differs from the timing of FFT window of the
receiver, the desired wave can be captured even if the co-channel
interference wave is stronger more than 10 dB compared with the
desired wave. The conventional CMA adaptive array has a seri-
ous problem that the narrow band interference wave is captured
when it is stronger than the desired wave. On the other hand, it
is extremely rare that the proposed adaptive array captures the
narrow band interference wave. Therefore, it can be said that
the proposed adaptive array is a robust system compared with
the conventional system.

key words: adaptive array, mobile communication, multi-

carrier, CMA
1. Introduction

A data transmission rate of land mobile communication
systems tends to be high-speed year by year. The most
high-speed public system in Japan is PHS (Personal
Handy phone System) with the rate of 384 kbps. In ad-
dition, the communication service with 2 Mbps will be
provided on IMT-2000 (International Mobile Telecom-
munication system) from 2000. Furthermore, MMAC
(multi-media mobile access) as one of more high-speed
communication systems have been projected toward fu-
ture. In mobile communication environment, however,
as the data transmission rate is increased, there arise
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serious problems leading to deterioration of communi-
cation quality [1].

The deterioration of communication quality in land
mobile communications is mainly caused by distortion
of the received signal due to incidence of multi-path
waves. To compensate the distortion and to improve
the communication quality, various techniques such as
adaptive arrays [2] and adaptive equalizers [1] have
been studied. In recent years, also a multi-carrier trans-
mission technique has been attracting much attention
as a promising scheme to realize a high-efficiency and
high-quality communication [3].

In the case of the multi-carrier transmission, the
high-speed data to be transmitted are separated to mul-
tiple low-speed data, and each of these low-speed data
is transmitted by use of the individual carrier (sub-
carrier). By decreasing the transmission rate per car-
rier, effect of the multi-path wave can be relieved. To
realize the high-speed mobile communication with the
multi-carrier system, however, several problems have to
be solved. Especially, development of techniques to de-
crease the effect of the multi-path waves with a long
delay and Doppler effect due to movement of mobile
terminals is indispensable [4].

Adaptive arrays have been studied as a coun-
termeasure to improve the communication quality of
land mobile communications [2]. It has been clarified
through the previous researches that the adaptive ar-
rays can suppress the multi-path waves with the long
delay. In most of conventional adaptive arrays, weight
coefficients for the antenna elements are determined so
as to minimize the distortion of the received signal. In
the case of the multi-carrier transmission, however, de-
tecting the distortion of the received signal is more dif-
ficult than the case of the single-carrier transmission.

In this paper, a novel algorithm for the adaptive
array that is suitable for the multi-carrier transmission
will be proposed. In the proposed system, a spectrum
of the multi-carrier signal is detected from the outputs
of the FFT and the obtained spectrum envelope is uti-
lized to control a directional pattern of the array an-
tenna. This leads to indirect utilization of the spectrum
of the multi-carrier signal. Furthermore, a configura-
tion of the adaptive array to detect the spectrum of
the received multi-carrier signal will be provided.

The paper is organized as follows. In Sect.2, a
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Fig.1 Concept of multi-carrier transmission.

multi-carrier transmission scheme is described briefly.
In Sect.3, a configuration and principle of the pro-
posed adaptive array are explained. In Sect.4, results
of computer simulation are shown and we discuss per-
formances of the proposed adaptive array.

2. Multi-Carrier Transmission

The multi-carrier transmission has been proposed as a
communication technique for high-speed transmission
of a large amount of data [3]. Figure 1 shows concep-
tually a signal process flow of the multi-carrier trans-
mission and variation of the signal with the process.

On the transmitting side, using a serial to paral-
lel converter (S/P Conv.), a data stream to be trans-
mitted is divided into multiple low-speed data streams
which have a lower-speed transmission rate than that
of the original data stream. The divided low-speed
data streams are modulated and converted into high-
frequency signals allocated to the different carrier fre-
quencies, respectively. These high-frequency signals
(sub-carriers) are combined and transmitted from the
antenna for transmission.

On the receiving side, the transmitted data are re-
produced through the reverse operation of the trans-
mitting process. That is, the multi-carrier signal re-
ceived by the antenna for reception is separated into the
multiple signals using a separator. The respective sepa-
rated signals are demodulated to obtain low-speed data
streams. Using the parallel to serial converter (P/S
Conv.), the low-speed data streams are converted into
a high-speed data stream, thereby yielding a desired
data stream. The effect of the multi-path is relieved
because the transmission rates of the respective sub-
carriers are decreased compared with the single-carrier
transmission by using the multiple carriers.

The transmission technique in which the sub-

carriers are allocated at orthogonal frequencies is called
OFDM (Orthogonal Frequency Division Multiplexing).
Since the signal process of the serial to parallel conver-
sion and the frequency conversion of the OFDM are
realized with discrete Fourier transform (DFT), the
OFDM can be performed by a digital signal process-
ing technique. Also, spectral efficiency of the OFDM
system is better than that of the single-carrier trans-
mission system. Hence, the OFDM is expected as a
technique for realizing mobile communications with the
features of both the high-speed and high-quality data
transmission.

In the OFDM system, a guard period that is a
replica of the last part of an information symbol (effec-
tive symbol) is inserted in the front part of each infor-
mation symbol for combating against the distortion due
to the multi-path waves. The deterioration of commu-
nication quality due to the multi-path waves is relieved
as long as the delay of the multi-path waves is shorter
than the duration of the guard period. Accordingly,
the duration of the guard period must be set longer
than the delay of the multi-path wave with the longest
path. The deterioration of communication quality due
to the multi-path waves can be avoided by setting the
duration of guard period long enough. However, too
long guard period reduces transmission efficiency be-
cause the guard period is a redundant part and they do
not contribute to transmission of information.

On the other hand, adaptive arrays have been
studied as a countermeasure to multi-path waves or
interference waves. Through the previous studies, it
is clarified that the multi-path wave with a long delay
can be suppressed by the adaptive array. In most of the
conventional adaptive arrays, the weight coefficients of
antenna elements are determined so as to minimize the
distortion of received signal in time domain. In the case
of the multi-carrier transmission, the transmitted signal
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Fig.2 Configuration of proposed adaptive array.

is composed of the multiple sub-carriers and the respec-
tive frequencies are different from each other. Then, a
waveform of the transmitted signal in time domain is
much complex compared with the single-carrier signal.
Namely, the amplitude of the multi-carrier signal has
the Rayleigh distribution and the waveform of the sig-
nal is similar to the white gaussian noise [5]. Thus,
in the case of the multi-carrier transmission, detecting
the distortion in time domain of the received signal is
much more difficult than the case of the single-carrier
transmission.

3. Adaptive Array for Multi-Carrier Transmis-
sion

A novel algorithm of the adaptive array for the multi-
carrier transmission is proposed in this section.

3.1 Configuration of Proposed System

Concept of the proposed algorithm can be interpreted
as the constant modulus algorithm (CMA [6]) which is
applied to signals sampled in the frequency domain.

A configuration of the proposed adaptive array is
shown in Fig.2. The signals received by the antenna
elements are weighted by the complex multipliers and
combined together. Then, the combined signal is in-
putted into the receiver of multi-carrier transmission.
The combined signal is separated to the sub-carrier
components and they are demodulated. The demod-
ulated low-speed data are converted to the high-speed
data by using the parallel serial converter. The sig-
nals separated to the sub-carrier components are also
inputted to the controller to determine the weight co-
efficients.

3.2 Algorithm of Proposed System

Figure 3 shows the signal spectrum of the multi-carrier
signal conceptually. When the desired wave and the
multi-path waves are received together, the spectrum
of the received signal is distorted due to the multi-path
waves as shown in Fig.3(b) even if all of the trans-
mitted sub-carriers are the same in an amplitude as
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shown in Fig.3(a). However, the signal spectrum of
the combined signal is almost flat when deep nulls on a
directional pattern are formed in the directions of the
multi-path waves and only the desired wave is received.
Thus, the weight coefficients for each antenna element
should be controlled so that the spectrum of the com-
bined signal becomes flat.

In order to detect the signal spectrum, in gen-
eral, an additional tool such as a spectrum analyzer
is needed. Here, instead of the spectrum analyzer, the
signals outputted from the separator in the receiver are
utilized in the proposed system. This is because the
amplitude of each separated signal indicates intensity
of the corresponding sub-carrier that is closely related
to the spectrum of the combined signal. By adopt-
ing the configuration shown in Fig. 2, the distortion of
the spectrum of the combined signal can be easily de-
tected. Hence, the received multi-carrier signal, which
is transmitted with the sub-carriers having the same
amplitude, is separated and the weight coefficients are
determined so that the separated signals become the
same in the amplitude.

The control method of the weight coefficients is de-
scribed as follows. Let y1(m) y2(m) ... yn(m) repre-
sent the separated signals after m times of iteration and
o represent objective amplitude for each sub-carrier.
The cost function Q(m) of the proposed system is ex-
pressed as

N
Qm)=>_

Here, N indicates the number of sub-carriers. The cost
function implies the distortion of frequency character-
istics of the combined OFDM signal. When the cost
function is minimized, all the amplitudes of sub-carriers
become the same and then it is expected that nulls are
formed in the directions of the multi-path waves on the
directional pattern of the array antenna. To minimize
the cost function, Marquardt method [7] is adopted in

2

(1)

[y (m)[* — 0
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Table 1  Conditions of simulation.

Number of Sub-carriers 10 (OFDM)
Modulation of Sub-carriers Differential QPSK
Length of Guard Period 1/8T (T : Symbol Length )
Number of Arrival Waves 2 Waves
Directions of Arrival 0° (Desired Wave)

60° (Undesired Wave)
Intensity of Arrival Waves 0 dB (Desired Wave)

-3 dB (Undesired Wave)
SNR of Desired Wave 20 dB
Number of Antenna Elements 4 Elements
Arrangement of Antenna Elements Square Array
Distance of Antenna Elements 0.5 Wavelength
Algorithm CMA

Optimizing Method Marquardt Method

the computer simulation of next section.
4. Computer Simulation

In this section, we investigate performances of the pro-
posed system through a computer simulation.

4.1 Condition of Simulation

The simulation is carried out on equivalent base-band
systems. Conditions of the simulation are shown in Ta-
ble 1. It is assumed that the desired wave and one
undesired wave arrive at a receiving point. The de-
sired wave is modulated with the OFDM. We consider
following three types for the undesired wave.

1) Case 1; The undesired wave originates from the
same transmitting antenna as that for the desired
wave, but has the different path from the desired
wave. It is, so called, the multi-path wave.

2) Case 2; The undesired wave is transmitted from the
antenna which is different from that for the de-
sired wave and it is narrow band signal. Hereafter,
we call this type of the interference wave “narrow-
band interference wave.”

3) Case 3; The undesired wave is transmitted from the
different antenna from that for the desired wave,
and it is an OFDM signal. Further, it has the same
format (number of sub-carriers, frequency interval
of sub-carriers, and so on) as that of the desired
wave but it carries different information from the
desired wave. Hereafter, we call this type of the
interference wave “co-channel interference wave.”

The OFDM signal is generated using IFFT (In-
verse Fast Fourier Transform) with 16 points in the
simulation. The IFFT is operated symbol by symbol
and the guard period is inserted in the front part of
each symbol after the operating the IFFT.

On the receiving side, the received signal is sepa-
rated into the multiple sub-carrier components by using
FFT. It is assumed in the simulation that a timing of
FFT window synchronizes the symbol of the desired
wave.
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We will compare performance of the proposed sys-
tem with that of the conventional CMA adaptive array
whose scheme is shown as follows:

e A single carrier signal modulated with differential
QPSK is used.

e Weight coefficients are determined so as to minimize
time variation of the amplitude of combined signal.

In this paper, DUR stands for the power ratio of
the desired wave to the multi-path wave, SIR stands for
the power ratio of the desired wave to the interference
wave (narrow-band or co-channel), and the power of
a multi-carrier signal means the sum of powers of all
sub-carriers.

4.2 Suppression Performance for Multi-Path Wave
(Case 1)

At first, the results of the signal spectrum in the simula-
tion are shown in Fig. 4 in the case that the delay (7) of
the multi-path wave is 0.5 symbol length. Figures 4(a),
4(b) and 4(c) show the spectrums of the transmitted
signal, the signal received by an omni-directional an-
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tenna and the combined signal after iteration of 100
times in the proposed system, respectively.

In the case that the omni-directional antenna is
used (Fig.4(b)), it is clear that the spectrum of the
received signal is distorted due to the multi-path wave.
On the other hand, the spectrum of the combined signal
(Fig.4(c)) is almost flat similar to the spectrum of the
transmitted signal.

Figure 5 shows the directional patterns of the array
antenna. The thick arrows and the numbers in the
figure indicate the directions of arrival and the numbers
of iteration, respectively. It can be seen that a deep null
is formed after several times of iteration and thus the
multi-path wave is suppressed sufficiently.

Figure 6 shows convergence properties of the pro-
posed system. The abscissa and ordinate denote the
number of iteration and the gain in the direction of ar-
rival, respectively. It can be seen from the figure that
the multi-path wave is suppressed by approximately
20dB or more in the steady state.

Furthermore, it is investigated how the delay of the
multi-path wave affects performance of the proposed
system. Figure 7 shows the DUR value of the com-
bined signal after iteration of 100 times when the delay
(1) of multi-path wave is varied. For comparison, the
DUR value of the conventional CMA adaptive array
that minimizes time variation of the amplitude of com-
bined signal is also shown by dashed line. The delay on
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the abscissa is normalized with a symbol length of the
single carrier modulated with differential QPSK. The
bit rates of all system in Fig. 7 are the same. It can be
seen following results from Fig. 7.

1) The multi-path wave which has the long delay more
than approximate 0.3 symbol length can be sup-
pressed by the proposed system.

2) The suppression performance of the proposed sys-
tem for the multi-path wave does not differ much
from that of the conventional CMA adaptive array.

It is verified that the proposed system utilizing the
spectrum of combined signal for the control of the di-
rectional pattern is an effective method to suppress the
multi-path wave in the multi-carrier transmission sys-
tem.

4.3 Suppression Performance for Narrow Band Inter-
ference Wave (Case 2)

In this subsection, the suppression performance for the
narrow band interference wave will be shown. We as-
sume that a continuous wave (CW) arrives as the in-
terference wave besides the desired wave. The SINR
(Signal to Interference plus Noise power Ratio) value
of the combined signal after iteration of 100 times is
shown in Fig.8 when the SIR (Signal to Interference
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power Ratio) of the arrival waves is varied. It is shown
that the SINR value of the conventional CMA adaptive
array decreases when the interference wave is stronger
than the desired wave (SIR < 0(dB)). It is because
that the strongest wave in the arrival waves is captured
in the case of the conventional CMA adaptive array
as already clarified [8]. In contrast with the above, the
SINR value of the proposed system does not decrease so
much even if the interference wave is stronger than the
desired wave. These results are explained as follows.

In the proposed system, the weight coefficients are
controlled so that the separated signals become the
same in the amplitude. Unfortunately, the desired wave
is suppressed and only the interference wave is received,
then the amplitude of all the separated signals must de-
crease except for a separated signal which correspond
to the frequency of the interference wave. In this case,
all of the separated signals can not be the same in the
amplitude.

4.4 Suppression Performance for Co-Channel Interfer-
ence Wave (Case 3)

Finally, We discuss the suppression performance for the
co-channel interference wave.

In this subsection, we assume that the signal for-
mat of the interference wave is the same as that of the
desired wave. Namely, the carrier frequencies, the num-
ber of sub-carriers, the frequency interval of the sub-
carrier of the interference wave are the same as those
of the desired wave. However, information to be trans-
mitted is different between the arrival waves (the de-
sired wave and the interference wave). As a matter of
course, the direction of arrival, intensity and phase of
each arrival wave are different from the other.

Figure 9 shows the SINR values of the combined
signal after iteration of 100 times for the co-channel in-
terference wave. The abscissa indicates the difference
of symbol timing between the desired wave and the in-
terference wave. The value of 0 on the abscissa implies
the case that each wave arrives with the same symbol
timing. It is assumed that the FFT window synchro-
nizes the symbol of the desired wave as described before
in the simulation.

It is found from Fig. 9 that

1) In the case that the desired wave is stronger than
the interference wave (SIR = 4dB), the SINR value
is more than 20dB.

2) In the case that the interference wave is stronger
than the desired wave (SIR = —4dB), the SINR
value is approximately 20dB when the absolute
value of difference of the symbol timing is large.
However, the SINR value decreases when the ab-
solute value of difference of the symbol timing is
small.

The above results are explained as follows.
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If the symbol timings of both waves correspond
to the FFT window as shown in Fig.10(a), then the
stronger wave is captured, as is the case with the con-
ventional CMA adaptive array [8]. This is because the
separated signals outputted from the FFT have the
same value in the amplitude even if the interference
wave is captured.

On the other hand, in the case that the symbol
timing of the interference wave differs from the FFT
window as shown in Fig. 10(b), the guard period and
the different two symbols in both side of the guard pe-
riod of the interference wave are included in one FFT
window. Thus, the values of the amplitude of the sepa-
rated signals outputted from the FFT are different from
each other if the interference wave is captured. There-
fore, in this case, the desired wave is captured even if
the interference wave is stronger than the desired wave.

Figure 11 shows the SINR values of combined sig-
nal when the SIR of the arrival waves and the symbol
timing vary. It is found from the Fig. 11 that the SINR
value varies with not only the symbol timing but also
the SIR of the arrival waves. In Fig. 11, the domain that
the SINR value is larger than 0dB corresponds to the
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case that the desired wave is captured. And the domain
that the SINR value is smaller than 0dB corresponds
to the case that the interference wave is captured.

Figure 12 depicts a relationship between the con-
dition of the arrival waves and the captured wave. In
Fig. 12, the area with a shadow indicates the case that
the interference wave is captured, and the area without
the shadow indicates the case that the desired wave is
captured. The dashed line, which is drawn in the center
of the figure, shows the case that the intensity of the
interference wave is equal to that of the desired wave.
The conventional CMA adaptive array captures the in-
terference wave in the region lower than the dashed
line.

In the case of the proposed system, whether the
desired wave is captured or not is depends on both the
SIR of the arrival waves and the symbol timing. It is

377

found from the figure that the desired wave can be cap-
tured when the symbol timing of the interference wave
differs from the timing of the FFT window even if the
interference wave is strong more than 10 dB compared
with the desired wave.

5. Conclusion

A novel adaptive array that utilizes the frequency char-
acteristics of multi-carrier signal has been proposed.
In the proposed adaptive array, distortion of the sig-
nal spectrum of the received multi-carrier signal is de-
tected and the directional pattern of the array antenna
is controlled so that the spectrum of combined signal
becomes flat. Furthermore, the configuration of the
adaptive array has been shown. The signals separated
in the receiver of the multi-carrier transmission are uti-
lized to detect the distortion of the signal spectrum. By
adopting the proposed configuration, the spectrum of
the multi-carrier signal can be easily detected.

Next, in order to investigate the performance of
the proposed adaptive array, computer simulation has
been conducted. As a result, it is found that

1) The desired wave is captured well even if the inter-
ference wave is narrow band signal and is stronger
than the desired wave.

2) Suppression performance for the co-channel inter-
ference wave depends on both the symbol timing
and SIR of arrival waves. If the symbol timing of
interference wave greatly differs from the timing of
the FFT window, the desired wave can be captured
even if the co-channel interference wave is strong
more than 10dB compared with the desired wave.

The conventional CMA adaptive array has a se-
rious problem that the interference wave is captured
when it is stronger than the desired wave. It can be
said that reliability of the conventional CMA adaptive
array is not enough because possibility of occurrence of
the narrow band interference wave is not low. On the
other hand, it is extremely rare that the proposed adap-
tive array captures the narrow band interference wave.
Therefore, we can say that the proposed adaptive ar-
ray is a robust system compared with the conventional
system.

For the future study, we are planning to conduct
the performance evaluation of the proposed adaptive
array in more realistic environments by computer sim-
ulations and experiments.

Acknowledgments

The authors wish to acknowledge Dr. N. Itoh,
Mr. N. Suzuki and other colleagues of the Communica-
tions Laboratory of Toyota Central Research & Devel-
opment Laboratories, Inc. for their valuable discussions
and supports throughout this work.



378

References

[1] J.G. Proakis, Digital Communications, 3rd ed. McGraw-
Hill Inc., 1995.

[2] M. Nagatsuka and R. Kohno, “A spatially and tempo-
rally optimal multi-user receiver using an array antenna for
DS/CDMA,” Special issue on adaptive signal processing
technology in antennas, IEICE Trans. Commun., vol.E78-
B, no.11, pp.1489-1497, 1995.

[38] S. Weinstein and P. Ebert, “Data transmission by
frequency-division multiplexing using the discrete K-
Fourier transform,” IEEE Trans. Commun., vol. COM-19,
no.5, pp.628-634, 1971.

[4] E. Viterbo and K. Fazel, “How to combat long echoes
in OFDM transmission schemes: Sub-channel equalization
or more powerful channel coding,” Proc. GLOBECOM’95,
pp.2069-2074, 1995.

[5] M. Alard and R. Lassalle, “Principles of modulation and
channel coding for digital broadcasting for mobile re-
ceivers,” EBU Review, no.224, pp.168-190, 1987.

[6] J.R. Treichler and B.G. Agee, “A new approach to multi-
path correction of constant modulus signals,” IEEE Trans.
Acoust. Speech & Signal Process., vol.ASSP-31, no.2,
pp-459-472, 1983.

[7] M. Fujimoto, N. Kikuma, and N. Inagaki, “Performance of
CMA adaptive array optimized by Marquardt method for
suppressing multipath waves,” IEICE Trans., vol.J74-B-II,
no.11, pp.599-607, 19910

[8] K. Takao and H. Matsuda, “The choice of the initial con-
dition of CMA adaptive arrays,” IEICE Trans. Commun.,
vol.E78-B, no.11, pp.1474-1479, 1995.

Mitoshi Fujimoto was born in Ka-
goshima, Japan, on June 20, 1964. In
1985 he joined Toyota Central Research
& Development Laboratories, Inc. He re-
ceived the B.S. degree in electronic en-
gineering from Nagoya Institute of Tech-
nology, Japan, in 1989, and the M.S. de-
gree in electrical and computer engineer-
ing from the Institute in 1991. He has
been engaged in research on adaptive ar-
ray, small antennas and digital mobile
communications. He has received a Young Engineer Award of
IEEE AP-S Tokyo chapter in 1992. Mr. Fujimoto is currently an
Associate Researcher in Communications Lab. of Toyota CRDL.
Also, he is presently a student of doctoral course in Nagoya In-
stitute of Technology.

IEICE TRANS. COMMUN., VOL.E83-B, NO.2 FEBRUARY 2000

Kunitoshi Nishikawa was born in

Gifu, Japan, on August 28, 1953. He re-

ceived the B.S. and M.S. degrees in elec-

tronics engineering from Nagoya Univer-

sity, Nagoya, Japan, in 1976 and 1978,

and a Doctorate in Engineering from Uni-

versity of Tsukuba in 1986, respectively.

. He joined Toyota Central Research and

' Development Laboratories, Inc., Aichi, in

’ 1978. He has engaged in research on mo-

bile communication systems, navigation

systems, car radar systems and intelligent transportation sys-

tems. He is a recipient of the IEEE VTS Paper of the Year

Award. Dr. Nishikawa is currently a Principal Researcher, a

Deputy Division Manager of System Division II and a Laboratory
manager of Communications Lab. of Toyota CRDL.

Tsutayuki Shibata was born in Ai-
chi, Japan, on Feb.12, 1961. He received
the B.S. and M.S. degrees in electron-
ics engineering from Nagoya Institute of
Technology, Nagoya, Japan, in 1984 and
1986, respectively. He joined Toyota Cen-
tral Research and Development Labora-
tories, Inc., Aichi, in 1986. His research
interests are in broadband wireless com-
munication for automobile, wireless LAN
and spread spectrum commmunication.

Mr. Shibata is currently a Researcher in Communications Lab.
of Toyota CRDL.

Nobuyoshi Kikuma was born in
Ishikawa, Japan, on January 7, 1960. He
received the B.S. degree in electronic en-
gineering from Nagoya Institute of Tech-
nology, Japan, in 1982, and the M.S.
and Ph.D. degrees in electrical engineer-
ing from Kyoto University, Japan, in 1984
and 1987, respectively. From 1987 to
1988, he was a Research Associate at
Kyoto University. In 1988 he joined Na-
goya Institute of Technology, where he has
been an Associate Professor since 1992. He has been engaged
in research on adaptive and signal processing array, multipath
propagation analysis, mobile and indoor wireless communica-
tion, and electromagnetic field theory. He has received a 4th
Electrical Communication Promotion Foundation Award in 1989.
Dr. Kikuma is a member of the IEEE.



FUJIMOTO et al.: A NOVEL ADAPTIVE ARRAY UTILIZING FREQUENCY CHARACTERISTICS
379

Naoki Inagaki was born in Nagoya,
Japan, on April 22, 1939. He received the
B.S., M.S., and Ph.D. degrees from Tokyo
Institute of Technology, Tokyo, Japan, all
in electrical engineering, in 1962, 1964,
and 1967, respectively. After he worked as
a Research Associate at Tokyo Institute of
Technology for three years, he moved to
Nagoya Institute of Technology, Nagoya
as an Associate Professor in the Depart-
ment of Electronics. Since 1984 he has
been a Professor there. From 1979 to 1980, on leave from Nagoya
Institute of Technology, he was a Visiting Senior Research Asso-
ciate at the ElectroScience Laboratory, The Ohio State Univer-
sity, Columbus, OH, U.S.A. His research interests include smart
array antennas, CAD of antennas, mobile communication, and
electromagnetic theory. He received Inada award, paper award,
and achievement award all from the IEICE, in 1964, 1974, and
1983, respectively. Dr. Inagaki is a member of the Institute of
Electrical Engineers of Japan, the Institute of Television Engi-
neers of Japan, and the Institute of Electrical and Electronics
Engineers.




