
cess offset makes it possible to improve the breakdown volt-
age to the disadvantage of the drain]source current and
microwave capabilities. Hence, a compromise must be found.
This model constitutes a reliable simulation tool which ap-
pears to be very interesting for the power transistor optimiza-
tion because it needs a short computing time.
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ABSTRACT: The actï e leaky-wa¨e antenna arrays ha¨e been demon-
strated, which integrate se¨eral microstrip leaky-wa¨e antenna elements
with a single HEMT oscillator as an actï e source at 10.2 GHz. To excite
the first higher order mode, the leaky-wa¨e antenna is fed asymmetrically.
The reflected wa¨e due to the open end of each leaky-wa¨e antenna
element has been suppressed by the symmetric configuration of this
antenna array. When comparing with the measured radiation pattern of
the single-element antenna, we found that 1 = 2 and 1 = 4 antenna
arrays can effectï ely suppress the reflected power by more than 5.5 and
10.5 dB, respectï ely. Furthermore, the power gains are more than 2 and
3.16 dB higher than the single-element antenna with a measured EIRP
of 18.67 dBm. Q 1998 John Wiley & Sons, Inc. Microwave Opt
Technol Lett 18: 14]17, 1998.

Key words: reflected wa¨e; space wa¨e; leaky-wa¨e antenna arrays

INTRODUCTION

Recently, the leaky-wave antenna has become popular, and
there is a growing interest in active-integrated leaky-wave

w xantennas used as frequency-scanning elements 1, 2 . Menzel
first discovered the phenomenon of a wider bandwidth in the
microstrip leaky-wave antenna compared with resonator an-

w xtennas 3 . The leaky-wave theory has been derived thor-
w xoughly by Oliner 4 . Although the leaky-wave antenna has

excellent beam-scanning performance, the reflected wave re-
sulting from the mismatch of the open end of the microstrip
antenna may cause the receiving system to mistakenly take
the reflected signal for the true signal. For example, the short

Ž .length 2.23 l of Menzel’s antenna caused a large back0
lobe, whose amplitude was about 0.4 of that of the main

w xbeam, at the same angle from broadside 4 . The back lobe is
produced by the substantial reflected wave caused by the
mismatch at the open end. Although it could be improved by
using longer strip lines or substrate material of larger height,
here, we demonstrate another alternative approach which,
using the symmetric configuration of this antenna array, not
only can effectively reduce the reflected wave, but also can
increase the power gain.

DESIGN

In our experiment, three configurations of the leaky-wave
antennas, the 1 = 1, 1 = 2, and 1 = 4 arrays, were fabricated.
The basic 1 = 1 configuration shown in Figure 1 consists of
an HEMT oscillator as the active source, the matching cir-
cuit, and the microstrip leaky-wave antenna. The advantage
of one active source, the HEMT oscillator, is that the modes
of the arrays do not need to be synchronized. The circuits use
0.635 mm thick RTrduriod substrate with dielectric constant
of « s 10.2, and NE42484A low-noise GaAs HEMT as ther
oscillator device. The oscillator is designed using the nega-
tive-resistance method utilizing a commercially available CAD
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Figure 1 Basic configuration of the hybrid leaky-wave antenna with a low-noise GaAs HEMT NE42484A

tool HP-EEsof Libra. Drain bias is supplied through a typical
bias network consisting of a high-impedance lr4 line, fol-
lowed by a quarter-wavelength impedance radial stub, and
V is set at 2 V. The matching circuit using the impedance-DS

w xmatching method 5 was developed, and we found that the
quarter-wave transformer was the most suitable.

The geometry and coordinate system for the microstrip
leaky-wave antenna are shown in Figure 2. Each slot will

w xradiate the same field as the magnetic dipole 6, 7 , with the
equivalent magnetic current density M and the equivalentS
reflected magnetic current density M due to the mismatchRS
of the load at the end of the leaky-wave antenna. The ratio of
M rM is a reflected ratio of less than 1. After someRS S

w xcalculation 8 , the approximate reflected ratio of the re-
flected wave can be obtained. In our design, to excite the first
higher order mode, the microstrip leaky-wave antenna is fed
asymmetrically. The width W and length L of the leaky-wave
antenna are 4.2 mm and 6.734 cm respectively. The dimen-
sion is chosen empirically so that the space wave dominates
the radiating power, and the first higher order mode is

Ž .excited. We employed a rigorous Wiener]Hopf solution
w xmentioned by 9 to obtain the normalized complex propaga-

tion constant b y ja of the first higher order mode in its
leak range for the leaky-wave antenna, where b is the phase
constant and a is the attenuation constant. The variation of
b and a as a function of frequency is shown in Figure 3.
Because the operating frequency, 10.2 GHz, is below the
cutoff frequency of 10.35 GHz, the normalized phase con-
stant brk is less than 1, and the space wave dominates the0
leakage.

Figure 2 Geometry and coordinate system for the microstrip
leaky-wave antenna. M is the equivalent magnetic current, and MS R S
is the equivalent reflected magnetic current

Figure 3 Normalized phase constant brk and normalized attenu-0
ation constant ark of the first higher order mode as functions of0
frequency for the leaky-wave antenna. H s 0.635 mm, W s 4.191
mm, and « s 10.2r

Figures 4 and 5 show the 1 = 2 and 1 = 4 active leaky-wave
antenna arrays. We used the impedance-matching theory to
design the interelement separation D in order to obtain the
minimum reflected coefficient, and D was equal to 0.7 l0
Ž .where l is the free-space wavelength at 10.2 GHz . The0
simple T-type power divider provides the wide bandwidth.
The matching circuit is designed to obtain the maximum
radiating power. By this design procedure, the radiator can
have maximum power input, and the portion of the reflected
wave also can be reduced. In addition, the loading effect will
not affect the oscillator’s operation.

EXPERIMENTAL RESULTS

Under the far-field condition, Figure 6 shows a comparison of
the theoretical and measured H-plane far-field pattern of a
single active leaky-wave antenna with the operating fre-
quency at 10.2 GHz. The effective isotropic radiated power
Ž .EIRP of this one-unit antenna is approximately 18.67 dBm.

ŽWe can see from Figure 6 that the reflected wave at about
.an angle of 1508 , which is only 3 dB below the main beam,

can have an apparently harmful influence on the receiving
beam pattern. It is necessary for antenna designers to sup-
press this reflected wave. Using the configuration of the

Žtwo-unit and four-unit symmetric antenna arrays Figs. 4 and
.5 , we found that the reflected wave of the measured data is

Ž .effectively suppressed see Fig. 7 . The suppression of the
reflected wave for the two-unit and four-unit arrays is about
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Figure 4 Configuration of the two-unit active leaky-wave antenna array. D s 0.7 l0

Figure 5 Configuration of the four-unit active leaky-wave antenna array

Figure 6 Theoretical and experimental H-plane far-field pattern of
single active leaky-wave antenna for the operating frequency at
10.2 GHz

5.5 and 10.5 dB, respectively, when compared with the mea-
sured radiation pattern of the single-element antenna. The

Ž .measured power EIRP of the 1 = 2 and 1 = 4 symmetric
antenna arrays is 20.67 and 21.83 dBm, and the power gains
are 2 and 3.16 dB higher than the single-element leaky-wave
antenna.

Figure 7 Experimental H-plane far-field patterns of the 1 = 1,
1 = 2, and 1 = 4 active leaky-wave antennas, including the arrays

CONCLUSION

The active integrated leaky-wave antenna arrays have been
demonstrated in this paper. The advantage of one active
source, the HEMT oscillator, is that the arrays do not need
to be synchronized. It is found that as the number of ele-
ments increases in the symmetric configuration of this an-
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tenna array, it not only can have more power gain, but also
effectively suppress the reflected signal without using longer
lines or substrate material of larger height. Hence, the system
can distinguish the true main beam correctly.
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Theory Tech., Vol. 44, Dec. 1996, pp. 2265]2272.

7. C. A. Balanis, Antenna Theory Analysis and Design, 2nd ed., John
Wiley & Sons, New York, 1997.

8. K. S. Lee, ‘‘Microstrip Line Leaky Wave Antenna,’’ Ph.D. disser-
tation, Polytechnic Institute of Brooklyn, NY, 1986.

9. D. C. Chang and E. F. Kuester, ‘‘Total and Partial Reflection from
the End of a Parallel-Plate Waveguide with an Extended Dielec-
tric Loading,’’ Radio Sci., Vol. 16, Jan.]Feb. 1981, pp. 1]13.

Q 1998 John Wiley & Sons, Inc.
CCC 0895-2477r98

A GENERALIZED COMPACT 2-D
FDTD MODEL FOR THE ANALYSIS OF
GUIDED MODES OF ANISOTROPIC
WAVEGUIDES WITH ARBITRARY
TENSOR PERMITTIVITY
An Ping Zhao,1 Jaakko Juntunen2 and Antti V. Raisanen2¨ ¨
1 Electronics Laboratory
Nokia Research Center
FIN-00045 Nokia Group, Finland
2 Radio Laboratory
Department of Electrical and Communications Engineering
Helsinki University of Technology
FIN-02150 Espoo, Finland
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ABSTRACT: In this paper, a generalized 2-D FDTD model based on the
D, E, and H fields for the analysis of guided modes of anisotropic
wa¨eguides with arbitrary tensor permittï ity is proposed. With the help
of the proposed model, the relationship between the compact complex
and real ¨ariable 2-D FDTD methods is in¨estigated. It is found that for
certain anisotropic cases, the complex 2-D FDTD method cannot be

( )reduced to or replaced by the real ¨ariable 2-D FDTD method. On the
other hand, excitation techniques for both the complex and real ¨ariable
methods are also discussed. Numerical results show that using the
impulse with complex amplitudes in the excitation is not an essential
condition, e¨en for a purely complex 2-D FDTD case. The accuracy and
flexibility of the proposed model are ¨alidated and confirmed by compar-

ing numerical results with other techniques. Q 1998 John Wiley & Sons,
Inc. Microwave Opt Technol Lett 18: 17]23, 1998.

Key words: compact 2-D FDTD method; guided modes; anisotropic
wa¨eguides

1. INTRODUCTION

For numerical modeling of waveguiding structures involving
arbitrary geometry and anisotropy, the full-wave analysis
technique based on the compact 2-D finite-difference time-

Ž .domain FDTD method has become more and more popular
due to its high flexibility. So far, the compact 2-D FDTD
technique has been widely employed for the analysis of

w xguided modes of waveguides by many researchers 1]10 .
Reviewing the development history of the 2-D FDTD tech-
nique, an original 2-D FDTD approach based on a nontruly

w x2-D mesh was developed 1 . In parallel, a compact 2-D
FDTD method, which uses a truly 2-D mesh, and therefore
significantly improves the efficiency of the nontruly approach,

w x w xwas proposed 2 , and its stability was further investigated 3 .
Due to the attractive feature of the compact 2-D FDTD

w xtechnique 2, 3 , nowadays it is being used more than the
w xoriginal 2-D FDTD method 1 . However, the compact 2-D

w xFDTD approaches proposed in 2, 3 were based on the
processing of the complex variable, and such a processing was

w xclaimed 4 as the disadvantage of the method. In order to
overcome this drawback and further improve the efficiency of
the compact complex 2-D FDTD method, several real vari-

Žable algorithms which are mainly for isotropic andror diago-
. w xnal anisotropic cases based on the 2-D FDTD 4, 6 were

developed. The advantage of the real variable method over
the complex variable method is obvious since only half of the
computer memory and CPU time are required in the real

w xvariable algorithm. However, although it was stated in 4 that
the real variable 2-D FDTD technique can be applied to
arbitrary anisotropic cases, we find that this is not always
true. Therefore, it is quite necessary to have a full investiga-
tion of the relationship between the complex and real vari-
able methods, and to find out under what conditions the

Ž .complex variable algorithm can or cannot be replaced by
the real variable one.

To be able to investigate the above problems, in this
paper, a generalized compact 2-D FDTD model based on the
D, E, and H fields for the analysis of arbitrary anisotropic
dielectric waveguides is developed. With the help of this
model, the relationship between the complex 2-D FDTD
method and the real variable 2-D FDTD method is compre-
hensively investigated. Theoretical analysis and numerical

Žresults show that when the tangential field components Ex
.andror E are coupled with the longitudinal field compo-y

Ž .nent E , the complex 2-D FDTD method cannot be re-z
Ž .placed by or reduced to the real variable 2-D FDTD method.

This means that for some anisotropic cases, the complex 2-D
FDTD method has to be employed; and in this paper, such a
complex 2-D FDTD method is regarded as the purely com-
plex 2-D FDTD method.

On the other hand, the excitation technique for both the
complex and real variable 2-D FDTD methods is also dis-

w xcussed. Even though it was claimed in 1]4, 8 that for the
Žcomplex 2-D FDTD algorithm the impulse with a self-

.evident complex amplitude must be used in the excitation, it
is shown in this paper that using the impulse with complex
amplitudes as the excitation is not an essential condition,
even for the purely complex 2-D FDTD method. In other
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