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Abstract
X-band active beam-scanning leaky-wave antenna arrays,

including 1 X 1 , 1 X 2 and 1 X 4 prototypes, have been demonstrated.
These antennas integrated one or several microstrip leaky-wave
antenna elements with a single varactor-tuned HEMT VCO as an
active source. Measured results on experimental antennas indicate
that the beam scanning angle of the 1 X 1 antenna close to 40° can be
achieved and the scanning range of 1 X 2 and 1 X 4 antenna arrays are
both close to 32°. Furthermore, reflected wave due to the open end
of each leaky-wave antenna element has been suppressed by the
symmetric configuration of this antenna array and the antenna
efficiency increases. When comparing with the measured radiation
pattern of the single element antenna, we found that the 1 X 2 and 1 X
4 antenna arrays can effectively suppress the reflected power by more
than 5.5 dB and 10.5 dB, respectively, at 10.2GHz. The power gain
are more than 2 dB and 3.16 dB higher than the single element
antenna with a measured EIRP of 18.67 dBm.
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I. Introduction

The active integrated antenna is widely used in applications such
the automotive radar system, the mobile communication, and the
personal communication system (PCS). It indicates more specifically
that the active circuit and the passive antenna elements are integrated
on the same substrate [1]. Recently, the leaky-wave antenna has
become popular and there is a growing interest in the active-integrated
leaky-wave antennas (see Fig. 1) using as frequency scanning elements
[2],[3]. Due to low profile, easy fabrication, easy matching, simple
structure, narrow beam, and frequency scanning, the leaky modes of
uniform open waveguides are very suitable for active integrated
millimeter-wave antenna applications. Menzel first discovered the
phenomenon of a wider bandwidth in the microstrip leaky-wave
antenna compared with resonator antennas [4]. The leaky-wave
theory had been derived thoroughly by Oliner [5]. Some research of
the leaky-wave antenna have also been intensively investigated in
[6],[7].

Fig. 1 The configuration of the single asymmetric feeding active
microstrip leaky-wave antenna
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The propagation region of the microstrip-line first higher order
mode in this paper was operated in the radiation region, where the
guided mode leaks power into the space wave as well as into the
surface wave. Because the leaky-wave antenna is open above, the
space wave actually corresponds to radiation at some angle, the value
of this angle changing with the frequency. To excite the first higher
order mode and leak in the form of the space wave, the leaky-wave
antenna is fed asymmetrically.

The leaky-wave antenna, without phase shifters, has excellent
beam scanning performance than other antennas, e.g., the patch
antenna and the dipole antenna. Here, an active phase-shifterless
beam scanning antenna by integrating a varactor-tuned HEMT VCO
with microstrip leaky-wave antenna is developed. Operating
frequencies tuned by adjusting the varactor DC bias are controlled to
vary the beam position. Therefore, we can use it as the frequency-
scanning antenna by the characteristic of wide bandwidth and leaky
mode. Due to the finite length of the leaky-wave antenna, the
reflected wave resulting from the mismatch of the open end of the
microstrip antenna may cause the receiving system mistakenly taking
the reflected signal for the true signal and the efficiency of the antenna
is reduced. Hence, we demonstrated another alternative approach,
which using the symmetric configuration of this leaky-wave antenna
array not only can effectively reduce the reflected wave, but it also can
increase the power gain.

II. Radiation Characteristics of The Leaky-wave
Antenna

The nature of the leaky-wave antenna comes from the property
of the first higher order mode in microstrip line. In [8], Oliner
developed the theory of the leakage and several examples were
presented to illustrate the leaky mechanisms, including radiation from
waveguide discontinuities into the surface wave, the space wave or
leaky below-cutoff higher order modes of the open waveguides
themselves. In the bond-mode region or the surface-wave region, the
power leaks in the form of the surface wave and the quasi-TEM wave;
the space wave dominates the radiating energy in the radiation region.
The leaky-wave antenna is operated in the radiation region, the phase
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constant B less than 1, and the space wave dominates most of the
leakage. To obtain the complex propagation constants of the mode
of the leaky-wave antenna, the spectrum domain analysis would be
used.

The geometry and coordinate system for the microstrip leaky-
wave antenna are shown in Fig. 2. Each slot will radiate the same
field as the magnetic dipole [7],[9] with the equivalent magnetic
current density Ms and the equivalent reflected magnetic current
density MRS due to the mismatch of the load at the end of the leaky-
wave antenna. The ratio of MRS/MS is the reflected ratio less than 1.
We employed rigorous (Wiener-Hopf) solution mentioning by [10], to
obtain the normalized complex propagation constant B- j a 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 the frequency are shown
in Fig. 3. 9 can be calculated using the equation Q =Cos- l(B/k0),
where 9 is the elevation angle between the main-beam direction and
the end-fire direction, the Z-axis direction. We can use the
characteristic of the variation of B as a function of the frequency to
change the scanning angle O.

The radiation pattern of the microstrip leaky-wave antenna can
be derived by using the far field equivalence principle. Under the far
field condition, we can express the equivalent magnetic current
density Ms and the equivalent reflected magnetic current density MRS
as

where E0 is the arbitrary constant and R is the reflected ratio due to

the mismatch of the load at the open end of the leaky-wave antenna.
For the geometric configuration of the microstrip leaky-wave antenna
shown in Fig. 2, the far-zone electric fields are given by the following
equations :
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where

are the wave number

and the width W, the height H and the length L are the dimension of
the leaky-wave antenna. This equation of Eo assumes that there is

no reflection from the open end of the waveguide and the total
radiated power is almost in the form of a space wave.

Fig. 2 The geometry and coordinate system for the microstrip leaky-

wave antenna. Ms was the equivalent magnetic current, and

MRS was the equivalent reflected magnetic current.
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Fig. 3 Normalized phase constant B/k0 and normalized attenuation
constant a/k0 of the first higher order mode as functions of frequency
for the leaky-wave antenna. H=0.635mm, W=4.191 mm, and
er=10.2.

III. Design of the Active Leaky-Wave Antenna Arrays

In our experiment, three configurations of the active integrated
beam-scanning leaky-wave antennas, the 1 X 1 (Fig. 1), 1 X 2 (Fig. 4),
and 1 X 4 (Fig. 5) arrays, were fabricated. The basic 1 X 1
configuration shown in Fig. 1 consists of a HEMT VCO as the active
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source, the matching circuit, and the microstrip leaky-wave antenna.
The advantage of one active source, the HEMT VCO, is that the
modes of the arrays do not need to be synchronized. The circuits use
0.635 mm thick RT/Duriod substrate with the relative
permittivity er=l0.2, and a NE42484A low-noise GaAs HEMT was

used as the oscillator device. The VCO is designed using negative-
resistance method utilizing a commercially available CAD tool HP-
EEsof Libra. ALPHA CVG 7864 GaAs package varactor is used as a
tuning varactor in this experiment and the tunable capacitance for the
tuning voltage of IV to 11V is approximately 11pF to 0.3pF in data
sheet. The matching circuit is necessary for the VCO to match the
input impedance of the leaky-wave antenna, and the operating
frequency can be varied continuously.

To excite the first higher order mode, the microstrip leaky-wave
antenna is fed asymmetrically. The width W and the length L of the
leaky-wave antenna are 4.2 mm and 6.734 cm, respectively. The
dimension is chosen empirically so that the space wave dominates the
radiating power, and the first higher order mode can be excited with in
the operating frequency. Because the operating frequency is below
the cutoff frequency, the normalized phase constant B/k0 is less than
1, and the space wave dominates the leakage.

Fig. 4 The configuration of the two-unit active leaky-wave antenna
array. D = 0.7 Ao.
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Fig. 4 and Fig, 5 show the 1 X 2 and 1X4 active leaky-wave
antenna arrays. Two passive individual radiating elements are
integrated with the single active HEMT VCO by a T-type divider in
the 1 X 2 prototype of the antenna array; in the similar configuration,
three T-type dividers are used in the 1 X 4 array. The phase of the
wave on each of the radiators was set automatically equal. We used
the impedance-matching theory to design the inter-element separation
D in order to obtain the minimum reflected coefficient and D = 0.7 Ao
(where Ao is the free space wavelength at 10GHz).

Fig. 5 The configuration of the four-unit active leaky-wave antenna
array.

The simple T-type power divider provides the wide bandwidth. The
matching circuit is designed to obtain the maximum radiating power
and the continuous operating frequency range. By this design
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procedure, the radiator can have the 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.

IV. Theoretical And Experimental Results

Under the far-field condition, Fig. 6 showed the theoretical and
measured radiation patterns of the microstrip leaky-wave antenna for
10.2GHz, in the situation of the finite length, L=6.734cm. The
experimental radiation patterns of the prototypes, including the 1 X 1,
1 X 2 and 1X4 active integrated leaky-wave antenna arrays, are
presented in Fig. 7, Fig. 8 and Fig. 9 for three frequencies, 9.5GHz,
9.9GHz, and 10.2GHz. The measured Effective Isotropic Radiated
Power (EIRP) of this 1 X 1 antenna was approximately 18.67 dBm
and the measured power (EIRP) of the 1 X 2 and 1 X 4 symmetric
antenna arrays were 20.67 dBm and 21.83 dBm at 10.2GHz. The
power gain were 2 dB and 3.16 dB higher than the single-element
leaky-wave antenna.

The experimental figures displayed that the main beam swings
up from the end-fire direction (Z-axis) and the beamwidth becomes
wider as the operating frequency is decreased. Noted that the
measured scan angles of the 1 X 1 , 1 X 2 and 1 X 4 antennas were
close to 40°, 32° and 32°. In other words, the reflected wave due to
the open end of the antenna is apparent at the higher frequency, close
to the cutoff frequency. We can see from Fig. 7 that the reflected
wave (at about angle 150°) at 10.2GHz which was only 3 dB below
the main beam can have an apparently harmful influence on receiving.
It is necessary for antenna designers to suppress this reflected wave.
Using the configuration of the two-unit and four-unit symmetric
antenna arrays, we found that the reflected wave of the measured data
were effectively suppressed at 10.2GHz (see Fig. 10). The
suppression of the reflected wave for the two-unit and the four-unit
arrays were about 5.5 dB and 10.5 dB, respectively when comparing
with the measured radiation pattern of the single element antenna.
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Fig. 6 The theoretical and measured far-field radiation patterns (o =0)
of the single active leaky-wave antenna at 10.2GHz.

V. Conclusion

The active integrated beam-scanning leaky-wave antenna arrays
have been demonstrated in this paper. The advantage of one active
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Fig. 7 The measured far-field radiation patterns (0=0) for the scan
beam of the 1 X 1 active leaky-wave antenna at 9.5GHz, 9.9GHz, and
10.2GHz.
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Fig. 8 The measured far-field radiation patterns (0=0) for the scan
beam of the 1 X 2 active leaky-wave antenna at 9.5GHz, 9.9GHz, and
10.2GHz.
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Fig. 9 The measured far-field radiation patterns (o=0) for the scan
beam of the 1 X 4 active leaky-wave antenna at 9.5GHz, 9.9GHz, and
10.2GHz.
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Fig. 10 The measured far-field radiation patterns (o=0) of the 1 X 1,
1 X 2, and 1X4 active leaky-wave antenna arrays at 10.2GHz.
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source, the HEMT oscillator, is that the arrays do not need to be
synchronized. The beam scanning range of the leaky-wave antenna
in excess of 30° can be achieved by tuning the varactor. It is found
that as the number of elements increases in the symmetric
configuration of this antenna array, it can not only have more power
gain, but also effectively suppress the reflected signal without using
longer lines or substrate material of larger height. Hence, the leaky-
wave antenna arrays are suitable for frequency scanning and the
system can distinguish the true main beam more correctly.
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