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Oscillator-Type Active-Integrated
Antenna: The Leaky-Mode Approach

Guang-Jong Chou and Ching-Kuang C. Tzuang, Senior Member, IEEE

Abstract— This paper describes basic research carried out
to design a microwave source module employing the concept
of an active-integrated leaky-mode antenna. The novel active-
antenna source module utilizes a microstrip as the radiating
element while adopting uniplanar technology for the active circuit
design. The microstrip is operated in the first higher order
odd mode, which is a leaky mode, and excited by a proximity-
coupled center-fed slotline on the same surface of the uniplanar
microwave-integrated circuit. The measured performance of an
X-band transmission-type injection-locked active-integrated an-
tenna source module demonstrated that such a design approach
was suitable for linear array integration for quasi-optical power
combining. The harmonic-balance (HB) analysis of the proposed
active-integrated antenna agrees with the measurements in both
free-running frequency and power level. The measured radiation
patterns of the active-integrated antenna also agree well with the
theoretical predictions.

1. INTRODUCTION

CTIVE-INTEGRATED antennas have come into

prominence in recent years since mature monolithic
microwave-integrated circuit technology is commensurate with
antenna integration in a variety of transceiver applications,
particularly at lower millimeter wave frequencies [1]-[3].
An active-integrated antenna, by definition, integrates the
active microwave circuits and the radiating element on the
same substrate, thereby reducing transition and transmission
losses [1]. A complete monolithic integration using the
active-integrated antenna approach can make the system very
compact, low cost, and reliable. Active-integrated antennas,
according to their functions, can be classified into three
categories: oscillators, amplifiers, and frequency converters
[1]. There is great interest in using an oscillator-type active-
integrated antenna for generating microwave and millimeter
wave signals. Applications reside in many areas such as
spatial power combining [4]-[6], radar [7], and intelligent
vehicle guidance [3].

The oscillator-type of active-integrated antenna is comprised
of a radiating element, feed, and oscillator. To date, the
microstrip patch antenna has been the most commonly used
radiating element due to its lightweight, planar structure and
ease of handling. It suffers, however, from the presence
of surface wave modes and an increasing cross-polarization
level at the millimeter waves [8], [9]. There are other types
of planar antennas implemented in various active-integrated
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antennas, e.g., the slot antenna [10], notch antenna [5], and
leaky-wave antennas [2], [11]. The leaky-wave antenna is a
class of traveling-wave antenna which can be implemented by
periodic structure or invoking the leaky mode of a guided wave
device. The latter possesses the characteristics of having a
narrow beam, frequency scanning, and ease of matching at the
excitation port. As a result, numerous studies have been carried
out involving linear antenna-array integration using leaky-
wave antenna elements [12]. The radiation characteristics
of such a leaky-wave antenna can be fully understood by
obtaining its complex propagation constant which becomes
the fundamental parameter for the antenna design. The leaky-
wave antenna described in this paper is a microstrip line which
is planar and leaks in the form of the first higher order odd
mode [13].

This paper details the analysis and design of an active-
integrated leaky-mode antenna source module in which the
preliminary version showed good results for use in quasi-
optical power-combiner design [11]. The idea of exciting the
microstrip’s first higher order leaky mode on one side of the
substrate while retaining all of the merits of the uniplanar
microwave-integrated circuits [14] on the other side becomes
quite natural when a slotline underneath the middle of the
microstrip is employed as an efficient antenna feed. The active
microwave network is thereby separated from the radiating
element except for the coupling circuit [15]. Active CPW
circuits have several attractive features:

1) reduced cross coupling;

2) a ground connection that does not require via holes;

3) ease of device mounting in series and shunt configura-

tions;

4) low radiation loss.

II. ANALYSIS, DESIGN, AND CHARACTERISTICS
OF A MICROSTRIP LEAKY-MODE ANTENNA

In contrast to the well-known dominant mode propagating
in a microstrip, the first higher mode interests us here. It leaks
in the forms of space wave or surface wave. The latter is the
lowest order TM, surface wave with a zero cutoff which is
often weakly excited. Therefore, the space wave is dominant
in the case of the microstrip leaky-mode antenna [16]. This is
desirable since most electromagnetic energy will propagate in
the intended direction rather than dissipating in the substrate.
By obtaining the dispersion characteristics of the microstrip’s
leaky mode, the radiation pattern of the antenna can be readily
determined.
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Fig. 1. Normalized complex propagation constant of the first higher mode

for the particular microstrip leaky-mode antenna. 2 = .635 mm, w = 4.572
mm, and &, = 10.2. ko is the free-space wave number.

A. Dispersion Characteristics of the Leaky-Mode Antenna

The radiation characteristics of a leaky-wave antenna can be
derived by obtaining the corresponding complex propagation
constant k,, where k, = [ — ja. 8 is the phase constant
and « the attenuation constant. Positive o means that the
guided power gets attenuated as the leaky mode radiates with
a main beam position at fy = cos™* (3/ko), measured from
the longitudinal z-axis. Fig. 1 plots the normalized dispersion
curves of the first higher mode in the leakage region for a par-
ticular microstrip on a 25-mil-thick RT/Duroid 6010 substrate.
The substrate’s permittivity is chosen close to that of GaAs
in the hope that the performance demonstrated in the paper
can be obtained in a GaAs monolithic-microwave integrated
circuit (MMIC) without much modification. The complex
propagation constants are obtained rigorously by the spectral-
domain approach [17]. The particular design leaks in a fan
beam fashion below a threshold frequency at approximately
9.58 GHz. When one plots the beam position angle g and
leakage rate derived from o« against the frequency as shown
in Fig. 2, the radiation characteristics of the active-integrated
leaky-mode antenna source module are largely known.

B. Radiation Pattern

The field equivalence principle is applied to derive the far
field radiation pattern of the microstrip leaky-mode antenna.
Fig. 3 shows the model of the structure. There are two
equivalent magnetic surface currents along the microstrip’s
two edges, where two apertures, each of length L and height
h, are separated by a distance w equal to the microstrip’s
width. The electric fields £; and E, at the apertures can
be assumed to be exponentially decaying functions with an
attenuation constant « and can be expressed as

E’l = i Egei(B-ja)z
Ey = —iEge™i(F-io)2 (1)
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Fig. 2. Beam position angle §g and leakage rate of the particular microstrip
leaky-mode antenna in Fig. 1.
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Fig. 3. Geometry and coordinate system for deriving the far-zone radiation
patterns of a microstrip leaky-mode antenna using Huygen’s principle. The
microstrip leaky-mode antenna is of width w, height h, and length L.

where E, is an arbitrary constant. By applying Huygen’s
principle to the aperture plane, we obtain the equivalent
magnetic surface currents. Thus, the far-zone electric fields of
the leaky-mode antenna with length I [18] can be written as

E, ~E, =0
khe=ikr sin (X)][e?f -1
F,=—7F, i
=mimt oo [ )
- cos (kwsm@smqﬁ) )
2
where

X =khsinfcos ¢
Z =j(kcosd — ) —

and k = 27 /A are the wave numbers. Equation (2) assumes
that there is no reflection from the far end of the leaky-mode
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Fig. 4. Theoretical H-plane (z-z plane) radiation patterns of the microstrip

leaky-mode antenna against the elevation angle for three different frequencies.
The antenna length is 150 mm long.

antenna and clearly shows that a fan beam polarized in the ¢-
direction with its maximum located in the ¢ = 0°-plane, which
is the H-plane of the microstrip leaky-mode antenna. Along
this H-plane, the normalized radiation amplitude patterns of
the finite-length microstrip leaky-mode antenna derived from
(2) are plotted in Fig. 4 for operating frequencies at 9.1, 9.2,
and 9.3 GHz, respectively. Also shown are the frequency scan
characteristics of the antenna at 9.3, 9.2, and 9.1 GHz where
the beam position varies from 39° through 48°, to 59° as the
3-dB beamwidth is widened from 17.5° through 18°, and to
22.5°, respectively. Comparing these numbers for the beam
position angles with the corresponding data of Fig. 2, the
difference is less than 2°, caused by the finite length (L) of
the antenna. When ¢ is small, and I is large enough, the beam
position angles derived from (2) and those predicted in Fig. 2
are almost the same.

C. The Proximity-Coupled Feed and RPA Measurement

Fig. 5 shows the close-up view of the proximity-coupled
slotline feed of the microstrip leaky-mode antenna which is
flipped over to the bottom side of the figure. The slotline
feed may extend to the end of the leaky-wave antenna [19].
In Fig. 5, short-circuited slotline feed is used on top of
the microstrip. We may improve the coupling and prevent
the dominant mode from being excited by employing the
slotline of a length greater than a half wavelength. In addition
to the slotline feed, a typical CPW cross for the CPW-
to-slotline transition is applied to the feeding structure for
ease of interface with the vector network analyzer (VNA) as
well as the active uniplanar MMIC with CPW ports. Each
transmission line extends a quarter wavelength beyond the
crossing point where the slotline is terminated short, and the
CPW is terminated open. The design of such a CPW cross has
been well developed and investigated [20].
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Fig. 5. The close-up view of the proximity-coupled leaky-mode antenna
employing the center-fed slotline.
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Fig. 6. Measured S parameters and RPA of the CPW-fed microstrip
leaky-mode antenna with two feeds. The antenna length L = 150 mm.

The solid line of Fig. 6 shows that good input matching. to
the 50-§) reference impedance is obtained with input reflection
coefficients kept below —10 dB for the frequency range of
9.0-9.2 GHz. The surviving leaky-mode energy at the end of
traveling along the microstrip line will be converted to the
CPW mode at the receiving end of the antenna with the same
CPW cross at the input port. The measured transmission pa-
rameter Sg; indicates that a negligible amount of leaky-mode
energy reaches the receiving end, although the magnitude of
So1 is relatively high between 9.1 and 9.6 GHz (just below the
cutoff frequency). We may compute the value for the relative
power absorbed (RPA =1 — |S11]2 — |S21]?) from the back-
to-back connected microstrip leaky-mode antenna and plot the
results in Fig. 6 [21]. The RPA accounts for the energy loss in
the microstrip leaky-mode antenna and two CPW crosses. It
also accounts for ohmic losses due to finite metal conductivity,
substrate dissipation, undesired surface wave excitation, and
radiation from the slotline, etc.

We have conducted a near-field measurement of the leaky-
wave antenna. The radiation contour pattern illustrates that the
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main energy leakage is indeed the leaky wave emanating from
the microstrip line at the predicted beam position, whereas the
only other noticeable leakage is from the slotline radiation
showing —14 dB down with respect to the main beam.
The surface wave leakage is not detected in the near-field
measurement. Thus, we may conjecture that the energy loss as-
sociated with the RPA is primarily leaky-wave radiation if the
conductor and dielectric losses can be neglected. Fig. 6 shows
that the RPA can be as high as 0.98, implying that almost all
of the energy is radiated with good antenna-input matching.

III. DESIGN AND ANALYSIS OF A QUASI-OPTICAL OSCILLATOR

The CPW input port of the microstrip leaky-mode antenna
of Fig. 5 facilitates the interface to the uniplanar MMIC.
Such an arrangement directly leads to the design of the
quasi-optical oscillator to be described here. Fig. 7 shows the
simplified schematic diagram of the injection-locked quasi-

GHz/DIV

Small-signal simulation of input impedance at the drain port of the oscillator.

optical oscillator. An NE42484 low-noise HEMT is chosen
as the active device. The oscillator employs a series feed-
back at the HEMT’s source terminal to create substantial
negative resistance. The injection signal is coupled into the
gate terminal via CPW end-coupled resonators. Therefore the
dc isolation is self-contained. The resonator's length, d (see
Fig. 7), helps set the oscillation frequency. Both linear and
nonlinear simulations are invoked to design the oscillator.

A. Oscillator Design: Linear Analysis

The oscillator design adopts the simplified design
approach proposed by Johnson [22]. He assumed that under
large-signal operation the small-signal S parameters remain
the same except for a reduction in the magnitude of Ssq.
When designing an oscillator, one’s goal is to obtain the
maximum output power. Hence, the modified (reduced)
value of So; is derived by maximizing the oscillator output
power. Then the modified scattering parameters are applied
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Fig. 9. Comparison of the measured and modeled input impedance of the microstrip leaky-mode antenna. (a) Real part of the input impedance and (b)

imaginary part of the input impedance.

to the oscillator design using linear circuit analysis. Fig. 8
shows the oscillator output impedance Z;; looking into
the drain port with the injection port terminated at 50 .
Between 8.5 and 9.3 GHz, the reactance has a positive slope
implying stable oscillation while showing negative resistance
for all of the interested frequencies.

B. Harmonic-Balance Analysis

Next, the harmonic-balance method is used to predict the
oscillation frequency and optimize output power. Before in-

voking a Libra harmonic-balance analysis of the nonlinear
oscillator, the microstrip leaky-mode antenna must be properly
modeled by an equivalent one-port lumped circuit looking into
the CPW-fed port of the antenna. The solid line in Fig. 9 shows
the measured complex input impedance Z;, of the CPW-fed
antenna, which can be modeled as a cascade of a parallel
RLC resonant circuit, and series resistor B, as shown in the
inset of Fig. 9(a). The measured resonant frequency and slope
parameter of Z;, determine the values of L and C [23]. The
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Fig. 10. Harmonic-balance analysis of the output power spectrum of the
oscillator.

value of R + R, equals the maximum value of measured
resistance. By adjusting the values of R and R, the simulated
input impedance of the equivalent circuit agrees well with the
measured data. '

Using the above-mentioned one-port model for the leaky-
mode antenna, the harmonic-balance analysis sets in and shows
multiple harmonics at the antenna’s CPW input port. The
results are plotted in Fig. 10 and indicate that the first harmonic
is at 9.177 GHz with 9.2 dBm output power. The quasi-optical
oscillator was optimized for the operation of the leaky-mode
antenna over a comfortable scan range. The complete quasi-
optical oscillator was built on both sides of a 25-mil-thick
RT/Duroid 6010 substrate with a relative dielectric constant of
10.2. Fig. 11 shows the layout of the active-integrated antenna.
In the case of a free-running situation, the near-field pickup
measurement by a Tek 494AP spectrum analyzer shows that
the unlocked source oscillates at 9.166 GHz, which is very
close to the simulated result.

1V. MEASURED RESULTS

A. Locking Range

It is well known that an oscillator can be synchronized
by an external injection signal when. the injection level is
sufficient and its frequency is close enough to the free-running
oscillator. Tajima and Mishima introduced the transmission-
type injection locking that separates the locking-signal input
port from the power output port [24). Thus, it does not require
a circulator to isolate the input port from the output port. The
injection-locking frequency range Awy, can be expressed as

Awp, = N 3

where

Qext external Q-factor;

wo free-running oscillator radian frequency;
Py oscillator output power;

P injection power.
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TABLE 1
THE MEASURED LOCKING RANGE VERSUS INJECTION POWER LEVEL

Locking Range (MHz) Injection Power Level (dBm)
15 -10
22 -5
43 0

Equation (3) is also known as the Adler equation. The
expression of QQext, related to the circuit parameters, is already
given in [24].

During the measurement, the injection signal from an HP
8340B synthesized sweeper is connected to the CPW input
port of Fig. 11, and the radiated energy is picked up by a
standard gain horn connected to a spectrum analyzer via a
flexible cable. Table I lists the measured locking range versus
various injected power levels. For a —10 dBm input power
level, the locking range is 15 MHz or 1.63% of the center
frequency and becomes 2.4% and 4.69% at —5 dBm and 0
dBm, respectively.

B. Phase Noise and Radiated Power Measurements

Fig. 12 shows the spectrum of an injection-locked quasi-
optical oscillator. The injection power level is —10 dBm at
9.17 GHz. Phase noise of —100 dBc/Hz at a 100 KHz offset
from the carrier is obtained by a direct phase-noise measure-
ment out of the spectrum analyzer. Next the transmitted power
of the quasi-optical oscillator is calculated by applying the
Friis transmission equation [18]

P, A\
E = (m) Go:Gor- )
For the sake of clarity the parameters of the measurement
system and obtained results are listed in Table II. The output
power of the source module is calculated as 8.6 dBm at 9.17
GHz. The dc bias conditions of the oscillator are V; = 2
V, Vys = =02V, and Ij; = 32 mA. Thus the dc-to-RF
efficiency is 11%. Finally, the external ()-factor is found to
be 71.8 using (3).

C. Radiation Pattern of the Complete Quasi-Optical Oscillator

Fig. 13 shows the measured result for the H-plane radiation
pattern and associated cross polarization at 9.17 GHz. The
peak angle of the radiation pattern is 50° with a beamwidth
of 24°, and this is in very good agreement with theoreti-
cal calculations. The measured cross-polarization profile is
kept approximately —15 dB below the peak-radiated power
throughout the measurement.

V. CONCLUSION

This paper presents a new design approach for an active-
integrated antenna source module integrating a microstrip
leaky-mode antenna and uniplanar microwave-integrated cir-
cuit on the opposite side of the same substrate. In almost
every aspect, excellent agreement was obtained between the
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TABLE II
THE PARAMETERS OF THE MEASUREMENT SYSTEM AND RESULTS

Parameter Value
Gain of the Receiving Antenna, G, 20 dB
Gain of the Transmitting Antenna, G, 10 dB
Antenna Separation, R 3.5 m
Received Power, Py -27.6 dBm (3.6 dB cable loss)
Transmitted Power, P, 8.6 dBm
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theoretical design of the constituent elements of the source phase noise of —100 dBc/Hz at a 100 KHz offset from the
carrier, dc-to-RF efficiency of 11%, output power of 8.6 dBm
at 9.17 GHz, and cross polarization of less than —15 dB.

module and corresponding measured results. The source mod-
ule showed a 4.69% locking bandwidth at-0 dBm input power,
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Fig. 13. H-plane patterns and cross-polarization measurements of the ac-

tive-integrated microstrip leaky-mode antenna source module at 9.17 GHz.

The measured results indicate that the strategy combining a
microstrip leaky-mode antenna and an active uniplanar MMIC
for an active-integrated antenna design is a viable and powerful
candidate for active-integrated antenna designs.
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