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Abstract—A new active antenna configuration is proposed for
spatial power combining applications. The active patch antenna
uses an inverted stripline topology to take advantage of several
features. These features include avoiding drilling through the
circuit substrate to insert the diode and the use of air within
the resonant cavity for reducing loss. The inverted substrate can
serves as a radome for hermetic sealing. The active antenna and
housing can be fabricated in modular form for reduced cost
and easy replaceability of devices. The active inverted stripline
paich antenna exhibits a much cleaner spectrum and greater
stability than previously reported active antennas. The fixture
serves as a ground plane, heat sink, and support in an active
planar array or as a mirror in a quasi-optical power combining
resonator. A single active antenna operating at 9.23 GHz exhib-
ited a 16 MHz locking bandwidth at 30 dB locking gain. Power
combining efficiencies of over 89% have been demonstrated
for a four element square array. The square array maintained
injection-locking and power combining over a 60 MHz bias tuned
bandwidth. Similarly, a four element diamond array showed over
86% combining efficiency and 50 MHz bias tuned bandwidth.
Beam Steering was demonstrated by varying bias voltage to the
individual antenna elements of the square array.

I. INTRODUCTION

CTIVE ANTENNAS with spatial power combining tech-
niques have been devised to overcome low power levels
and fabrication costs of mm and sub-mm wave systems. By
designing the antenna and oscillator on a single substrate,
one avoids transition/transmission line losses from power
distribution networks and moves closer towards complete
monolithic integration. At mm and sub-mm wavelengths,
monolithic construction becomes necessary to overcome many
fabrication difficulties. However, solid-state devices produce
very small power levels at these frequencies while waveguide
dimensions and tolerances become difficult and costly for
circuit-level power combining. The use of active antennas
and spatial or quasi-optical power combing techniques can
overcome these limitations [1], [2]. General power combining
techniques are reviewed in [1] while the current state of quasi-
optical power combining technology is described in [3].
Active antennas are those radiators directly integrated with
active devices to generate RF power. Active antennas have
been realized using two terminal and three terminal devices.
FETs and other three terminal solid-state devices have shown
higher DC to RF conversion efficiencies over two terminal
devices. However, diodes reach much higher operating fre-
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quencies. The active antenna provides a tank circuit, matching
transformer or feed back mechanism to sustain oscillations. A
group of active antennas can be injection-locked for phase-
coherency and power combining.

The microstrip patch antenna has been integrated with
diodes and transistors for active, planar, low-cost radiating
elements [4]-[8]. The microstrip structure provides a resonant
patch for oscillations and a ground plane for efficient heat
sinking. However, the patch has exhibited narrow bias tuning
ranges, high cross-polarization levels, and wide output power
deviations. A tuning diode and bipolar transistor has recently
been integrated within a multi-layer patch to obtain 4.4%
tuning of the operating frequency [9]. As an alternative, the
endfire notch has many desirable characteristics including
broad impedance matching bandwidth, uniplanar nature and
easy integration of other planar solid-state devices. Its scala-
bility is attractive for use well into the sub-mm wave region.
Active varactor tunable notch antennas have been reported
[10]-[12]. However, an array of such endfire antennas would
require a brick style approach for power combining arrays.
Although the brick style approach offers large heat dissipa-
tion volume and circuit area with modular replaceability of
components, it tends to be bulkier than an array using a tile
style method. For tile type approaches in power combining,
endfire clements may not be as suitable as broadside microstrip
patches, bowties, grids and dipoles.

Power combining methods enable arrays of active anten-
nas to operate as one coherent transmitter with predictable
effective radiated power, beamwidth and tuning bandwidth.
Power-combining techniques include chip-level, circuit-level
and spatial combiners. Spatial and open resonator combiners
involve a large number of transistors or diodes. The individual
free-running oscillators must be injection-locked to produce
a coherent higher power RF source. Injection locking may
be obtained via mutual coupling, external feedback, or an
external source. The result of using spatial or quasi-optical
power combining techniques is to create a single, coherent and
higher-power signal from many low-power radiating sources.
Spatial or quasi-optical power combining is not as limited by
size, ohmic or dielectric losses or moding problems and allows
the combination of a greater number of active devices. The
patch and grid have been used for most active antennas and
in power combining [13]-[17].

This paper introduces the cavity-enclosed inverted stripline
circular patch antenna. This antenna structure does not require
drilling through the circuit substrate to accommodate diodes.
Drilling on the housing is still required but is not as critical. A
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housing has been designed so that the feed or diode position
is easily optimized. The configuration’s enclosure chokes out
surface waves and introduces an increase in metal volume for
heat dissipation. DC bias is provided to the diode from the
ground plane side with a feed-through capacitor. This scheme
does not require direct contact with the patch radiator and
can improve the impedance match to the diode. The inverted
stripline active patch antenna can also be integrated with other
solid-state devices for increased power, frequency switching
and/or tuning. The axial symmetry of the antenna can be
used for circuit level power combining with more than one
active device placed under the patch radiator [18]. Monolithic
integration of such an antenna in a tile type planar array
could be accomplished with monolithic chip inserts at each
antenna location. Each insert would contain the patch and
active devices.

The active inverted stripline patch exhibits a purer spectrum
than previously reported active antennas with improved stabil-
ity and external Q-factor. The antenna can be optimized for
improved diode matching and increased diode power output
as in waveguide cavities. Injection-locking experiments on a
single active antenna show a locking bandwidth 16 MHz at a
locking gain of 30 dB. E and H-plane power combining arrays
show high combining efficiencies. A four element square array
with 89% combining efficiency showed an injection-locked
bias tuning bandwidth of 60 MHz. Similarly, a four element
diamond array showed over 86% combining efficiency and
50 MHz bias tuned bandwidth.

II. CIRCUIT DESIGN AND DESCRIPTION

The cavity-enclosed inverted stripline antenna dimension
parameters are shown in Fig. 1(a). The inverted patch is
enclosed by a cylindrical air-filled cavity. The antenna radiates
through a short section of dielectric-filled circular waveguide
to free space. References [19] and [20] describe design formu-
lations which were applied to this inverted stripline structure
design. This structure and a coaxial probe were used to create
a passive antenna.

Since the probe-fed antenna is inverted and enclosed, sol-
dering the coaxial probe to the patch is difficult and avoided.
Instead a cap on the probe is used to capacitively couple to the
antenna. The cap used is equal to the Gunn diode cap diameter
in anticipation of the active antenna application. Some of the
passive antenna design aspects worth noting include that: the
inverted substrate serves as a radome, no drilling through
the circuit or soldering to the patch is required, thick antenna
dimensions are allowed without surface wave losses.

A test fixture was designed to allow experimental optimiza-
tion of the passive and active design. The enclosure allows the
use of dielectric inserts to test different patch antenna diame-
ters on different substrate thicknesses or dielectric constants.
Fig. 1(b) shows the passive probe-fed cavity-enclosed inverted
stripline configuration. Several probe-fed antennas were tested
using the following parameters:

* Cavity Diameter (C) = 12.700 mm.

* Substrate Thickness (a) = 1.524 mm and g3 = 2.3.

*+ Air Spacing (b) = 1.500 mm and &; = 1.0.
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Fig. 1. The cavity-enclosed inverted stripline antenna: (a) Structure dimen-
sions. (b) The passive probe-fed antenna configuration.
TABLE I
MEASURED AND CALCULATED OPERATING FREQUENCIES
OF SEVERAL PATCH ANTENNAS
Patch
Diameter Calculated f, Measured fr
(mm) (GHz) (GHz) % Error
8 13.300 13.30 0
9 12.285 12.35 —0.50
10 11.415 11.00 3.77
104 11.101 10.70 375
11 10.661 10.10 5.56

* Patch Diameters (D) = 8, 9, 10, 10.4 and 11 mm.
* 3.5 mm connector (Gunn diode cap on probe).
*» Probe Position (p) = 2 mm.

Patch antennas with different diameters were etched on
RT-Duroid 5870 with a 1.524 mm thickness and ¢, of 2.3.
The antennas were concentrically cut-out in 12.7 mm diameter
inserts for the cavity enclosure. Several dielectric inserts were
tested for return loss on an HP-8510B Network Analyzer.
Instead of soldering a probe feed to the antenna, a circular
disk over the probe tip was used to simulate the Gunn diode
cap of the active antenna application as shown in Fig. 2. This
cap is also used as a proximity feed to tune out some of the
probe’s inductive effect. Table I lists computed and measured
operating frequencies for several patch antennas of different
diameters.

Table I shows a deviation of antenna resonance for larger
patch diameters. As the patch diameter increases, the distance
between the radiating edges and the enclosure decrease well
within a ground plane spacing causing a lower resonance fre-
quency. Our current formulation based on [19] and [20] does
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Fig. 2. The cavity-enclosed active inverted stripline antenna with Gunn
diode and bias scheme.
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Fig. 3. The measured return loss for various patch diameters of the probe-fed
‘ passive antenna.

not account for the cavity enclosure effect on the resonance of
the inverted patch antenna. Fig. 3 shows the measured return
loss of several cavity-enclosed probe-fed inverted stripline
antennas.

The probe-fed passive antenna radiation patterns were used
to determine beamwidth, cross-polarization and gain level.
The gain of the cavity-enclosed inverted stripline circular
patch antenna is 6.65 dBi. This gain level is used later to
approximate Gunn oscillator power in the active antenna. The
E-plane 3 dB beamwidth is over 105 degrees. The H-plane
3 dB beamwidth is 80 degrees. Cross polarization levels
remain at least 16 dB below the maximum on either H or
E-plane patterns. Fig. 4 shows the radiation patterns for a
10.4 mm diameter probe-fed cavity-enclosed inverted stripline
antenna. E-plane pattern modulation or ripple is caused by the
edges of a relatively small fixture.

1II. A SINGLE ACTIVE ANTENNA ELEMENT

The active antenna design addresses heat dissipation and
hermetic sealing concerns of active applications. Heat dissipa-
tion is specially important at higher frequencies where devices
are less efficient and circuit dimensions are reduced. Fixtures
or housings serve as structural support, electrical ground planes
and heat sinks which dissipate heat away from active devices.
This antenna includes a cavity enclosure [21] which chokes out
surface waves and further increases the metal volume for heat

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 10, OCTOBER 1993

H-plane and Cross-pol

Frequency: 10.75 GHz
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Fig. 4. The probe-fed passive antenna radiation patterns.

TABLE I
MEASURED ACTIVE ANTENNA OPERATING FREQUENCY AND OSCILLATOR POWER

Inverted Patch Operating Gunn Oscillator

Diameter Frequency: Fy Power* EIRP
(mm) (GHz) (GHz) (mW)

8 9.997 63.99 295.88

9 9.637 56.76 262.45

10 9.438 57.04 263.74

104 9.240 63.98 295.83

11 8.908 66.98 309.70

*Calculated using a passive antenna gain of 6.65 dBi.

dissipation. For hermetic sealing, the inverted stripline antenna
insert can have matched thermal expansion coefficients with
the alloy used to make the housing. The matched thermal
expansion coefficients will reduce stresses and cracks in hostile
environments to maintain hermeticity, increase durability and
improve reliability of active devices [22].

The active cavity-enclosed inverted stripline antenna uses a
screw-type diode fastened to a large base plate as shown in
Fig. 2. The cavity enclosure is placed around the diode and
fastened to the base plate. A circular patch antenna etched
on a circular RT-Duroid dielectric insert is pressed into the
cavity enclosure over the diode. The inverted patch serves as
a resonant circuit for the Gunn diode. Biasing to the diode can
be etched on the dielectric insert or applied through a filtering
capacitor below the ground plane.

The input impedance of the antenna can be used with the
equivalent circuit for the Gunn diode to determine the active
antenna oscillation frequency. The Gunn diode, when biased
above its threshold voltage, will oscillate if it sees a real
impedance less than or equal to its own in a circuit. The
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TABLE 111
OPERATING FREQUENCIES AND OSCILLATOR POWER VS. GUNN BIAS VOLTAGE

Operating Frequency

Gunn Oscillator

Bias Voltage o Power* EIRP
(Volts) (GHz) (mW) (mW)

8 9.003 2831 130.90

9 9.036 38.02 175.80

10 9.067 52.64 243.40

11 9.096 60.20 278.35

12 9.119 62.93 290.98

13 9.134 67.99 314.37

14 9.143 70.56 326.26

15 9.143 75.42 348.73

*Calculated using a passive antenna gain of 6.65 dBi.

condition is depicted by the following equation:

[Re[Z,]| > Re[Z.] M

where Re[Z,] is equal to the real part of the Gunn diode
negative resistance (—R,) and Z. is the circuit impedance.
The operating frequency occurs when the overall imaginary
impedance components cancel out

Im[Z4] + Im[Z,] = 0 2)

A screw type Gunn diode form M/ACOM 49106-111 was
used with typical output power levels of over S0 mW. Increas-
ing patch antenna diameter causes an inversely proportional
shift in the active antenna oscillation frequency. The Gunn
oscillator power output of the active antenna was calculated
from the received power using the Friis transmission formula
as described in [11], [12], [14]. The measured gain of the
passive probe-fed antenna was used to approximate active
antenna element’s gain. Table II lists active antenna operating
frequencies and oscillator power with respect to patch size.
The effective isotropic radiated power (EIRP) is also included
for comparison with other power combiners.

One could supply DC bias to the patch conductor and then
make contact with the diode. Our design biases the diode
directly from under the ground plane using a filtering capacitor.
This biasing scheme allows proximity coupling to the patch
antenna to tune out some of the diode’s series inductive com-
ponent. One can use the method to experimentally tune over
a small range of frequencies for a given mode. An electronic
method of varying the frequency of operation involves the bias
voltage. Varying the bias voltage of the Gunn diode causes a
change in the diode junction reactance and a corresponding
shift in operating frequency. Table III lists typical Gunn bias
voltages vs. operating frequencies and oscillator power for
the active antenna. The overall tuning range of the active
antenna is 140 MHz. The 3 dB bias tuning range is 107 MHz
at 9.09 GHz or 1.2%. The active antenna pattern remains well-
behaved with a cross-polarization level of at least 10 dB below
the maximum.

The active antenna spectrum is very pure, stable and com-
parable to waveguide oscillators. The high external quality
factor is due to the small cylindrical enclosure surround the
inverted stripline antenna. The cylindrical enclosure stabilizes
the oscillating frequency and reduces surface mode losses. The
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Fig. 5. the active antenna radiation patterns with the Guon diode located
2 mm off-center. (E, H-co-polarization; E., H.-cross-polarization.)

Gunn diode’s vertical proximity to the patch was used to tune
over a small frequency range. This mechanical adjustment was
useful in ensuring that several antennas would operate at the
same bias voltage and within the small locking bandwidth
when power combining via mutual coupling.

The Gunn diode’s position under the antenna changes
the real and imaginary impedance presented to its terminals
thereby altering the operating frequency. The Gunn diode
oscillates at different radial distances including at the patch
center. However, since the active antenna pattern is strongly
dependent on diode position, centering diode causes a broad-
side null to appear with a well-behaved conical beam similar to
a vertical monopole. When the diode is off center, the pattern is
broadside. The cross polarization level is at least 10 dB below
the maximum for a Gunn diode 2 mm off-center. Typical
radiation patterns for the active antenna are shown in Fig. 5.
The 3 dB beamwidth is 100 and 70 degrees for the E and
H-plane, respectively. The cross-pol level is 10 dB below the
maximum. This compares favorably with the passive antenna
patterns of Fig. 4. Differences in beamwidth and cross-pol
levels may be attributed to differences in antenna perturbation
between the probe and Gunn diode package.

IV. INJECTION LOCKING

External injection-locking experiments with an HP-83622A
synthesized sweeper were performed to determine the locking-
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TABLE IV
OPERATING FREQUENCY, OSCILLATOR POWER AND ERFICIENCY OF EACH ANTENNA AND ARRAY
Square Diamond

Antenna 1 2 3 4 Array* 5 6 7 8 Arxray**
Oscillator 9.498 9.499 9.498 9.497 9.511 9.330 9.340 9.330 9.340 9.380
Frequency
(GHz)
Oscillator 52.63 56.80 59.32 60.14 204 50.55 49.51 56.72 55.55 184
Power
(mW)
EIRP 243.4 262.6 274.3 278.1 3773 2337 2289 262.3 256.8 3403
mW
%dBn?] [23.9] [24.2} [24.4] [24.4] [35.8] [23.7] [23.6] [24.2 [24.1] [35.3]
Combining
Efficiency — — — — 89.03 — — — — 86.57
(%)
DC to RF 1.75 1.89 1.98 2.00 1.63 1.69 1.65 1.89 1.85 1.47
Efficiency
(%)

*Antennas 1, 2, 3, and 4 are used in the Square Array with 17 mm Spacing.
**Antennas 5,6,7, and 8 are used in the Diamond Array with 17 mm Spacing along the diagonal.

gain and locking-bandwidth of the active antenna. The test
measurement set-up is described in [11], [14]. The signal
quality shows a noticeable improvement in noise level and
spectral purity after injection-lock.

The IOCking gain (GL - Poutput/Pinjected) determines
the relative power required to externally injection lock
the active antenna element. A 10.4 mm patch exhibited a
locking gain of 30 dB, a locking bandwidth of 16 MHz
at 9.23 GHz. As the injection lock signal power de-
creases, there is a corresponding decrease in obtainable
locking bandwidth. The external Q-factor of the circuit
is found wusing equation given in [23]. The external
Q-factor of the active cavity-enclosed inverted stripline
antenna was computed at 36. In comparison with previous
active antennas of [12] and [14], this external Q-factor is
nearly doubled.

V. POWER COMBINING

The power combining concept uses many low power sources
to provide a single coherent, higher power output. To demon-
strate spatial power combining via mutual coupling, two four
element arrays were constructed.

Eight active inverted stripline antennas were built and tested
for the square and diamond array. Since mutual coupling is
used for injection-locking, the locking gain level between two
of these active antennas would be high with a corresponding
narrow Jocking bandwidth. Mechanical tuning of the diodes
ensured that several antennas would operate within the narrow
locking bandwidth. This allows the use of a single power
supply at a fixed bias voltage for all diodes and successful
power combining. Antennas 1, 2, 3 and 4 were used in a
four element square array while antennas 5, 6, 7 and 8 were
used in a four element diamond array. Table IV lists the
operating frequency, oscillator power and efficiency of each
antenna and array as well as the EIRP. The square array uses
17 mm spacing between elements. The diamond array spacing
between elements is 17 mm along the diagonal. Fig. 6 shows
the array configurations, spacing and diode position.

127 dia Enclosure

35 dia Gunn Diode

104 dia Patch

17

Diamond
All Dimensions in mm

Square

Fig. 6. Array configurations and spacing.

The power combining efficiency (n) is defined by

_ P combiner

G)

* P, = Power of nth active antenna (Using G, as the gain

of a single passive antenna).

* Peombiner = Power of injection-locked, power-combined

signal (Use the gain as NG, for an N element array).

* All oscillator power calculations use the Friis transmis-

sion equation [11].

The square array was used to test two element injection-
locking and power combining via mutual coupling for E
and H-plane elements. The two element H-plane array shows
a power combining efficiency of 86.4% while the E-plane
array’s efficiency was 99.8%. The four element square array
exhibited power combining efficiency of 89%. The overall DC
to RF efficiency of the four element array is 1.63%. The
two element patterns for E and H-plane power combining
show nearly 2 to 1 beamwidth sharpening of over a single
element. The antenna patterns for the square power combiner
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Fig. 7. The four element square array. (a) Power combiner patterns (E,
H-Co-polarization; F., H.-Cross-polarization. (b) Power combiner spectrum.

array is shown in Fig. 7(a). The array can be bias tuned from
10.7 to 14 Volts without losing injection lock over a 60 MHz
bandwidth from 9.467 to 9.527 GHz. The output power level
varied less than 0.8 dB over the bias tuned range. The power
combiner spectrum is shown in Fig. 7(b).

The four element diamond array was also tested for
injection-locked power combining. The diamond array power
combining efficiency is 86.57% with an overall DC to RF
conversion efficiency of 1.47%. The array can be bias tuned
from 9.5 to 12.2 V without losing injection lock over a
50 MHz bandwidth. The radiation patterns of the diamond
array are shown in Fig. 8. The 3 dB beamwidth is similar
to that of Fig. 7(a). The cross-polarization level of the square
array is 3 dB lower than that of the diamond array.

VI. BEAM STEERING WITHOUT CONVENTIONAL
PHASE-SHIFTERS

Active antenna operating frequency depends on the circuit
and applied bias voltage. Single-output DC power supplies are
usually used to operate an entire array to reduce the overall
cost. However, a variable voltage can be used to change
individual active antenna operating frequencies. The differ-
ence between self-oscillating frequencies of active antennas
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Fig. 8. The four eclement diamond array power combiner patterns. E,
H-Co-polarization; E., H.-Cross-polarization.)

produces a phase-shift in the injection-locked power combiner.
The phase-shift can be used to electronically steer the beam
of the active antenna power combiner [24].

Two identical active antennas with different bias voltages
oscillate at different frequencies. When the difference between
the self oscillating frequencies is within the locking-bandwidth
for a given locking-gain, the antennas will injection-lock at a
single oscillating frequency for power combining. A row of ac-
tive antennas can be made to operate at various self-oscillating
frequencies using a ramped DC voltage. The elements will
injection lock and the power combiner antenna beam will steer
off-broadside. The beam steering angle is directly proportional
to the difference in self-oscillating frequencies which depends
on the applied DC bias voltage.

The square 2 X 2 power combiner exhibited 15 degrees
H-plane beam-steering. For H-plane beam steering, one bias
voltage (V1) is applied to antennas 1 and 3 (see Fig. 6), and
another bias voltage (V3) is applied to antennas 2 and 4. The
self-oscillating frequencies of each antenna were adjusted to
within 0.02% at 12 V bias. When V; = Vj; the resultant power
combining beam is broadside at 9.511 GHz with 89% combin-
ing efficiency. The bias Vi was then lowered to 10.5 V while
maintaining V5 at 12 V. Similarly, the bias V, was adjusted
to 11 V while maintaining V7 at 12 V. the two extremes give
a 15 degree H-plane beam steering as shown in Fig. 9. All
four elements remain injection-locked throughout the tuning
range. As shown, the overall beam remains within 1.2 dB
of the maximum at O degrees. The cross-polarization level
increases slightly over the broadside combiner but remains at
least 15 dB below the maximum. E-plane beam-steering can
be accomplished by pairing elements 1 with 2 and 3 with 4.

VII. CONCLUSIONS

The probe-fed passive cavity enclosed inverted stripline
antenna is conformal like other microstrip antennas. Further-
more, the antenna provides an inherent radome for protection
and sealing. In an array environment, the enclosure provides
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Fig. 9. Beam Steering of active antenna arrays without conventional
phase-shifters.

improved isolation between elements. The overall gain is
slightly higher than standard patch antennas. However, a large
array of passive probe-fed elements may prove laborious
without an improved corporate feeding scheme and a single
probe input.

Similarly, the active antenna configuration does not re-
quire drilling through the circuit substrate or soldering to
the patch antenna. The configuration allows easy optimization
of frequency, power or antenna performance in a single test
fixture. The operating frequency can be tuned mechanically
and electronically. The antenna exhibits a purer spectrum and
higher stability than current active antennas. Correct choice
of the housing and dielectric insert material allows hermetic
sealing of active devices below the antenna. The heat sink
and enclosure provides enough metal volume for efficient
dissipation of heat and improved reliability of active devices.
For mm and sub-mm applications, monolithically fabricated
inserts can be inserted to a machined meta! housing. The
design allows easy modular construction and active element
replaceability.

The antenna provides a means of developing tile type
arrays for reduced size and conformability. The array struc-
ture is suitable for open resonators in power combining. An
array of active antennas has shown high power combining
efficiencies via mutual coupling and the ability to maintain
injection-locking with bias tuning for frequency modulated
links or radar applications. The combiner arrays exhibit similar
locking gain and bandwidth as the single element. External
injection-locking provides another means of frequency tuning
or modulating the operating frequency as well as improving
spectral purity and frequency stability. Beam steering has also
been demonstrated to further the capabilities of active antenna
power combiners.
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