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Abstract-Integrated antennas can reduce the size, weight, and
cost of many microwave systems by incorporating component
functions directly at the antenna terminals. Their use in many
commercial system applications can produce compact, low-cost
products. Currently, active integrated antennas are used for
dktributed oscillators in spatial and quasi-optical power combin-
ing. The inverted stripline antenna configuration was developed
to easily integrate with solid-state diodes or transistor devices
for switching, tuning, modulation, amplification, and oscillating
functions. Thk antenna configuration offers good performance,
beam sharpening flexibility, and nondestructive optimization.
Good switching, tuning, and oscillating performances have been
demonstrated.

I. INTRODUCTION

o

VER THE last few years, integrated antennas have
received a great deal of attention because they can reduce

the size, weight and cost of many transmit and receive systems
[1]. Passive and active solid-state devices can be used to
combine several component functions at the terminals of the
antenna. For example, active devices can be used to design
active integrated antenna oscillators, amplifiers and multipli-
ers. These active integrated antennas are ideal for current

investigations in spatial and quasi-optical power combining.
Integrated antennas pose an interesting problem involving
several different areas of microwave engineering such as solid-
state devices, circuits, components and antennas. Knowledge
of solid-state device characteristics and circuit integration
are critical as well as component specifications and antenna
performance.

Combining guided-wave circuits with radiating structures

often leads to several trade-offs in performance. Material
properties which enhance circuit performance often degrade
antenna radiation. DC biasing circuits and device packages
also disturb antenna characteristics. Similarly, an antenna’s
radiation may degrade a component’s performance. These
difficulties need to be overcome so that integrated antennas are
able to meet system requirements in military and commercial
applications.

Solid-state devices such as two-terminal diodes and three-
terminal transistors are small, light-weight and easy to re-
produce. These devices are used to develop switching [2],

tuning [3]–[5], detecting [6], mixing [7], amplifying [8] and
oscillating components. The choice of device depends on the
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type of microwave component, operating frequency, pcrwer
output and other considerations. Although transistors offer
higher de-to-RF conversion efficiencies, diodes reach hig,her

operating frequencies and power levels. Diodes normally need
higher dc input levels but transistors require more complicated
biasing schemes. The choice of solid-state device for an
integrated antenna also involves its effect on the radialion

characteristics. Although integrated antennas can reduce the
size, weight and cost of many microwave systems, active
integrated antennas have shown a deterioration of both the
antenna and component performance. If an integrated antenna

can maintain component specifications with little degradation
in the radiation characteristics, the approach would be very
attractive for many commercial and military systems.

For the past decade, integrated antennas have mainly fo-
cused on active microstrip patches [9]–[ 16] for radiators
in power combining applications. The patch serves as the
resonator which compensates for the active device’s reactance

at the oscillation frequency. The diode position along the
antenna determines operating frequency, output power and
radiation performance. Analytical models and commercial

software packages can calculate resonant frequencies and input
impedance along the length of the patch which can be used
to find an optimum position for a solid-state device. These
models, however, seldom account for device packages, biasing
lines and integration discontinuities which disrupt the fields
and currents of the antenna, These disturbances often cause
changes in operating frequencies, lower conversion efficiencies

and higher cross-polarization levels (CPL). Variations in circuit

dimensions, dielectric characteristics and diode parameters
also introduce errors in the final design. These errors are
typically tuned out after assembly in order to consistently meet
frequency and power specifications.

The ability to integrate shunt devices easily is of particu-
lar importance for active applications. Shunt connections in
microstrip requires drilling in MIC’s and via hole processing
in monolithic MIC’s. Some alternative uniplanar geometries
have been demonstrated for active and integrated antennas

[17]-[22]. Uniplanar transmission lines such as coplanar wa.ve-

guide, slotline and coplanar strips do not require drilling for
shunt connections alleviating the hybrid integration disconti-
nuities encountered in microstrip.

Although not a true uniplanar line, inverted microstrip

does not require drilling for shunt connections. This allows
nondestructive experimental testing as well as position opti-
mization of diodes and coaxial probe inputs. This trait rn~kes
inverted microstrip attractive for hybrid applications. When
used for integrated antennas, inverted microstrip provides a
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built-in radome for protection. By carefully matching the
thermal expansion and conductivity coefficients of substrate
materials and housing alloys, the integrated antenna can also
be hermetically sealed for improved system durability and
reliability [23], [24]. DC biasing of devices can be achieved
on the substrate or through the ground plane underneath. For
increased metal volume and isolation, the antenna is enclosed
by a metallic enclosure which can then be classified as trapped
inverted microstrip. However, this is a special case of general
stripline-type configurations [25].

Gunn-integrated active inverted stripline antennas have been
demonstrated in [26], [27] for beam steering and spatial power
combiners. These active antennas exhibit good radiation pat-
terns, low cross-polarization levels, easy device integration and
good heat sinking capacity. Furthermore, this configuration is
useful in passive probe-fed applications as well as integration
with FET’s and other devices.

In this paper, a cavity model is used to calculate the
resonant frequencies of the inverted configuration and com-
pared to measured results. A novel test fixture was devised

to nondestructively determine input impedance as a function
of probe position. The fixture also allows testing of different
antenna dimensions, cavity diameters and substrate dielectric
constants and thicknesses. Switchable and tunable probe-fed
antennas were demonstrated using PIN’s and varactor diodes,
respectively, An FET integrated inverted stripline antenna
was also developed with excellent oscillation and radiation
performance.

II. DESIGN AND TEST OF PASSIVE ANTENNAS

The inverted microstrip configuration removes the ground
plane from the substrate backside and inverts the conductor
over a ground plane support. The electromagnetic fields are
primarily concentrated in the air between the patch and the
ground plane providing a lower effective dielectric constant
(~.fi), a longer guided wavelength and higher characteris-
tic impedance over a comparable line width in microstrip.
Although series or shunt devices are easy to integrate. the
inverted configuration is prone to exciting surface wave modes.
Surface waves cause considerable cross-talk in densely packed
circuits, reduce radiation efficiency and distort antenna pat-
terns. Shorting pins or metallic walls to either side of the

conductor can eliminate these unwanted modes. The patch
antenna in this configuration can be etched with an arbitrary
shape while a circular enclosure is more easily manufactured.
In this investigation, circular patch antennas were used to
maintain circular symmetry. This structure can be classified
as a trapped inverted microstrip which is a subset of the more
general stripline-type transmission lines.

Fig. 1 shows the top and side view of the inverted stripline
antenna (ISA) configuration. The important dimensions are
shown as well as the novel test fixture. These dimensions are
used to determine an effective diameter for the patch antenna

(a)

Micrometer

Probe Feed

[b)

Fig. 1. Configuration of the inverted stripline antenna (ISA) and test tixture
(a) top view. (b) side view.

and the corresponding resonant frequency (lTO). Using a

conventional cavity model the resonant frequency is calculated
using [28]

FO =
amnc

(1)
TD,R +

where c is the speed of light, a~n is 1.84118 for the dominant
mode and Deff is the effective patch diameter due to fringing
fields over the radiating edges given by [29] as shown in (2)
at the bottom of the page, where D is the physical patch
diameter and the height (B) is the patch-to-ground separation.
The substrate used is RT-Duroid 5870 with an ~, x 2.3. In this
configuration, the majority of the fields are concentrated within
the region defined by the patch and the ground plane. Since
air fills the region below the patch, the effective dielectric
constant (c,ff ) is very nearly one. An empirically determined
value of ].] gives resonant frequency values within 3~0 of the
measured results which range from 3– 12 GHz.

As shown in Fig. 1, the dielectric substrates are cut in 62

mm circular inserts. The inserts are press-fitted on a 3 mm
deep, w62 mm cavity enclosure. The inserts are suspended
approximately 1.5 mm above the ground plane housing. The
ground plane housing has a coaxial probe-feed topped by a
3.5 mm diameter cap which ensures good contact with the
antenna and avoids soldering. The probe input was connected
to an HP-8510B Network Analyzer and calibrated up to the
antenna ground plane. The analyzer tests input impedance
match, operating frequency and impedance bandwidth.

This configuration and test fixture allows the enclosure
and substrate insert to slide over the probe feed for position

‘eff=;{’+(x:E..)((4B)in ~ + 1.77+ 1.41e,fi + ~(().268s,fi + 1.65)
)

(2)
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Fig. 2. Input impedance versus radial offset p for patch diameters Ll = 30
mm; other paameters are C = 62 mm, A = 1.5 mm, and 1? = 1.5 mm. The
dotted line denotes the 2:1 VSWR circle.

optimization. Accurate probe position is measured with a
micrometer. Fig. 2 shows the ISA input impedance of the
fundamental mode versus probe position from the center for

a 30 mm diameter patch. The best 50 Q input match for this
antenna occurs at 5.21 mm where the VS WR is 1.0003 and the
2:1 bandwidth is 3,77%. As shown, the probe can be positioned

over a fairly wide range and it still maintains a 2:1 VS WR. The
dominant mode appears as a short circuit at the center of the
patch and increases in impedance at the edge of the antenna.
Similar results were obtained for other patch diameters.

Different substrate inserts with patch antenna diameters
which varied from 10–60 mm were optimized for best 50
Q match at the operating frequency. Fig. 3 shows measured
versus calculated operating frequencies of the ISA structure as

a function of patch diameter. The calculations are accurate to
within a few percent of the measured results. For the structure
dimensions of this investigation, the operating frequencies are
primarily determined by the patch size and patch-to-ground
separation. These operating frequencies are typically some
distance away from the nearest cavity mode which should
not pose any problems. Similar results have been reported
in [30]. Errors may be due to variations in patch-to-ground
separation, probe discontinuities and metallic wall effects on
the antenna radiating edges. Also shown in Fig, 3 is the VSWR
for each antenna diameter. As the probe moves along the

patch, the reflection coefficient (S1l ) can be optimized for best
50 Q match. S1l levels less than –25 dB were obtained for
each antenna. Fig. 4 shows 2:1 impedance bandwidths versus
patch diameters. As shown, the 2:1 impedance bandwidth
is dependent on the patch to cavity diameter ratio. Large
bandwidths are possible using a simple probe-feed without
complex matching circuits. The bandwidth increase for smaller
patch dimensions is expected since the separation (B) is larger
with respect to the wavelength of operation.
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Fig. 3. Operating frequency versus patch diameters
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Fig. 4. 2:1 input impedance bandwidth versus patch diameters.

The radiation patterns were tested using an HP automated
antenna test system. The radiation patterns for the 30 mm
diameter antenna are shown in Fig. 5. The E- and H-plane half-
power beamwidths (HPBWS) are 57.5 and 61.5°, respectively.
The cross-polarization level is 19.3 dB below the measured
gain of 10.5 dBi. Radiation patterns for other patch diameters
show that the HPBW varies with the patch-to-cavity diameter
ratio. Fig. 6 shows the HPBWS of the E- and H-plane patterns

of several antennas tested in the 62 mm diameter cavity.
The inverted substrate and enclosure combination increase the
antenna directivity. Noticeable beam sharpening occurs near
patch-to-cavity diameter ratios of = 0.5.

As shown in this section, the inverted configuration offers
good circuit and antenna performance and it has flexibility
in operating bandwidth and radiating beamwidth. Just as the
coaxial probe was moved under the antenna, solid-state device
positions can also be optimized for best impedance match. The
following sections describe integrations with PIN, varactor,
Gunn diodes and FET’s for hybrid MIC applications.

III. INTEGRATED ANTENNAS WITH PIN’s AND VARACTOIRS

Two-terminal device integration for this structure is straight-
forward. Diodes can be connected across the patch to ground.
Fig. 7(a) shows integration with two PIN or varactor diodes.
From Fig. 7(a), varying the diode position under the patch
changes the impedance seen by the diode. Alternatively, the
diode position determines the diode’s effect on the antenna.
Since the electric field is a maximum at the radiating edges
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Fig. 7. (a) ISA integrated with PIN or varactor diodes. (b) Equivalent circuit
of PIN and varactor diodes.

of the antenna, PIN and varactor diodes will have the most
effect at these positions. Equivalent circuits for PIN and
varactor diodes are shown in Fig. 7(b). The packaged diodes
are soldered to the patch at the radiating edges and the
antenna detuning is compensated by slightly adjusting the
probe position.

PIN diodes switch electronically between two states which
can be used to turn the antenna fundamental mode on and
off. At zero bias, the PIN behaves as a load which lowers the
antenna operating frequency from 4.96-4.12. Smaller diode
packages and positions away from the radiating edges reduce
this effect. As the bias is increased from O–1 Volt, the PIN
diodes short circuit the radiating edges of the patch effectively
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Fig. 8. PIN switching on ISA input VSWR versus bias for D = 30 mm

switching the antenna off. By varying the bias voltage, the
antenna reflection coefficient at the operating frequency varies
from a VSWR of 1.0 14–22.87 as shown in Fig. 8. When the
diodes are not biased, the VSWR is 1.014. At 1 V (100 mA),
the VS WR is 22.87. This effect can be used for switching and
amplitude modulation. The power coupling into the antenna is
also shown in Fig. 8. The diodes used in this investigation are
M/ACOM’s general purpose PIN diodes housed in case style
#32, The performance would be improved with better diode
characteristics and smaller case styles.

If varactors are used instead of PIN diodes, the operating
frequency is shifted or tuned with respect to the wrractor bias
voltage. The M/ACOM varactors used are abrupt junction
diodes also housed in case style #32. The varactor capacitance
varies as a function of bias voltage (V) according to

c(v) =
c(o)

()
-7

1++

(3)

where C’(0) is the capacitance at O Volts, Vl, is the built-in
potential (GaAs = 1.3 V) and T is 0.5 for abrupt junctions,

Varactor diodes will have maximum effect on the antenna if
they are placed at electric field maxima. At the radiating edges,
the varactors couple very strongly with the radiating electric
field loading the antenna and lowering the operating frequency.
When biased, the varactors can quickly tune over a range of
frequencies. Varactor integrated antennas have exhibited a 2:1
VSWR tuning range of over 31 Y. centered at 3.4 GHz. As
shown in Fig. 9, at 30 V the operating frequency is at 3.88
GHz with a VSWR of 1.0105. At O V the operating frequency
is at 2.84 GHz with a VSWR of 1.0053. Fig. 10 shows the
ISA 2:1 impedance bandwidth and VSWR versus operating
frequency. As shown, the VSWR remains below 1.02 while the
impedance bandwidth varies from 1.8–2.55Z0. This integrated
antenna can be used to rapidly scan over its tuning bandwidth
for wideband receiver or transmitter applications. The small
instantaneous bandwidth (-2% ) reduces noise figure in a
wideband antenna receiver system.

As in all integrated antennas, there is a degradation in
radiation performance due to antenna modifications and device
perturbation of the antenna fields. For example, the cross-
polarization for the varactor integrated patch is – 10 dB
compared to – 19 dB for the nonintegrated patch. Smaller
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devices, improved biasing schemes and optimized diode posi-
tions will reduce the effect on the radiation pattern.

IV. ACTIVE ANTENNAS USING GUNN DEVICES

Unlike PIN- and varactor-integrated antennas. Gunn inte-
grated antennas generate RF power output. The antenna serves

as the resonator as well as the radiator for the oscillator.
Oscillations occur at the frequency where the diode and the
antenna reactance cancel out. Oscillation startup occurs if
the placement of the diode is such that the magnitude of the
diode negative resistance is greater than the circuit resistance
presented to its terminals. Fig. 11 shows the Gunn integrated
ISA in the adjustable test fixture. The package connection to
the heat sink and the added metal volume of the metallic walls
provide efficient heat sinking for the active device.

M/ACOM 49106-111 diodes were integrated with antennas
ranging from 8–1 1 mm in diameter. The smaller antenna

TABLE I
GUNN INTEGRATEDISA OPERATINGFREQUENCIES,POWERVERSUSDIAMETER

Patch Diameter
,—

Measured Fo

I ‘m ~

Oscillator Power’t
(mm) (GHz)

8 9.997 6?.99 ;
56.76 .
57.04 ~
63.98

E 11 R9(M? 66 W? -
—

9 9.637
10 9.438

10.4 9.240

* Calculatedusinga passiveantenna@r of 6,65 dBi. Cavitydiameteris 12,’7mm.

105 90 75

120 60

135 4s

m

1

150 30
Ec E

165
,1 ~

15

v ‘;’

180 0 01 0

F.= 9.5 GIL?
HPBW

H-plane=70 deg.
E-plane=95deg.

Crow-pol.Level:
-10dB

Fig. 12. Gunn integrated ISA radiatioo patterns.

diameters are used for X-band operation. Since active antennas
are mainly intended for use in spatial and quasi-optical pclwer
combining, packing density is important. To increase paclking
density, the metallic walls of the enclosure are very near the
edges of the antenna. The diode package as shown in Fig.
11 presents a significant perturbation on the X-band antenna
volume which adversely affect the radiation character sties

and disturb the oscillating frequency. The Gunn oscillator
frequency and de-embedded power outputs are listed in Table
I. The power output is calculated using the Friis transmission
equation [12].

Radiation patterns for the Gunn integrated ISA are shown in
Fig. 12 [27]. The cross polarization level is at least – 10 d13for
a Gunn diode 2 mm off-center. The HPB Ws are 100 degrees in
the E-plane and 70 degrees in the H-plane. A similar antenna
using a probe feed exhibited HPB Ws of 105 and 80 degrees
in the E- and H-plane, respectively with a cross-polarization
level of – 16 dB. The differences in radiating performance are
attributed to the active antennas’ diode package i]nd bias lines.
Improved performance can be achieved by reducing the size
of the device packages. The HPB W’s of the X-band ISA’s
and those of Section II differ because of device and probe
perturbation effects and differences in cavity depth and ground
plane size with respect to wavelength.

V. ACTIVE ANTENNAS WITH FETs

The use of the FET transistor improves conversion ef-
ficiency and noise characteristics while it reduces thermal
requirements. However, the antenna must be modified to acco-
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Fig. 13. FET integrated ISA configuration.

modate the FET as shown in Fig. 13. FET integration requires
three dc blocks for the drain, gate and source terminals.
DC biasing can be achieved from behind the ground plane
or etched to the nonradiating edges of the antenna. A chip
resistor connected across the source to gate simplifies biasing
to the device. The operating frequency is determined by the
loads at each transistor port. The transistor can be induced to
oscillate at lower frequencies to reduce effects from the device
package and bias lines. Lower frequencies of operation can be
accomplished with larger patch diameters.

A 30 mm patch was modified to insert the FET (NEC model
76184A). At the center of the patch, 0.4 mm gaps isolate the
source from the gate and drain terminals. A 0.1 mm gap is
etched from the center to the nonradiating edges of the patch to
provide dc isolation between the gate and drain terminals. The
FET drain lead is soldered at the center of the patch and the
gate lead is approximately 2 mm off-center. Three dc lines bias
the source, gate and drain of the transistor. Alternatively, the
source bias line can be replaced by a resistor. The frequency of
oscillation depends on the impedance loads at the FET ports.
The loads are a function of the position along the inverted
patch antenna. Heat generated is dissipated by the patch. The
lack of a low-impedance path from the device to the metal heat
sink may cause thermal problems in higher power devices.
This could be alleviated with a shorting pin at the center of
the patch to provide a low impedance path to the housing.

Since the antenna was modified and the device terminal
are soldered, it is not possible to experimentally optimize the
FET position. However, a ground plane sliding short is used
to change the antenna cavity depth and alter the oscillation
frequency. The cavity depth is used to improve spectral and
radiation characteristics of this active antenna.

The FET provides 57 mW at 5.69 GHz when biased at 3.8
V and 26 mA. The 3 dB bias tuning range is approximately
1?ZOfor a 1 V change in vd,. The sliding ground plane allows
a mechanical tuning range of nearly 69Z0.At a cavity depth of
4.15 mm, the measured oscillation frequency remains stable at
5.695+0.002 GHz over the antenna test sweep. The HPBW in
the E- and H-plane patterns are 46 and 64°, respectively. The
cross-polarization level is – 19.3 dB below the maximum. Fig.

FO=5.7 GHz
HPBW

H-plane=64deg.
E-plane=46deg.

Cross-pol.Level:
-19.3dB

Fig. 14. FET integrated ISA antenna radiation patterns.

14 shows principal plane and cross-polarization patterns of the
active antenna. The smooth radiation patterns and low cross-
polarization level compares favorably with previously reported
active antennas [9]–[ 13], [15]. Probe-fed passive antennas
with cavity depths of 3 mm exhibited HPBWS of 51 and
61° in the E- and H-plane patterns, respectively. The cross-
polarization level of the passive antenna is also – 19.3 dB with
a gain of 10.2 dBi. Biasing modifications and cavity depth
differences in the active antenna may account for the changes.
The effective isotropic radiated power of the active antenna
is 594 mW. Approximating the active antenna gain with the

passive antenna gain of 10.2 dB results in an oscillator power
of 57 mW and a de-to-RF conversion efficiency of 5770.

VI. CONCLUSION

A useful passive inverted stripline antenna configuration
has been demonstrated. Integration has been demonstrated
with PIN and varactor diodes with some degradation of
the antenna performance. The integration creates switchable
and tunable radiating MIC components. Gunn diodes have
also been integrated for active antenna radiators with good
output power and a clean spectrum. An FET has shown
very good oscillator characteristics as well as exceptional
radiation performance. It operates at low voltage and current
levels with high conversion efficiency, These active antennas
can be used for doppler sensing [31], disposable decoys,
wireless communications, phased-arrays [26], [32] and power
combining applications. Overall, these integrated and active
integrated antennas perform well as compared to current
state-of-the-art passive radiators. Further improvement can
move these components closer to commercial applications.
Combinations of several devices will allow the ability to
integrate various component functions.
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