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A Novel Active Antenna with Self-Mixing and
Wideband Varactor-Tuning Capabilities
for Communication and Vehicle
Identification Applications

Claudio M. Montiel, Student Member, IEEE, Lu Fan, Member, IEEE, and Kai Chang, Fellow, IEEE

Abstract—A cavity-backed, Gunn-diode-driven, self-mixing ac-
tive inverted stripline circular patch antenna has been devel-
oped. The antenna provides good radiation performance with
cross-polarization levels 18 dB below copolarization at boresight.
The self-mixing performance shows that the circuit has a 2-
dB conversion gain for IF’s up to 450 MHz and a single-
sideband noise figure of 12 dB at 200 MHz. The self-mixing
antenna is also capable to mix signals with its second-harmonic,
providing a conversion loss of 3.7 dB. Also, a varactor diode has
been incorporated with a inverted stripline circular patch active
antenna to allow for electronic tuning. A 13% tuning bandwidth
with a power variation of 1.0 dB was achieved. A simple

equivalent circuit has been used to model the active antenna, and

the calculated results agree well with the experimental results.
The circuit should have many commercial applications in wireless
communications, radar, and sensors, but is particularly suitable
for use as a transceiver for short communications links or as a
microwave identification transceiver.

1. INTRODUCTION

ECENTLY, active antennas [1], [2], and self-mixing

oscillators have attracted a lot of attention because they
offer savings in size, weight, and cost over conventional
designs. These features make them desirable for possible
- application in microwave communication systems such as lo-
cal area networks (LAN’s), microwave identification systems,
and short distance communication systems. Gunn diodes and
FET’s can operate as a self-mixing oscillators with conversion
gains ranging from of 4.1-13 dB and with single sideband
noise figures from 11.5 to as low as 3.3 dB [3]-[5]. Although
the above-mentioned configurations deliver somewhat better
circuit performance, they do so at the cost of increased
circuit complexity. Gunn diodes are capable of delivering
similar performance with a much simpler bias circuit. In this
paper, a Gunn diode self-mixing oscillator was integrated
with an inverted stripline antenna to form an active antenna
configuration. The circuit consists of an active transmitter
antenna and a Gunn diode oscillator uséd as the transmitter,
local oscillator, and self-mixer. This configuration also allows
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Fig. 1. Configuration of a self-mixing active antenna. (a) Top view showing
the Gunn diode placement and (b) side view showing the cavity depth,
substrate thickness, dc bias, and IF output.

for the addition of a varactor diode into the resonator cavity
to provide electronic frequency tuning.

The active antenna radiates 14.8 + 1 dBm over a bias
tuning range of 200 MHz centered at 6.25 GHz for a bias
tuning range of 3.8%. It can be operated as a self-mixing

_receiver with a conversion gain over 2 dB from 200450

MHz and a single sideband noise figure of 12 dB at 200
MHz. The antenna also has second-harmonic self-mixing
capabilities, but in this case the mixer provides a conversion
loss of 3.7 dB. This feature allows the active antenna to be
used in identification systems that return a modulated second-
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Fig. 2. Radiation patterns of the self-mixing active antenna. (a) H-plane
pattern. (b) E-plane pattern. The solid line represents the copolarization, the
dashed line the cross-polarization.

60 90

harmonic signal, which simplifies transponder design since a
microwave source is not needed [6].

Because active microstrip patch antennas generally suffer
from having narrow bias tuning ranges and wide output
power variations, for some applications varactors have been
connected to the radiating elements to minimize these prob-
lems [7], [8]. For beam steering power combining arrays,
varactor-tuned active antennas with wide tuning ranges can
be used to control the phase distribution in the array and
to keep minimal power variation over the collective locking
range of the active elements. Several other wideband varactor-
tuned active antennas have also been developed using varactor
tunable notch antennas and tunable power combiners [9]
and quasioptical grid VCO’s [10]. To further extend the
applications for active antennas, spatial power combining, and
beam steering, this paper reports a modification of the active
inverted patch antenna in [2], by using a varactor-tuned design
to realize wideband frequency tuning.

The inverted microstrip patch is attractive for integrated an-
tennas because it offers two distinct advantages. First, diode or
probe insertion does not require drilling through the substrate

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 12, DECEMBER 1996

6.35 - 0

631 o Oscillating Frequency 14 €
~ — i — Power Output %
I 627 | :
e 18 ¢
> 8
2862 o
g 4 -12 -g
g 6.19 " ) z
& g

1 18 &

645 | 6

6.11 -20

76 8 8.4 8.8 9.2 3.6 10 104
Gunn Diode Bias Voltage
Fig. 3. Active antenna bias tuning performance.
RF Standard Standard
Source Horn HomP
7ef.
] e [ .
(a)
Piso
e Ligg, =—
By
Self-Mizing DC Bias
Active
RF Standard Atenna
Source Horn 7 g ™
O] b B, -

(»)

Fig. 4. - Test set-up for measuring the conversion gain of the self-mixing
active antenna.

as in microstrip. This characteristic allows for nondestructive
device testing and position optimization. Second, the inverted
substrate can serve as a built-in radome for protection. By
choosing the substrate and metal support carefully, quality
hermetic seals can be achieved to protect solid-state devices
and improve system reliability and durability.

II. ACTIVE ANTENNA CONFIGURATION

Although inverted microstrip has advantages mentioned
above, this configuration is prone to exciting surface wave
modes which cause considerable cross-talk in dense circuits
and high mutual coupling in arrays. Surface modes reduce
the antenna radiation efficiency and may distort the antenna
pattern. To eliminate unexpected surface modes and reduce
coupling, the trapped inverted microstrip is used. The active
antenna consists of an inverted stripline circular patch antenna
press fitted onto a cylindrical cavity. Fig. 1 shows the circuit
configuration of the self-mixing active antenna. The substrate
serves as a radome to seal the antenna and circuits. The Gunn
diode is offset from the center of the patch by a distance
(p) of 6 mm, which was determined empirically to provide
the best radiation performance. Note that the bias line is
perpendicular to the principal polarization for reducing cross-
polarization levels. The cavity’s depth (B) is 3.0 mm and the
patch diameter (D) is 30 mm. The cavity’s diameter (C) is 62
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Fig. 5. Determining the conversion gain at the fundamental frequency. (a) Reference power received and (b) IF power received.

mm and the substrate thickness (A) is 1.524 mm with dielectric
constant of 2.3. These dimensions allow the patch to resonate
at around 6.3 GHz for probe-fed antennas [11].

Fig. 2 shows the radiation patterns of the self-mixing active
antenna. The H-plane and E-plane patterns are smooth with
cross-polarization levels of 6 and 18 dB below the copo-
larization levels. The half-power beamwidths of the H- and
E-plane are 57° and 51°, respectively. From the patterns, the
equivalent isotropic radiated power (EIRP) and the effective
transmitter power (F. ) are calculated using the expressions

in [12] and are found to be 431.5 and 30.41 mW. The antenna
has a phase noise of —91 dBc/Hz at 100 KHz from the
carrier.

The active antenna operates at 6.25 GHz with a bias voltage
of 9.4 V and draws 250 mA. The fundamental frequency can,
of course, be adjusted to suit the user’s needs. The Gunn
diode used is a M/A Com, model MA 49135-11. To provide
RF, IF, and dc bias isolation, a Hewlett-Packard 11 612B Bias
Network was used. The active antenna’s tuning range is 200
MHz with radiation power of 14.8 + 1 dBm for biases from
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Fig. 6. Determining the conversion loss at the second harmonic frequency. (a) Reference power received and (b) IF power received.

9~12 V. Fig. 3 shows the bias tuning range and the power
output of the active antenna.

III. ACTIVE ANTENNA PERFORMANCE

A. Conversion Gain and Conversion Loss

To measure the conversion loss (gain) of the self-mixing
antenna, a procedure similar to that outlined in [13] was used.
Refer to Fig. 4 for the test set-up. The distance separating the

transmitting and receiving antennas is 2.0 m. The isotropic
conversion loss, in ratio, is defined as
PZSO

Liso =
Prp

)

where Prp is the power delivered at the intermediate fre-
quency and P, is the power detected at the antenna aperture
of the receiving antenna if it were isotropic. Since isotropic
antennas are unrealizable, a standard 16-dBi gain horn was
used to measure a reference power level (P, f) instead.



MONTIEL et al.: A NOVEL ACTIVE ANTENNA WITH SELF-MIXING AND WIDEBAND VARACTOR-TUNING CAPABILITIES

- Lo
Noise Horn REF, Mixer
Source i 1 ¥
HP—-3486C A
AUT
Bias

Noise Figure:Meter|
HP-89708B

Fig. 7.
meter.

Noise figure measurement set-up using the HP-8970B noise figure

2r T T Conv. Gain
—Noise Figure
0 . . . . : 0
200 250 300 350 400 450 500
Intermediate Frequency (MHz)

Conversion Gain (dB)
=)
Noise Figure (dB)

Fig. 8. Conversion gain and noise figure of the self-mixing active antenna.

P,.; was measured directly to be —27.83 dBm, as shown
in Fig. 5(a). Therefore, we obtain a P;;, of —43.83 dBm
from: Piso = Prey — Gyta. The IF power of the self-mixing
antenna was measured at —31.83 dBm, as shown in Fig. 5(b).
The isotropic conversion loss of —12 dB can be obtained
from (1). The conversion loss of the self-mixing antenna is:
L. = L;so+Ggq, where G, i$ the gain of the active antenna.
In this case G, is 10 dB, which is consistent with the results
reported in [11]. Thus, the conversion loss is —2 dB; ie., a
conversion gain of 2 dB was realized. This is consistent with
the results reported in [3]1-[S].

Using the same procedure outlined above, the self-mixing

performance was measured utilizing the active antenna’s sec--

ond harmonic. In this experiment, the active antenna was
biased tuned to oscillate at 6.15 GHz, thus producing a second
harmonic frequency of 12.3 GHz. The RF source was then
swept for a bandwidth 213.5 MHz centered at 12.1 GHz. This
provided an RF-LO separation to center the IF at 200 MHz.
Fig. 6(a) and (b) show the measurements of P, f‘ and Prp
for the second harmonic at a distance of 85 cm. The resulting
conversion loss was determined to be 3.7 dB.

B. Noise Figure

The HP-8970B noise figure meter was used for determining
the double sideband noise figure of the self-mixing active
antenna. Fig. 7 shows the noise figure measurement set-up. It
is important to note that the separation between the standard
horn and the other antennas is very short because the noise
power delivered by the HP-346C noise source is quite small.
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The measurement procedure is given in the following. A
passive probe fed antenna (labeled REF in Fig. 7) of the same

dimensions was fitted with an external mixer to provide a noise

figure reference. The external mixer was previously charac-
terized with the HP-8970B. Assuming that the differences in
noise figure between this reference configuration and the active
antenna under test (AUT) are due only to the self-mixing
operation, the self-mixing active .antenna’s noise figure can
be obtained from the difference between the reference and the
antenna under test, after de-embedding the external mixer data.

Fig. 8 shows the measured conversion gain and noise figure
of the self-mixing active antenna after de-embedding reference
data. As shown in Fig. 8, the single sideband noise figure
varies from 11.97-16.5 dB with a conversion gain greater than
2 dB over an IF bandwidth from 200-500 MHz. The conver-
sion gain results obtained with this method are consistent with
those from the test set-up shown in Fig. 4.

C. Injection Locking Bandwidth

Because the active antenna is capable of oscillation over
a range of frequencies, it is possible that the input signal
injection-lock the oscillator [1], [2] and thus lose the self-
mixing action. Although this may be desirable for injection-
locked amplifiers, this is undesirable for self-mixing oscillators
because it would deprive the self-mixing oscillator of the LO
signal.

To determine the injection-locking bandwidth of the self-
mixing active antenna, the experimental set-up shown in Fig. 9

~was used. Recall that when an external signal at frequency f;

with power P; is directed at a free-running oscillator operating
at frequency f, with power output P,, when f; is close to f,
the free-running oscillator will injection-lock with the external
signal and all the output power will be at frequency f; [14].
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The ratio (P,/P;) is the locking gain. The locking range
depends on the external ) of the oscillator and the power
2Af 2

of the system as given by
, -1/2
fo @( )

where A f is the one-side locking bandwidth and 2A f is the
total locking bandwidth, assuming that the upper and lower
locking bandwidths are approximately equal, and Q. is the
external @ of the oscillator. It can be shown that @, varies
from about 60-120 depending on the circuit loading.

Fig. 10 shows the active antenna’s total locking bandwidth
as a function of the locking gain in dB. The smaller lock-
ing bandwidth corresponds to higher locking gain which' is
equivalent to lower input power. The locking bandwidth is
equal to the lowest IF frequency attainable at that input power.
Therefore, lower IF’s can be attained with lower input power
levels. To avoid injection locking in the present device, the
input (received) power level must be at least 20 dB below the

P,
P

2

output (transmitted) power. Thus, the received power must not
exceed —5.2 dBm (0.3 mW) or 20 dB below 14.8 dBm.

D. Modulation and Demodulation

Provided that a suitable power supply is available, the
active antenna presented here can be modulated using any
of the standard techniques such as amplitude, frequency, or
pulse modulation. Since the purpose of this experiment was to
demonstrate the self mixing characteristics of the Gunn-driven
inverted stripline antenna, modulation of this device was not
attempted. Instead, the self-mixing receiver’s IF output was
fed to a coaxial detector. Note that the demodulated signal is
180° out of phase with the modulating signal. The reason for
this is that the detector diode used connected in shunt with the
coaxial fixture, and introduces a 180° phase shift.

A carrier signal of 6 GHz was pulse modulated with a 1
kHz square wave and transmitted to the self-mixing active
antenna. Fig. 11 shows the modulating pulse signal in channel
2 (bottom) and the demodulated signal in channel 1 (top). The
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slight distortion noted was found to come from the detector
diode.

To test the self-mixing feature at the second harmonic
frequency, a 12 GHz sighal was amplitude modulated with
a 1 kHz sine wave. Fig. 12 shows the modulating signal in
channel 2 (bottom) and the demodulated signal in channel 1
(top).

Detection of frequency modulated signals was also per-
formed with the detector diode using the FM—AM conversion
technique. The results, however, were not impressive. Use of
a suitable frequency discriminator would yield better results.

IV. VARACTOR TUNING

Another Gunn-driven active antenna was constructed to in-
vestigate the varactor-tuning capabilities of the device. Fig. 13
shows the physical configuration of the varactor-tuned active
inverted patch antenna. The antenna includes a circular enclo-
sure which supports the patch insert, chokes out surface waves,
and further increases the metal volume for heat dissipation.
A screw-type Gunn diode is fastened to a base ground, and
a varactor is placed near th¢ Gunn and on top of a bypass
capacitor which serves as a dc choke for varactor biasing. A
circular patch etched on a circular dielectric insert is pressed
into the enclosure over the diodes. The inverted patch serves as
a resonant element for the Gunn diode. The optimum position
of the diodes within the patch was found experimentally to
obtain the maximum operation frequency tuning range with
a minimal variation of output power. The diode biases are
applied through filtering capacitors below the ground plane.
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Fig. 14. Equivalent circuit model of the active antenna shown in Fig. 1.
Gunn diode parameters: Ry = —8, Cy = 1.05 pF, C, ~ 0.25 pF, and
Ls = 0.3 nH. Varactor parameters: C, & 0.3-1.0 pF, C, =~ 0.05 pF,
R, =~ 39, L, ~ 0.3 nH. Bypass capacitor: C, = 100 pF. G is antenna
edge admittance and B is the antenna radiating admittance. Both are computed
using the equations given in [15].
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Fig. 15. Measured and simulated frequency and received power versus

varactor bias. (Received power is obtained using a Narda 642 standard horn
placed 1.1 meters away from the tested active antenna.)

The active antenna was designed at 7 GHz, chosen as
the oscillating frequency only for convenient fabrication and
test. The varactor-tuned active antenna has the following
parameters: substrate thickness A: 1.524 mm, relative dielec-
tric constant £,: 2.3, patch diameter D: 24 mm, enclosure
diameter C': 62 mm, air spacing B: 3.2 mm, Gunn diode
position p: 4.5 mm. The Gunn and varactor diodes are M/A
COM models MA49135 and MA46601F, respectively. The
Gunn produces 16 dBm (40 mW) in an optimized waveguide
circuit while the varactor features a maximum to minimum
capacitance ratio of about 3.3 (1.0-0.3 pF) over a bias from
0-20 V.
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Fig. 16. Proposed communications link using two self-mixing active antennas.

A simple theoretical model was developed to analyze the
design. The equivalent circuit can be represented as shown
in Fig. 14. The circular patch was approximately modeled
by tandem-connected segments of piecewise uniform line of
different widths. The edges of the patch are loaded with shunt
radiation conductance and fringing capacitances given in [15].
The equivalent circuits of the Gunn and the varactor shown
in Fig. 14 were used for simulations. The diode parasitics
for the Gunn and varactor are given by the vendor. From
circuit oscillating conditions, simulation of the circuit model
was performed using Libra [16]. The circular patch was
simulated by a cascade of 7 line segments of equal length but
different characteristic impedance. The simulation indicated
that when the varactor capacitance is varied from 1.0-0.3 pF,
the frequency of the antenna should be tuned from 6.4-7.7
GHz as shown in Fig. 15.

The antenna performance was measured in a mini cham-
ber specially made for active antenna testing. The antenna
achieved a 13% tuning range of 6.73-7.67 GHz with a power
variation of 1 dB. As shown in Fig. 15, the calculated tuning
curve is in good agreement with the measured tuning results.
The differences between the simulations and the measurements
are due to the errors in device modeling parameters and the
neglecting of the enclosure effects.

The H- and E-plane patterns of the antenna at a represen-
tative frequency in the tuning band are essentially the same
as those without the varactor, with some minor variations.
The half-power beamwidths of the H- and E-plane are 62°
and 41°, respectively. The radiation patterns are smooth with
cross-polarization levels more than 10 dB lower than the
copolarization levels. The H- and E-plane patterns of the
antenna at several varactor biases do not show significant
variation within the tuning range. It is noted, however, that
the radiation power decreases slightly when the varactor bias
is increased. The reason for that is an impedance mismatch
which gradually increases in the antenna circuit as the var-
actor bias is changed. From the patterns, the active antenna
has an EIRP of 27.3 dBm (537 mW) and a directivity of
12.1 dB, from which a radiated power of 15.2 dBm (33.1
mW) is estimated using the Friis transmission equation. The
antenna’s phase noise of —85 dBc/Hz at 100 kHz from
the carrier was measured using an HP-8562A spectrum an-
alyzer. This specification is 6-9 dB worse than the same
active antennas without varactors. A bias tuning bandwidth
of 270 MHz centered at 6.85 GHz was observed by varying
the ‘Gunn bias from 10-15 V. This tuning range is about

3.9%, which is much smaller compared to the varactor tuning
range.

V. APPLICATIONS

Several applications are possible with the developed self-
mixing antenna, depending on whether the designer intends
to use the self-mixing character of the device or not. The
device can be used as a half-duplex transceiver for short
communications links or as a microwave identification system.

A. Half-Duplex Communication System

The oscillation frequency of the active antenna can be
modulated by applying a small ac signal to the bias voltage.
This allows the oscillator to be frequency-modulated and be
used as a transceiver. Fig. 16 shows the communication system
set up. It is important to note that, because the RF signal
transmitted is also used as the LO reference, simultaneous
transmission and reception cannot take place. This makes
the self-mixing active antenna suitable for short distance TV
transceivers or LAN gateways [15].

The minimum detectable signal can be computed from [14]

3

where BW is the IF bandwidth in MHz and F (dB) is the noise
figure of the transceiver. The single sideband noise figure of
the transceiver was measured to be 11.97 dB for an IF of 200
MHz.

The MDS is computed to be —91.25 dBm for a typical video
bandwidth of 6 MHz. This result, and the Friis transmission
equation, can be used to compute the maximum length of a
communications link using two of the circuits. For a carrier
frequency f, of 6.25 GHz, the wavelength in free space
is 48 mm. The maximum length of the communications
link, assuming polarization match and boresight alignment, is
computed to be 7.6 km.

The circuit could be frequency modulated by varying the
bias voltage to the Gunn diode. The circuit can also be pulse
code modulated, provided that a suitable high-current source
is used. The data transmission rate would then be determined
by the acceptable error rate and switching mechanism chosen.

MDS = —111 dBm + 10log BW + F

B. Microwave Identification System

Since the active antenna always transmits a signal, the
device can also serve as a self-mixing interrogator for a
microwave identification (MW-ID) system. In this case, the
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free-running oscillator frequency serves as an interrogator
beacon and the self-mixing action would down-convert the
reply signal which could be pulse code modulated (PCM) with
an identification code. Such a system would be suitable for
automated toll collection or personnel identification purposes.

An automated toll collection system can be implemented
with the self-mixing active antenna presented here. The sub-
strate of the active antenna is press fitted onto the Gunn diode
mounting fixture. This assembly in turn can be embedded
directly into the road surface in the center of the lane to
interrogate oncoming vehicles. The antenna can be aimed
toward zenith or tilted shghtly toward oncoming traffic, as
shown in Fig: 17. '

The free-running frequency interrogates the oncoming ve-
hicle. The vehicle’s low-power transmitter responds, with its
antenna aimed at the ground, at a different frequency to
produce an IF in the 200 MHz range. The vehicle’s transmitter
can be pulse code modulated (PCM) to send an account or
vehicle identification number for billing purposes. A similar
scheme can be used to restrict vehicular or personnel access
to governmental or industrial complexes, but with the self-
mixing antenna mounted on a wall or gate to cover a wider
area. A transponder card, such as that presented in [6], could
then provide the required access code and the active antenna
presented here could be used as the interrogator and receiver.

VI. CONCLUSION

A self-mixing active antenna has been designed and demon-
strated. The beauty of the circuit configuration lies in its
simplicity: only one device is needed to build a self-mixing
oscillator and no complicated biasing schemes are necessary.
The circuit radiates a clean spectrum and operates well in
self-mixing mode with a conversion gain of 2 dB. Although
the cross-polarization levels along the H-plane need to be
improved, the circuit has fairly good radiation patterns. The
circuit provides a conversion gain of 2 dB when the incoming
RF signal is mixed with the fundamental frequency, and a 3.7
dB conversion loss when the incoming RF signal is mixed
with the second-harmonic of the active antenna. Also, a 13%
electronic tuning range was achieved with a fairly constant
output power by using a varactor integrated in the active Gunn
diode inverted patch antenna. The wide electronic tuning range
is very useful for transmitter, power combining, and active
array beam steering applications.

The inverted microstrip circuit offers a compact, simple,
low-cost, reproducible, and hermetically -sealed source. Be-
cause of its good circuit configuration and radiation perfor-
mance, this tunable active antenna is well suited for commer-
cial and military applications as a transceiver for microwave
ID applications or for short communication links.
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