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An -Band Self-Mixing Oscillator
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Abstract—The general theory for oscillator and mixer design is
applied to develop anX-band self-mixing oscillator antenna. The
antenna uses a Gunn diode as the active device that provides the
oscillations and self-mixing operations. The circuit uses a slotline
ring resonator for frequency stabilization and can be modified
to include a varactor diode for wide-band frequency tuning. The
circuit performance is compared with theoretical results derived
from simple transmission-line models. The radiation patterns of
the self-mixing oscillator antenna are also compared with those
measured from a similarly configured passive antenna. Since the
radiated power also serves as the local oscillator (LO) frequency
for the self-mixing operation, the circuit is useful as a half-duplex
transceiver. When the self-mixing operation is not required, a
single oscillator antenna can be used as a transmitter and several
units can be assembled in a planar array for spatial power-
combining applications.

Index Terms—Active antenna, power combining, self-mixing
oscillator, transceiver.

I. INTRODUCTION

OVER THE last few years, the direct integration of oscil-
lator and amplifiers into antenna structures has received

a great deal of attention because of the potential for reduced
size, weight, and cost [1]–[3]. Self-mixing oscillators [4] and
self-mixing active antennas [5] have also been demonstrated,
but require careful analysis of the design tradeoffs involved.

The circuit presented in this paper offers many advantages.
The circuit is extremely simple, requiring only one Gunn diode
for oscillator and self-mixer operations. Thus, only one power
supply is required for the basic circuit operation. In addition,
the circuit is etched using photolithographic methods, which
allow construction at a very low cost. The circuit does not
require a metallized backplane for good performance. The
incorporation of the slotline ring resonator and the slotline
flared antenna result in excellent phase-noise stability and good
radiation characteristics.
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Fig. 1. Generalized one-port oscillator design. A GaAs Gunn diode is used as
the active device for the oscillator active antenna. The load is a slotline flared
antenna with exponential taper. The impedance-matching network consists of
the Gunn diode’s package parasitics and a slotline ring resonator.

II. OSCILLATOR ANTENNA DESIGN

Microwave oscillator design and microwave amplifier de-
sign are very closely related. In fact, the same transistors,
dc-bias levels, and set of -parameters can be used for
oscillator and amplifier design. The circuit must be designed
in such a way such that the load does not know whether it is
connected to an oscillator or an amplifier. In the case of an
active antenna, the load is the radiating structure itself.

The design of microwave oscillators is well understood and
its general theory can be found in one of the many textbooks
available, e.g., [6]–[8]. As such, a detailed development will
not be given here; only a brief outline will be given and
the results will be applied to the design at hand. There are
two commonly used methods for the analysis and design of
oscillators, depending on whether the active device is modeled
as a one- or two-port network. This circuit uses a Gunn diode
modeled as a one-port network.

Fig. 1 shows the generalized oscillator circuit for a one-
port active device. The impedance of the active device can be
expressed as

with (1)

The driving-point impedance seen by the diode is the
impedance presented to the diode by the load and impedance-
matching network. This driving-point impedance includes the
diode package parasitic effects and embedding circuits. The
circuit impedance can be expressed as

(2)

The resonant frequency of the whole circuit determines the
oscillating frequency. When the circuit is at resonance, the
total reactance equals zero.
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The conditions for oscillation start-up from noise require
that

(3)

and

(4)

The oscillation will build up to steady-state condition and the
negative resistance will decrease with increasing RF current
until it is exactly equal to the circuit resistance for this
series circuit. There is a load circuit resistance, which produces
optimum power. Typically, this optimum load resistance is
about one-third of the small signal .

At the oscillating frequency , the conditions for oscillation
can be rewritten as

(5)

(6)

The value of in (5) will control the output power of the
oscillator, while (6) will determine the oscillating frequency.
In general, the device impedance is not only a function of
frequency, but also depends on the dc-bias current, RF current
generated, and operating temperature. Thus, (5) and (6) will
also depend on these parameters.

III. CIRCUIT CONFIGURATION AND MODELLING

The self-mixing oscillator antenna consists of a slotline
notch antenna with a Gunn diode and a slotline ring resonator.
The Gunn diode is placed across the slotline ring resonator at
a low impedance point to meet the oscillation conditions given
by (5) and (6). Since the Gunn diode is capable of oscillations
over a range of frequencies and the slotline antenna is by
nature a broad-band device, a slotline ring resonator is added
to increase the frequency stability of the circuit. The slotline
ring’s resonant wavelength can be determined from

for (7)

where is the ring’s mean radius, is the guide wavelength,
and is the mode number [9].

Fig. 2 shows the circuit configuration of the self-mixing
oscillator antenna. The circuit was etched on a Duroid 5870
substrate, with a relative dielectric constant of 2.33, thickness
of 62 mil (1.575 mm), and 1-oz copper metallization. The slot-
line ring resonator was designed for a characteristic impedance
of 100 and has a mean radius of 3.88 mm and a line width of
0.18 mm. The first resonant mode of the ring occurs
at 10 GHz for the dimensions given.

The slotline notch antenna uses an exponential taper to
match the impedance of the ring to free space. The antenna
length from the feedpoint to the end of the substrate is 60 mm.
The gap at the feed point is 0.18 mm and the gap at the mouth
of the antenna is 31.5 mm. The Gunn diode is mounted on a
piece of aluminum that serves as the heat sink required by the
low dc-to-RF conversion efficiency of the diode. The dc bias
to the Gunn diode is provided directly to the center ring by a
thin wire, which is not shown in the figure.

Fig. 2. Gunn-diode oscillator antenna configuration. The circuit does not
have a metallized backplane. The slotline ring resonator has a mean radius
of 3.88 mm and a gapwidth of 0.18 mm. The length of the antenna is 60
mm. The complete circuit was etched on a 78 mm� 38 mm piece of Duroid
5870 substrate, 1.575-mm-thick, 1-ounce copper metallization, and relative
dielectric constant of 2.33. Note that some dimensions have been exaggerated
to enhance detail, and the wire for dc bias to the center of the ring is not
shown.

Fig. 3. Circuit model used for determining the frequency of oscillation.
The Gunn diode used was an MA/Com 49 104-111, withCp = 0:27 pF,
Ls = 0:30 nH, Cg = 1:05 pF, andRg = 8 
. The shunt capacitanceCr is
approximately 1 pF. The transformer turns ratio isn = 0:7. The lengths of
the antenna segments were set at 7.5 mm.

Determining the oscillating frequency of the circuit is
straightforward. Using the circuit model shown in Fig. 3, the
device and driving-point impedances can be found as functions
of frequency. The Gunn diode used was an MA/Com MA
49104-111 rated for a minimum continuous wave (CW) power
output of 25 mW. The diode package parasitics were provided
by the manufacturer as typical values of pF and

nH. The value of pF is estimated from
[10]. Since is usually small, generally in the range of
approximately 6–12 [4], [6], [10]–[11], a value of 8 is
used as an approximation for the analysis of this experiment.
The diode’s negative resistance will decrease from8 to

8 plus the residual resistance to a value of about3
at the frequency of oscillation.

The parallel capacitance is caused by the finite thickness
of the metallization layer on the substrate and slotline gap.
Using the parallel-plate approximation

(8)

where is the radius of slotline ring, is the metallization
thickness, is the effective dielectric constant, andis the
slotline gap. can be found to be approximately 1 pF.

The discontinuity effects between the resonator ring and
the slotline antenna are modeled as a transformer with a turn
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Fig. 4. Theoretical and experimental results of the frequency of oscillation.
The “�” marks the measured oscillating frequency of 9.259 GHz for a
Gunn-diode bias voltage of 10 dc voltage (VDC). The residual resistance
must be greater than or equal to zero for oscillations to occur. The frequency
of oscillation is the frequency at which the total reactance curve takes on a
value of 0
.

Fig. 5. Oscillator bias-tuning performance. The bias-tuning range is 138
MHz for Gunn-diode biases from 8 to 12 VDC. The output power is fairly
constant for the tuning range, staying within 28� 1 dBm.

ratio with obtained from the theory given in
[12]. The slotline antenna was modeled as a seven-segment
stepped-impedance transformer.

IV. CIRCUIT PERFORMANCE

From the model and the values given above, impedances
and can be calculated, and the results plotted. Fig. 4

shows a plot of the “residual” resistance given by (3) and
the total reactance. For the circuit to oscillate, the residual
resistance must be greater than or equal to zero. The frequency
of oscillation will be determined by the zero crossing of the
total reactance curve. The large “” shows the measured
oscillation frequency at 9.259 GHz for a Gunn-diode bias
voltage of 10 V. Considering that the modeling parameters
are typical or calculated values, the experimental results show
extremely good agreement with the model predictions.

Fig. 5 shows the bias-tuning performance of the oscillator
antenna. The power output variations are within1 dB
of 28-dBm effective isotropic radiated power (EIRP). The
oscillator antenna provides a bias-tuning range of 138 MHz
from 9.316 to 9.178 GHz for Gunn-diode biases from 8 to
12 V. The antenna radiated a clean spectrum with a phase
noise of 95.33 dBc/Hz 100 kHz away from the carrier. The
second harmonic produced is 26.16 dB below the fundamental
frequency. This measured result is shown in Fig. 6.

Fig. 6. Radiated spectrum. The second harmonic level is 26.16 dB below
the fundamental frequency of 9.26 GHz.

The oscillator output is radiated by the slotline antenna.
Fig. 7 shows the - and -planes radiation patterns of the
oscillator antenna. The received power was measured in a
mini-anaechoic chamber using Narda 640 standard horns at a
distance of 1.2 m. The half-power beamwidths (HPBW’s) are
33.0 and 47.0 for the - and -planes, respectively. Cross-
polarization levels (CPL’s) for the - and -planes were
measured at 13.18 and 6.69 dB below co-polarization. These
results compare well with those obtained from a similarly
configured coplanar waveguide (CPW)-fed passive antenna.
The passive antenna had HPBW’s of 39.5and 47.0 and
CPL’s of 18.74 and 16.51 dB below co-polarization for the

- and -planes, respectively.

V. VARACTOR-TUNABLE OSCILLATOR ANTENNA

The planar nature of the circuit allows for the easy integra-
tion of additional devices for increased functionality. Thus, a
varactor diode was added to allow for wide-band tuning. These
feature allows the circuit to be frequency modulated without
much added complexity.

Fig. 8 shows the varactor-tunable oscillator antenna. The
varactor used was an MA/Com MA 46600F-137 diode. Typical
values for package parasitics were provided by the manufac-
turer as pF and nH. The other parameter
values for the varactor diode were obtained from [6] and [10]
as and . The value of is a
function of the junction’s reverse bias voltageand is obtained
from

(9)

where is the junction capacitance at zero bias,is a
parameter that depends on the diode doping profile, and

is called the built-in potential. The values given by the
manufacturer were 1 pF, 0.5 0.03, and 1.3 V, respectively.1

The value for decreases to 0.5 pF due to the additional bias

1M/A Com Semiconductor Products Operation,M/A Com Semiconductor
Products Catalog, Burlington, MA, pp. 5.33–5.40 and A.17.
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(a)

(b)

Fig. 7. (a) TheE-plane radiation pattern shows an HPBW 33.0� and a CPL
of 13.18 dB below co-polarization. (b) TheH-plane radiation pattern shows
a HPBW of 47.0� and CPL of 6.69 dB below co-polarization.

cut required for varactor biasing, which reduces the parallel-
plate approximation area by one-half.

A simple model was developed to determine the frequency
of operation and tuning range of the varactor-tuned oscilla-
tor antenna. Fig. 9 shows the transmission-line model. The
experimental results agree extremely well with the model’s
prediction and are shown in Fig. 10, where the large “s”
mark the measured frequencies for varactor biases of 8 and
25 V, respectively. The measured frequencies agree very well
with the zero crossings of the total reactance curves. There
was a degradation of power output to 153 dBm. A tuning
range of nearly 400 MHz, or about 4%, was obtained. These
measured results are shown in Fig. 11.

The radiation performance of the varactor-tunable antenna
remained essentially unchanged throughout the tuning range.
The phase noise was slightly improved to103.2 dBc/Hz at
100 kHz away from the camera due to increased loadedof
the circuit. However, the second harmonic level increased to
23.5 dB below the fundamental frequency.

Fig. 8. The varactor-tuned oscillator antenna. The circuit does not have
a metallized backplane. The slotline ring resonator has a mean radius of
3.88 mm and a gapwidth of 0.18 mm. The length of the antenna is 60 mm.
The complete circuit was etched on a 78 mm� 38 mm piece of Duroid
5870 substrate, 1.575-mm-thick, 1-ounce copper metallization, and relative
dielectric constant of 2.33. The additional dc cut is only about 0.8 mm. Note
that some dimensions have been exaggerated to enhance detail, and the wires
for dc biases are not shown.

Fig. 9. Circuit model used for determining the frequency of oscillation. The
varactor diode used was an MA/Com 49 600F-137, withCv = 0:05 pF,
Lv = 0:50 nH, Rs = 1 
; andRj(v)> 10 M
 in reverse bias. The shunt
capacitanceCr is approximately 0.5 pF due to the additional bias cut needed
for the varactor voltage. The transformer turns ratio isn = 0:7. The lengths
of the antenna segments were set at 7.5 mm.

Fig. 10. Theoretical and experimental results for the varactor-tuned oscillator
antenna. The “�” marks the measured oscillating frequencies of 9.308 and
9.691 GHz for varactor diode biases of 8 and 25 VDC, respectively.

VI. SELF-MIXING AND INJECTION-LOCKING PERFORMANCE

Additional experiments were performed to study the self-
mixing and injection-locking characteristics of the new con-
figuration. In the self-mixing operation, the Gunn serves as a
transmitter, local oscillator (LO), and mixer. The self-mixing
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Fig. 11. Varactor tuning performance. The varactor tuning range is nearly
400 MHz for varactor voltages from 8 to 12 VDC. The output power has
some variations for the tuning range, but it stayed within 15� 3 dBm.

Fig. 12. Conversion-loss measurement setup. Narda 640 standard horns were
used in the experiment. The power levels were measured with an HP8562A
spectrum analyzer. A bias tee was used to prevent the intermediate frequency
(IF) signal from leaking into the dc power supply.

performance of the oscillator active antenna was measured
using the test setup shown in Fig. 12.

The distance separating the transmitting and receiving an-
tennas was set to 1.58 m. The isotropic conversion loss is
defined as the ratio of the isotropic received power to the IF
power. Since isotropic radiators are unrealizable, Narda 640
standard horns with a gain of 16.3 dBi at 10 GHz were used
to measure the reference power instead. was measured
directly as 6.17 dBm. Thus, we obtain a of 22.47 dBm.
The IF power was measured at22.83 dBm, from which an
isotropic conversion loss of 0.36 dB can be obtained. Since
the slotline antenna gain was calculated to be 14.2 dB at
10 GHz, a double-sideband conversion loss of 14.56 dB or
a single-sideband conversion loss of 11.56 dB is obtained.

The injection-locking test was performed using the setup
shown in Fig. 13. When an external signal at frequency
with power is directed at a free-running oscillator operating
at frequency with power output , when is close to
the free-running oscillator will injection-lock with the external
signal and all the output power will be at frequency. The
ratio is the locking gain, and the frequency difference
between and is the one-side injection-locking bandwidth.
The locking-gain versus locking-bandwidth results are shown
in Fig. 14. A locking gain of 30 dB with a locking bandwidth
of 17 MHz was obtained at 10 GHz. The-factor of the

Fig. 13. Injection-locking test setup. The antennas used were Narda 640
standard horns. The spectrum analyzer was an HP8562A model. The power
meter was an HP437B with an HP8481A power sensor. The synthesizer was
an HP83622A sweeper.

Fig. 14. Injection-locking performance. A locking-gain of 30 dB with a
locking-bandwidth of 17 MHz was obtained at 10 GHz. An externalQ-factor
of 18.6 was computed using the above values.

antenna was calculated to be 18.6 using the equation found
in [13]

(10)

where is the external -factor, is the operating fre-
quency, is the one-side injection-locking bandwidth, is
the free-running oscillator power, and is the injection-lock
signal power.

VII. CONCLUSIONS

A Gunn diode has been integrated with a flared slotline
antenna using a slotline ring resonator. The configuration
was later modified to incorporate a varactor diode to form
a varactor-tuned oscillator antenna. Simple models were de-
veloped to predict the circuits behavior. The models were
validated by the experimental results obtained.

Both circuits exhibit good performance and offer a simple,
rugged, lightweight, and low-cost tunable source for many
microwave applications. Because the Gunn diode exhibits self-
mixing performance, the device can be used as a half-duplex
communications transceiver or as a Doppler radar frontend.
If the self-mixing operation is not required, these oscillator
antennas could be used in planar arrays for coherent spatial
power combining due to their injection-locking characteristics,
which could be accomplished through mutual coupling or with
an external source.
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