
1400 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 5, MAY 2002

Frequency Stabilization of Power-Combining
Grid Oscillator Arrays

Wenzhang Wang, Member, IEEE,and L. Wilson Pearson, Fellow, IEEE

Abstract—In this paper, we report results of phase locking of
grid oscillator arrays. First, a voltage-controlled grid oscillator
array with a center frequency of 4.7 GHz and with a 300-MHz
electric tuning range was locked to a frequency synthesizer
through a phase-locked loop. Second, a 4 4 and a 6 6 grid
oscillator arrays were locked by way of the injection locking. In
both methods, a simple loop antenna mounted on the reflection
mirror was used for taking/injecting signal from/to the array.
Results show that the phase noise performance is improved
significantly in the locked oscillator arrays.

Index Terms—Frequency stabilization, grid oscillator, injection
locking, phase-locked loop, spatial power combining, VCO.

I. INTRODUCTION

SPATIAL power-combining techniques have attracted much
attention in the past decades for their capability of com-

bining power efficiently from a large number of active devices at
millimeter-wave frequencies [1]–[16]. Although many different
spatial combining schemes have been reported, they can gener-
ally be classified, according to their functions, as amplifier com-
bining arrays and oscillator combining arrays. In the case of an
oscillator array power combiner, all individual devices or oscil-
lators in the array must be synchronized so that the power that
they radiate combines coherently in the radiation field.

Many applications require that the microwave sources not
only provide high power, but also have high-frequency stability
and low phase-noise performances. Indeed, coupled oscillator
systems cohere to a single frequency better when the individual
oscillators are low in factor. Even though the phase noise
improves with the increasing number of active devices from
where the power is combined, an oscillator array power com-
biner without any external frequency stabilization circuitry is
likely not to meet the phase-noise and frequency-stability re-
quirements for a system in which the oscillator is to be used.
We have observed in our experiment that objects placed in front
of an oscillator array affect the oscillation frequency. This con-
tributes mainly to the direct coupling between the resonant cir-
cuits in the array and free space. It is also possible that the array
be injection locked or synchronized to an interference source
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and fail to function when it is illuminated by an interference
source with frequency close to the array frequency.

Efforts have been made in the past to synchronize and stabi-
lize the oscillation frequency of an oscillator power-combining
array. Dingeret al. [9] reported a three-element oscillator array
using patch antennas and IMPATT diodes. In this array, the
center element is injection locked to a reference signal and the
array is synchronized by mutual coupling between the elements.
Recently, York’s group [10] has done a systematic study of in-
jection locking and phase noise of coupled oscillator arrays.

In this paper, both loop-phase-locking and injection-locking
techniques are explored for the frequency stabilization of
power-combining grid oscillator arrays. Experimental results
for loop-phase-locked 4 4 grid oscillator arrays and for injec-
tion-locked 4 4 and 6 6 grid oscillator arrays are presented
in Sections III and IV, respectively. It has been shown that
both loop phase locking and injection locking of grid oscillator
arrays can improve the phase-noise performance. The design
and performance of a voltage-controlled 44 grid oscillator
array are also presented. A 300-MHz frequency tuning range at
4.7 GHz was achieved with the maximum calculated effective
isotropic radiated power of 29 dBm.

II. V OLTAGE-CONTROLLED GRID OSCILLATOR ARRAYS

Voltage-controlled grid oscillators (VCGOs) have been real-
ized in three ways: namely, a two-plane structure in which the
transistors and varactors are on different substrates or on the op-
posite sides of one substrate [11], a single-plane gate-feedback
structure [12], [13], and single-plane source-feedback structure
[14]. In the work reported here, we used the third structure
due to its potential of wider tuning range or, equivalently, high
tuning-voltage sensitivity.

Fig. 1 shows the physical layout of the 16-element (in a 44
configuration) single-plane source-feedback VCGO array. The
transistors are placed at the cross of vertical and horizontal con-
ductive strips. The gate and drain terminals of the transistors are
connected to the vertical strips, while the source terminals are
connected to the horizontal strips. Varactor diodes are integrated
to the array by breaking the vertical gate conducting strips and
placing varactor diodes across these gaps. Bias voltages are ap-
plied to the devices via horizontal conducting strips (the narrow
horizontal lines in Fig. 1).

It has been pointed out in [15] that the edge elements play an
important role in the stable operation of a grid oscillator array. If
the edge elements are not designed properly, the grid oscillator
array may oscillate at multiple frequencies. To overcome this
problem,adjustable lengthopen stubs are added to the upper
and lower edge elements, as shown in Fig. 1.
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Fig. 1. Circuit layout of VCGO.

Fig. 2. Oscillation frequency versus mirror distance for the grid array without
varactor diodes.

Two 4 4 grid arrays with the grid patterns shown in Fig. 1
were fabricated on 0.01-in (0.254-mm)-thick RT/Duroid 5880
substrate. The unit cell size was designed to be 88 mm .
The vertical (gate and drain) conducting strips and the hori-
zontal source conducting strips have the same width of 1 mm.
The width of drain and gate bias lines was 0.2 mm, the width
of varactor bias lines was 0.5 mm, and the gap for the varac-
tors was 0.5 mm. Both arrays used the same type of transistors
(FHX35LG). In order to evaluate the effects of the weakened
coupling between rows, varactors (MSV-34, 069-C11) were at-
tached to one array only. When the varactor is biased at4 V, the
junction capacitance is approximately 1 p. To improve the me-
chanical stability of the array, a 0.03-in-thick RT/Duroid 5870
substrate was attached to the back of the arrays.

The measurements of these two oscillator arrays were
performed in an anechoic chamber. The description of the
measurement setup for grid oscillator arrays can be found in
[15]. The grid array without varactor diodes was measured
first and the measured oscillation frequency was plotted in
Fig. 2 as functions of mirror distance for three different edge
stub lengths when the array was biased at V and

Fig. 3. Oscillation frequency versus mirror distance for the grid array with
varactors.

Fig. 4. Measured electrical tuning properties of the VCGO array.

mA. It was found that the mutual locking in the array
breaks down when the mirror distance was less than 26 mm
or between 42–54 mm. The locking failure expresses itself
through oscillations at several frequencies simultaneously.

For the grid array with varactor diodes, the measured results
showed great improvement in the spectral purity. The tighter
coupling between the neighboring rows of active devices
through varactors helped the mutual locking of oscillation
frequency in the array. This, however, does not mean that the
multifrequency oscillation can be eliminated merely by shorting
the varactors or by increasing the capacitance of the varactor
used. When the stub length was 12.5 mm, we did not observe
any mode jumping or multifrequency oscillation phenomena.
Fig. 3 shows the oscillation frequency of the grid array with
varactor diodes versus the mirror distance when the edge stub
length was 12.5 mm and transistors were biased at V
and mA. The frequency varied about 40 MHz when
the mirror distance changed. The power received by the horn
antenna is also plotted in the figure. The maximum isotropic
radiated power [16] was calculated to be 29 dBm at the mirror
distance of 76 mm. Minimum power occurred when the mirror
distance was 32 and 64 mm, which were approximately a
half-wavelength and one wavelength, respectively.

Fig. 4 gives the measured oscillation frequency as functions
of the voltage applied to the varactor diodes when the reflection
mirror was placed at 40 and 76 mm behind the grid. The overall
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Fig. 5. MeasuredH-plane radiation pattern of the VCGO array.

Fig. 6. MeasuredE-plane radiation pattern of the VCGO array.

frequency tuning range is about 330 MHz when the varactor
bias voltage changes from 0 to 17 V, and the frequency-tuning
slope is approximately 20 MHz/V. It can also be seen that the
received power varies from above 0.15 mW to below 0.03 mW,
and the tuning range with power variation less than 3 dB is about
150 MHz.

The radiation patterns of the VCGO with edge stub length
of 12.5 mm were measured for the mirror distances of 40 and
76 mm and the varactor bias voltage of 1 and 6 V. The- and

-plane patterns are shown in Figs. 5 and 6, respectively. The
asymmetric -plane patterns suggest that a progressive phase
shift is present across the array, as pictured in Fig. 1. The effects
of varactor tuning on the radiation beam width are small com-
pared to the effects of the mirror distance, which is also weak-
ened when the array becomes large.

III. L OOP-PHASE-LOCKED GRID OSCILLATOR ARRAY

A basic phase-locked loop consists of a voltage-controlled
oscillator (VCO), phase detector, and loop filter [17]. Fig. 7 il-
lustrates the block diagram of a phase-locked loop. The phase
detector compares the phase of the reference signal against the
phase of the VCO and converts the phase difference between the
two inputs into a voltage signal. This voltage signal is then fil-
tered by the loop filter and applied to the VCO. When the loop is

Fig. 7. Block diagram of a phase-locked loop.

in the locked state, the oscillation frequency of the VCO tracks
exactly the frequency of the reference signal.

When a perfect integrator circuit is used as a loop filter,
the phase-locked loop becomes a second-order loop. The
closed-loop phase transfer function , which is the
phase transfer function from reference signal to the output
of the phase-locked loop, and , the phase transfer
function from the free-running VCO to the loop output, can be
written as

(1)

(2)

where , represents the frequency-off-carrier;
and are the natural resonant frequency and the damping factor
of the loop, respectively, which can be represented as

(3)

(4)

In the above equations, and are the phase sensitivity of
the phase detector and the tuning slope of the VCO, respectively.

and are the time constants of the perfect integrator. Let the
phase noise of the reference signal be and that of the
free-running VCO be . The total phase noise of the
locked oscillator can then be represented as

(5)

It can be seen that the phase noise of the locked signal is dom-
inated by the reference signal within the loop bandwidth and by
the VCO outside the loop bandwidth. An optimum design of the
phase-locked loop that gives the best phase-noise performance
can be achieved by choosing the loop bandwidth equal to the
frequency at which the VCO and the reference signal have the
same phase noise.

In order to phase lock the grid oscillator, a sample signal from
the VCGO is needed for the phase detector to detect phase er-
rors between the VCGO and reference signal. One way to take
sample signal is to place a receiving antenna in front of the
array so that part of the radiated power from the array can be
collected. The disadvantage associated with this method is that
the receiving antenna in front of the array blocks radiation. The
second disadvantage is that the scattered field due to objects in
front of the array may get into the antenna and affect the phase
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Fig. 8. Sample signal is taken from a small loop antenna mounted on the reflect
mirror.

of the sampling signal, which may modulate the VCGO through
the phase-locked loop. In our experiment, the VCGO described
in the previous section was modified to a dual-output configu-
ration. Fig. 8 depicts the structure of the modified VCGO array
for the phase-locked-loop application. A small loop antenna was
mounted on the mirror surface that backs the active grid array
and sample signal was coupled out through the loop antenna.
The loop antenna is made so small that its presence poses little
effect on the oscillator performance. When the diameter of the
loop is 7 mm, the power collected by it was measured to be
around 0.07 mW for the 4 4 VCGO. This is negligibly small
when compared to the power that the grid oscillator can produce,
but is big enough to feed the phase detector. We observed that
the oscillation frequency changed only a few megahertz after the
loop was installed. This structure has also been used, in the fol-
lowing section, for coupling power into the grid oscillator array
for injection locking of a grid oscillator array. We point out that
other structures such as slot antennas and coupling apertures are
more suitable for taking samples in the millimeter-wave range.

The phase detector used in this study was a commercially
available balanced diode mixer ZMX-10G made by Mini-Cir-
cuits Inc., Brooklyn, NY. It is designed to operate up to 10 GHz
with an IF frequency from dc to 2 GHz. When used for phase de-
tection, it has sinusoidal phase–voltage relationship. The phase
detection sensitivity was measured with two HP microwave fre-
quency synthesizers. Both synthesizers are phase locked to the
same reference crystal oscillator so that the two input signals
of the phase detector are coherent. The frequencies of the two
signals are intentionally set to have a 1-kHz offset so that the
phase–voltage relationship can be measured with an oscillo-
scope. The measured phase sensitivity of the phase detector is
plotted in Fig. 9 as a function of the RF input power with the
local oscillator (LO) power set to 5 dBm.

The loop filter, as sketched in Fig. 10, consists of three opera-
tional amplifiers or three stages. The first stage serves as an input
isolation stage and has a voltage gain of ten. The second stage
is a perfect integrator, whose time constants and

determine the bandwidth of the loop. The last stage
is a level shift circuit that matches the output voltage range of
the perfect integrator circuit (14 14 V) to the input voltage
range (0 14 V) of the VCGO.

The phase noise of the free-running grid oscillator was
too large to be measured by the method described. In order
to demonstrate phase locking, we took the loop bandwidth

Fig. 9. Sensitivity of the phase detector when LO power is 5 dBm.

Fig. 10. Circuit configuration of the loop filter.

to be 100 kHz and the damping factor . From (1), the
3-dB noise bandwidth of the phase-locked loop with a perfect
integrator can be expressed as

(6)

The natural resonant frequency can then be calculated as

krad/S

In the design of the loop filter, both the fre-
quency tuning slope of the VCGO and the phase sen-
sitivity of the phase detector need to be mod-
ified to the effective values immedi-
ately at the output and the input of the filter stage. The modi-
fied values are MHz/V and V/rad. One
can obtain the time constants as

S

S (7)

The filter resistors can then be obtained by choosing
to be and
.

Using the component values calculated above and by ad-
justing the potentiometer in Fig. 10, the VCGO was phase
locked to a microwave frequency synthesizer. The spectra of
both the free-running grid oscillator array and the phase-locked
grid array were measured using an HP8592 spectrum analyzer.
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(a)

(b)

Fig. 11. Spectra of: (a) free-running and (b) loop-phase-locked grid oscillator;
center frequency 4.643 GHz, spectrum analyzer filter bandwidth 3 kHz.

The results are given in Fig. 11. From these figures, one can
see that the phase-noise improvement due to the phase locking
is significant. A rough measurement of the phase noise has
been done with an HP8575/141T spectrum analyzer [18]
by setting the bandwidth of the input filter of the spectrum
analyzer much smaller than the frequency-off-carrier ().
The phase noise is then estimated to be the difference between
the power readings (in decibels) from the spectrum analyzer
at the frequency-off-carrier and at the carrier frequency, which
is divided by the filter bandwidth. The limit of this method is
that it requires the signal to be measured has a high-frequency
stability. Therefore, only the phase-locked grid array was
measured and the results are listed in Table I together with the
phase noise of the reference source. Note that the synthesizer
phase noise data are taken from the specifications in the
manual. It is clear from the measured spectra in Fig. 11 and
the phase noise data in Table I that the loop was not designed
to work at optimum phase-noise bandwidth. The phase-noise
performance of the locked grid oscillator array can be improved
by increasing the noise bandwidth of the phase-locked loop.

IV. I NJECTIONLOCKING OF GRID OSCILLATORS

The other way to lock a grid oscillator is to use the injection-
locking technique. When an oscillator is injected by a signal

TABLE I
MEASUREDPHASE NOISE OF THELOOP-PHASE-LOCKED GRID OSCILLATOR

ARRAY AND THE REFERENCESOURCE

with its frequency very close to that of the oscillator, the oscil-
lator will be locked or synchronized to the injected signal [19].
The frequency stability and phase noise of the locked oscillator
will be improved up to the same as that of the injected signal.
This technique has been successfully used for frequency stabi-
lization of microwave and millimeter-wave oscillators. The in-
jected signal usually has higher frequency stability and lower
phase noise, but at a lower power level. The oscillator to be
locked, however, has poor frequency stability, but is capable
of providing high output power. Let the injected power be
and the oscillation power be . Under the locked condition,
the locking range is then [19]

(8)

where is the free-running oscillation frequency and is
the external quality factor of the resonant circuits in the oscil-
lator to be injection locked.

In an injection-locked oscillator, the phase noise transferred
from the reference source and the free-running oscillator to the
output of the locked oscillator are characterized by the noise
power suppression factors and . These factors are defined
as [19], [20]

(9)

for noise due to the reference signal and

(10)

for noise due to the oscillator. The total noise output is the sum
of the two, i.e.,

(11)

Similar to the phase noise in a phase-locked loop, the noise
is dominated by the reference source near the carrier and by the
oscillator itself far from the carrier. It is noticeable from (9) and
(10) that the noise bandwidth of an injection-locked oscillator is
equal to the locking bandwidth that is determined by the injected
power. We need to point out that this property reduces the design
flexibility and is not desirable when narrow noise bandwidth is
required.

A 4 4 and a 6 6 grid oscillator arrays were used in the
injection locking experiment. The two arrays, which can pro-
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Fig. 12. Locking range of injection-locked 4� 4 and 6� 6 grid oscillators.

(a)

(b)

Fig. 13. Spectra of: (a) free-running and (b) injection-locked 6� 6
grid oscillator array. Center frequency: 4.2 GHz. Spectrum analyzer filter
bandwidth: 3 kHz.

duce 31 and 35 dBm at approximately 5.1 and 4.4 GHz, re-
spectively, are described in [15]. In order to couple the injec-
tion signal to the grid arrays, the same loop antenna structure
as shown in Fig. 8 was used for injecting the reference signal.
The injected signal power was radiated by the loop antenna and
coupled to the nearby unit cells in the grid oscillator array. In-
jection locking takes place when the injected signal frequency

TABLE II
MEASURED PHASE NOISE OF THEINJECTION-LOCKED 4 � 4 GRID

OSCILLATOR ARRAY

TABLE III
MEASURED PHASE NOISE OF THEINJECTION-LOCKED 6 � 6 GRID

OSCILLATOR ARRAY

is close to the grid oscillator frequency. Fig. 12 shows the mea-
sured locking ranges for both 4 4 and 6 6 grid oscillator
arrays as functions of the injected power. Notice that this power
is not the same power as it is in (8). The narrow locking range is
due to a poor matching of the loop antenna. Our measurement
using an HP8719C network analyzer showed that the measured
return loss of the loop antenna was only0.3 dB at 4.5 GHz,
which means that only 7% of the power was radiated into the
grid array. Wider locking range can be obtained by improving
the impedance matching of the loop antenna. We can also ob-
serve from the figure that the locking range for the 66 array
is approximately half of the locking range for the 44 array.
This is not surprising since the power coupled to the unit cells
nearby the loop antenna is the same for both arrays, while the

factor of the 6 6 array is approximately two times as that
of the 4 4 grid oscillator array [10].

Fig. 13 shows the spectra of the free-running 66 grid os-
cillator and the injection-locked 6 6 grid oscillator. It can be
seen from this figure that the spectrum linewidth narrows sig-
nificantly when the grid oscillator is injection locked to a mi-
crowave frequency synthesizer.

Tables II and III list the phase noise performances, measured
in the same way as we did for the loop-phase-locked grid oscil-
lator array, of the injection-locked 4 4 and 6 6 grid oscillator
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arrays, respectively. Although this data is just a rough measure-
ment due to the instrument limitations, one can still notice that
the injection-locked 6 6 grid oscillator array has lower phase
noise at high frequency-off-carrier. This manifests the fact that
the factor in a larger coupled oscillator arrays is higher than
that in a smaller coupled oscillator arrays and, hence, a larger
coupled oscillator array has better phase noise performance.

V. CONCLUSION

Work has successfully been done on the frequency stabiliza-
tion of power-combining grid oscillator arrays by means of both
the loop-phase-locking and injection-locking techniques. It also
demonstrated that the phase locking of a quasi-optical oscillator
does not necessarily require that the taking of a sampling signal
or injection of a reference signal must be taken quasi-optically.
The use of simple devices like loop antenna or slot antenna on
the reflector mirror can greatly reduce the complexity of the
quasi-optical system.

In comparison, injection locking of a grid oscillator array
is straightforward, and does not require that the grid oscillator
array be electrically tunable, as it does in a phase-locked loop.
The noise bandwidth can be adjusted simply by changing the in-
jected signal power. The changing of injected power, however,
also affects the locking range, which is a undesirable feature.
The loop-phase-locking technique can provide flexibility in the
design since the locking range and noise bandwidth can be de-
signed separately. It also has better oscillator phase noise re-
jection when a second-order loop is used (first-order frequency
response for injection locking).
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