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Quasi-Optical Power Combining Using
Mutually Synchronized Oscillator Arrays

Robert A. York, Student Member, IEEE, and Richard C. Compton, Member, IEEE

Abstract —A quasi-optical method for solid-state power com-
bining is discussed, with application to high-power millimeter-
wave generation. The approach uses two-dimensional planar
arrays of weakly coupled oscillators. Limiting the strength of the
coupling avoids multifrequency moding problems and simplifies
the design. A radiating element is embedded in each oscillator
so that the power combining is accomplished in free space. The
concept has been demonstrated with two prototype arrays, one
using Gunn diodes and the other MESFET’s. A theoretical
description of the coupled-oscillator arrays is also presented for
design purposes, and is used to investigate phasing problems
and stability. Experiments indicate that in-phase operation is
facilitated by using a quasi-optical reflector element, which
influences the operating frequency and coupling between the
elements. Equivalent isotropic radiated powers of 22 W at 1%
efficiency for a 16-element Gunn array and 10 W at 26% effi-
ciency for a 16-element MESFET array have been obtained at X
band.

I. INTRODUCTION

URRENT research interest in millimeter-wave sys-
tems is motivated by several frequently cited advan-
tages, such as smaller antennas, wider bandwidths, and
better resolution for imaging and radar systems. However
the natural progression from the microwave to millimeter-
wave spectrum has been hindered in many cases by the
lack of compact, reliable, high-power solid-state sources
at these wavelengths. High-power vacuum-tube devices
are available, but their large size and weight and their
high voltage requirements often preclude their use. Un-
fortunately, fundamental device physics demands that mil-
limeter-wave semiconductor devices be extremely small,
and their power handling capacity is correspondingly re-
duced. In order to compete with vacuum tubes, solid-state
sources must therefore use large numbers of devices. For
example, state-of-the-art traveling-wave tubes can pro-
duce better than 100 W at 100 GHz [1]; comparable
results for a solid-state system would require at least 200
IMPATT’s or 1000 Gunn diodes [2].
Several different approaches to power combining have
been developed by researchers during the last two decades
[3]. In practice the task is complicated by multimoding
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problems. Traditional combining techniques using hybrid
3 dB couplers or large numbers of devices in a resonant
cavity [4] have fundamental limits regarding efficiency and
the number of devices that can be combined. The limita-
tions arise from unavoidable circuit losses and/or the
requirement of a small cavity to avoid multimode prob-
lems. Circuits which have been carefully designed to mini-
mize these effects have proved superior to tubes for some
applications [5], but these architectures become impracti-
cal as the frequencies approach 100 GHz.

More recently a planar quasi-optical approach has been
suggested for combining the output powers of millimeter
devices [6]. The transverse dimensions of quasi-optical
systems can be quite large, which accommodates many
devices without the problem of multifrequency operation.
Where traditional combining techniques require nonre-
ciprocal elements to prevent device interaction, the
quasi-optical arrays depend on the controlled interaction
of the devices for proper operation. The power combining
takes place in free space; hence high combining efficien-
cies (close to 100%) are possible. These arrays are ex-
pected to have application in a wide range of frequencies,
up to the terahertz range using suitable devices [7].

Two types of quasi-optical arrays have been reported to
date [27]. One uses a distributed oscillator approach in
which the devices are mounted in a periodic grid struc-
ture [8], [9], [30] and placed in an open quasi-optical
cavity. This approach is analogous to a laser, in which the
distributed oscillator system acts as the active gain
medium. A second approach, which is the focus of this
paper, involves arrays of weakly coupled individual oscil-
lator elements [26]. This system forms a classical antenna
array in which each radiating element is itself a free-run-
ning oscillator. The array elements are synchronized
through mutual coupling mechanisms (free space and /or
surface waves). The strength of the coupling between
elements is limited to ensure that each element operates
close to its free-running state; hence the operating fre-
quency is solely determined by the design of the individ-
ual oscillator elements. This technique is modular, as
more elements can be added to increase the power with-
out altering the operating frequency. The approach is free
of the multimoding problem which plagues other meth-
ods, since each element is designed to operate at only one
frequency. In this paper we discuss the design and opera-
tion of coupled-oscillator arrays, and present experimen-
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(a) ®)

Fig. 1. Active patch antennas using two- and three-terminal devices.
(a) A Gunn or IMPATT diode is mounted between the ground plane
and the patch. (b) An FET is mounted across the narrow gap, with
source leads grounded through the substrate. Bias lines are also shown.
These elements are simple to design and easy to fabricate, making them
attractive for use in large arrays.

tal results from two 16-element X-band systems using
Gunn diodes and MESFET’s.

II. Active RADIATING ELEMENTS

The important components in these power-combining
arrays are the individual oscillator elements, consisting of
an active device (Gunn, IMPATT, RTD, FET, etc.) inte-
grated directly into a radiating element. Several novel
architectures have appeared in the literature [10]-[14]
which creatively incorporate an active device in a planar
microstrip antenna. Important figures of merit are the
output power, efficiency, and packing density. The experi-
mental arrays described later were constructed using two
different active microstrip patch antenna designs, one
with a Gunn diode [10] and the other with a MESFET
[14], as shown in Fig. 1. The patch antenna is a useful
structure for this purpose, since the devices can be inte-
grated vertically and heat-sinking is facilitated by the
ground plane.

The Gunn/patch element was constructed using the
topology of Fig. 1(a). The device is located at the point
where its impedance is matched to that of the patch. This
position can be found using a first-principles time-domain
simulation of the device [15] and a suitable model for the
patch input impedance (such as the cavity model). Alter-
natively, a semiempirical approach can be used [16], where
an approximate impedance is assumed for the device and
the proper location is found using this impedance. The
semiempirical method is convenient for hybrid X-band
circuits, but more involved computer modeling is impor-
tant for millimeter devices which must be integrated
monolithically into the antenna and hence are more diffi-
cult and expensive to make: Bias is applied at a low
impedance point on the patch.

A FET /patch element was also developed for power-
combining arrays [14], and is shown in Fig. 1(b). This
structure is not a conventional patch antenna, since it
uses two low-impedance microstrip lines coupled by a
narrow gap. The device is mounted in a common-source
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Fig. 2. Typical (a) E-plane and (b) H-plane patterns for a 7.6 GHz
Gunn/patch element. The dashed curves are cross-polarization mea-
surements. High cross-polar radiation is due to the large size of the
packaged device compared with the antenna.

configuration across this gap, with the source leads
grounded through the substrate. The feedback capaci-
tance from the gap is sufficient to make the device unsta-
ble (and hence useful as an oscillator), while the open-cir-
cuited lines provide. a good conjugate match to the load
(radiation resistance). The FET /patch element has a
demonstrated efficiency of 26%, but otherwise behaves
like the Gunn /patch element. For this reason, only data
for the single Gunn/patch element will be presented
here. ~ :

Typical radiation patterns for a Gunn/patch element
are shown in Fig. 2. This element measured 0.45 by 0.65
in., with the diode 0.15 in. from the edge, and was
fabricated on 60 mil, €,=4.1 substrate. Commercially
available low-power MA/COM packaged Gunn diodes
(MA 49104) were used in this work. Typical bias was 12 V
at 250 mA, with an overall dc-to-RF . efficiency of 1%.

* Linear polarization and measured antenna patterns were

consistent with expected patch behavior. The high cross-
polarization in the H-plane measurement indicates exces-
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Fig. 3. Frequency tuning versus reflector placement for the
Gunn /patch circuit. This curve was measured at 13 V bias, with a 1 in.
dielectric slab (e, = 4). The periodicity corresponds to approximately
half a free-space wavelength.

sive coupling to other patch modes, which is attributed to
the large size of the diode package in relation to the
antenna; this effect should be reduced in a monolithically
fabricated array [10], since no bulky package would be
used.

The tuning curves (frequency and output power versus
bias voltage) for the circuit were very similar to other
published measurements. Bias tuning can be used to
compensate for small discrepancies between the ele-
ments, which is important because the proper operation
of the array requires that the elements have nearly identi-
cal characteristics. For an array of elements, a partial
reflector (such as a dielectric slab) positioned above the
array facilitates the mutual injection locking of the de-
vices and helps establish the proper phase relationships
between the elements. Fig. 3 shows the measurements of
a single Gunn/patch element when a dielectric slab is
moved above the device. This behavior can be explained
using the basic injection locking theory described below.

1II. CouprLED OSCILLATOR THEORY

An analysis of systems using coupled or “inter-injec-
tion-locked” microwave oscillators has been published
[17], [18]. These analyses are elegant but are impractical
for power-combining arrays containing hundreds or thou-
sands of elements. In what follows, a simple treatment of
the problem is presented based on Adler’s equation for
injection locking [19], in order to gain some physical
insight into the design and operation of these arrays. This
approach was motivated by recent work in low-frequency
coupled oscillators [22], [23]. In that work, an unusual
mathematical model was postulated for the oscillator,
which dissociates amplitude and phase dynamics. It was
then argued that the steady-state behavior is a function of
the phase dynamics alone, and after introducing a suit-
able coupling term, a compact analytical result for cou-
pled oscillators was derived. However, the models were
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chosen without any correspondence to physical reality,
and the coupling mechanism was assumed instantaneous,
which is not a valid assumption at high frequencies. In
this section it will be shown that a similar set of equations
can be derived with Adler’s equation as the starting point,
including the effects of coupling delay between elements.
Note that we adopt virtually the same notation as [23] in
the following equations.

In order to neglect amplitude dynamics, weak coupling
between the elements is assumed (the meaning of “weak”
will be made clear later). This implies that the individual
oscillators are only slightly perturbed from their free-run-
ning state by the presence of the other oscillators. This
assumption leads naturally to Adler’s equation for injec-
tion locking [19]-[21], which is given by

Ao _Aw @0
dt A, 20

sin(¢0 - ¢inj)+(wo - winj) (1)

where ¢, = phase of oscillator, i, = phase of injected
signal, w, = free-running frequency of oscillator, w,,;=
frequency of injected signal from an external or neighbor-
ing oscillator, A, = free-running amplitude of oscillator
(voltage), A;, =amplitude of injected signal (voltage),
and Q =the external Q of the oscillator circuit. The
phase of the oscillator is defined relative to the injected
signal frequency, so that the steady-state solution,
d¢,/dt =0, corresponds to the oscillator being fre-
quency-locked to the injected signal. Adding the injected
frequency to both sides of (1) and noting that & = w,; +
d¢g /dt = the instantaneous frequency of the oscillator
vields

inj 1 .
v Sln(¢’0 - wmj) '

4, 20 (2)

®=w,|l-
For mutually syncronized arrays, (2) must be modified to
include the effects of coupling delay and several simulta-
neous injected signals. First, the coupling between indi-
vidual oscillators can be expressed in terms of a complex
coupling coefficient. This is similar to the scattering pa-
rameter s,; of the circuit connecting the two oscillators i
and j (reciprocity is assumed, s,,=5;). The magnitude
and phase of this coupling coefficient are written sepa-
rately as A, exp(j®, j). Secondly, superposition is used to
account for several simultaneously injected signals. Incor-
porating the above for a system of N oscillators gives a
modified form of Adler’s equation for the ith oscillator,

1 %A”A"w ¢, +P,)

w=w,|l- —— —sin(¢,— ¢, +P; )|,

L J#ZZQZAL J 7
i=1,2,---,N (3)

where the instantaneous frequency w of oscillator i is the
same for all oscillators in the system at synchronization.
Equation (3) describes a set of equations which can be
used to determine the steady state of the system. If the
free-running parameters are given, the unknowns are the
phase differences and operating frequency of the array.
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Conversely, one can solve for the frequencies and ampli-
tudes which give a prescribed phase distribution.

Some simple analytical results can be derived from (3)
by considering a linear chain of oscillators with only
nearest-neighbor interactions (the more general situation
of a two-dimensional array is similar but notationally
more complicated). Assuming that the coupling is the
same between adjacent elements in the array, A=A and
@, = ®. Furthermore, let Q=0,, N=1/2Q, p,=
A;_1/A,, and Ap,=¢;,—d,_;. The set of governing
equations becomes

w=w;[1-Np,sin(®+A¢,)— Nsin(P— A, 1)/p,11]
‘ n=1,2,---,N. (4)

Note that p;=1/py,;=0. This is the same form ob-
tained in [23], except for the presence of the coupling
phase term. However this additional term renders the
equations unsolvable by conventional linear techniques.
To solve these equations, further assumptions must be
made such as a small angle restriction where sin(A¢,) =
A¢,;, or a nonlinear root-finding procedure could be used.
For small numbers of elements, the equations can be
solved analytically.

In general there are many possible phase distributions
which satisfy this set of equations, but not all are stable
solutions. Stability of these modes can be investigated
using a perturbation analysis. Recalling that w = w;, +
d¢; /dt, a new differential equation is obtained.

d
7 Ag,=w,[1—Np,sin(D + Ad,)

— N'sin(® - A¢z+1)/pi+1]
— @, 4[1= Xp;_ysin(P + Ad;_;)
~ Vsin(® = Ady) /p]. (5)

The phase is then perturbed by a small amount by letting
Ap; > Ad, + §,. After some algebra this leads to

d
;1?5i=a;51—1f*‘bi5z+cz5z+1 i=

where
a,=Np;_w,_,cos(D+Ad,_ ;)
b;=—XNw;p;cos (D +Ap,) — Nw,_,cos (P —Ad;)/p;
¢;=Nw;cos(P— A1) /piv1- (6)

This is of the form of a matrix equation, dd /dt = A9,
where A is a tridiagonal matrix and & is a column vector
with elements §,. A stable solution for the phase distribu-
tion requires 8 to decay with time. This is satisfied when
all the eigenvalues of 4 have negative real parts. In all of
the numerical solutions of (4) and (6) which have been
carried out so far, the stability criterion (6) has eliminated
all but one or two of the possible modes given by (4). This
observation has resisted an analytical justification so far.

2,3, N
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It has also been observed that for certain values of the
coupling phase there are no stable modes of operation.

1V. Power CoMBINING WiTH COUPLED
OSCILLATOR ARRAYS

To illustrate the theory and derive some important
qualitative results, consider a simple chain of four similar
oscillators. From (4),

w=w[1-Nsin(P—-Ad,)]
0 =w,[1=Nsin(®+ Ap,) — Nsin(P — Ag;)]
w=w;[1=Nsin(®+ Ap;)— N'sin(® — Ad,)]

w=w;[1-Nsin(®+ Ag,)] (7)

assuming that the oscillator amplitudes are approximately
the same so that p; = 1. This is usually a good approxima-
tion in practice. From (7), if the amplitudes are similar,
then the final oscillation frequency of the array will lie
within the locking range of each oscillator; that is, the
locking ranges of every oscillator must overlap to some
extent. Since these are weakly coupled oscillators, the
locking bandwidth is small; hence the elements must be
nearly identical to satisfy (7). It is important to note, from
(2), that since the oscillator phase undergoes a 180° varia-
tion over the locking range, small differences in the
free-running frequencies can have a large effect on the
solution. Assuming perfectly identical oscillators (w; = @,
=w; = w,) gives
sin(® —Ad,) =sin(P+Ad,)
+sin(P — Ad3)
sin(® + A¢,) +sin(P — Ap;) =sin (D + Ag,)
~ +sin(P® - Agdy)
sin(® + A¢;) +sin(P—A¢,) =sin(P+Ad,). (8)

This shows that end effects will be important, at least for
small arrays, since the elements on the periphery see
quite different injection signals. There are many possible
solutions to (8); for phase-coherent power combining, of
most interest is the solution for which A¢, =A¢;= A,
= 0. For this solution, (8) is satisfied when ® = n, where

n=20,1,2,--+. From the stability analysis, the following
eigenvalue equation is obtained:
—2cos® — ¢ cos @ 0
cos @ —2cos P —¢ cos @ =0. (9)
0 cos P —2cosd —€

The eigenvalues e can have negative real parts only if
cos® >0, so a stable, in-phase mode is only possible if
& =02, - . If free-space coupling is predominant, this
means that the elements must be spaced at multiples of
one wavelength. Such spacing is generally unacceptable
because of grating lobes in the antenna patterns. Further-
more, it has been shown that close spacing is desirable for
large arrays for efficient power combining [6]. We have
found that placing a quasi-optical reflector element (such
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as a dielectric slab) over an array can influence the
coupling between the eclements and thereby facilitate
phase-coherent operation. An alternative view is that the
reflector forms a resonant cavity with the array, and the
elements interact via a cavity mode. The effect of this
reflector on a single element has been shown in Fig. 3,
but more work must be done to incorporate this element
into the previous theory. Consistent with the weak-cou-
pling assumption, the reflectivity of this element must be
small. Note that the use of a reflector is not a novel idea
(6], [9], but the above analysis demonstrates that it is not
necessary to the operation of these arrays, although in
practice it greatly simplifies the design. Instead of a
reflector element, a microstrip coupling circuit could be
designed to provide a weak coupling signal at the re-
quired phase angle. This has been demonstrated experi-
mentally [13] using one-wavelength microstrip lines on
GaAs to connect IMPATT oscillators.

It is desirable to quantify the assumption of weak
coupling for design purposes. This can be done to a rough
approximation by considering (3). Replacing the sine term
by 1 gives the maximum possible deviation of the oscilla-
tor from its free-running state. Taking this as a measure
of the coupling strength, and assuming a frequency devia-
tion of 10% of the locking bandwidth as the demarcation
of weak coupling, gives

MA<0.1 (10)
where identical oscillators have been assumed and M is
the number of elements coupling into each oscillator. For
a chain of oscillators with nearest-neighbor coupling,
M =2 and the constraint (10) is given by A <0.05, or
—13 dB.

The assumption of identical oscillators is generally dif-
ficult to realize in practice. Most oscillators can be de-
signed to have. some tunability with bias voltage, and this
can be used to ensure identical oscillation frequencies
(this does not guarantee stability, however). Individual
bias to each element also allows the system to degrade
gracefully—for multiple devices on a single bias, failure
of one device often leads to failure of all of the devices.
However, individual bias to all the elements of a large
array containing several hundred devices is impractical.
Another possibility is shown in Fig. 4, where several
devices are connected (via low-pass sections or chokes) to
the same bias line. This can be done if the oscillators are
designed to oscillate at the same frequency for a given
bias. For packaged devices this is difficult to achieve, but
monolithically fabricated arrays could yield the required
uniformity between elements to make this technique pos-
sible. Parasitic patch elements on the array periphery
might be used to ensure identical operating characteris-
tics, although this has not yet been tested.

Fig. 5 shows the experimental results using the differ-
ent array configurations of Fig. 4. Both four-element
linear arrays use the FET/ patch element described previ-
ously. The element spacing-is 0.58A, in Fig. 5(a) and
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Fig. 4. Some different array configurations which have been consid-
ered. (a) The individual bias allows for device nonuniformities and
graceful degradation, but the bias lines quickly use up substrate space.
(b) Driving multiple devices from a single bias line is less flexible, but
may be possible for monolithic arrays. (c), (d) Addition of a reflector
element can greatly simplify the design and operation of these arrays.
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Fig. 5. H-plane patterns for two four-element arrays. (a) Each element

is individually biased. Without the reflector the stable mode gives a main
lobe at —30° addition of a reflector enforces the in-phase mode. (b)
The elements are connected to the same bias line as in Fig. 4, with
low-pass sections between the elements. Owing to small differences in
the operating points-of each oscillator, it is difficult to establish a mode
with the elements all in phase.
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Fig. 6. Frequency shift for the coupled oscillator measurement scheme,
using FET /patch elements with dimensions 11 mm by 15 mm on 93 mil,
€, = 2.33 substrate. Coupling parameters can be extracted from this
curve. At small element separations, the coupling becomes too strong
and the theory is not valid.

0.72A, in Fig. 5(b). In Fig. 5(a), the elements were each
tuned to a frequency of 7.921 GHz. The element spacing
is such that the stable mode without a reflector gives a
main lobe at —30° from broadside. A 2.5-cm-thick dielec-
tric slab (e, = 4) was positioned above the array to give
the indicated pattern, which corresponds to the elements
operating in phase. Note that much different patterns
would be obtained for other reflector positions, owing to
the resultant change in oscillator coupling; the patterns
shown here represent the closest to in-phase operation.
The second case of all elements on the same bias line is
shown in Fig. 5(b).

Recently a convenient technique for measuring the
mutual coupling between adjacent oscillator elements has
been described [25], which can be used to determine the
coupling coefficients in (4) experimentally. In this tech-
nique, two identical oscillators which are 180° out of
phase are simulated by imaging a single oscillator using a
metal sheet perpendicular to the plane of the patch. The
operating frequency of the system is monitored while the
distance between the metal mirror and the oscillator is
varied. From (4), the frequency variation is described by
Af/fo=N(x)sin ®(x), where f, is the free-running fre-
quency of the oscillator, and A" -and ® are functions of the
element spacing, x. A coupling measurement using the
FET /patch element is shown in Fig. 6. Note that at very
small separations the coupling may become too strong
and the theory would not be valid.

The functional dependencies of the coupling parame-
ters described by the curve in Fig. 6 were found to be well
approximated by equations of the form A'(x)= A /x and
P(x)=—2mx /Ay, Where A and b are constants and x is
the element spacing. (Note that the element spacing here
is the distance between adjacent edges of neighboring
clements, ‘whereas the element spacing quoted in the
array designs is the distance between element centers.)
This expression for ® occurs if free-space coupling is
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Fig. 7. Diagram of Gunn diodes mounted into a 4X4 array of mi-
crostrip patches. The brass block serves as a groundplane, heatsink, and
dc bias return. Individual bias to each element is applied at an RF null.

predominant [24], which is expected since the simulation
does not faithfully include coupling through the substrate.

Although the coupling is important to the operation of
small arrays, this may not be as critical for extremely large
arrays, where end effects are smaller. In this case the
steady-state phase distribution will be mostly determined

" by stability considerations, which give a range of values

for the allowed coupling phase.

V. EXPERIMENTAL ARRAY REesuLts
A. 4 X 4 Gunn Diode Array k

The first experimental array of weakly coupled oscilla-
tors was a 16-clement array using Gunn diodes, shown in
Fig. 7 [26]. The individual elements were designed
semiempirically, as described previously. This array de-
sign uses individual bias to each device, which was re-
quired owing to device nonuniformities. Elements of the
array are spaced half a free-space wavelength apart, a
distance which was initially sélected based on curves in
[6]. The array was designed on a 60 mil substrate with
e, =41 ,

Each diode was first biased, one at a time, to establish
a common operating frequency. These individual biases
were then applied simultaneously. Single-frequency oper-
ation was verified with a spectrum analyzer, as shown in
Fig. 8(b). Spectra resembling Fig. 8(a) result when the
elements are not all in synchronization. (This effect has
been fully explained using Adler’s equation [20, 21].) Slight
differences in diode characteristics and diode placements
made the simultaneous injection locking a delicate opera-
tion. As previously suggested, the addition of a 1-in.-thick
dielectric slab (e, = 4.0) above the array facilitated the
injection locking.

The individual elements exhibited a frequency tuning
from 9.5 to 10.0 GHz versus bias voltage. The best results
for the array were obtained at a frequency of 9.6 GHz,
which is within 4% of the design frequency. Sharp pat-
terns in both the E and the H plane corresponding to a
directivity of 17 dB were measured at this frequency (Fig.
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Fig. 8. (a) Spectrum of the Gunn array on the threshold of synchro-
nization and (b) at full synchronization. These measurements were made
with the dielectric reflector in place.

9), and indicate in-phase operation. Some frequency tun-
ing was observed by adjusting the position of the diclec-
tric slab, but this effect is limited to the maximum locking
range of the array (=100 MHz) and also changes the
radiation patterns substantially.

A maximum received power of 9.6 mW was obtained at
a distance of 1.1 m from the array, using a 19 dB pyrami-
dal horn. The total radiated power, estimated from the
measured E and H patterns, was 415 mW., (Note that the
number quoted for total radiated power here is slightly
larger than that given in [26], owing to a numerical error
in a previous calculation.) The method of estimating total
power from the principal radiation patterns is admittedly
inaccurate, but based on comparisons with theoretical
models we believe that the figure presented here may
actually underestimate the total power by as much as
16%. This total power figure gives 26 mW per device,
which is consistent with the 25 mW rating of the
diodes—considerably more power could be obtained us-
ing devices of higher power. The above data correspond
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Fig. 9. (a) E-plane and (b) H-plane patterns at 9.6 GHz for the active

array of Fig. 7. The theoretical results are calculated by combining the
pattern of a single patch [20] with a 4 X 4 array factor. The dielectric slab
above the array (e, =4) has a small effect on the patterns. Good
qualitative agreement between the measured and calculated curves
indicates that the elements are nearly in phase with similar amplitudes.

to an EIRP of 22 W. The overall dc to RF conversion
efficiency was low, typical of Gunn diodes, around 1%.

B. 4 X4 Array Using MESFET's

While the Gunn diode array has demonstrated the
concept of power combining using the weakly coupled
oscillators, the low efficiency would be a major disadvan-
tage in many applications. Much higher efficiency, a larger
tuning range, and better noise properties can be obtained
using FET devices. Furthermore, the use of FET’s also
invites optical control of the array [29].

The experimental MESFET array is depicted in Fig. 10.
The individual element design was previously discussed,
and each uses a general-purpose Fujitsu device (FSX02).
Half as many bias lines were used in this array design,
with bias isolation between the elements provided by a
six-turn coil. The gate resistor was found necessary to
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HEHH
T

Fig. 10. Sketch of the array which uses Fujitsu fsx02 MESFET’s,
showing bias arrangement and individual element design. Elements
measure 11 mm by 15 mm and the spacing of the elements is 0.67A,
between centers. The bias inductor reduces element interactions along
the bias line.

Gate bias
resistor

FET with
grounded
source leads
(via holes)

inductor

Drain bias

suppress bias circuit oscillations. The array was fabricated
on a 93 mil Duroid 5870 substrate (e, = 2.33).

As with the Gunn array, the power-on sequence was to
tune each group of elements individually to set a common

operating frequency, and then apply dc power to all -

elements at once. Varying the reflector element spacing is
then usually sufficient to énforce mutual synchronization.
With single-frequency operation vetified at 8.27 GHz
- (within 3% of the 8 GHz design frequency) using a
spectrum analyzer, the patterns of Fig. 11 were measured.
These patterns closely correspond to the expected pattern
when the element are all in phase. Linear polarization is
clearly indicated by the low cross-polarization levels. A
maximum received power of 1.4 mW at a distance of 2.23
m was measured using a 19 dB pyramidal horn, yielding
an EIRP of 10 W. A total radiated power of 184 mW was
~ estimated from the pattern measurements, giving 11.5

mW per device at 26% efficiency. The corresponding

directivity is 17.2 dB. The results of the MESFET array’

are seen to be similar to those of the Gunn array, but with
a much higher dc-to-RF efficiency, which makes it a more
attractive design. Better efficiency and somewhat higher
output power per device could be obtained by using gate
bias to each element.

The MESFET array exhibited a broader tunmg range
than the Gunn array, approximately 400 MHz with vary-
ing reflector position. Much quieter operation was also
observed, which is characteristic of FET’s. The spectrum
of the MESFET array is shown in Fig. 12, along with the
spectrum when the array is externally locked to an
HP8350B sweeper (83592B plug-in). Phase noise of —78
dB/Hz at 100 kHz for the free-running case was mea-
sured using a spectrum analyzer.

VI. CoNCLUSION

An architecture for quasi-optical power combining has
been discussed which involves mutually synchronized ar-
rays of single-device power sources. These elements inte-
grate a device with a polar radiating element, such as a
patch antenna. The oscillators are allowed to interact
weakly in order to synchronize the frequency and phase
relationships. A quasi-optical reflector element was found
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to aid in establishing a desired phase relationship. By
limiting the coupling to free-space interaction, the array
design reduces to the design of a suitable single oscillator
element. A simple theory based on Adler’s equation has
also been presented which establishes certain design
guidelines for these types of arrays. Further work is
necessary to incorporate the reflector element into the
theory.

The proposed concepts have been verified using two
16-element X-band arrays, one utilizing Gunn diodes in
patch antennas as the active element and the other us-
ing MESFET’s. The Gunn diode array operated at 9.6
GHz with an EIRP of 22 W at 1% efficiency, while the
MESFET array operated at 8.2 GHz with an EIRP of 10
W at 26% efficiency. Both of the arrays were constructed
using hybrid assembly techniques. For large arrays, bias-
ing will be an important issue. Proper operation of the
array requires that the elements have nearly identical
characteristics, which would allow them to be biased from
a common source. Therefore, monolithic fabrication of
millimeter-wave arrays is expected to be the best test of
theory and design concepts presented here, and repre-
sents the next logical step in this area.

The main goal of this work is to develop a reliable,
high-power solid-state source for the high millimeter-wave
region, beyond 100 GHz. This will require hundreds or
thousands of devices. Some existing theoretical work on
quasi-optical power combiners indicates that there is a
diminishing return as the number of devices increases [6].
Further experimentation is necessary to establish scaling
laws for these arrays.

Future areas of research include beam steering and
optical control of the arrays. Individual control of the
elements becomes difficult because of limited real estate.
Optical control provides a means of addressing each
element and can be realized by using integrated detectors
of direct illumination of MESFET’s or HEMT’s [29]. The
optical signals may be used to provide RF modulation or
phase control. Beam steering can be achieved by varying
the coupling between elements. This is illustrated in Fig.
5, where the central beam changes considerably as the
position of the reflector element is varied.
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