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BRIEF OUTLINE OF RESEARCH FINDINGS

Specific Aims — The goals of our work have not changed from the original proposal.

Summary Results — The principle achievement during this reporting period was the demonstration
of a high-power two-dimensional coupled oscillator array at X-band, which produced approximately
12 Watts of RF power using twelve oscillators arranged in a 2 x 6 array. In addition, exploratory
work in chaotic dynamics of coupled-oscillator systems was initiated, and low-dimensional chaos was
identified in small chains of coupled oscillators both theoretically and experimentally.

High Power Array: For power-combining purposes, our best result using the coupled-oscillator
concept has been a 6 x 2 array operating at 11 GHz. This array used a transmission-line coupling
network similar to previously reported arrays in this program, with two linear arrays of six oscillators
interconnected at the edges to form a 12-element loop. The oscillators were designed around packaged
GaAs power FETs (NEC 9008-11) in a feedback oscillator topology. Since this was a power design,
care was taken to provide adequate heatsinking for the device. Consequently a “tray” approach
was adopted as illustrated in figure 1, where each oscillator circuit was constructed on a Duroid
substrate with a thick (quarter inch) Aluminum ground plane. Each oscillator fed a patch antenna
on a separate board via short coaxial feed-throughs. The feed point on the probe-fed patches was
selected to provide an optimal impedance match for maximum cutput power, which was determined
empirically using a mechanical tuner and network analyzer. Each oscillator produced approximately
1 Watt in this configuration, under typical bias conditions of 8.5V @ 900 mA.

Figure 1 — Photograph of an 11 GHz power-oscillator array pallette (rear-view and front-view)
producing 6 Watts. The measured radiation pattern showing in-phase operation is given in fig. 2.
The oscillators are to connected to a patch array on the front board using coaxial feed-throughs.

The array was built from two linear array oscillator “palettes”, one of which is shown in figure 1.
The measured H-plane pattern for the 6 x 2 array is shown in figure 2. The measured Effective
Isotropic Radiated Power (EIRP) for this array was 933 Watts. The E-plane patterns were distorted
by the presence of additional parasitic patches on one side of the array (the array was actually a
sub-array of a larger 6 x 6 version. Since the E-plane pattern for this array does not closely match the
theoretical pattern for a twelve element patch array, the total power could not be reliably estimated
by finding the theoretical directivity for the array. A.a empirical estimate of the directivity was made
by constructing an approximate three-dimensional patt..a wrom the mea. ured principal pattern cuts
and integrating according to the standard definition of directivity. This gave a directivity of Do = 81
(19dB), which leads to a total radiated power of 11.7 Watts, and an estimated power-combining
efficiency of 96% based on the direct power measurements of the individual oscillators. The total




. Measured
Theory

Relative Power, dB

90 -60 -30 0 30 60 90
Angle from Broadside, degrees

Figure 2 — Measured H-plane pattern for the 12 Watt 2 x 6 coupled oscillator array. The measured
EIRP for this array was 933 Watts, with an estimated directivity of 81 (19dB)

Chaotic Dynamics: The chaotic regimes of practical systems are currently of interest for a variety
of potential applications including chaotic communications. Our interest stems from recent work
in feedback control techniques, where it has been shown that chaotic systems can be stabilized
and manipulated in very simple ways. A chaotic system in essence is constantly hopping between
an infinite number of “orbits” in its return map. The feedback control techniques are designed
to occasionally nudge the system back into a particular orbit whenever it begins to wander away.
Interestingly, this nudge can be very small and can represent almost any parameter in the system. To
understand why this could be useful in oscillator arrays, note that the power fluctuation in figure 3
implies that the main-lobe of the radiation pattern is constantly in motion. Using an appropriate
feedback network, the system could be stabilized into a desired phase-plane trajectory which would
correspond to a desired scanning pattern. We have recently demonstrated that our models do lead
to low-dimensional chaotic behavior for systems of four oscillators. A typical chaotic output power
waveform and corresponding return map computed from our dynamic models are shown in figure 3.
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Figure 3 — (Left) Output power waveform for a weakly-coupled 4-element oscillator array, showing
apparent chaotic behavior. (Right) Corresponding phase-plane diagram.
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A. STATEMENT OF THE PROBLEM

This project involved an exploration of mutual synchronization phenomenon in coupled-oscillator sys-
tems. The systems under study were comprised of microwave or millimeter-wave oscillators arranged
in a one or two-dimensional array. Each oscillator delivers its power to a planar antenna structure
so that the power is collected and combined radiatively, or “quasi-optically”. The oscillators are
coupled together either through radiative interactions between the antennas, or through dedicated
transmission-line circuits. Such systems can be used for coherent power combining of solid-state
sources.

The behavior of coupled nonlinear oscillators is complicated. Simple dynamic modelling based on
approximate equivalent circuits for the oscillators and coupling mechanisms was developed. The
efficacy of this approach was examined during the project through careful experimental study. Critical
issues for practical implementation of the approach were identified. Novel beam-scanning and pulse
generating concepts were discovered and verified experimentally. During the latter stages of the
project, refinements to the basic models and experimental prototypes were developed for improved
performance. Finally, noise performance of the arrays was undertaken. The results of these efforts
are summarized below; additional technical details can be found in the publications listed in section
C.

B. SUMMARY OF IMPORTANT RESULTS
e Developed and verified a technique for dynamic modelling of oscillators coupled through arbitrary
broadband circuits

e Discovered a simple technique for beam scanning in oscillator arrays which produces a linear
phase progression simply by detuning peripheral array elements. This was verified experimental
with numerous array prototypes operating from 4 GHz to 11 GHz.

e Demonstrated a 12 Watt two-dimensional coupled-oscillator array using a 2 x 6 array of 1 Watt
microwave oscillators operating at 11 GHz, feeding a set of patch antennas. This array produced
an effective radiated power of 933 Watts.

e Developed a simple technique for enhancing the scanning range using a set of frequency doublers.
Experimental prototype operating at 8 GHz demonstrated a scanning range of 80° (£40° around
broadside) using patch antennas.

e Demonstrated the scanning array concept in a receiving mode as well as a transmitting mode.

e Developed a theoretical technique for dynamic modelling of oscillators coupled through resonant
circuits, such as external Fabry-Perot cavities

e Developed and verified a coupled-phase-locked-loop technique for both beam-scanning and pulse
generation (mode-locking) with improved locking range compared with coupled-oscillator sys-
tems, from 2-4 times larger depending on the PLL design.

e Developed a novel technique for enhancing the locking range of simple oscillators using a low
frequency loop amplifier.

e Proved theoretically and experimentally that the phase noise in a ccupled oscillator system is
reduced in direct proportion to the number of cscillators.

Additional technical details for these items are given below. Note: for cited references please refer
to section C.
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B.1 Theoretical Developments

The practical use of nonlinear oscillators for coherent power-combining and phase control is based
on the phenomenon of injection locking. Our approach to modelling synchronization phenomena is
a complex amplitude method providing amplitude and phase dynamics of an oscillator array when
coupled through an electrical N-port network as shown in figure 1. The coupling network is described
in terms of Y-parameters, so that the input admittance at port ¢ is

N v
Ycirc,i = E Yzjvj (1)
=t

where V; is the terminal voltage at port i. Each oscillator circuit, described by Y;°¢ for the ith
oscillator, contains an active device and embedding network, where the tth oscillator is described by
a free-running frequency w; and free-running amplitude «;. The load of each oscillator is typically
the radiation resistance of a planar antenna (or the unit cell of a grid).
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Figure 1 — Oscillator Array coupled by an arbitrary N-port network described by y-parameters.

For non-zero terminal voltages, the “connection” conditions
YO (w, Vi) + YW, V) =0 i=12,...N (2)

must be satisfied at each frequency. For convenience, the total admittance at the ith port will be
defined as Yi(w,V) = Y>(w, V;) + ¥*(w, V), so (2) is written as Y;(w,V) = 0. We anticipate
sinusoidal (or nearly sinusoidal) oscillations of the form

Vi = Ai(t) e Wit + )] = 4,(1) 208 (3)

where the amplitude and phase are allowed to be slowly varying functions of time, and 6; is the
instantaneous phase of the ith oscillator. Considering the time derivative of V; gives

Wi _ [ dg 1dA
a v

— - ) Vi 4
it At | @
Comparing (4) with the result from Fourier theory, dV/dt — jwV, Kurokawa concluded that the
expression in brackets must be the time-domain representation of the instantaneous frequency. Using
this expression for the frequency, w, and the slowly-varying approximations

do; _ 1 dA; (5)

<K — <K wj
a oY A i
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allows (2) to be expanded in a Taylor series about the free-running frequencies, leading to (7]

dA; Y;
— =4l
& = avgas|
o i=1,2,...N (6)
do; Y;

@~ R Bvew

wi, Ay

These equations describe the amplitude and phase dynamics for the coupled-oscillator system. Note
that the total admittance Y; depends nonlinearly on the amplitude and phase variables through
(1), and hence (7) represent a complicated set of coupled nonlinear differential equations. We are
most interested in steady-state solutions to (6) where all oscillators are synchronized to a common
frequency, w, which occurs when

dA; do;

o =0 and E—w 1=1...N (7

A simple Van der Pol model (cubic nonlinearity, single-tuned circuit) is used for the oscillators, and all
have nearly identical Q-factors and load conductances G, but non-identical free-running frequencies
and amplitudes. The total admittance and its derivative at each terminal are then (7]

N
Aj . _ B,
Yi(wi, A)) = —pGrf(A) + ]Z_;Yiqjejwf %)
ay; Y ooy, A ®
bl i '} i 3(0; — 0:)
Ew QG /w +Z Ew i
) Wy j=1 w;
where f(4;) = (1 — A?/a?), and p is a dimensionless nonlinearity parameter [7]. Defining the
normalized coupling parameters x;; as
kij =Yi5/GL (9)

it can be shown [7] that for certain coupling structures the amplitude and phase dynamics are given
by

N
dA;  pw; w; _ B,
I e TR P Re { ;005 — 0i)
i =~ gl A5 nzzlAl {"”e }

N
do; wj Aj 20, —6;)
=y — — R J 1
7 wj 5 nEZIRe{K;U z'e

In the limit of strong coupling between the oscillators, the amplitude dynamics can be significant.
Experiments have shown this to be an important factor in wide-angle scanning arrays, so a better
understanding of the amplitude dynamics and suppression of undesirable amplitude fluctuations (or
possible exploitation for beam shaping) is an important objective of the future work in this area.

- (10)

B.2 High Power Array

For power-combining purposes, our best result using the coupled-oscillator concept has been a 6 X 2
array operating at 11 GHz [23]. This array used a transmission-line coupling network similar to
previously reported arrays in this program, with two linear arrays of six oscillators interconnected
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Figure 2 — Photograph of an 11 GHz power-oscillator array palette (rear-view and front-view)
producing 6 Watts. The measured radiation pattern showing in-phase operation is given in fig. 3.
The oscillators are to connected to a patch array on the front board using coaxial feed-throughs.

at the edges to form a 12-element loop. The oscillators were designed around packaged GaAs power
FETs (NEC 9008-11) in a feedback oscillator topology. Since this was a power design, care was
taken to provide adequate heatsinking for the device. Consequently a “tray” approach was adopted
as illustrated in figure 2, where each oscillator circuit was constructed on a Duroid substrate with
a thick (quarter inch) Aluminum ground plane. Each oscillator fed a patch antenna on a separate
board via short coaxial feed-throughs. The feed point on the probe-fed patches was selected to
provide an optimal impedance match for maximum output power, which was determined empirically
using a mechanical tuner and network analyzer. Each oscillator produced approximately 1 Watt in
this configuration, under typical bias conditions of 8.5V @ 900 mA.
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Figure 3 — Measured H-plane pattern for the 12 Watt 2 x 6 coupled oscillator array. The measured
EIRP for this array was 933 Watts, with an estimated directivity of 81 (19 dB)

The array was built from two linear array oscillator “palettes”, one of which is shown in figure 2.
The measured H-plane pattern for the 6 x 2 array is shown in figure 3. The measured Effective
Isotropic Radiated Power (EIRP) for this array was 933 Watts. The E-plane patterns were distorted
by the presence of additional parasitic patches on one side of the array (the array was actually a
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sub-array of a larger 6 x 6 version. Since the E-plane pattern for this array did not closely match the
theoretical pattern for a twelve element patch array, the total power could not be reliably estimated
by finding the theoretical directivity for the array. An empirical estimate of the directivity was made
by constructing an approximate three-dimensional pattern from the measured principal pattern cuts
and integrating according to the standard definition of directivity. This gave a directivity of Dy = 81
(19dB), which leads to a total radiated power of 11.7 Watts, and an estimated power-combining
efficiency of 96% based on the direct power measurements of the individual oscillators. The total
arrays drew 9 A of current at 8.5V, giving a wall-plug efficiency of 15%.

B.3 Scanning Arrays
For a single oscillator, (10) can be reduced to a form of Adler’s equation for injection locking

d6 wo Ain;

% =uwg + % a Sin(einj - 0) (11)

where § = wt + @(t) and bin; = winjt + Pinj are the instantaneous phases of the oscillator and the
injected signal, respectively, Ainj and A are the amplitudes, similarly, and @ is the quality-factor of
the oscillator resonant circuit. When the oscillator locks onto the injected signal, df/dt = wip; in the

steady-state, and (11) becomes

wo Ainj

20 A

Winj = wo + Awlock sin A where Awioek = (12)

Awioe is called the locking bandwidth of the oscillator, and Af is the steady-state phase difference
between the oscillator and injected signal. Equation (12) indicates that as the injected signal fre-

quency is tuned over the locking range of the oscillator, wo = Awiock, the phase difference will vary
between —90° < Af < 90° as shown in figure 4.
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Figure 4 - Injection-locked oscillator and plot showing behavior of oscillator phase as injection
frequency is varied relative to the free-running frequency.

The induced phase shift suggests the possibility of a simple technique for phase control in arrays.
However, it is not trivial to graphically extrapolate the behavior of a coupled-oscillator array based on
the result for a single oscillator shown in figure 4. Referring to equations (10), the steady-state phase
distribution is a complicated nonlinear function of the oscillator tunings and amplitudes. For ana-
lytical simplicity and developing physical insight, we generally restrict attention to nearest-neighbor
interaction and identical oscillators [3,7]. The mutual interaction between adjacent oscillators is de-
scribed using a complex coupling coefficient, which is written in terms of a coupling strength and
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phase as € exp(—)®), and can be related to the y- or z-parameters of the coupling circuit that con-
nects the oscillators [7]. The phase dynamics of a system of N coupled oscillators can then be derived

as
db; fw o -
71—;-=wi~-2-§1j:lz_lsm(@+0i—9j) i=12,...,N (13)
i

where w;, and §; are the frequency and instantaneous phase, respectively, of oscillator 7, and Q is
the @-factor of the oscillator embedding circuits. When the free-running frequencies, w;, are similar
enough, then the oscillators can lock to the same frequency so that df;/dt = w in the steady-state.
For beam-scanning a constant progressive phase shift of A¢ is required, represented mathematically
as

;i —0i1=0¢p i=2...N

Substituting this condition into (13) and assuming ® = 0° leads to a set of conditions on the free-
running frequencies [2,3]

wo[l = AwmsinAg]™ ifi=1
wi =4 wo _ ifl<i<N (14)
wol[l + AwmsinAg]™' ifi=N

where wp is the desired steady-state synchronized frequency, and Awn,, = ewp/2Q is the locking
range. This indicates that a constant phase shift can be programmed by slightly detuning only the
end elements of the array in opposite directions, independent of the number of oscillators in the
array. This is a key advantage of the coupled-oscillator technique over other phase control methods,
i.e. only peripheral array elements need to be manipulated. This is a remarkable result, but one that
has resisted a simple physical interpretation and therefore broad acceptance in the field.

Although (4) seems to imply that any phase shift A¢ can be obtained, a stability analysis of (3) puts
limits on this quantity [2,3]. For the special case of & = 0°, the limits are

—-90° < A¢ < 90°

In a typical array with element spacing of d = A¢/2, this phase shift is sufficient to scan the beam over
a +30° range. This simplified analysis serves to introduce the beam-scanning concept, but in reality
the dynamics are complicated by many factors that have been left out of (1), such as amplitude
dynamics and non-uniformities, frequency-dependent coupling networks, non-nearest-neighbor inter-
actions, non-uniform tuning profiles of the VCOs, and frequency-dependent device characteristics.
Frequency-dependent coupling networks have been addressed recently in [10]; most of the remaining
issues could be treated in a future work effort.



Figure 5 — Photograph of an 8-element MESFET VCO array using patch antennas, operating at
8.4 GHz.

In practice the implementation of the scanning oscillator array concept at microwave frequencies
is complicated by the complexity of microwave oscillators (from an impedance point of view), the
difficulty in controlling parasitics and device parameters variations, and the distributed nature of
the coupling networks. Some of these problems are addressed later. To date our work has focused
primarily on proof-of-concept arrays using very simple (in some cases crude) oscillator designs and
coupling networks. Several prototypes have been made [2,4,15,20,21]; one scanning array is shown
in figure 5, where a number of simple MESFET oscillators with patch antenna loads are coupled
via resistively-loaded one-wavelength transmission lines. The array used a simple VCO based on a
varactor-tuned patch antenna [6], and produced over 1 Watt at 8.4 GHz with a total scanning range
of 45° (~15° to +30° around broadside). Typical radiation patterns are shown below [20].
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Figure 6 - Measured radiation patterns for two representative varactor tunings for the array of
figure 5. A total scan range of 45° was achieved [20].

Note in figure 5 that as the beam pattern is scanned, a degradation in sidelobe levels is observed. This
has been frequently observed in our prototypes, and appears to be a result of a complex interplay
of the amplitude dynamics, coupling network design, and oscillator power variations and intrinsic
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nonlinearity (or gain saturation). A future effort could address this problem.

B.4 Refinements

One apparent limitation of the injection-locked or coupled-oscillator topologies (for some applica-
tions) is the limited range of phase shifts that can be synthesized. This can be improved using the
topology shown in figure 7 below. A frequency doubler circuit is used at each array element which
effectively doubles the inter-element phase shift, which extends the theoretical scanning range to full
hemispherical coverage [25]. The signals can then be amplified (for additional power and efficiency)
and fed to a planar radiating element.

This technique has some other potential benefits: the oscillators can be designed at a lower frequency
(half the desired output frequency), which is useful because oscillators are sensitive to parasitic
reactances in hybrid circuits, and also because oscillator design is simpler when the device has high
gain, which is more easily achieved at lower frequencies. The range of oscillator tuning required to
achieve a given scan range is also significantly reduced, which is advantageous since operation of the
array near the locking band edge is undesirable due to increased phase noise, reduced modulation
range, and increased sensitivity to environmental disturbances. For +45° scanning in a frequency-
doubled array (half-wavelength spacing), the relationship between oscillator tunings and interelement
phase-shift (fig. 4) is quite linear, which makes calibration and scan control circuit design much
simpler. Finally, the doublers (and possibly amplifiers) following the oscillators provide a desirable
measure of isolation between the antenna and oscillator. This has been a source of problems in
the past, since load pulling effects due to phase-sensitive mutual coupling between antennas and
environmental disturbances could cause the array to lose phase-lock. Using FET-based doublers,
a stable broadband load impedance is presented to the oscillators. A prototype array has been
demonstrated [25], achieving a total phase variation of ~ 260°.

patch antenna
array

enhanced
! scan range

-

oscillator

scan control DR-stabilized scan control
oscillator

Figure 7 - An improved version of the scanning oscillator concept uses frequency doublers to
increase the scan range, and a low-noise source to stabilize the array, as well as power amplifiers to
buffer the oscillators and increase output power.

Industrial affiliates also expressed interest in lowering the phase-noise of the oscillator arrays (partic-
ularly for receiver applications). This will be especially important in a frequency-doubled array since
the oscillator noise is also doubled. Low noise can be achieved by injecting a stable reference signal
(which could also contain modulation) into the center element of the array, as shown in the figure 7.
We have shown theoretically that this does not affect the scanning technique, and have measured
dramatic improvement in phase noise, suitable for sensitive receiver applications using an earlier
array prototype [24]. Typical measurements for a 5-element MESFET array are shown in figure 8
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Figure 8 — (Left) Free-running spectrum of a 5-element 0.25 um GaAs MESFET array (oscillator
Q ~ 20). (Right) Spectrum of same array after injection-locking the center-element to a YIG-

stabilized Gunn oscillator.

below, showing the noise improvement after injection-locking the center-element to a YIG-stabilized
Gunn oscillator.

The scanning oscillator configurations can also be used for receiving applications [26]. This is accom-
plished by using the scanning oscillator array as the local oscillator for a set of mixers, as shown in
figure 9. Using one of our early array prototypes and some commercial packaged mixers, this concept
was tested by first measuring the scanning properties in transmit mode (oscillators coupled directly
to antennas), followed by the receive mode as shown. Identical scan ranges and patterns observed in
each case, as expected. It may be possible to merge the transmit and receive functions, especially
for FMCW imaging arrays, by making each array element a self-contained FMCW transmitter and
receiver, where each array element is coupled to its neighbors. This has not yet been tested. It
may also be possible to accomplish the receiving function with a subset of the total array elements,
thereby saving on the number of additional circuit components that are required.

antenna

coupled-
- oscillator
array

Received signal

Figure 9 - The coupled-oscillator technique can be used for scanning receivers by using the array
as a distributed local oscillator.

A further refinement of the coupled oscillator technique is the use of phase-locked-loop (PLL) tech-
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niques to phase-lock the array elements [9,28], instead of the nonlinear injection-locking process.
This is shown in figure 10. The phase dynamics of simple phase-locked loops are almost identical
to that predicted by Adler’s equation, hence all of the previously developed scanning techniques
would be preserved. The benefit of this technique is more robust operation; the array elements
are forced to lock to each other, and the locking or capture range can be much larger than that
achieved with injection-locking techniques. In addition, the PLL technique does not suffer adversely
from dynamic amplitude variations when strongly coupled, which appears to be a limiting factor in
the coupled-oscillator technique. The disadvantage is, of course, the added complexity of the PLL
circuitry. However, it is conceivable that a suitable PLL MMIC chip could be developed for use
in such arrays, which would be cost effective in comparison to stand-alone VCO chips. Microwave
prototypes of both a mutually synchronized PLL array and a “mode-locked” (pulsed) array [9] have
been demonstrated. ‘

antenna
mixer
( ) R )(§ )
LPF PF LPF PF
VCO
scan control two-way combiner scan control

Figure 10 - Simple Phase-Locked Loop (PLL) circuits can be used as drop-in replacements for the
oscillators with a large benefit in terms of bandwidth and sensitivity to circuit tolerances.

B.5 VCO with Enhanced-Locking Range

We mentioned the potential for phase-locked loop (PLL) techniques to be advantageously employed
in coupled-oscillator configurations (figure 10). To the extent that FET oscillators can be used as
self-oscillating mixers, we have demonstrated the possibility of making extremely simple PLL circuits
by making only a slight modification to our standard VCO designs, as shown in figure 11a.

The essential point is that the nonlinearity of the device will mix the oscillator output against an
injected signal, so mixing products will be superimposed on the oscillator output. If these low-
frequency signals are amplified and fed back to the varactor tuning element appropriately, a PLL is
created. This can be proved as follows. The VCO is designed so that the output frequency w is a
function of the varactor voltage Vj,

w=uwp+2rKV (24)

where K is the VCO tuning sensitivity (Hz/Volt). With the feedback loop shown in fig. 11a, the
varactor voltage is given by '
V= OLGA()Am]' Sin(Aa) (25)

where o is the mixer conversion loss, G is the loop gain, Ag and A;n; are the output and injected
signal amplitudes, respectively, and A4 is the relative phase difference of the two signals. When (24)
and (25) are combined, the result is Adler’s equation (or a first-order PLL equation) with a locking
range given by

Afm = KO&GAoAmj (26)
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Figure 11 — (a) Simple PLL circuit concept using a FET oscillator with low-frequency feedback
loop. (b) Preliminary measurements shown significant improvement in locking range using a 20dB
loop gain in an X-band MESFET VCO.

This gives us some obvious ways to increase the locking range of the system without adversely
affecting other dynamical aspects. Most importantly we require a large tuning sensitivity and a large
loop gain.

A prototype has been constructed by simply adding a low-frequency DC-coupled amplifier (20dB
gain) to an existing X-band oscillator. The resulting locking range for this particular case is shown
in figure 11b, and shows a significant increase over the injection-locking range for the same oscillator
without feedback. We have proven that this is not simply a result of loading (which would lower the
oscillator Q) since the feedback can also be made to lower the locking range by reversing the varactor
polarity. This is a very simple technique for increasing the locking range, which should lead to robust
power-combining and scanning arrays, while simultaneously reducing amplitude fluctuations.

B.6 Phase Noise Analysis

Regarding the practical use of oscillator arrays, phase noise has been identified as an important
problem for study. This is a difficult subject. Intuitively one would would anticipate a decrease in
noise in an array environment as the array size increases, since the source of noise in each oscillator
are independent random processes and would add incoherently, whereas the desired signal adds
coherently. In the case of amplifier arrays, such as in a radiometric receiver array, it is well known that
the lack of correlation of the noise fluctuations between array elements leads to a 1v'N dependence
of total phase noise for the ensemble, where N is the number of array elements. The case of a
mutually synchronized nonlinear oscillator array is much more complicated, because the mutual
coupling between oscillators and nonlinear synchronization mechanisms leads to a partial correlation
of the voltage fluctuations at the output of each oscillators. Computing the autocorrelation of the
combined output waveform is therefore a difficult process.

We have examined phase noise in oscillator arrays [12] and shown that the noise is reduced in
proportion to 1/N. This was verified by experiments using a 5-element MESFET array. Figure 12
shows the noise measurements on this array. Also examined were the noise properties of the array
under external injection locking. The measurements show excellent agreement in comparison to
theoretical predications; some examples of the latter are shown in figure 13. The theory is involved,
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so the reader is referred to our recent paper [12]. The result for external locking shows that the
array assumes the noise properties of the external source near the carrier, and reduces to the free-
running array noise (which involves the 1/N reduction) far from the carrier. The results bode well
for practical applications making use of coupled-oscillator techniques.
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