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implemented easily on a pocket calculator. In terms of accuracy,
the described formulas represent a considerable improvement on
the foundation of coaxial component design and are fully com-
patible with the needs of modern computer-aided microwave
coaxial circuit design.
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Abstract — An array of coupled oscillators can synthesize the microwave
phase relationships needed for phased arrays by means of a technique
known as interinjection locking. The mode required must be stable, and a
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general approach for evaluating mode stability and predicting frequency
and phase relationships is applied to an experimental two-element 10 GHz
array. Radiation coupling between the two oscillators leads to coherent
operation, and the simple theory developed successfully predicts the sys-
tem’s behavior over a wide range of interoscillator distances.

I. INTRODUCTICN

Recently a novel method of phase generation and control for
phased arrays has been developed. The technique, described as
interinjection locking [1], [2] or parasitic injection locking [3],
consists in driving each element in a phased antenna array with
its own directly coupled oscillator. Suitable coupling between the
antenna elements causes the system as a whole to run coherently,
synthesizing the properly phased drive for each clement. Rather
than requiring a phase shifter for each element, the system can be
steered by a few externally controlled injection inputs at strategic
points. The difficulties and losses encountered when a phase-
shifting circuit must be provided for each element could be
greatly reduced by applying this technique to microwave, and
especially millimeter-wave, integrated circuits in which phase
shifter losses rise rapidly with increasing frequency.

A system of N nonlingar oscillators can in principle operate in
any one of N single-frequency moces, and even more if
multiple-frequency operation is considered. Typically only one of
these modes meets the phased array requirements, so some means
must be established for evaluating mode stability in systems of
coupled oscillators. In this paper we analyze two oscillators
coupled solely by means of the free-space interaction between
their respective antenna elements. The oscillators are modeled as
energy-storing L C tank circuits in parallel with voltage-depen-
dent negative conductances. A simplified far-field slot antenna
model is used to derive the mutual admittance of the two
antennas. Even-odd mode analysis yields the normal modes of
the system, and a theorem from averaged potential theory is used
to determine which mode is stable. Two microstrip Gunn diode
oscillators were built to verify the essential features of the model.
Oscillator frequencies, relative phases, and radiation patterns
were measured as functions of the interantenna distance, and the
periodic alternation of modes with distance predicted by theory
was confirmed quite well. Although the small system studied is of
limited practical use, it has many features in common with larger
practical interinjection-locked systems.

II. THEORY

Most studies of multiple-device oscillators, such as Kurokawa’s
[4], assume that the primary energy storage mechanism is a
resonant-structure mode common to all the devices, with rela-
tively little energy stored within each device’s associated circuitry.
In contrast to this, the interinjection-locking approach begins
with self-sufficient oscillators capable of independent operation,
but susceptible to injection locking with a signal applied to their
outputs. In Fig. 1 two such oscillators are modeled as parallel
equivalent circuits consisting of L-C tanks and voltage-depen-
dent negative conductances — G, (v). For most purposes a sim-
ple cubic function — G, (v)=—gv+ g’ suffices to model
devices in systems with relatively small levels of injection power
[5]. Circuit losses are modeled by conductances G;, and in the
absence of external loads (1, = I, = 0), each circuit will achieve a
steady-state oscillation at a frequency w, =1 /VLC and ampli-
tude ¥, such that —G,(¥;)+ G, =0. In the discussion that
follows, the oscillators are assumed to have identical characteris-
tics.
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Fig. 1. Two identical oscillator circmits driving identical slot antennas sep-
arated by distance d.
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Fig 2 Oscillators of Fig. 1 treated by even-odd mode analysis: (a) even
mode; (b) odd mode.

Consider the two antennas A,,A, separated by a distance d
and driven by the oscillators. Any pair of antennas can be
represented by a mutual admittance matrix [Y]:

H=[Yu YuHVl}
Ll |Ya YullW

in which Y,, =Y,, by reciprocity and Y;; =Y), in the present
case by symmetry. Symmetry also informs us that the two normal
modes of the system are (a) the even mode, in which ¥, =7,, and
(b) the odd mode, in which ¥} = —¥,. Substituting each expres-
sion into (1) gives us equivalent even-mode and odd-mode loads
for the oscillators, which can now be treated independently as
Fig. 2 shows:

(1)

Evenmode ¥, =Y, + Y,
Oddmode Y, =Y, — ¥,,.

()
()
The system analysis is now reduced to the simpler consideration
of equivalent loads on independent oscillators.

A new and powerful technique known as the averaged poten-
tial method [5] has recently been applied to cylindrical micro-
wave cavity power combiners [6]. For a system as simple as this
one, a theorem for averaged potential theory is alt that is needed
to determine mode stability. This theorem states that in a system
of coupled oscillators, “the oscillation changes in the direction of
minimizing the time average of the dissipation in the entire
system” [5]. This statement agrees with the intuitive reasoning
behind mode-damping resistors placed so as to dissipate energy
only when an undesirable mode is present, forcing a system to
operate in a lower dissipation mode. In the case of the even and
odd modes of Fig. 2, one merely calculates the steady-state
dissipation from a knowledge of — G, (V), G, and Re[Y,] or
Re[Y,]. The mode resulting in the least dissipated power must be
the stable mode.
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(a) Top view of layout of 10 GHz microstrip Gunn-diode oscillator.
(b) Edge view.

Fig 3

III. EXPERIMENTS

Since planar fabrication technology promises to exploit the
interinjection-locking technique most fully, the experimental
oscillators were designed around a microstrip quarter-wave reso-
nator. Fig. 3(a) shows the dc bias network feeding the resonator
at the low-impedance end, where the packaged diode was mounted
so that its top cap could be soldered to the microstrip while the
bottom portion was embedded in the 2.5 cm square brass ground
plane. The high-impedance end of the resonator extended to the
edge of the substrate, which coincided with the edge of the
ground plane. Viewed edgewise in Fig. 3(b), the open microstrip
end is seen to form a slot antenna of width w=10.5 cm and
height 7 =0.71 mm, the thickness of the diclectric substrate
(relative permittivity = 2.2). A simplified analysis was based upon
the treatment of slot antennas by Derneryd [7]. He found that
both the slot admittance (¥}, = Yy, in our case) and the antenna
directivity D could be expressed in terms of an integral in which
the slot width w and the free-space wavelength A appear:

aTwW
_ sin® (T cos 0) sin’ @

I=/; cos?

df. (4)

In terms of this integral, ¥;; = Y,, = (I/m)y/¢y /po and directivi-
ty D = (47%w?)/(IN). By using a curve-fitting approximation to
Derneryd’s integral, we obtained these expressions for the admit-
tance matrix elements:
w2
5

(90&2)[1+1.78<¥)2]1/2

~

Y., =Y. =,2le*/(kd+9) (6)
12 21 7]>\d .

Yu=Yn=

(5)

The wavenumber k =2a/A, = impedance of free space, and d
is the interslot distance. The magnitude of the expressions for
mutual admittance was obtained by assuming that antenna gain
equals directivity (no losses). The phase factor was set equal to
kd plus an unknown constant offset § to be determined. Since
these expressions are based upon far-field assumptions, they
cannot be expected to apply for distances less than about a
half-wavelength, but this restriction still allows most of the cases
of practical interest to be treated.
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Fig. 4. Expenmental setup of phase and frequency measurement versus
separation of coupled oscillators.

An analysis of the microstrip oscillator circuit showed that
over the relatively narrow frequency range of interest, it could be
modeled by components L = 0215 nH and C =1.178 pF in Fig.
1 for a nominal free-running frequency of 10 GHz. Mode stabil-
ity was determined by the fact that for all loads considered, the
oscillator was undercoupled in the sense that an increase in the
load admittance’s real part led to an increase in output power.
Therefore, the averaged potential theorem predicted that the
mode having the smaller total load conductance was preferred.
Since

2wrcos(kd + 6)
nAd
2w2cos(kd + ) 5

hd (8)

we expected the circuit to alternate between even and odd modes
as d increased, with a total period of one wavelength. The
imaginary part of the coupling admittance was anticipated to
cause a periodic deviation of the system’s frequency about the
nominal free-running frequency.

The experiment illustrated in Fig. 4 shows how the slot anten-
nas faced each other as the separation was increased. Small
coaxial probes beneath each resonator led to a vector network
analyzer which displayed the relative phases between the voltages
across each slot. The phase data were converted to an analog
voltage, digitized, and stored by a computer which also con-
trolled the translation stage that moved one oscillator with re-
spect to the other.

The theoretical oscillator phase difference versus distance is
shown in Fig. 5(a) in dashed lines, and is simply a square wave
alternating between 0° (even mode) and 180° (odd mode). The
experimental data in solid lines best fit the theory when the offset
phase 8 is chosen to be —39°, a relatively small correction which
is probably due to effects of the reactive energy in the antennas’
near fields. Agreement between theory and experiment is rea-
sonably good overall, The experimental peaks in phase above 0°
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Fig. 5. Coupled oscillator measured and theoretical (a) phase and

(b) frequency versus separation d.

may arise from a dependence of oscillator reactance on output
level, which was not modeled in our simple theory. The gaps
between segments of data represent regions in which the oscilla-
tors were unlocked.

The frequency data in Fig. 5(b) are presented in the form of
frequency offset f— f, from a nominal center frequency f, =
1/@m/LC). The theoretical frequency shift can be shown in the
limit of small changes to be given by

f=h w? sin(kd-+0) [L
T tma Ve ©)

where the — sign applies to the even mode and the + sign to the
odd mode. The sin(kd)/d behavior is followed quite closely by
the experimental frequency data except where gaps appear during
an unlocked condition, preventing measurement of a unique
frequency. The theoretical model fails significantly only for dis-
tances less than A /2, where we would expect the far-field analy-
sis to break down in any case.

In a separate but related experiment, the E-plane radiation

_patterns of the two-element array were measured as a function of

antenna separation. Fig, 6(a) shows a deep null at 0° as the
receiving antenna views the even-mode oscillators head-on from
the viewpoint of Fig. 4. Since the currents in the microstrip
resonators are approximately equal in magnitude but opposite in
direction, this null is predicied by symmetry considerations alone.
At a spacing of approximately A /2, the odd mode has taken over
and the 0° null is replacing by a maximum, as shown in Fig. 6(b).
Finally, as shown in Fig, 6(c), the even-mode null reappears at a
spacing of approximately 1\, but now occurs between two nar-
rower lobes because of the increased distance between the anten-
nas.



924 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 5, MAY 1988

®)

Fig. 6 E-plane radiation patterns of coupled oscillators for separation d of

(a) 0.184A, (b) 0.478), and (c) 0.956A.

IV. CONCLUSIONS

Finding the behavior of a system of oscillators coupled by
radiation is in general a complex problem involving antenna
theory, circuit theory, and nonlinear analysis. Nevertheless, by
reducing the problem of radiation-coupled interinjection-locked

©

oscillators to its simplest possible form, a two-element array, we
have shown that fairly elementary theory can lead to satisfactory
prediction of system behavior. It appears that the simple antenna
mutual coupling analysis presented can be extended to larger
arrays, and the average potential circuit model can be applied to
larger systems.

It is encouraging to note that the array spacing of ~ A /2 that
gives a desirable broadside radiation maximum is of the same
order as the typical distance between elements of a phased array.
However, the fact that significant oscillator interaction was mea-
sured at distances exceeding 3\ means that future analyses of
radiation-coupled arrays of this kind should take into account
mutual coupling between all the elements within a few wave-
lengths of one another. With these precautions, radiation-coupled
interinjection-locked systems promise to be a valuable addition
to microwave and millimeter-wave power generation techniques.
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