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Abstract: The time-domain analysis and measured
performance of a novel multiple oscillator circuit con-
sisting of densely integrated active devices and pla-
nar antennas mounted in rectangular waveguide is pre-
sented. We detail a prototype seven element circuit
using hybrid pHEMT oscillators delivering 220mW at
12.40 GHz.

1 Introduction

The analysis and measured performance of a novel
multiple-device oscillator with millimetre-wave and
MMIC potential is presented. This new circuit, shown
in Figure 1, is characterised by a high density of ac-
tive devices and radiating elements necessitating rig-
orous electromagnetic and time domain analyses for
accurate characterisation. A full-wave method of mo-
ments analysis of the waveguide-housed multiple de-
vice oscillator is detailed in this paper together with the
time domain analysis from the onset of oscillation to
steady-state. Our simulation shows whether or not syn-
chronous power combining occurs for a given array de-
sign.

The full design procedure is depicted in Figure 2. An
electromagnetic analysis is first carried out for a can-
didate design to determine the antenna self and mutual
couplings. This information is then passed to a time-
domain simulator using a non-linear oscillator model
for the calculation of both the transient and steady-
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state behaviour of the array and the possible oscillator
modes. The time-domain simulator has been used to
determine methods which ensure the survival of only
the power-combining mode. To our knowledge this
analysis represents the first attempt to investigate rigor-
ously possible limits upon the density of active devices
in radiative power combiners and methods for achiev-
ing stable power combining in the presence of strong
antenna-to-antenna coupling.
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Figure 1: Rectangular waveguide multiple-device os-
cillator

The strong, global coupling between the individual
oscillators forces injection locking to a common fre-
quency whilst the correct phase at the output port for
power-combining comes about through control of the
antenna mutual couplings. The tightly coupled nature
of this circuit requires that full account is taken of the
antenna interactions. This is in contrast with other
studies of power combining of this sort which ignore
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the mutual interaction between radiating elements [1].
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Figure 2: Analysis methodology for stable power com-~
bining

2 Theoretical Analysis

2.1 Electromagnetics

The electric field arising from a delta-function current
source is the Green’s function G(r|r’); the solution of
the vector Helmholtz equation subject to the waveg-
uide boundary conditions, field matching conditions
at the dielectric interfaces and the radiation condition.
The total field at any point in the waveguide is the su-
perposition (assuming linear media) of the total ele-
mental current source field and is commonly written as,

E(r) = —jwuo /V Sl IEav ()

where /%! time dependence is assumed. The method
of moments has been used with piece-wise sinusoidal
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and pulse basis functions to solve equation (1) for
a strip dipole antenna array located in rectangular
waveguide and shown in Figure 1. This solution is
then substituted into the original integral equation to
determine F(r) and H(r) anywhere in the combiner
for known complex excitation at each antenna port.

2.2 Time-Domain Analysis

The time-domain approach of York [2] has been
adopted with modification for the analysis of the cou-
pled oscillator array. This approach assumes near-
sinusoidal oscillations of the form A(t)el(WtHé()
where both A(t) and ¢(t) are both “slowly varying”
with respect to w so that a frequency-domain descrip-
tion of the coupling network (such as that generated
by the method of moments) can be used. A math-
ematical description of the oscillators is used which
approximates the nonlinear variation of device admit-
tance with amplitude as well as predicting the free-
running output frequency and output power. The os-
cillator admittance Y,s.(w, |V|) takes the form,

Yose = Yo+ Yy |V 2+ Y, Aw+ Yo Aw|V | + ¥, 2 Aw?
@
where Aw = w — wyp and wy is the free-running
frequency of oscillation and Yy = —Ggy + jBy. The
equivalent circuit is determined by fitting, using a least
squares technique, a non-linear one-port admittance
model to oscillator load pull data generated in MDS
with a Hewlett-Packard Root model for the 0.25 ym
pHEMT with associated terminations [3]. The analysis
leads to a set of rate equations in amplitude and phase at
each port of the array which are integrated numerically
using a modified Runge-Kutta algorithm [4]. This ap-
proach has been successful in describing some of the
more complex behaviour observed in these coupled os-
cillators, notably the spectrum when the oscillators are
close to locking, the behaviour of the array under the
influence of an external locking signal and a tolerable
spread in free-running frequencies of the oscillator ar-
ray for purely synchronous behaviour.



Figure 3: Lumped element coupling for stable power
combining

The time domain simulation also indicates whether a
particular design results in stable power combining. A
multiple device oscillator of this type with purely elec-
tromagnetic coupling between the antennas can evolve
to the locked state. However, some means to ensure
survival of the power combining (in-phase) mode must
be undertaken. We have adopted an approach which
mixes both electromagnetic and lumped element cou-
pling with a stabilising resistor [5] to force the circuit
into the power combining mode. Figure 3 shows the
approach.
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Figure 4: Waveguide test fixture with seven device os-
cillator

3 Results

To illustrate the method we consider the seven device
oscillator, fabricated on 0.010in ¢,=10.5, and shown
in Figure 4. The oscillators themselves are described
mathematically by Equation (2) and physically realised
through 0.25 pm gate length pHEMTs (total gate width
2.4 mm) with appropriate terminations to produce os-
cillation at 12 GHz. Figure 5 shows the implemented
circuit; the inductors are realised as bond wires and the
capacitor is an ATC millimetre-wave part.
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Figure 5: HEMT oscillator circuit

The time domain analysis is used to predict the os-
cillation frequency, the locked amplitudes and the out-
put power from the circuit. Figure 6 shows the am-
plitudes and frequencies of four of the seven oscilla-
tors (the other three can be determined from symme-
try) as the oscillations build from noise. A steady am-
plitude (%—i = 0) is indicative of sinusoidal oscil-
lation at each port. The oscillation frequency is nor-
malised to 12 GHz and the amplitude to 1 V. Clearly
evident is the evolution to the locked state and the asso-
ciated locked frequency and amplitudes. The simula-
tion predicts oscillation at 10.85 GHz and 340 mW into
a matched waveguide load. Our measurements show
stable, single-frequency oscillation at 12.40 GHz with
220 mW of output power which should be considered
good agreement. The close-in spectrum is shown in
Figure 7. It is in the region of that expected from a
HEMT oscillator at this frequency but can be improved
through locking to an external, low-noise reference.



3.0 : , : 12
. ’ H "‘ ‘.‘ A N —— H H H
: [ “ N ol
25 - ;:,"1‘\ “n el 1.0
L=y B i T i
4 LY SRR PR T Amplitude e
5 de hi4 ISR S S Lo H : N )
5 0 0 A0 O O 0 A S A s 08 3
‘® L 5
E Nia €
£ % £
o G l‘ ST T S H
£ 159N : - 06 £
= :
§ AN Locked State g
3 . : £
g1.0 = 04 g
£ \/ N\ —,...:. E
0.5 - "] 0.2
8.0 — I 0.0
0 20 40 60 80 100 120

Time (a.u)

Figure 6: Time-domain simulation showing start-up
transient and evolution to the locked state for four os-
cillators in a seven device oscillator
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Figure 7: Measured close-in spectrum of the seven
PHEMT multiple device oscillator
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4 Conclusion

The design methodology and successful implementa-
tion of a novel class of multiple devices oscillators has
been presented. A full wave method of moments anal-
ysis together with time domain simulation describes
well the observed behaviour of the circuit. We have
achieved 220mW from a seven device oscillator at
12.40. The high packing-packing density of devices
in these circuits suggests that a MMIC implementation
will be commercially viable.
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