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ABSTRACT

A computer synthesis of a waveguide CW IMPATT oscillator is
presented. The oscillator design is treated as an impedance-matching
problcm, using a non-isothermal drift-diffusion model for the
IMPATT diode. An optimum design of a passive circuit is described,
together with a new technique for calculating the output power-
oscillating frequency dependence. Comparison with experimental
results gives good agreement at W-band frequencies (75-110 GHz).

INTRODUCTION

This paper introduces a new approach to the computer-aided design
of CW waveguide IMPATT oscillators. Previous millimetre-wave oscil-
lator models reported in the literature either rely on small-signal dev-
icc models [1],{2], and therefore cannot yield output power, or use
non-linear device equivalent circuit models [3], accompained by a
number of simplifications and assumptions, which may limit their
accuracy. These methods are also unsuitable for investigating the
influence of device structure and its physical parameters on oscillator

- characteristics. This is faciliated by a time-domain model of an
IMPATT oscillator reported by T.Goeller and F.X Kaertner [4]. They
described the dymanics of an oscillator by a set of first-order
diffcrential equations (using approximations based on device physics),
and an elementary circuit model is used so that the study of circuit
behaviour, such as oscillator tuning as a function of waveguide short
position or other circuit parameters, is impossible.

This paper describes an improved time-domain physical model of
avalanche diodes, which is based on a non-isothermal static drift-
diffusion approximation. The oscillator cavity is represented by a
first-order equivalent circuit. The oscillator design is carried out in
the frequency-domain [5]. A passive-circuit synthesis method and a
new way of calculating the dependence of the output power upon fre-
quency of oscillation are presented. Theoretical and experimental
results arc compared and good agrcement is observed at W-band fre-

queneics.

OSCILLATOR MODEL

A large number of self-consistent large-signal numerical algorithms
for avalanche diode simulation based either on classical {6-8], or
scmi-classical methods [9,10] have been reported. Semi-classical
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methods are more detailed but less efficient and sometimes even less
accurate [10]. It has been suggested that classical methods are of
sufficient accuracy at frequencies well above 100 GHz [11].

The standard set of semiconductor equations usually does not include
the heat flow equation [6-11]. Thermal effects are taken into account
through the concept of the diode thermal resistance. However, a more
consistent and accurate approach is to include the heat conduction
equation directly into model. The basic set of semiconductor equations
is given below:
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where n and p are clectron and hole densities, J, and J, are electron
and hole particle current densities, g is the generation rate, ¢ is elec-
tronic charge (magnitude), E is electric field, ¢ is dielectric constant, N
is background doping density, T is temperature, k is thermal conduc-
tivity and Q is the heat generated per unit volume.

The electron and hole continuity equations (1,2) and Poisson’s equa-
tion (3) are discretised using the finite-difference approximation [7},
while the heat conduction equation (4) is expressed in explicit form
[12]. Maximum junction temperature is calculated following
approaches given by A.R.Batchelor [13] and D.P.Kennedy [14], for
integral heat sink and diamond heat sink diodes, respectively. The
time-marching scheme, as used by P.A.Blakey et al. [8], has been
applied. Frequency-domain results are obtained using a fast Fourier
transform algorithm.

The oscillator circuit most frequently used in practice is the cross-
coupled waveguide-coaxial configuration (Fig. 1). The corresponding
first-order equivalent circuit model (Fig. 2) has been derived by
K.Chang and R.L.Ebert [1].

DESIGN PROCEDURE

The main aim of the IMPATT oscillator design is to produce the
specified output power at a given frequency. The condition for
circuit-controlled oscillations is given below [5]:

Yo +Y, =0 (5)
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where Yy, and Y, are active device and passive circuit admitiances,
respectively. Let us suppose that the IMPATT diode is powerful
enough to generate the desired power. In order 10 satisfy cquation (5),
1t is neeeessary to determine the device admittance and to match it by
the passive circuit admittance Accordingly, the design method consists
of two stages: lirstly, the diode admittance is calculated at a single
operating frequency; secondly, the dimensions of the osallator circuit
arc modilicd so that condition (5) is fulfilled at the same frequency.
This approach allows a straightforward calculation of the dependence
of the oscillator output power upon oscillating frequency. The basic
idea is to match the IMPATT diode admittance to the modified pas-
sive circuit admittance. The circuit admittance is altered first (e.g. by
varying the position of the movable waveguide short circuit) and then
the following system of non-linear equations is solved:

Gp(f,Vre) + GL(f) =0
Bp(f,Vrr) + BL(f) = 0
Yp=Gp+Bp,Y, =G +]jB,

(6)

where fis the frequency and Vigp is the amplitude of the RF voltage.
The solution of (6) is obtained using the operating frequency as the
starting pont for the calculation of consecutive points for both higher

and lower frequencies.

NUMERICAL RESULTS

The accuracy of the method is confirmed by comparison with experi-
mental results presented by U.CRay et al. [2]. In this paper a
simplified design approach for a W-band CW IMPATT oscillator is
described, based on the same passive circuit model as presented here,
but using a small-signal device admittance. Instead of taking into
account the admittance of the actual diode built into oscillator, Ray et
al. used the small-signal characteristics of a similar diode. Since nei-
ther large-signal nor small-signal impedances of the actual diode used
are available, the direct comparison of our IMPATT diode simulation
is impossible. Alternatively, we have calculated the large-signal diode
impedance at 90.4 GHz, where the measured RF power versus fre-
quency response of the oscillator peaks [2]. Diode parameters,
together with diode impedance are summarized in Table 1.

In order to check the proposed passive circuit design, three oscillator
cavity dimensions are chosen to be variable. The adjustible parameters
arc: the sliding short position, the length of the lower coaxial port and
the post diameter, the latter two characterising a coaxial resonator.
The diode matching is performed as described in Section 1. During
the calculation the position of the waveguide short 1s held constant,
while the other two parameters are calculated. Numerical results com-
pare very well with the original results (Table II).

Finally, the output power against frequency response of the oscillator
has been calculated (Fig. 3). The curve corresponding to the numerical
model follows that depicting experimental results fairly well, but the
theoretical output power is about 2 dB higher than the measured one.
This stems from the fact that our model does not take into account
various losses, such as passive circuit losses, diode contacts and pack-
age losscs cte. A reasonable estimate of these losses is 1-2 dB, there-
fore the numerical results are in very good agreement with experimen-
tal ones.
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NUMERICAL EFFICIENCY

Since the IMPATT diode simulation is based on one of the most
cfficicnt numerical algorithms for physical modelling, one program
run takes less than 10 seconds of Amdahl 580 CPU time. This enables
intensive optimisation of diode parameters.

The oscillator circuit model is even more efficient. Equation (5) is
solved from an optimisation subroutine which seck to minimise
| Yp+Yy | 2, by varying the passive circuit dimensions. One step in the
minimisation procedure takes between 1 and 5 CPU seconds. Minimi-
sation is accomplished in very few steps, usually less than five. The
optimisation software used is from the NAG FORTRAN library.

The non-linear system of equations (6) is solved by the Newton-
Rapson method. At the moment, simulation of one point of the output
power-oscillating [requency curve takes 160 CPU scconds on average,
but certain reductions may be achieved by method modification.

CONCLUSION

A computer-aided design method has been developed to synthesise
millimetre-wave IMPATT oscillators. Theoretically derived oscillator
characteristics are in good agreement with experimental data. These
results look extremly encouraging. Improvements in accuracy require
refinement of the passive circuit model and inclusion of losses. This
method may be easily extended to model harmonic oscillators.
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TABLEI
Epitaxial layer Doping level  Thickness (um)
pt 1.0E20 0.20
p ‘2.8E17 0.20
n 2.1E17 030
n* 5.0E19 120
Junction area: 1.06E-5 on?
Junction temperature: 250°C
DC current density: 24 kKA /om?

Diode impedance at 90.4 GHz (ohm) :
(-155, -897)

Data of Hughes W-band 100 mW CW IMPATT diode

TABLE I
Post diameter | Length of coaxial [ Short-circuit
(mm) port (mm) position (mm)
[ Data
from [2] 044 0.127 0.50-0.54
Theory 0.445 0.112 0.50

Comparison of theoretical and actual passive circuit dimensions
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Fig. 1 A cross-coupled coaxial-waveguide mounting structure.
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Fig. 2 Equivalent circuit of the structure depicted in Figure 1.
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Fig. 3 Theoretical (1) and experimental (2) RF power versus frequency
response of the oscillator.



