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TABLE III
RESULTS OF Z-BAND, SERIES COMBINING EXP~RIM~NTS

/

WITH STACKED DEVICES

Dmde No. .f Mesas
N,t C, B,eakdmvn VdtaW output Pow., Frwmlcy Zfftm.cy Pulse Wdth

[PF] (volt,) (watt,] (GHz] (%) (used

42 2 0.75 @ –20. 5? 224 7.74 17.9 05

21 2 0.56 @–20” I 58 I 20 I 8.21 24 1.5

20 2 0.86 @–20v 48 14.3 8.36 16,5 0.2

26 3 0.51 @ –30” 74 30 805 16 02

,,,,.
“IO DES

\ “1 .!’, ”.,,

CHIP

Fig. 2. Initial diamond heat sunk serie+ pair.

Fig. 3. Diode coriflguration forreduced capacitance and dielectric loss.
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Fig. 4. I-band suspended series combining,

parallel. This appioach was utilized in an effort to minimize the
parasitic interconnect inductance. The top of thediamond was first
etched with a “finger” protruding from one half of themetallization
into the other half. The diode which was to be connected togrciund
was then mounted on the “finger” and a wide, low inductance gold
strap (mesh or ribbon) wasused between points A–A to contact the
diode from both sides’ (Fig. 5). Numerous diode pairs were assembled
in this configuration; none showed efficiency better than 12 percent.
Geometric and heat-sinking restrictions did not allow further re-
duction in diode spacing.

As a final test of the techniques being used to fabricate the various
test diodes discussed, series interdigital IMPATT diodes were fabri-
cated. These diodes performed well, as expected from Josenhans’
work [5].
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Fig. 5. Interdigital series pair. A wire mesh connecting points Ato the
top of the left diode is not shown.

CONCLUSIONS

,The series connection of TRAPAlrT diodes forhlgh efficiency oper-
ation has been shown to be feasible from approximately 0.5 to 8
GHz. In the lower frequency-experiments, higher poweroutputs
than would be expected from scaling considerations were often
observed, accompanied by higher operating currents. This is prob-
ably due to the increased impedance associated with the series con-
nection and is in agreement with the common experience that, all
other things being equal, diode efficiency decreases with increasing
area (decreasing impedance). At the lower frequencies, successful
operation can be obtained with realistic parallel heat sunk structures
suitable forlong pulse or CW operation. This capability is yet to be
demonstrated at 1 band.
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Characterization of Microwave Oscillator and Amplifier

Circuits Using an IMPATT Diode

Biased Below Breakdown

R. C. TOZER, R. CHARLTON, AND G. S. HOBSON

Ab3tract—A convenient laboratory technique is described to
measure the internal circuit loss, the load conductance, and equiva-
lent circdit susceptances of microwave diode oscillators and ampli-
fiers using an IMPATT diode biased just below its breakdown

voltage.

In the characterization of the admittance of IMPATT diodes at
X-band frequencies or above, two difficulties are commonly en-
countered. Transformation of measurable admittances through the
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package and local circuit causes inaccuracy in the derived values of
admittance at the diode terminals while unknown losses within the
circuit mount cause inaccuracies in the estimates of diode con-
ductance in addition to undesirable losses of RF power [1]. Our
objectives todescribe asimple technique to measure: 1) theequiv-
alent susceptance directly across the terminals of the active semi-
conductor region (the diode terminals within its package); 2) the
external load conductance referred to the diode terminals; and 3)
the internal losses referred to the diode terminals at a frequency
very close to the oscillator frequency. The technique has the ad-
vantages of speed and ease of operation and does not require the
circuit d~turbance often necessary with network analyzer tech-
niques. Itisapplicable only when theresonanceof thediode with its
surrounding circuitry has a single-tuned form and any other
spurious resonances are sufficiently displaced in frequency to allow
the circuit to be represented by-a simple lumped-equivalent parallel
LC circuit [2], [3], asshown in Fig. l. Afurther implied limitation
in this representation which is usually met in oscillators but may be
suspect in wide-band amplifiers is that the energy stored in the
susceptive components must be much larger than that dissipated per
cycle in the conductive components. Under these conditions the
conductance is stationary near to the operating frequency and the
susceptive circuit seen from the diode terminals can be simply
described over the frequency range of interest by a susceptance of
theformll~ + {dB/t)~}O Aowhere thesubscript refers to the center
frequency. l?~and {dB/&}, can then becompletely specified bya
circuit containing only two components (an inductance L and
capacitance C) connected in parallel across the diode susceptance.
The requirement for low loss allows the loss to be expressed as simple
parallel conductors [2], [3]. GD is the diode conductance and Gc
represents the internal circuit loss.

The resonant frequency of the circuit in Fig. 1 is oOgiven by

1

‘0 = [L(CD + C) ]’1’
(1)

In practice the IMPATT is biased below breakdown and microwave
power is injected from an external source (effectively from G~ in
Fig. 1). The magnitude of the power reflection coefficient IPI is
given by ~

I G. – (GD +Gc) l’ + (BD + ~c)’
(2)

lP1=IGL +(GD+GG) I’+(BD+BC)2

where BD is the diode susceptauce and Bc is the circuit susceptance.
On resonance \ p I = p~given by

G. – (GD + Gc) ‘

‘0= (j’+ ((&+&) ‘ (3)

Equation (2) shows that I p I = 1 at frequencies away from resonance
when the low-loss approximation mentioned in the preceding is
valid. When the frequency is swept through resonance there is an
absorption dip in the reflected power down to the value given by
(3).

If Au is the full bandwidth between frequencies where I p I =

~PO, analysis of the circuit of Fig. 1 gives without approximation
beyond those stated originally

()1 – npo 112
G,c-(GD+Gc)=+ —

(n – 1)
.Am(CD+ C). (4)

Usually, it is convenient to taken = 2 (3-dB points).
Using (3) and (4)

GL = [1 =!= (P,)’”]
2 (po) 112

.((j;~:))’2.Ati.,C. +C, ((i)

(GD + Gc) = [(l + (po)l/z]2 (p,) ljz
.Ao. (CD+ C). (6)

In passing it may be noted that the loaded Q factor Q~ of the
circuit is

(JL = x[p’(~ – 1)1’/’.
Aw (1 — npo)l/2

(7)
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Fig. 1. Equivalent circuit of a singly resonant IMPATT and its
microwave cavity.

There is an ambiguity between (5) and (6) because the same power
reflection coefficient will be obtained for both one ratio of GD + Gc

and GL and for its inverse. The ambiguity was resolved in our ex-
periments by noting the change of PO with bias voltage. In some cases
POincreased with increasing voltage while it decreased in other cases.
As the bias voltage was increased from a value below that necessary
to completely deplete the diode active region we know that the losses
must decrease as more of the device was depleted of free charge.
Referring to (3), POwould then only increase with increasing bias
voltage if GL > G~ + Gc. Conversely, PO would decrease with in-
creasing bias voltage if GG < G~ + Gc.

Measurement of (CD + C) in addition to the directly measurable
quantities PO, Q, and Ace, will allow estimation of the quantities in
(5) and (6). (CD + C) maybe measured by making small variations
in diode capacity AC~ via the bias voltage VLI so that the resonance
frequency is altered by AuB:

{AC~/AVB )
(CD +C) = –; . ~AwB,AvB) . (8)

It is this variation of the diode capacity within the package that
fixes the equivalent circuit at the diode active region terminals.
The relationship between CD and V~ may be measured at lower
frequencies using accurate bridge techniques. Determination of the

package reactance separately from the diode reactance is not critical

for the relationship of V~ and CD because it is only the slope of the
relationship which has importance. The inductance L may be ob-

tained from (CD + C) using (1) so that the reactive circuit com-
ponents are determined. The modification of the resonant frequency
when the diode is biased into useful operation above breakdown
allows determination of the dependence of CD on working conditions
when dynamic susceptance &Yects become important [4].

Measurement of (GD,+ Gc), GL, C, L, and 4?L using the preceding
relationships was made with the equipment illustrated in Fig. 2.
The bias voltage was as close to breakdown as possible without
negative resistance effects distorting the absorption line shape and
the injected RF voltage was small. The display of reflected power
against frequency carried an added bonus. Any spurious resonance
whose frequencies were not under the control of the diode bias
voltage could immediately be identified. Measurements were con-
fined to conditions where the resonance did not change its shape
with small changes of bias voltage (which changes only one sus-
ceptive element) so that we knew the singly resonant condition
assumed in the preceding was satisfied. Only the center frequency

LSW3EP

OSCIL-
LATOR

I I

IIOSCILLOSCOPE

DISPLAY

1, I
1

~W E ~-,
CAVITY

Fig, 2. The measuring system for characterizing a cavity.
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TABLE I

Approx. CD+C
l!J~/211 ‘D+GC GL+ (GD+GC)

Height
‘L

(pi) ‘L Po
(PF) (mS) (ms ) (mS)

of
Resonant (GHz ) Sc ML Sc ML SC! m W ~ Sc NL Sc m Sc m

Cap
(mm)

1 9.54 3.8 4.1 73 68 2.0 4.6 1.7 2.1 3.7 6.7 0.007 0.13 61 36

2 9.50 3.2 3.2 89 89 1.7 3.7 1.3 1.7 3.0 5.4 0.021 0.14 64 36

3 9.45 2.7 2.7 105 105 1.5 2.9 1.0 1.3 2.5 4.2 0.036 0.15 64 3s

4 9.28 1.6 1.4 179 206 1.3 2.7 0.7 ,1.0 2.0 3.7 0.096 0.21 46 22

was bias dependent. In practice, measurements satisfied this criterion
if these spurious resonances were separated from the required
resonance over a frequency range equal to several times A@ or Aw~.
This range had to include the oscillation frequencies of the IMPATT’S
when biased above breakdown otherwise the derived circuit values
would be irrelevant to the operation of the IMPATT diode when it was
oscillating. The difference of oscillation frequency and the absorption
frequency below breakdown wassmall enough to easily satisfy this
criterion in our measurements, because our circuits had a large
dominance of the equivalent circuit susceptance over the variable
part of the diode’s dynamic susceptance. Several types of cavity
were used and results are shown for a waveguide cap circuit [5], [6]
in Table I. Care has to be taken with this circuit because there is a
resonance between the diode and the circuitry associated with the
mounting post and radial cap and a further resonance in the wave-
guide between the sliding short circuit and the post. The results in
Table I were taken for two conditions which were singly resonant.
In one (marked SC) the short-circuit was an odd integral number of
quarter wavelengths from the post so that it reflected a high im-
pedance at the post plane. This was necessary both to avoid inter-
action between the two resonances and to give a known circuit
condition for comparison with the next case. The positioning of the
short circuit did not appreciably alter the results for small move-
ments. In the second condition (marked ML) the sliding short
circuit was replaced by a matched load. The objective of this was to
increase the effective G~ by a factor of 2 because of the rMective
source conductance at the post terminals is half the characteristic
conductance in this latter case. This was done because we had no
other means of independently checking the measurements. It can
be seen that this behavior is shown in Table I for various heights of
the radial cap. A further point to note is the comparability of the
useful load conductance G~ and internal loss conductance G~ +
Gc. The ratio of these two is the ratio of the useful and lost power
in the active oscillator. When the diode is operating as an oscillator
the modulus of its negative conductance G~ must be equal to the
sum of the positive conductance G~ + (GD + Gc). From (5) and
(6),

GN=GL+(GD+GC)=
(1 – rzpo)l/2

[PO(n – 1) ]’/’
.Ao. (CD +C). (9)

It may be argued that G~ is not the loss conductance present in the
diode when it is biased into useful operation so invalidating the
equality with G~ in (9). However, many diodes we have tested have
an absorption bandwidth Ao which becomes substantially inde-
pendent of bias voltage just below breakdown implying that the
residual losses are not caused by undepleted active regions of the
diode and may still be present at the higher bias voltages of useful
operation.

Once the cavity equivalent circuit parameters have been obtained
it is possible to gain further information about the diode susceptance
when it is oscillating or amplifying. An example is shown in Fig. 3
where the bias current induced variation of the diode susceptance
AB,s at constant load impedance has been obtained from the bias

dependence of the oscillation frequency AW,Swhere

ABs = – 2 (C’~ + C’). AGLS.
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Fig. 3. Bias current variation of diode susceptance and RF voltage at
GN = 2.7 mS, m = 27r X 101Orad/s-l in a coaxial cavity.

In conclusion we have developed a simple technique to char-
acterize the diode and circuit of an IMPATT oscillator without mechan-
ically interf erring with the diode or its circuit. With some reduction
of convenience and accuracy, we have also found the technique
useful in characterizing the bandwidth-limiting and loss character-
istics of circuits used for transferred-electron reflection amplifiers
by substituting an IMPATT diode in the appropriate circuit.
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Very Large Impedance Steps in Microstrip

R. E. NEIDERT, MEMBER, IEEE, AND G. T. O’REILLY,

MllllBER, IEEE

Absfracf—Experimental determination of an equivalent circuit
for very large impedance steps in microstrip is described. The equiva-
lent circuit is shown to be valid in the frequency range from 1 to 2
GHz on 0.0635-cm-thick alumina substrate, although the experi-
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