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TABLE IIT
Resvurs oF I-Banp. SERiEs COMBINING EXPRRIMENTS
WITH STACKED DEVICES

Output Power | Frequency | Bfficiency | Pulse Width
. (Watts) {GHz) | * (%) (usec)

Net G Breakdown Voltage

Diode { No. of Mesas ®F) (Volis)

42 2 0.75 @ —20v 57 224 774 17.9 0.5

21 2 0.56 @ —20v 58 20 §21 24 1.5
20 2 0.86 @ —20v 48 143 8.36 165 0.2

26 3 0.51 @ 730; 74 30 8.05 16 0.2
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Fig. 4. I-band suspended series combiniﬁg.

parallel. This approach was utilized in an effort to minimize the
parasitic interconnect inductance. The top of the diamond was first
etehred with a “finger’” protruding from one half of the metallization
into the other half. The diode which was to be connected to ground
was then mounted on the “finger’” and a wide, low inductance gold
-strap (mésh or ribbon) was used between points A—4 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-smkmg restrictions did not allow further re-
duction in diode spacing.

As a final test of the technlqueb being used to fabricate the various
test diodes discussed, series interdigital mpATT diodes were fabri-
cated. These dxodes performed well, as expected from Josenhans’
work [57.
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Fig, 5. Interd1g1tal series pair. A wire mesh connecting points A to the

top of the left diode is not shown.

CONCLUSIONS

_The series connection of TrapaTT diodes for high efficiency oper-
ation has been shown to be feasible from approximately 0.5 to 8
GHz. In the lower frequency-experiments, higher power outputs
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 for long pulse or CW operation. This capability is yet to be
demonstrated at I band.
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Characterization of Microwave Oscillator and Amplifier
Circuits Using an IMPATT Diode
Biased Below Breakdown

R. C. TOZER, R. CHARLTON, axd G. 8. HOBSON

Abstract—A convenient laboritory technique is -described to
measure the internal circuit loss, the load conductance, and equiva~
lent circuit susceptances of microwave diode oscillators and ampli-
fiers using an imMparr diode biased just below its breakdown
voltage.

In the characﬁeriiation 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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SHORT PAPERS

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
objective is to describe a simple technique to measure: 1) the equiv-
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 disturbance often necessary with network analyzer tech-
niques. It is applicable only when the resonance of the diode 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 [27, [37], as shown in Fig. 1. A further 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
the form By 4+ {9B/dw}e Aw where the subscript refers to the center
frequency. By and {dB/dw}e can then be completely specified by a
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]. Gp is the diode conductance and G¢
represents the internal circuit loss.
The resonant frequency of the circuit in Fig. 1 is oy given by

1

= LG T O T W

wo

In practice the iMpPaTT is biased below breakdown and microwave
power is injected from an external source (effectively from Gy, in
Fig. 1). The magnitude of the power reflection coefficient | p| is
given by - -

_ | GL — (Gp + G¢) |* + (Bp 4 Be)?
| Gr + (Gp + G¢) |2 + (Bp + Be)?

lol (2)

where Bp is the diode susceptance and By is the circuit susceptance.
On resonance | p| = po given by

G — (Gp + Go) |?

TG T Go+Go) | ®)

Po

Equation (2) shows that | p | =~ 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 Aw is the full bandwidth between frequencies where | p| =
npo, analysis of the circuit of Fig. 1 gives without approximation
beyond those stated originally

1 — npo

1/2
(n——l_)> +Aw(Cp + C). (4)

Gy — (Gp + Go) =:i:(

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

_ [1 £ (po)¥2] . (1 — npo) ”2. .
R TP ( (- D) ) for @0 ®
1 0 1/2
(@ + @) = BT e 1 0. ®)

2 (pg) 12
In passing it may be noted that the loaded @ factor @ of the
circuit is
wo [po(n — 1) 12
Qr=—="""—""0.
Aw (1 = npo)H?

()
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Fig. 1. A
microwave cavity.

There is an ambiguity between (5) and (6) because the same power
reflection coefficient will be obtained for both one ratio of Gp -+ G¢
and G, and for its inverse. The ambiguity was resolved in our ex-
periments by noting the change of py with bias voltage. In some cases
po increased 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), po would then only increase with increasing bias
voltage if G, > Gp 4+ G¢. Conversely, p, would decrease with in-
creasing bias voltage if G, < Gp + Go.

Measurement of (Cp + C) in addition to the directly measurable
quantities pg, wo, and Aw, will allow estimation of the quantities in
(6) and (6). (Cp + C) may be measured by making small variations
in diode capacity ACp via the bias voltage Vg so that the resonance
frequency is altered by Awpy:

_ @ {ACp/AV g}
Co+0) = =5 (awn/aVs)”

(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 Cp and Vp 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 Vg and Cp because it is only the slope of the
relationship which has importance. The inductance L may be ob-
tained from (Cp + 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 Cp on working conditions
when dynamic susceptance effects become important [4].
Measurement of (Gp + G¢), G, C, L, and @y, 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

OSCILLOSCOPE
DISPLAY

INPUT OUTPUT
SWEED MONITOR MONITOR

oscin- H—
LATOR

CAVITY

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

we/2Mm CD+C L GL

(pF) (pH) (mS)

Approx.
Height

GD+GC L D °C Po L

(mS)

G_+ (G +G.) 0.
(mS)

of
Resonant

Cap

(mm)

(GHz) SC ML sC ML sC ML, sC

1 9.54 4.1 73 68

0,007 0.13 61 36

3.2 89 89

0.021 0.14 64 36

105 105

0.036 64 38

179 |206

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 Aw or Awg.
This range bad 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 was small 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 cireuit [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-cireuit 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 effective
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 Gy and internal loss conductance Gp +
G¢. 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 Gy must be equal to the
sum of the positive conductances Gr + (Gp + G¢). From (5) and
(6,

(1 — npy12

Gy =@ G Ge) =
SRR PR P

‘Ae-(Cp +C). (9)

It may be argued that Gp is not the loss conductance present in the
diode when it is biased into useful operation so invalidating the
equality with Gy in (9). However, many diodes we have tested have
an absorption bandwidth A« 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 cav1ty 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
ABg at constant load impedance has been obtained from the bias
dependence of the oscillation frequency Awg where

ABS = - 2(01) + C)'Aw,g.
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-2 -4

BIAS CURRERT {ma)

Fig. 3. Blas current varlatlon of diode susceptance and RF voltage at

= 2.7m8, wo = 27 X 10® rad/s~!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 interferring 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 mMmpATT 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,

MEMBER, IEEE

Abstract—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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