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1. Introduction

The objective of this program was to develop a better

understanding of the operation of pulsed TRAPATT diode oscillators

that eventually will lead to the formulation of design parameters

for TRAPATT diode circuits. The investigations have been concerned

with a variety of problems including the mechanisms of turn—on,

the jitter of the pulse during turn—on, interactions of the device

and the circuit , interaction of various frequencies within the

device to produce mixing products and circuit requirements

for efficient device operation. During the program the turn—on

• conditions of the UHF TRAP ATT osc illator were studied and compared

with earlier work carried out at S—band frequencies .1 tn that

earlier work it was observed experimentally that TRAPATT

operation invariably is accompanied by various other fr’~quencies

including bias circuit oscillations, VHF oscillations, I~~AT~

frequencies and related harmonic and subharmonic signals. The

VHF oscillations were found to be responsible for the TRAPATT

initiation if the bias—circuit pulse rise time was sufficiently

fast. However, for slower bias—pulse rise times the I~~ATT mode

was observed to be responsible for launching the TRAPATT oscillation.

In particular , the THAPATI’ mode was observe d to occur more rapidly ,

• whenever the bias pulse had an extremely fast rise time and

• 
. appreciable overshoot .

• 1Masnar i, N. A. et al, “Analysis , Design ani Fabrication of ~ig~
Efficiency High Average Power , Pulsed TRAPATT Diode Oscillators ,”

University of Michigan, Electron Physics Laboratory , Final
Report HDL—CR—75—201—1, Contract No .  D~~ G39—T~ —C —O 2Cl ,
December 1975.
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In the work carried out during the present program, the

UHF TRAPATT circuit was evaluated in the time and frequency domain

as either a J umped or distributed circuit . Voltage and current

probes for the S—band and UHF circuits were built and tested..

Although the information derived from these studies has given a

better ‘.~~derstanding of TRAPATT operation, the work has also

raised additional questions about the device operation and its

interaction with the circuit.

2. UHF_Circuit Models

Several computer models were developed to study experimental

UHF TRAPATT oscillator units which w’re received from Harry Diamond

Laboratories . These units were developed by Hughes Aircraft

Company , Electron Dynamics Division, Torrance , California under

ECOM contract D.AABO5— 73—C—2 070 . These oscillators were operated

experimentally arid results similar to the Hughes resul~~ were

obtained. A typical device generated 250 to 300 W of power in

the 100— to 800—MHz frequency range with 25 percent efficiency at

0.1 percent duty cycle.

2.1 Lumped Circuit Model

In an attempt to analyze the performance more thoroughly ,

several models of the circuit were developed for computer analysis.

The first model of the TRAPATT circuit was a lumped element model

having the confi~~ration illustrated in figure 1. The element

values are as reported in the Hughes Technical Report,
2 
which contains

2An~erson , 1. E., Bowers , H. C., Kramer , N . 3., Lane, ~~~ . R.,
Lockyear, W. H., and Obah, C.O.~~., “3oli~ State Microwave
Oscillators for Fuses,” Final Report No. W—140376, Hughes Air—
:raf~ Company, Torranc e, CA , May 1976 .
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a detailed description of the osc illator and its performance. This

circuit consists of two low—pass filters connected at point A as

illustrated in figure 1. The upper filter (section between

points A and P) connects the TRAPATT circuit to the pulser. Its

function is to allow a bias pulse to reach the diode but to pre-

vent the TRAPATT signal from leaking back into the pulser. This

filter has a cutoff frequency of -100 MHz. The lower filter (section

between points A and C) is used to tune the TRAPATT at the fundamental

frequency, but has reactive loading for the higher harmonics. This

circuit. has a cutoff frequency of 1200 MHz so that the fundamental

TRAPATT frequency passes through the filter but harmonics are

trapped between the diode and the filter (i.e., between points A

and D). These two circuits together limit the oscillator turn—on time

This becomes apparent by recognizing that the rise—time—bandwidth

product of a filter is a constant, 
•

(T )(BW) = constant ,

and thus the bias filter , which has a limited bandwidth, will act

to limit the rise time of the bias pulse at the diode . For

a typical filter the above constant is approximately 0.5, thus

resulting in a pulse rise time of approximately 5 ns. Attempts

to reduce this rise time by changing the bias—filter structure is

counter—productive since it would increase the filter cutoff

frequency, thus allowing a portion of the T?APATT si~ na.L to leak

back into the bias circuit. In addition, a fasterrise time bias—

filter configuration would result in the TPAPATT osci~~aticr~ being

affected by any changes in the bias circuit. There is a similar

limitation on the TRAPATT RF low—pass circuit. In this case the



cutoff frequency should be approximately 1200 MHz in order to trap the

higher— frequency harmonics. For a 1200—MHz cutoff frequency and a

(Tr ) (BWI) constant of 0.5,  the minimum rise t ime for the TRAPATT circuit

would be 0. 14 ns. As a result of the finite rise times associated with

the bias— and RF—filter circuits, if an ideal pulse (zero rise time)

were applied at the bias input point (P in figure 1), the low—pass

bias—circuit filter would prevent the pulse from appearing at the

RF circuit input point (A in figure 1) in a time less than t 5 ns.

Likewise , the signal would require at least 5 . 14 ns before arriving at

the diode terminals.

To study the rise time of the actual circuit, the time response

of the circuit of figure 1 was calculated. The unit—step time response

• of such a circuit is shown in figure 2. For this case, a unit step was

applied at the pulser position and the resulting voltage calculated at

the diode and load positions . There are several interesting features

• in this figure. First, the finite rise time is approximately 5 to

10 ns, which is in agreement with that predicted by the simple calcula—

• tion. Second, there is an overshoot of the bias pulse, with the

maximum voltage across the diode position approximately 1.35 times as

large as the steady—state value. Third, there is a circuit oscillation

with a frequency of 1140 MHz that slowly dies cut as the circuit reaches

steady state. For the 200—ns—wide pulses used in these experiments ,

this oscillation occupies 25 percent of  the total pulse time .

The results illustrated in figure 2 were for tne case where the

diode was cons idered as a 50—c2 impedance. Figure 3 compares thr~e

cazes in which the diode imDedance takes on values of 50, 100,

and 1000 0, r espe~ tive~~; . Note tnat the e ffe ct  of the

—9—
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Figure 2. TRAPATT circuit step response as observed across the
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diode impedance on the response is only to change the amount of

initial overshoot , with the l000—~Z case havin g the largest

overshoot. However, the ringing frequency is essentially the

same in all thz~.~e cases .

It should also be noted that the preceding results

were for the special case vhere aLl the elements were considered

ideal with no corresponding series resistance effects included.

Figure 14 illustrates the TRAPATT step response at the diode

terminals for the lossless case (R s = 0) and for the case

• where each inductance is assumed to have a resistance of Rs 
= 1 fl

in series with it. Again the basic response is essentially the

same; the amplitude of the response is slightly different for

• the two cases, but the ringing frequencies are approximately the

same . These results will be compared to the experimental diode

operation in a later section.

A second. computer program was written to find the frequency

domain behavior of the TRAPATT circui~t portion of figure 1. The

bias—circuit portion has constant element values and. does not

• affect the overall impedance in the TRAPATT frequency range. The

impedance looking toward the bias circuit from point A is shown

in figure 5. The TRAPATT circuit impedance is illustrated in

figure 6 for three values of the first tuning capacitor. The circuit

acts as a low—pass filter with the real loading being small for

frequencies above 500 MHz. Changing the tuning capacitor value

does not greatly change the cutoff frequency . The circuit

is resonant at 200 to 1400 MHz, depending on the

value of the tuning capacito r. At frequencies higher than several

1 —12—
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GHz the reactance is dominated by the 2—nh series inductor

located nearest to the diode, and changes in the tuning capacitor

have little or no effect.

2.2 Distributed Transmission Line_Model

A more realistic model for this circuit assumes lumped—

circuit capacitors connected. by distributed. transmission lines.

The physical shape of the circuit is shown in figure 7. The diode

and tuning—capacitor positions are designated with + symbols in

the figure. The corresponding electrical model is shown in figure 8

with lumped capacitors separated by transmission lines. The

impedance of this circuit seen from the diode is shown in figure 9

for various values of the first variable tuning capacitor.

These results were obtained from a computer program which models

the frequency domain distributed circuit and operates on the

(A B C D) matrix of the various circuit elements which are

connected together to produce the overall frequency response

of the TRAPATT circuit. The data inputs to the program include

the capacitor values (C 1, C2, C3, CE), the 50—a resistor

valu~ and the electrical lengths and impedances of the three

transmission lines. The computer program then generates the

impedance variation as a function of frequency for the various

parameters. The value of the impedance below 500 MHz is approximately

the same as the lumped element version. However, the electrical

length of the circuit from diode to output connector is

approximately 10 cm. For frequencies higher than 500 MHz the

distributed nature of the circuit changes the impedance presented

to the diode. The three curves in the plot indicate that changing

— 16—
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the first tuning capacitor changes the resistance peak position and

the resonance frequency by approximately 100 MHz. This is the

same as the experimental diode frequency tuning range. Also,

there is a small real load at the second harmonic frequency around

1500 MHz that changes with capacitance value. Thus, some of the

second harmonic power is coupled. through the circuit and appears

at the load. This was observed to be true in the experimental

results also. The reactive v~~.ues were limited, to ± 200 ~~. These

results show that a distributed model is necessary to accurately

describe the impedance of the TRAPATT fre quency as well as the

impedances of the various harmonic frequencies . Although it

has not been implemented the next step would be to

couple a diode simulation program to the circuit model to study

the transient response and steady—state operating conditions

of the TRAPATT mode.

3. Probe Desi~~

Two sets of probes were designed and tested, one set for

the S—band coaxial circuit and one set for the UHF stripline

circuit. The design of the S—band probe set is shown in figure 10.

The pr esent probe is a curr ent sampling resistor mounte d in the

end of a 3-mm coaxial line. This line is in turn mounted at the

end of the 7—mm coaxial line that fcrms the TRAPATT cavit’ . The

current through the diode is determined by measuring the voltage

developed across the resistor through which the current flows. This

signal is transmitted by a coaxial line t-~ the recording oscilloscope .

The first voltage probe used was a carbQn—coated ceramic

cylinder placed around the diode package. The resistance cf the

—20—
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Figure 10. S—band probe set design .
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probe was several hundred ohms. The center conductor of a

0.086 cm diameter coaxial line was connected to this cylinder

to sample voltage directly . However, the TRAPATT diode would

not operate with this measurement setup. A simple non—coated

ceramic cylinder around the diode package also degraded the diode

operation. Thus, the probe was redesigned with the present probe

arrangement being a simple capacitive probe whose output is the

derivative of the voltage d.V/dt rather than the voltage itself.

This is then integrated arid, displayed on an oscilloscope. The

equivalent circuit for this probe arrangement is shown in figure lOb .

The probe for the UHF circuit is shown in figure 11. In

this probe the current—sampling resistor was mounted between the

diode and the circuit, rather than being connected directly to

ground as in the S—band design. The probe was designed in this

way since mounting the resistor below the diode would greatly

increase the thermal resistance. Because of the large dc powers

involved in the operat ion of the UHF device, it was felt that the

increased thermal resistance would result in the destruction of

the diodes. Because the resistor was above ground two leads were

necessary to allow the resistor voltage to be measured. Two coaxial

leads were connected to the osc illoscope which was operated in a

differential mode for determination of the current. The voltage

probe for the VHF circuit was a Tektronix P6056 oscilloscope probe.

The equivalent circuit for this probe arrangement is shown in

figure llb .

Several problems have occurred in the operation ci’ these

probes . The main problem was inherent in the nature of the sampling

—22—

—~~~~ i~:~’ 
-• - - .~.~

-;-.~
1
~~~~~~~

• - -  - 
-



-y--.--—
-

~

-

~
--’———-’- -P—-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

• 
. 

DISK RESISTOR~ . ,~~~~~~~~~~~ /PC BOARD

GROUND PLANE

(a)  Probe layout

I J- ——
~

CURRENT 0 6 u
OUTPUT

VOLTAGE
OUTPUT

I I— •

(b )  Probe equivalent circuit

Figure 11. Schematic diagrams of probe for UHF circuit.
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oscilloscopes that were used. Sampling oscilloscopes are designed

to display a repeating signal by sampling at small ~t time intervals

after a zero— crossing or triggering event has occurred. The

time between samples is several microseconds . The high—frequency

trigger circuit is a blocking—oscillator— type design where the

trigger circuit operates in a free—running mode and is locked

to the input signal. However , for the TRAPATT oscillator with

low duty cycle , this type of trigger circuit primarily samples

during the time between pulses . To display the TRAFATT signal ,

the oscilloscope must sample only during the on—time of the

oscillator . This requires the use of the lower—frequency Schmitt

trigger type of triggering . Since this trigger mode is designed

for low— frequency operation, it must be very carefully adjusted for

TPAPATT operation. A second type of triggering is used to display

the rise time and transient response. In this case the oscilloscope

is triggered by the pulse generator which is used to bias the

oscillator. Since this is a stable trigger signal the display

is also stable . However, the actual TRAPATT oscillation has

a starting jitter and is not coherent with the pulser trigger

signal, so it can not be displayed. However , the low frequencies

and IIv~ATT oscillations that trigger the diode are easily detected .

L . UHF Diode Turn—On Conditions

Previous work in this program has shown that the S—band

coaxial—circuit THAPATT mode could be triggered by either an •

~~~~TT—mod~ csci ia~icn, a VHF bias—circuit o~ cilla~ion,or a

cornbina;ion of the two. 3inL ar results have beer. fo~md fcr ~ne 

- 
-
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UHF devices . The time between pulses also affected the turn—on

conditions .

The IMPATT mode of operation, which occurs prior to the

TRAPATT, is observed under the proper biasing conditions. The

I~~ ATT mode occurs under relatively slow turn—on conditions.

This can be explained by referring to the theory of I~~ATT

operation. Assuming that the circuit is tuned correctly, the

I~~ ATT mode will exist over a range of currents. At low currents,

the device negative resistance is matched by diode and circuit

losses. As the current increases, the negative resistance improves

and the IMPATT oscillation starts. At large—current levels, nonlinear

and space—charge effects within the diode degrade the negative

resistance and the diode eventually ceases to oscillate. The

time required for the IMFATT oscillations to build up depends

on the difference between the device and circuit resistance. For

a relatively slow risetime pulse, the time spent in the poten tial

IMPATT mode range is longer than the I~~ATT mode build-up time,

thus resulting in the generation of the I~~ ATT mode . For a fast

rise—time puls.e, the current goes through this range befor e the • I
I~~ATT mode can build up and thus it never comes into existence.

There are , however , other types of tr igger ing that occur under

fastrise—time pulse operation. Since the starting of the TBAPATT

mode as initiated by the I~~ ATT mode triggering typically requires

longer time, changing the shape of the pulse will change the turn—on

time , the turn—on mechanism, and will possibly also affect  the

pulse—front jitter. For the purpose of these discussions , the

turn—on time is defined as the period from the time the voltage

— 25—



first reacnes the breakdown voltage until the start of oscillation.

The various types of mechanisms that can trigger the TRAPATT

mode are illustrated, beginning with figure 12. This figure shows a

slow rise time pulse with the resulting I~~ATT mode turn—on.

The breakup at the leading edge of the pulse will be discussed

below. There is a period of approximately 20 xis during which the

I~~ ATT oscillation is present. This is illustrated in the middle

portion of the photo. An enlarged view of the IMPATT oscillation

is shown in figure 13. This photo shows a portion of the 5—GH z

I~~ ATT osc illat ion, which also appears in the middle of figure 12.

The frequency changes from approximately 14 to 5 GHz , depending on

the drive current level, with constant circuit tuning. This is

the same as the frequency tuning dependence with in I~~ATT

oscillators. Figure 114 shows the transition from IMPATT to

TRAPATT oscillation. The left part of the figure shows

the I1~ ATT osc illat ion of figure 13, and the right part is the

TRAPATT frequency oscillation. The middle section denotes the

transition time of approximately ~ ns cons isting, in sequence , of

a l ns wave , a 2-xis (approx) sine wave, and another l-ns wave,

all growing in amplitude with time. The TRAPATT oscillation starts

3 ns from the right edge of the photo.

A non—IMPATT startup is shown in figur e 15. In this case the

rise time is fast enough to prevent I?~ ATT buildup. Figure 16

shows the start of the TRAPATT oscillation at the top of the

pulse in figm~e 15. Figure 17 is an expanded version of figure 16.

The high— frequency csciliation is absent from this photo ; the

-
- 

- TRAPATT oscillation begins approximately 5 xis from the right edge
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PRELIMINARY IMPAT T
INSTABI LITI ES OSCILLATION S

* 
1~~~~_

I 1 I I I I I I I I
O 10 20 30 40 50 60 70 80 90

t , ns

Figure 12. Signal detected at the diode for a slow rise—time

moderate amplitude bias pulse (10 ns/div).
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I I I I I I
0 200 400 600 800 1000

t , PS

Figure 13. Signal detected at the diode illustrating the

presence of the I~~ATT frequency at

approximately 5 GHz (200 ps/div).
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IMPAT T TRAPAT T

I I I I I I I I I I
O I 2 3 4 5 6 7 8 9 10

t , nS

Figure 114. Signal at the diode illustrating the transition

from the IMPATT mode to the TRAPATT oscillations

(1 ns/div).
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I I I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

t i nS

Figure 15. Signal at the diode when a large amplitude,

fast rise—time bias pulse is applied (20 n s/ d i v) .
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TRAPAT T INITIATION
REGION ILLUSTRATE D
IN FIGURE 17

I I I I I I I I I I I
O 5 10 15 20 25 30 35 40 45 50

t , ns

Figure 16. Signal at the d i~~ic illustrating the direct

transition t the VHF oscil lat ions wi th  no

intervenin~ I~TATT signal (5 n s / d i v ) .
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I I I I I I I I I I I
O I 2 3 4 5 6 7 8 9 10

t , ns

Figure 17. Signal at the diode illustrating the be~ inn ing

of the TRAPATT mode (1 ns/div).
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of the photo , following a 2—xis transition region from the rising

pulse.

The shape of the bias pulse was also found to depend on

the time between the pulses. Pulse spacings less than 140 to 50 xis

give a ringing on the leading edge of the bias pulse , such as that

illustrated in figure l~ . Initially, this was thought to be indicative

of higher harmon ics of the TRAPATT frequency being trappe d in the

circuit between the diode and the low—pass filter. Based on

the computer model of figure 9, these higher harmo nics are found to

be very lightly loaded. If the power decays in a time longer than

the time between pulses, this power could distort the start of the

pulse. This would also explain the turn—on jitter, since the

turn—on time of the osc illator depends on the initial state of the

diode. However, the signal across the diode is observed to decay

in 30 to 50 xis, thus eliminating the above as a potential j i t ter—

causing mechanism. The rapid decay of trapped harmonics was

measured by using a sampler with an appropriate PIN switch. The

voltage across the diode was gated into an oscilloscope at

various times before and after the TRAPATT pulse. The PIN switch

was biased with a variable time—delay pulse generator that

was also used to trigger the main high—power diode pulser. A

more plausible explanation for the startup jitter would be in

the inherent differences which exist between successive pulses .

Hcwever , the experimental results obtained in this program are not

definit ive enough to establish any single mechanism as the predominant

J i t t e r —ca u s i n g  e f f e ct .
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The voltage probe was also used to measure the presence of

the TRAPATT harmonics at the diode. This was done by passing the

signal from the voltage probe through a tunable YIG filter

and reading the output power with a power meter. The diode was

operating at 750 MHz with a peak power output of 250 W and a

0.1—percent duty cycle. Table I shows the resulting signals

with the power at each frequency being normalized to the second.—

harmonic power .

The power at the 750—MHz fundamental frequency cannot be

measured here since the frequency is below the minimum frequency of -

the YIG filter. The Many signals that are present

clearly demonstrate the importance of the distributed—circuit

model discussed above. It should also be noted that there is

a lar ge amount of power in the higher harmo nics , with the 6th

harmonic having the highest power of all. This shows the importance

of designing TRAPATT oscillator circuits based on consideration

of a large number of frequencies. Unfortunately,this makes the

problem of circuit design much more difficult.

4 — -

5. Conclusions and Suggestions for Further Study

Work carried out during this program has resulted in

circuit models of the UHF TRAPATT circuit for both lumped and

distributed cases. Since the TPAPATT circuit supports many

higher harmonics , the distributed circuit must be considered

in order to accurately model the operation. The diode turn—on

con ditions have been measure d and foun d to be similar to those of

the S—band devices studied. In particular, the experimental
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Table I. Signals detected during TRAPATT operation..

Frequency (~imz) Harmonic Relative Power

1490 2 f ~ 
- 

1

2220 3 f0 1.11

2950 14 f
0 

0.149

3730 5 f0 1.85

141470 6 f 3.02

486o I~~ATT 0.28

5250 T f0 0.1~7

5950 8 f 0.79

6420 9 f0 0.82

7390 10 f0 0.58

8184 11 f
0 0.22

9000 12 f0 0.146

9290 I~~ATT + 6:f 0.24

9620 13 C0 0.49

10,370 0.15

I
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results clearly indicate that the appearance of the TRAPATT

fre quency is always preceded by VHF osc illations which are

characteristic of the RF circuit, The I~~ATT s ignal , on the

other hand, will only occur if the bias—pulse rise time is slow

and its amplitude moderate. Thus,the TRAPATT turn—on characteristics

are dependent on both the bias circuit (bias pulse shape character—

istics) and the RF circuit (VHF oscillation characteristics). The

triggering mode could be switched by changing the bias—circuit

conditions. The turn—on time can be minimized (10 us or less)

by applying a fast rise—time bias pulse having substantial

overshoot (e.g., 20 percent overshoot). The absolute minimum turn—on

time has not been determined but obviously cannot be shorter than

the build—up t ime assoc iated with the establishment of the

trapped plasma.

In sununary , it can be stated that:

(1) The TRAPATT is capable of stable high—power pulsed operation,

provided the device and circuit are properly matched.

(2) The TRAPATT turn—on time is related to the RF and bias—

circuit characteristics.

(3) The jitter associated with the turn—on is inherent in

the basic characteristics Qf the TRAPATT and its

associated circuit.

At this point an improved understanding has been obtained of

the TRAPATT physical behavior as well as its interaction with the

circuit . It is apparent that the device is critically dependent

on the circuit for its operation. Devices having different

characteristics (doping profiles, etc.) will behav-~ sinilar y

—3 6—
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when placed in the same circuit. However, ther e are some

import ant quest ions that need to be resolved before a complete

understanding can be obtained.

Addit ional work is needed on ref ining the current

and voltage probing techn iques so that accurat e wave shapes

can be obtained. These could then be Fourier analyzed to

determine the diode impedance at the TRAPATT and its harmonic

frequencies . This information could be coupled with the distributed

circuit models that have been developed so that the

device—circuit interaction could be properly modeled and thoroughly

studied. In addition to optimizing the circuit for TRAPATT

operation, the technique should also be useful in allowing a

comprehensive analysis of the transient behavior of the diode to

be obtained. Furthermore, a transient analysis has been developed

on an Army Research Office sponsored project entitled “Fundamental

Problems in TRAPATT Oscillators and Amplifiers.” This analysis

has direct application to the types of problems that we are

considering here . The turn—on conditions could be thoroughly

studied and the jitter problem could. be evaluated starting from

the realistic model. Presumably, the analysis would identify the

basic mechanisms responsible for the turn—on jitter, thus making

it poss ible to reduce the jitter to the low est pos sible level

and improving the operation of the device.

The distributed circuit model when used in conjunction

with a realistic device model should also help in the design

of optimized TRAPATT oscillators and amplifiers. Finally,

the intermodulation effects should be evaluated. As described
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in the report , in addit ion to the fundamental TRAPATT fre quency

there are also other signals present in the

vicinity of the diode. These include harmonics of the TRAPATT

frequency, bias circuit oscillations, VHF osc illat ions and

IMPATT oscillations. These signals may interact with each other, so

that all intermo dulat ion products that fall with~ n. the pass—

band of the BY circuit will be transmitte d to the load along

with the TRAPATT fundamental .

Only with a thorough understanding of the above areas will

it be pos sible to have suff icient knowle dge of the TRAPATT

operation to allow optimized devices and circuits to be designed.
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