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Short Papers

The Operation of S-Band TRAPATT Oscillators with
Tuning at Multiple Harmonic Frequencies

R. J. TREW, G. I. HADDAD, rELLOW, IEEE, AND
N. A. MASNARI, sENIOR MEMBER, IEEE

Abstract—A simplified TrapaTT oscillator model that allows the
investigation of arbitrary terminal waveforms was utilized to in-
vestigate realistic TrRarpaTT wWaveforms and the tuning conditions
necessary for high-efficiency operation. The effects of the higher
harmonics on oscillator frequency and efficiency were studied.
Circuit impedance measurements of S-band TravaTT oscillators
support the theoretical predictions.

INTRODUCTION

The operation of TRaPATT oscillators and amplifiers is strongly
dependent upou the RF circuit characteristics. Since exact device
computer models are relatively expensive to operate, they are not
well suited for extensive investigation of arbitrary eurreni or volt-
age waveforms or for device-circuit interactions. Therefore a great
need exists for a simplified TRAPATT model which, while retaining
the fundamental behavior of TRAPATT operation, could be used for
a detailed investigation of oscillators and amplifiers including har-
monie tuning effects. Such a model was developed [1] and employed
to obtain a better understanding of the relationship between the
diode and microwave circuit. The results of this investigation are
presented in this paper. Circuit impedance measurements on an
S-band TraPATT Oscillator confirmm many of the theoretical predic-
tions.

REALISTIC WAVEFORMS

Most of the TRAPATT-mo0de computer analyses [27-[47] performed
thus far were concerned with obtaining an understanding of the
internal dynamics of the avalanche diode. These analyses generally
assume a square-wave terminal current and calculate the diode
terminal voltage. There is a question as to. the accuracy of this
type of analysis since the diode waveforms do not result in negative
conductances at all frequencies for which current components exist.
A more realistic TRAPATT-mr0de terminal-current waveform consist-
ing of dc, fundamental, and second-harmonic components was sug-
gested by Parker [5]. Third- and fourth-barmonic eomponents were
added in this investigation while at the same time negative con-
ductances were maintained at all signal frequencies. Therefore all
of the waveforms should be physically realizable.

The waveforms resulting from the situatious where two and three
harmonic currents are present in the input waveform are illustrated
in Figs. 1 and 2. The addition of the third harmonic (Fig. 2) shapes
the terminal current into a slightly narrower waveform with a
greater amplitude high-current region. This result can have a signifi-
cant effect on the frequency of operation since the plasma generation

Manuscript received March 3, 1975; revised August 14, 1975. This
work was supported in part by the Air Forece Systems Command, Rome
Air Development Center, under Contract F30602.74-C-0012 and in
part by the Harry Diamond Laboratories under Contract DAAG39-74-
C-0201.

R. J. Trew was with the Electron Physics Laboratory, Department of
Electrical and Computer Engineering, University of Michigan, Ann
Arbor, Mich. 48104. He is now with Watkins-Johnson, Palo Alto,
Calif. 94304. .

G. I. Haddad and N. A. Masnari are with the/Electron Physics
Laboratory, Department of Electrical and Computer Engineering,
University of Michigan, Ann Arbor, Mich, 48104.

1043
120 24
100 — - VOLTAGE —20
~ -~ CURRENT .
80
>
7]
60
a
L]
o
>
2 40
=
s
[r4
¥ 20
\\ /
R e —TT
O St e et o
B0t IR MU SN SO | ] ! 1 4
[¢] 40 80 120 160 200 240 280 320 380
ANGLE ot, DEGREES
Tig. 1. Terminal voltage-current waveforms for an n*-p-p* TrararTT

oscillator. Total diode terminal current density (JT) = 6360 4
106 000 sin wt -+ 4240 sin (2wt + 270°) A/cm? Thermally generated,
reverse saturation current density (JCO) = 100 A/eme fi = 3.64
GHz. qu = 27.4 percent.
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Fig. 2. Terminal voltage-current waveforms for an n*-p-p* TrRAPATT
oscillator. JT = 6360 - 10 000 sin w? + 4240 sin (2wt 4 270°) -+

2120 sin (Bwt 4 110°) A/emz. JCO = 100 A/cm? fi = 3.85 GHa.
m = 26.7 percent.

and rate of charge drainage are directly affected by :he terminal
current during this portion of the cycle. The higher harmonics can
also result in larger displacement current values and cor-espondingly
larger voltage fluctuations during the second half of thz microwave
period. The net result of the addition of the higher harmonics (i.e.,
the third and fourth harmonies which were investigated) appears
to be a fairly minor reduction in efficiency with the possibility of a
significant change in fundamental frequency depending upon the
harmonic phase angles involved.

HARMONIC PHASE EFFECTS

Since the changing of harmonic phase angles is related to the
tuning of experimental oscillators, it is necessary to understand how
the phase angles affect oscillator performance. Therefore computa-
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tions were performed in which the phase angles of the terminal-
current, harmonic components were varied to test their influence on
the frequency and efficiency of the oscillator. This investigation
yielded information directly related to the tuning conditions for
high-efficiency oscillations.

The results of shifting the phase of the fundamental current com-
pounent are illustrated in Figs. 3 and 4. A shift of 25° of the funda-
mental phase angle produced a change of only 160 MHz in the
fundamental frequency (Fig. 3). However, the same phase shift
caused a decrease in fundamental efficiency from approximately 35
to 6 percent while the second-harmonic efficiency increased from 2
to 12 percent (Fig. 4). It is interesting to note the detuning effect
of changing the fundamental phase such that the oscillator shifts
from an almost pure fundamental output to a condition where the
second harmonic is the dominant output signal. This is, of course,
the condition for second-harmonic extraction. This study indicates
that the fundamental efficiency is extremely sensitive to tuning
conditions at the fundamental frequency, a result that is also ob-
served experimentally.

The results obtained by shifting the phase angle of the second
harmonic while holding all other phase angles constant are illustrated
in Figs. 5 and 6. Again, the shift in phase angle is observed to have
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Fig. 3. Fundamental frequency versus fundamental phase angle relative
to input current for an n*-p-pt TRAPAaTT oOscillator. JT = 6360 |+
10 000 sin (wt + ¢1) + 4240 sin (2wt -+ 300°) + 2120 sin (Bwt +
110°) A/cm2 JCO = 100 A/cms,
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Fig. 4. Effect of the fundamental phase angle relative to the input cur-
rent on the efficiency of an nt-p-p* TRaPaTT Oscillator. JT = 6360 +
10 000 sin (Wt + ¢1) + 4240 sin (2wt 4 300°) + 2120 sin (Bwt +
110°) A/cm2, JCO = 100 A/cmz, .
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Fig. 5. Fundamental frequency versus second-harmonic phase angle
relative t0 the input current for an n*-p-p* TrararT oscillator. JT =
6360 + 10000 sin wt + 4240 sin (2wt + ¢2) + 2120 sin  Bwi +
110°) A/em2 JCO = 100 A/cm2,
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Fig. 6. Efficiency versus second-harmonic phase angle relative to the
input current for an nt-p-p" TrAPaTT oscillator. JT = 6360 +
10 000 sin wt + 4240 sin (2wt + ¢2) + 2120 sin (Bwt + 110°) A/cm?.
JCO = A/ems.

"only a minor effect on the fundamental frequency which changed by

only 150 MHz (Fig. 5). However, the phase shift is observed to
again have a strong effect on the efficiencies obtained (Fig. 6). By
shifting the second-harmonic phase angle by 90°, the fundamental
efficiency varied from approximately 14 fo 39 percent and the
second-harmonic efficiency varied from approximately 14 to less
than 1 percent. Again, the tuning effect is observed such that the
oscillator shifts from a condition producing almost equal fundamen-
tal and second-harmonic signals (i.e., ¢ =~ 230°) to a condition in
which the fundamental is the only significant output signal. The
second-harmonic tuning effects are explained in more detail else-
where [1]. '

Extending these computations to the phase angle of the third
harmonic yields the results illustrated in Figs. 7 and 8. The phase
of the third harmonic is observed to have a major influence on the
fundamental frequency (Fig. 7) but only a minor effect on the
fundamental efficiency (Fig. 8). The fundamental frequency varies
almost linearly over the 4.08-3.44-GHz range corresponding to a
third-harmonic phase shift of 100°. For this same change in phase,
however, the fundamental efficiency varied only by approximately
six percentage points.

Similar results were obtained by adding a fourth harmonic and
repeating the computations. The phase of the fourth harmonic was
observed to cause a significant change in the fundamental frequency
(e.g., 2 change of 420 MHz in the fundamental frequency for a shift
of 100° in the fourth-harmonic phase) and a minor change in effi-
ciency of only four percentage points.
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Fig. 7. Fundamental frequency versus third-harmonic phase angle
relative to the input current for an n*-p-p* Traparr oscillator. JT =
6360 - 10 000 sin ¢ 4 4240 sin (2wi 4 270°) + 2120 sin (Bwt +
¢3) A/em?. JCO = 100 A/cmz.
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Fig. 8. Effect of third-harmonic phase angle relative to the input cur-
rent on the efficiency of an n*-p-p* TrapaTT oscillator. JT = 6360 +
10 000 sin wt + 4240 sin (2wi + 270°) + 2120 sin Bwt + ¢3) A/cmsz.
JCO =100 A/cm?,

HARMONIC AMPLITUDE EFFECTS

In order to completely establish the oscillator response to various
harmonic tuning conditions, it is necessary to determine the effects
of varying the harmonic amplitudes. Therefore a series of computa-~
tions was conducted in which the magnitude of each harmonic was
varied while all others were held constant.

Varying the magniftude of the fundamental from 75 to 125 percent
of its original value resulted in a 260-MHz change in the fundamen-
tal frequency (Fig. 9). However, this same magnitude change
resulted in an increase in efficiency from 6 to 38 percent (Fig. 10).
The strong dependence of efficiency on fundamental amplitude is
expected since the RF power generated is dependent upon the
magnitude of the fundamental current. With a constant dc power
input, the efficiency varies directly with the RF power generation.

The effects of varying the magnitude of the second-harmonic cur-
rent from 0 to 200 percent of its original value are illustrated in
Fig. 11 (frequency variation) and in Fig. 12 (efficiency variation).
A strong frequency dependence is observed to exist. During these
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Fig. 9. Frequency versus fundamental current amplitude for an
n*-p-p* TRapaTT oscillator. JT = 6360 + A1 X 10000 sin wf +
4240 sin (Rwt -- 270°) 4 2120 sin @wt + 110°) + 1500 sin (4wt +
150°) A/cmz, JCO = 100 A/cm2,
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Fig. 10. Efficiency versus fundamental current amplitude for an
nt-p-pt TrAPATT oOscillator. JT = 6360 + A: X 10000 sin ot +
4240 sin (2wt + 270°) + 2120 sin (Bwt + 110°) + 1500 sin (4ot +
150°) A/cm2 JCO = 100 A/cm?.

[
computations the fundamental frequency shifted linearly with the
second-harmonic magnitude over a range of 1.4 GHz. Increasing
the magnitude of the second-harmonie current resulted in a redue-
tion in fundamental efficiency of approximately 6 percentage points
and an increase in second-harmonic efficiency of 14 percentage
points. A slight increase in third-harmonie efficiency and a slight
decrease in fourth-harmonic efficiency were also observed.
Extending these calculations to the higher harmonies revealed
that the magnitudes of the odd harmonics have a relatively minor
effect on the frequency of operation while the even ha ‘monics exert

a strong influence. The even harmonics alter the fundamental

oscillating frequency because they have a tendency to shape the

terminal-current waveform during the first half of the RF cycle.

Increasing the even harmonic amplitudes alters the terminal-current
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Fig. 11. Frequency versus second-harmonic current amplitude for an
nt-p-p* TrararrT oscillator. JT = 6360 + 10000 sin wi + A: X
4240 sin (2wt 4 270°) 4 2120 sin (3wt + 110°) 4 1500 sin (4wt +
150°) A/cm?. JCO = 100 A/cm2.
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Fig. 12. Efficiency versus second-harmonic current amplitude for an
nt-p-p* TrAPATT oscillator. JT = 6360 + 10000 sin wt + A: X
4240 sin (2wt + 270°) + 2120 sin (3wt 4 110°) + 1500 sin (4ot +
150°) A/cmz JCO = 100 A/cms2.

waveform so that a large electron-hole plasma is generated after a
relatively long period of time. The oscillation frequency is therefore
decreased. The increase of the harmonic magnitudes does not have
a major influence on the fundamental efficiency although a slight
decrease is observed as the harmonic amplitudes increase. The effi-
ciency of the fundamental, however, is obviously directly controlled
by the magnitude of the fundamental current.

EXPERIMENTAL MICROWAVE CIRCUIT
MEASUREMENTS AND COMPARISON WITH
THEORETICAL PREDICTIONS

In order to determine the effects of the RF circuit on TRAPATT
oscillator performance, a coaxial S-band TRAPATT oscillator was
tuned to produce high- and low-efficiency conditions at two S-band
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frequencies. The diode was then removed from the circuit and re-
placed with a connector that was fabricated to provide a continuous
transition from the oscillator cavity to a network analyzer. In this
manner it was possible fo measure the RF circuit as seen by the
diode and package without the necessity of moving the tuning slugs
or disassembling the circuit. The circuit impedances were then
transformed through a package model to obtain the impedances as
they appear at the diode chip.

Although it is rather difficult to obtain close correspondence be-
tween an experimental operating point and one computed theoret-
ically unless the voltage and current waveforms are measured, some
observations and comparisons with theory can be made by measur-
ing the circuit impedance. Therefore the oscillator was first tuned
to produce high- and low-efficiency conditions at a fixed frequency.
The circuit impedances were meéasured through frequencies near
the high end of X band. The circuit impedance measurements were
limited to five harmonic frequencies for the oscillator operating at
approximately 2.2 GHz and to three harmonic frequencies for the
oscillator operating at approximately 3.5 GHz.

An understanding of the relationship between the RF circuit
impedances and the efficiency of the oscillator can be obtained from
the impedance results presented in Table I and the theoretical results
presented earlier. The first three harmonic impedances are presented
in Table I for oscillators tuned to essentially the same frequency
(i.e., 2.21 and 2.27 GHz) under high- and low-efficiency conditions
(i.e., 35 and 22 percent, respectively). The theoretical results indi-
cate that the oscillator efficiency is very sensitive to the magnitude
of the fundamental current. The fundamental efficiency is also de-
pendent upon the phase angles of the fundamental and second-
harmonic currents. The results of the circuit measurements pre-
sented in Table I support these conclusions. A high efficiency (i.e.,
35 percent) is obtained for the 2.21-GHz oscillation because its
fundamental impedance has a smaller magnitude than that of the
2.27-GHz oscillation. This allows a larger fundamental component
of current to flow and helps produce a higher efficiency. The funda-
mental phase angle for the 2.21-GHz oscillation also favors a higher
efficiency since the circuit impedance phase angle (at the funda-
mental) corresponds to a diode phase angle of 158.5° as compared
to 144.8° for the 2.27-GHz oscillation. The diode voltage—-current
angle for the 2.21-GHz oscillation is, therefore, closer to the ideal
180° phase difference for negative-resistance devices, which helps
to produce the higher efficiency. The theoretical results also indicate
that RF power at the harmonic frequencies generally occurs at the
expense of the fundamental signal, although this effect can be
minimized by proper circuit tuning. Nevertheless, the heavy load-
ing of the second-harmonic signal for the 2.21-GHz oscillation prob-
ably prevents a significant second-harmonic current from flowing
which in turn helps in achieving the high fundamental efficiency.

According to the theoretical predictions, the frequency of the

TABLE I
Circurr ImpEDANCE CompArIsON FOR TRAPATT OsCILLATORS
TunEDp ror Hige anp Low ErriciENCIES AT A
ConstanT FREQUENCY

Normaisues 1o soos tine Masmitose (Dearees)

n.= 35 Percent, £ = 2.21 GHz

z = 0.18 - j0.0T 0.194 338.5

Z, = 0.9 - J0.7 1.1ko 322.1

23 = 0.0k ~ jO.46 0.462 275.0
n = 22 Percent, f = 2.27 GHz

Zl = 0.17 - J0.12 0.208 324.8

z, = 0.06 - j0.115 0.130 297.5

Z = 0.03 - §0.145 0.148 281.7
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fundamental oscillation is dependent to a major extent upon the
tuning conditions of the third- and possibly higher harmonic fre-
quencies. From the oscillator circuit measurements presented in
Table I, the essentially identical frequencies of the two oscillations
are expected since the two third-harmonic phase angles differ by
only approximately 7° (i.e., ¢35 = 275 and 281.7°).

An understanding of the frequency-determining characteristics
of the RF circuit upon the TRAPATT oscillator can be obtained from
the circuit impedances presented in Tables II and IIT. The RF
circuit impedances measured for the first three harmonics of an
nt-p-p* oscillator operating at two different frequencies (i.e., at
approximately 2.2 and 3.6 GHz) for approximately the same effi-
ciency (i.e., 7 = 35 and 28 percent) are presented in Table II. The
slightly higher efficiency of the 2.21-GHz oscillation is due primarily
to the smaller magnitude of the fundamental impedance and the
more optimum fundamental phase angle as previously discussed.
The relatively heavy loading of the second-harmonic signal for the
2.21-GHz oscillation also helps enhance the efficiency of the funda-
mental. The theoretical results indicate that the frequency of the
oscillator is determined to a major extent by the third- and higher
harmonic phase angles. This effect is clearly observed in the results
presented in Table II. The phase angles for the two oscillations
differ by approximately 21° for the fundamental, approximately
43° for the second harmonic, and approximately 200° for the third
harmonic. It is, therefore, concluded that the major shift in the
third-barmonic phase angle is directly related to the increase in the
frequency of the oscillator from 2.21 to 3.60 GHa.

The theoretical results indicate that the magnitude of the second-

TABLE II
Circuir ImpEpanceE ComparisoN rorR TRAPATT OscCILLATORS
TuNeD TO DirFerENT S-BAND FREQUENCIES WITH A
ConsTanT EFFICIENCY

Circuit Impedance Normalized Phase Angle
Normalized to 50-( Line Megnitude (Degrees
n_= 35 Percent, £ = 2,21 GHz
Z1 = 0.18 - J0.07 0.194 338.5
Z, = 0.9 - J0.7 1.1ko 322.1
zZ, = 0.0 - JO.46 0.462 275.0
n = 28 Percent, £ = 3.60 GHz
Zl = 0.21 - j0.19 0.283 317.9
Z2 = 0,05 -J0.315 0.320 279.0
23 = 0.34 + J1.75 1.780 79.0
TABLE III

Circurr ImpeEDANCE CoMmPaRISON FOR TRAPATT OsciLLATORS
TuNED To DIFFERENT S-BAND FREQUENCIES WITH A
ConsTanT EFFICIENCY

Circuit Impedance Normalized Phase Angle
Normelized to 50-Q Liue Magnitude (Degrees)
n = 22 Percent, f = 2,27 GHz
z, = 0.17 - jJ0.12 0.208 324.8
22 = 0,06 - §0.115 0.130 297.5
23 = 0.03 - jO.1k5 0.148 281.7
n =19 Percent, f = 3.48 GHz
Z1 = 0,18 - j0.11 0.211 328.6
22 = 0.04 - j0.18 0.185 282.5
Z,=1.75 - 32.0 2.660 311.2

1047

harmonic signal can also have a significant effect on 1he oscillator
frequency. An example of this type of operation is observed in the
circuit impedance measurements presented in Table III. In this
example both the magnitudes and the phase angles cf the funda-
mental impedances are essentially identical for both frequencies.
This result is consistent with the measured efficiencies which differ
by only three percentage points for the two oscillations (i.e., 22
percent for the 2.27-GHz oscillation and 19 percent for the 3.48-GHz
oscillation). The relatively small magnitude of the seccnd-harmonic
impedance for both signals indicates that significart current is
allowed to flow at these frequencies and that, therefore, the second-
harmonic amplitude has the potential of significantly affecting the
oscillator performance. The presence of the relatively strong second-
harmonic frequency was confirmed by spectrum analyzer observa-
tions and is probably a factor in the low efficiencies obtained. The
smaller second-harmonic impedance magnitude of the 2.27-GHz
oscillation indicates that a larger current would be allowed to flow
at this frequency for this oscillation than for the corresponding
situation at the higher frequency. The larger second-harmonic cur-
rent is consistent with the lower operating frequency as presented
earlier. The approximately equal efficiencies for the two oscillations
are also consistent with the approximately equal second-harmonic
phase angles.

It is difficult to directly compare the effect of the third-harmonic
phase angles on the oscillator results presented in Tabls III because
the third harmonic of the higher frequency oscillation rrobably does
not exist due to the heavy resistive loading (i.e., normalized iro-
pedance magnitude of 2.66) of the third-harmonic impzdance.

SUMMARY AND CONCLUSIONS

Many different waveforms resulting in negative conductances at
all signal frequencies were investigated with the aid o’ a simplified
TRAPATT oscillator computer model. It was determined that although
many different waveforms result in TrRaPATT-mode operation, they
all are characterized by a high magnitude current during the first
half-cycle and a low magnitude current during the second hali-
cycle.

A study of the harmonic effects on oscillator performance revealed
that the fundamental frequency of oscillation is primarily dependent
upon the amplitude of the second-harmonic current and the phase
angles of the third and higher harmonics. These parameters have a
significant influence on oscillator frequency because they shape the
form of the terminal current during the first half-cy:le when the
electron-hole plasma is being generated and drained from the diode.
The higher harmonics, however, have only a minor influence on
oscillator efficiency.

The efficiency of the oscillator is determined primrarily by the
phase angles of the fundamental and second-harmoniz signals and
the amplitude of the fundamental current. These parameters have
a significant influence on the shape of the terminal waveforms,
especially the second half-cycle voltage which is extremely impor-
tant in determining oscillator efficiency.

Circuit impedance measurements of an experimental coaxial S-
band oscillator support the theoretical predictions.
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