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Nonlinear Behavior and Bias Modulation of an IMPATT
Diode Oscillator

CHENTE CHAO axp GEORGE I. HADDAD

Abstract—Experimental results of the nonlinear behavior of an
IMPATT diode oscillator under free-running and bias-modulated con-
ditions are presented and correlated with theoretical results. Ampli-
tude and frequency behavior of a free-running IMPATT diocde
oscillator such as: 1) power-frequency characteristic, 2) jump and
hysteresis, 3) temperature dependence, 4) harmonic content, and
5) electronic tuning characteristics are discussed. The bias-modula-
tion properties and their relation to the free-running behavior are
described. The effects of the operating point, external Q, and injection
locking on the modulation properties are presented.

I. INTRODUCTION

r I Y HE mMpaTT diode has reached an advanced state of de-
velopment and is presently being employed in several
applications, Several review papers [1], [2] are avail-

able where the basic principles of operation, the device

physics, methods of fabrication and characterization, and
modes of operation are presented. More recent work in the
field has been focused on the nonlinear properties of these
devices [3] and the problems which can arise during opera-
tion [4]. The purpose of this paper is, therefore, to present
the nonlinear operating characteristics of these devices and to
describe the interaction between the device and the circuit.

In Section II, the nonlinear behavior of a free-running
mPATT diode oscillator is presented along with a theoretical
explanation. The behavior of a bias-modulated 1MPATT diode
oscillator is presented in Section III. The effects of the
operating point, external Q and injection locking on the
modulation properties are described and compared with the
theoretical expression. The emphasis is placed on a correla-
tion between theory and experiment concerning the behavior
of a negative-resistance diode oscillator in terms of the device-
circuit interaction,

II. BEHAVIOR OF A FREE-RUNNING OSCILLATOR

In the study of an IMPATT diode oscillator, an understand-
ing of the free-running behavior is essential to its performance
in a system application. In the course of a routine tuning
experiment, for example, some nonlinear phenomena are
often observed that cannot be explained by a simple oscillator
model. Among them the commonly observed ones include the
following.

1) The frequency and power of the oscillator exhibit a
discontinuous change or “jump” as the dc bias current or the
circuit tuning element is varied. If the tuning is reversed,
the jump occurs at a different frequency and power. This is
referred to as a “hysteresis” effect.

2) As the temperature of the heat sink changes, the power
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and frequency of the oscillator also change even though the
dc bias current and the external circuit are fixed.

3) Under certain bias-circuit configurations, such as
modulating the dc bias current of the diode through a capaci-
tor or a transformer or detecting the Doppler-shifted frequency
in a Doppler-type radar application, the additional circuitry
incorporated in the bias network may give rise to low-fre-
quency oscillations which create sidebands and/or modulation
in the single-line spectrum. Such low-frequency bias-circuit
oscillations will disappear only if the dc bias current level
and/or bias circuit are changed. This is in agreement with
the recent work of Brackett [5]. In his paper it was shown
that these instabilities may be eliminated in a systematic and
well-controlled manner.

4) Excess noise or sideband generation may occur near a
frequency jump or under certain operating conditions.

The behavior of an iIMPATT diode oscillator depends on the
properties of the circuit employed and the device. A precise
knowledge of the circuit and device properties of an oscillator
will allow one to predict its behavior under various operating
conditions and to gather valuable information to aid in its
optimum design. The behavior of a negative-resistance diode
oscillator is adequately explained in terms of the device and
circuit interaction. In order to achieve this, an appropriate
model of the oscillator and reasonably accurate methods of
calculating the circuit and device impedances must be avail-
able. Recently, a systematic analysis of the negative-resis-
tance diode oscillator was treated by Kurokawa [6]. In his
paper, the condition for free-running stable oscillations, in-
jection-locking phenomena, stable-locking range, noise of free-
running and injection-locked oscillators, and a condition for
parasitic oscillations were discussed analytically and graph-
ically in terms of the device-circuit interaction. Some of his
results were verified experimentally in a low-frequency
lumped circuit by Kenyon [7].

When a device with an admittance Yy;= —Gz-+jB; is con-
nected to a passive circuit whose admittance is ¥Y,=G,+jB,,
the voltage amplitude ¥V and frequency w of the resulting
steady-state oscillation are determined by

Gi(V,w) — Go(w) =0
By(V, w) + Bi(w) = 0. (1)

These equations are the conditions for oscillation and define
the intersection in the complex admittance plane of the loci
Yo(w) =G(w) +7B.(w) and — Yg(V, w) =Ga(V, w)—jBa(V, w).

Stable oscillation is possible if and only if, in addition to
the condition for oscillation (1), the following stability re-
quirement is fulfilled at each intersection in the admittance
plane plot:

9G; dG.
IV dow

(tan ® — tan 6) > 0 (2)
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Fig. 1. (a) Cross section of the coaxial cavity. (b) Equivalent circuit of the diode package and slugs
(C3=86.2X 107V, Zg=50 Q, Zug=10 Q).
where area of the diode are typically 4 um long and 1X107* cm?,
iB respectively.
¢ An approximate large-signal analysis is employed to cal-
do culate the impedance of the device. This model neglects the
tan @ = __dG diffusion term in the current density equation and assumes
¢ that the holes and electrons have equal ionization rates and
dw move at equal and saturated drift velocities. The diode is
idealized to have an effective avalanche region 1 um long and
and . . . .
an effective drift region of 4 um. The shape of the electric
4By field profile in the avalanche region is assumed to be inde-
v pendent of time, but its magnitude is a function of time. Such
tanf = —— - a model has been used successfully by Blue [8] and Schroeder
3Gy and Haddad [9] and provides a realistic description of an
v mMPATT diode.

For a device which is biased through a constant-current
source, it is preferred to analyze the device-circuit interaction
on an admittance plane instead of on an impedance plane.
The reason is explicitly implied by the factor 9G4/dV in (2)
which is the derivative of device conductance with respect to
RF voltage across the device along a constant-current locus.
On the'other hand, it is preferable to work on an impedance
plane for a device, for example, transferred-electron device,
which is biased by a constant-voltage source.

In this section, some experimental data on the nonlinear
behavior of a free-running IMPATT diode oscillator will be
presented. The conditions for oscillation and the stability
criterion, (1) and (2), respectively, are used to analyze the
data.

A. Diode Model

The diodes which were used in the experimental work and
all subsequent analyses are made of Si and have a p*-n-nt
doping profile. The doping density in the n-region was de-
termined to have an average value of 7.5X10% cm™ by a
measurement of the diode capacitance versus the reverse bias
voltage. The acceptor concentration in the pt-region is ap-
proximately 310 cm™2. The width of the n-region and the

B. Circuit Model

The oscillator consists of a Si pt-n-nT diode in an HP 41
package which is mounted in a 7-mm coaxial line with two
10-Q tuning slugs a quarter-wavelength long at various fre-
quencies in X band. The cross section of the coaxial cavity
and the equivalent circuit which was used in the calculation
of the circuit impedance are shown in Fig. 1. A computer
program was developed to calculate the circuit impedance as
a function of frequency with the slug positions (/i and ;) and
the size of the slugs (M\siue and Zg1yp) as input parameters.

C. Experimental Results and Discussion

Power-Frequency Characteristics: The Si diode and the
coaxial cavity described earlier were employed with other
microwave components for studying the basic characteristics
of these diodes as solid-state negative-resistance oscillators.
In order to study the frequency range where the conditions for
oscillation and stability are fulfilled, the diode was biased at
a constant dc current and the position of the two tuning slugs
was varied until a single-frequency clean spectrum at a
reasonable power level was obtained. An example of such a
power-frequency characteristic of a Si diode at a constant
dc current of 80 mA and with the heat sink at ice water tem-
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Fig. 2. Output power and efficiency versus frequency of oscillation for
an iMPATT diode biased at a constant dc current of 80 mA in a
coaxial cavity with two 10-Q slugs a quarter-wavelength long at 6, 9,
and 12 GHz, respectively.

perature (17°C) is shown in Fig. 2. Tuning slugs of different
lengths were used to satisfy the condition of oscillation for
different frequency ranges. For the data shown in Fig. 2, two
identical slugs that were a quarter-wavelength long at 6, 9,
and 12 GHz were used each time. One set of slugs can cover
a range of frequency of more than 3 GHz. Oscillation at a
higher frequency than the one shown in Fig. 2 (i.e., 12 GHz)
can be obtained if slugs which are a quarter-wavelength long
at a higher frequency are used. This is evident from the
numerical simulation of the device impedance which exhibits
a negative resistance at frequencies far beyond X band (Fig.
3). Thus, it is quite often due to an inadequate circuit im-
pedance that the condition of oscillation is not satisfied. On
the other hand, the theoretical prediction of a cutoff frequency
near 6 GHz should not be taken literally since its calculation,
in addition to the assumptions described earlier, is assumed to
be at room temperature. The actual junction temperature
can be as high as 250°C. At higher operating temperatures,
the avalanche or cutoff frequency decreases with temperature
due to the temperature dependence of the saturated drift
velocity [10] and the ionization rate [11]. The observed os-
cillations below 6 GHz give additional evidence to the tem-
perature dependence of these basic parameters. The effect of
temperature on the performance of the IMPATT diode oscillator
will be presented in a later section.

Jump and Hysteresis in Frequency and Power: The varia-
tion of frequency and power of the IMPATT diode oscillator
with the dc bias current, when the external circuit is fixed,
is referred to as the electronic tuning effect which was first
described through a small-signal analysis by Gilden and
Hines [12] and which provides a convenient way to modulate
the oscillator. For certain operating conditions, the frequency
and power of the IMPATT diode oscillator may vary smoothly
over a wide range of the dc bias current (for example, see
Fig. 4). However, for other operating conditions, a discon-
tinuous change of frequency and power occurs when the dc
bias current is varied. If the current tuning is reversed, the
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Fig. 6. Admittance plane plot of the circuit and device for

the experimental data in Fig. 5.

discontinuity or jump occurs at a different value of frequency,
power, and dc bias current. Thus there is a hysteresis loop
with a jump in the frequency and power as a function of the
dc bias current (see, for example, Fig. 5).

As an example, the jump and hysteresis shown in Fig. 5
are analyzed by superimposing the admittance of the device
and circuit on an admittance plane plot (Fig. 6). The nega-
tive value of the device admittance at the fundamental fre-
quency of oscillation as a function of bias current for differ-
ent values of the RF voltage is plotted with the admittance
of the circuit which varies as a function of frequency near the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, OCTOBER 1973

neighborhood of the frequency of oscillation. The calculation
of the device admittance is based on the model described
earlier. The dependence of the device impedance at the
fundamental frequency due to the presence of harmonics is
neglected since measurements of the harmonic content for
the coaxial IMPATT diode oscillator (which shall be discussed
later in this section) indicate that the second harmonic is
usually the strongest one but is normally at a value of 20 dB
below the power of the fundamental frequency. The effect of
second harmonic on the device admittance at the funda-
mental frequency was illustrated systematically by Schroeder
and Haddad [9]. It has been shown that there is negligible
change in device admittance at the fundamental frequency
due to the presence of a second harmonic at a level as low as
20 dB below the fundamental power for all values of phase
between them. The dependence of the device admittance on
the frequency is also neglected since there is a negligible
change in the device admittance due to a small frequency
change near an operating point.

The calculation of the circuit admittance is based on the
equivalent circuit [13], [14] for the diode package and the
actual position of the slugs as shown in Fig. 1. Two 10-GHz
slugs are used, and the actual position of the slugs are ;=0
cm and ly=1.75 cm. The locus of the circuit admittance forms
a loop near the frequency of interest and overlaps partially
with the device admittance. A minor adjustment in the size
of the loop of the circuit admittance has been made for the
one shown in Fig. 6 which gives an excellent account of the
jump and hysteresis observed in Fig. 5.

The reason for the jump and hysteresis which were ob-
served experimentally is due to the combined effects that a
loop exists in the locus of the circuit admittance which
partially overlaps the device admittance and the require-
ments of the conditions for oscillation and stability. Stable
oscillation can be maintained only if both the conditions for
oscillation and the stability criterion are satisfied simul-
taneously at a given point of interest in the admittance plane.

A detailed account of the observed jump and hysteresis in
frequency and power which are shown in Fig. 5 is given. The
points of interest in the data shown in Fig. 5 are similarly
labeled on the corresponding device-circuit admittance plot
(Fig. 6) and in Fig. 7. At point a, the loci of the circuit and
device begin to intersect, and the stability criterion is satis-
fied. As the dc bias current is increased the constant-current
device lines move upward and are nearly parallel to one
another. The frequency is increased as the intersection is
moved upward until it is at point b beyond which the con-
dition of stability is no longer satisfied and the jump from
point b to point ¢ along a constant-current device line occurs.
At point ¢ the frequency is approximately 100 MHz higher
than that of point 4. If the dc bias current is further in-
creased, the frequency of oscillation will be increased along
the circuit locus until point d is reached. At point d the stabil-
ity criterion is not fulfilled which is similar to the case of
point b. Beyond point d only wide-band noise was observed.
This is expected since the loci of the device and circuit no
longer intersect each other. Now if the tuning is reversed and
the dc bias current is reduced, the frequency of oscillation
will be decreased from points d to ¢ and then to e. As the
bias current is reduced along the locus of circuit towards
point e, the RF voltage across the device is forced to ap-
proach its minimum. (This minimum RF voltage is ap-
proximately 3 V here. It can be calculated by using the actual
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TABLE 1

A SUMMARY OF THE STABILITY CONDITIONS FOR VARIOUS OPERATING
Points 1IN F16. 7

4Gy dG,

Point dV  dw tan®—tan8 Stable

a + + + yes
b + + 0 no¥
b + + - no

c + - - yes
d + - 0 no*
e + — - yes

* At the threshold of instability.

circuit and device with a self-consistent analysis [15].) At
point e, although both (1) and (2) are satisfied, the RF volt-
age falls below the sustaining voltage corresponding to the
ac current flowing in the device and circuit. However, both
(1) and (2) are satisfied for the same current level at point f
but with the required RF voltage. Therefore, as the current
level is reduced, a jump from point e to point f takes place and
the oscillation is continued along the circuit locus from point
f to point a as the dc current is further decreased. The de-
tails of the application of the oscillation and stability criteria
to the above data are summarized in Fig. 7 and Table .

It is interesting to point out that the nature of the jump
from point b to point ¢ differs from that of the jump from
point e to point f. The former is due to the failure to satisfy
the stability requirement and the latter, the self-consistent
RF voltage requirement. Another interesting aspect in the
observed data is that the slopes of the two continuous seg-
ments of frequency versus dc current curve (that is, curves
a—b and e-d) in Fig. 5 are different. It is clear from Fig. 6 that
this is due to 1) the unit frequency step (10 MHz) is not uni-
form along the locus of the circuit (i.e., the step in the seg-
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ment a-b is smaller than that of the segment e-d), and 2) the
relative angle which the loci of the circuit and device intersect
each other in the two segments are different.

The slow increase of power observed in the experiment at
the low current level is due to the fact that the locus of the
circuit is almost parallel to the constant RF voltage line from
point a to point b. Since the power is given by (3) V?, where
V and g are the RF voltage and negative conductance of the
device at the operating point, respectively, the magnitude of
the power is determined by the value of ¥ when two points
in the admittance plane are close to each other. The operating
point which has a large value of V will have a higher power.
This is the reason why the power after both jumps. is higher
than that before the jumps. since, for both cases, the RF
voltage is larger at the points after the jumps. The saturation
of power at the high dc current level in the observed data
(Fig. 5) is also due to this reason. Along the locus of the cir-
cuit from point ¢ to point d in Fig. 6, due to the way the locus
of the circuit is related to the constant RF voltage line, there
is a point, before point d, where the RF voltage is a maximum
and the power is peaked. Beyond this maximum RF voltage
point, the RF voltage is decreased even though the dc bias
current is increased. Therefore, the power is saturated beyond
this point.

Temperature Effects: Several papers have presented ex-
perimental data on the variation of power and frequency of
the mMPATT diode oscillator due to the change of junction
temperature and have given qualitatively the theoretical
basis of the dependence of the device admittance on tempera-
ture [16], [17]. Since mechanical tuning was performed for
each data point, the effect of the circuit may be involved in
these results considerably. In the present section experimental
data is presented with the circuit effect minimized. No
mechanical tuning is performed after an operating point is
chosen. The main body of the coaxial cavity is held approxi-
mately at room temperature while the heat sink which is
isolated thermally from it is kept at a constant temperature
as the bias current is varied. This minimizes the variation of
cavity dimensions with temperature. The change of output
power and frequency with temperature can be considered
mainly due to the change of device admittance with tempera-
ture.

The frequency and power of a free-running IMPATT diode
oscillator as functions of dc bias current for a fixed external
circuit are shown in Figs. 8(a) and (b), respectively, for four
different values of heat sink temperature. In order to explain
the observed data in terms of the device-circuit interaction,
the admittances of the device and circuit will have to be super-
imposed on an admittance plane for each temperature. This
is too lengthy to be presented here. Fortunately, a reasonably
good explanation can be obtained by simply referring to the
theoretical plot in Fig. 6.

The way that the frequency and power vary with tem-
perature as shown in Fig. 8 is primarily due to the fact that
at this operating point the magnitudes of the susceptance and
the negative conductance of the device increase with the
junction temperature. The precise manner in which they
vary with temperature was not computed. At higher tempera-
tures, when the heat sink is at 329 K and 290 K, respectively,
in Fig. 8, there is a jump in both curves. This indicates that
there is a loop in the circuit locus which first intersects the
device line somewhere at 20 mA and the condition of oscilla-
tion and stability criterion continue to be satisfied until the
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loop of the circuit admittance is tangent to the constant-
current device line at 80 mA where a jump appears. The
situation is similar to the path a—b—c—d in Fig. 6, except point
b is now tangent to the constant-current device line at 80 mA.
As the temperature is reduced, such as to a heat sink tempera-
ture of 290 K the magnitudes of the susceptance and negative
conductance of the device decrease, and point b is now tangent
to the device line at a lower current level of 65 mA. This
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OSCILLATOR XI-OBAd:D AT K-BAND ADAPTOR

THERMISTOR POWER
MOUNT METER

10 dB

TO dc BIAS
SUPPLY

X~BAND
COUPLER

FREQUENCY
METER

T0
SPECTRUM
ANALYZER

THERMISTOR
MOUNT

Fig. 9. Experimental setup used to measure the content of the second
harmonic in an X-band 1MPATT diode oscillator.

corresponds to the shift of the jump in the frequency and
power for these two temperatures from 80 mA to 65 mA in
Fig. 8. If the temperature is further reduced to a heat sink
temperature of 247 K, more shift in the device admittance
results and the loop in the circuit admittance does not inter-
sect the device line. Therefore, no jump appears and the start-
oscillation dc bias current level is higher since the upper tail
of the loop of the circuit locus is able to intersect with the
device line only at a current level higher than 40 mA. Fur-
ther reduction in the temperature will only bring the device
locus farther away from the loop of the circuit admittance.
This is indeed confirmed by the data of the lowest heat sink
temperature (213 K) which shows that the device does not
oscillate until a dc current level as high as 70 mA is reached.
Harmonic Content: In this section, the results of the mea-
surements on the harmonic content of a coaxial X-band
MPATT diode oscillator are presented. The experimental
setup for measuring simultaneously the powers at the second
harmonic and fundamental frequencies is shown in Fig. 9.

The output power and frequency of oscillation are mea-
sured through two miniature X-band 10-dB directional
couplers and the power at the second harmonic is measured
from the K-band port of the setup. The matching of the K-
band output to the X-band circuit is taken care of by a
broad-band fixed attenuator which is calibrated both at X
and K bands.

The results are plotted in Figs. 10 and 11. In Fig. 10, the
ratio of the fundamental and the second-harmonic powers is
plotted against the frequency of oscillation with the current
level as a parameter. The output power at the fundamental
frequency is indicated at each data point. This figure shows
that the content of the second harmonic varies from a maxi-
mum value of 12 dB to a minimum value of 40 dB below the
fundamental output power. The value of the second harmonic
has a maximum at 10.5 GHz and decreases above this fre-
quency. In general, the content of the second harmonic is
decreased with the frequency of oscillation above a certain
frequency. The same data is plotted in Fig. 11. This figure
shows that the higher the output power, the more the content
of the second harmonic at each frequency.

Second-harmonic content can be minimized either by
using an improved cavity design [18] or by operating the
IMPATT diode at its second-harmonic null. It is expected from
the theoretical considerations of the device physics [1] that
a null in the second-harmonic content will occur when the
transit angle through the device at the second-harmonic
frequency is equal to 2. For this case, reasonable power can
be generated at the fundamental with relatively little second
harmonic. This frequency is apparently higher than 12 GHz
for the diodes used in these experiments. However, it is
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evident from the results that the second-harmonic content
is lower at higher frequencies even for the same power level
at the fundamental.

LElectronic Tuning Characteristics: Electronic tuning is
greatly dependent on the operating point of the device as well
as the external circuit. The experimental data in Fig. 12
illustrate this. The rate that the output power varies with the
dc bias current may differ considerably with different op-
erating points. It ranges approximately from a low rate of
4 mW/mA to a high rate of 18 mW/mA as calculated from
the data in Fig. 12(a). In general, the frequency of oscillation
of an IMPATT diode oscillator increases monotonically with
the dc bias current for a fixed circuit condition [12]. However,
this may not always be true, as shown in Fig. 12(b). The
corresponding second-harmonic content in Fig. 12(c) also
shows significant dependence on the circuit condition.

III. BEHAVIOR OF A B1as-MoDULATED OSCILLATOR

In this section the modulation properties of a bias-modu-
lated iMPATT diode oscillator are presented. The experimental
data with the operating point of the device chosen specifically
to illustrate the significant effects of the operating point on

Content of second harmonic versus frequency of oscillation for
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Fig. 12. Output power, frequency, and second-harmonic content of an

IMPATT diode oscillator as functions of dec bias current for five dif-
ferent circuit conditions. (a) Output power. (b) Frequency of
oscillation. (c¢) Second-harmonic content.

the modulation properties of the oscillator are presented and
discussed. The effect of the effective Q.p, which can be
measured easily by the technique of injection locking, on
the modulation properties of the bias-modulated iMpaTT diode
oscillator is discussed and compared with the theoretical
expression, and good agreement is obtained. Experimental
data for the FM and AM sensitivities as functions of modula-
tion frequency for an arbitrarily chosen operating point of
the device are studied and analyzed. Finally, experimental
data showing the effect of injection locking on the AM and
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Fig. 13. Frequency deviation and percentage of amplitude modulation
versus modulation current for three different operating points cor-
responding to points x and y in Fig. 5 and point z in Fig. 4 with modu-
lation frequency at 600 kHz. (a) FM. (b) AM.

FM sensitivities are presented. Again, emphasis is placed on
the correlation of the experimental data with the theoretical
development in terms of the device-circuit interaction.

A. Experimental Setup and Method

A low-frequency source and a 1-Q resistor are connected
to the bias network of the IMPATT diode oscillator through a
capacitor to provide a source for-modulation and to measure
the value of the modulation current, respectively.

Frequency modulation is measured by the conventional
Bessel null technique and amplitude modulation is measured
by a crystal detector which is operated in its linear range.

B. Experimental Results and Discussion

Effect of the Operating Point: In order to illustrate the sig-
nificant effect of the operating point on the modulation prop-
erties of a bias-modulated mMPATT diode oscillator, three
operating points (points x and y in Fig. 5 and point z in Fig.
4) were chosen as operating points for bias-current modula-
tion. They reveal distinct characteristics both in frequency
and amplitude behavior when the oscillator is in the free-
running condition. They are chosen in such a manner that
they are in the middle of a continuous-frequency dc-current
segment so that sufficient modulation current can be applied
without having jumps occur in power and frequency or having
the oscillator cease to oscillate.
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The experimental data in Fig. 13 present the frequency
and amplitude modulations as functions of the sinusoidal
modulation current at a modulation frequency of 600 kHz for
the three chosen operating points. Several features of the
behavior of the free-running oscillator are shown in the modu-
lation characteristic. First, point z of Fig. 4 which is selected

-in the middle of a long and continuous frequency-current seg-

ment allows a modulation current up to a peak value as high
as 29 mA. On the other hand, points x and v of Fig. 5, which
have comparatively shorter frequency-current segments due
to the nonlinear behavior of the jump and hysteresis, allow a
maximum modulation current of approximately 7 mA. In
Fig. 4 an operating point at a dc bias current of 100 mA and
an output power of 500 mW was selected to illustrate that an
operating point which is near to the end of a frequency-cur-
rent segment can have only a limited value of modulation cur-
rent. The modulation properties of this point are similar to
that of point z except that there is only a maximum allowable
modulation current of 8 mA beyond which the oscillator
breaks into noisy oscillation. (These data are not included
here for lack of space.) Second, the expectation of low AM
for operating point v in Fig. 5 which is chosen near a power
saturation point is confirmed in Fig. 13(b) where there is less
than 1 percent AM. Third, the experimental data of the lock-
ing frequency range versus locking gain for the three chosen
operating points are shown in Fig. 14. Their operating condi-
tions are shown in Table II. For the operating points x and z,
which have almost the same values of Q.¥, the latter has a
smaller FM since the slope of its frequency-dc current curve
in Fig. 4 is comparatively smaller. All these seem to suggest
that there is a definite relationship between the modulation
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TABLE I1

OPERATING CONDITIONS FOR OPERATING POINTS %, ¥, AND 2

QOutput Bias de
Power Frequency Current Voltage Efficiency
Point  (mW) (GHz) (mA) V) (percent)  Qext™
% 20 8.435 30 79 0.42 84
y 100 8.566 51.5 83 2.3 153
2 300 8.620 78.5 89 4.3 83

Note: Qext* is defined by the equation in Fig. 14 with the total locking
range 2Af.

properties and the free-running behavior of the oscillator at a
given operating point. However, the prediction of the modu-
lation characteristic from the free-running oscillator behavior
cannot be extended too far. In particular, the AM properties
are not always predictable from its electronic tuning curve.
For example, the maximum AM for operating point z is only
4 percent, surprisingly small for a modulation current of
29 mA. The corresponding free-running output power varies
approximately from 30 mW to 570 mW for such a bias-current
change when current is varied at a very slow rate. However,
for a modulation frequency of 600 kHz, the situation is obvi-
ously quite different. There exists a nonlinearity which limits
the AM when the modulation current is high. The precise
mechanism of this nonlinearity is not known. It is probably
due to the fact that the electronic tuning curve is only a static
one and the modulation properties of a bias-modulated IMPATT
diode oscillator are significantly influenced by the value of the
impedance of the device at the modulation frequency which,
in analogy to the RF case, can be a function of both the mag-
nitude and frequency.

Effect of Qexs*: Additional experimental data will be pre-
sented here to show that the FM property of a bias-modu-
lated 1mMpATT diode oscillator depends significantly on the
value of Qext*, while the AM is relatively insensitive to the
value of Qexs*. The relation between frequency deviation and
Qext of an oscillator can be easily derived. A Taylor series
expansion of the circuit reactance around the resonant fre-
quency wp in a lossless cavity and with the help of Foster’s
reactance theorem leads to
AX
A e (3)

This means that the variation of frequency is inversely pro-
portional to the magnitude of negative resistance and the
external Q and is directly proportional to the variation of
reactance AXg of the device. Thus for a constant value of
AXga/ Ry, a smaller Qex: gives a larger frequency modulation Af.
The experimental data which are designed to show the effect
of Qexy on the modulation properties of a bias-modulated
MPATT diode oscillator are shown in Fig. 15.

In Fig. 15 the peak-to-peak frequency deviation and per-
centage of amplitude modulation versus modulation current
at a frequency of 600 kHz with the mMpaTT diode oscillator
biased at a constant dc current of 50 mA for three different
operating points, which have almost the same output power
but different values of Qex:*, are shown. In Fig. 15(a) the
slopes of the curves of frequency deviation versus modula-
tion current, or the FM sensitivities, decrease with increas-
ing Qex:*. This result agrees well with the simple theoretical
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expression given in (3). It is reasonable to assume that the
value of AXz/ R4 for each operating point is approximately the
same since an examination of computer calculations of the
device impedance, which is similar to that of Fig. 3 exceptata
dc bias current of 50 mA, indicates that the locus of the device
is quite uniform in the region of interest and that the value of
AXg/Rq for each of the operating points in Fig. 15 can be
taken to be equal. The corresponding AM properties shown
in Fig. 15(b) indicate no dependence on Qex*. This is as
expected from theoretical considerations. It is interesting to
point out that the nonlinearity again comes into the picture at
a high modulation current and limits the AM to a maximum
of 7 percent. This is not observed for the low-level modulation
[19].

FM and A M Sensitivities: All the experimental data pre-
sented so far for the modulation of a bias-modulated 1MpaTT
diode oscillator were taken at a modulation frequency of 600
kHz, This value of modulation frequency was chosen arbi-
trarily but is fixed so that distinct modulation properties due
to different operating points and Qex: can be determined. From
these results it is clear that a comparison of AM and FM sen-
sitivities at different oscillation frequencies for a fixed modu-
lation frequency and bias current are not meaningful unless
additional parameters such as the external Q and the elec-
tronic tuning characteristic of the IMPATT diode oscillator are
specified. In this section the effects of varying the modula-
tion frequency on the modulation properties of a bias-modu-
lated oscillator at an arbitrarily chosen operating point are
presented.

The experimental results for FM and AM sensitivities as
functions of the modulation frequency at a given operating
point are shown in Fig. 16, The method for these measure-
ments is the same as for all the data presented except that
each data point in Fig. 16 represents the slope of a series of
AM and FM data versus modulation current. The decrease of
AM sensitivity with the modulation frequency at higher mod-
ulation frequencies and the gradual increase of FM sensi-
tivity with the modulation frequency agree qualitatively with
the simple theoretical results presented elsewhere [20]. The
experimental data in Fig. 16 give a typical indication that the
variation of FM and AM sensitivities with the modulation
frequency depends on the impedance of the device and cir-
cuit at both the microwave and modulation frequencies. The
level of these curves may depend primarily on the operating
point of the device but their shapes depend on the value of
the impedance of the circuit and device at the modulation
frequency. Therefore, a properly designed bias network to
give an appropriate low-frequency impedance is important.

Effect of Injection Locking on the Modulation Properiies: In
order to illustrate the effect of a locking signal on the modula-
tion sensitivities, the free-running oscillator was first bias
modulated by a modulating frequency of 1 MHz and its out-
put power at the fundamental frequency (or carrier) was
nulled at a modulation current of 1.5 mA. The external lock-
ing signal which is set at the free-running oscillator frequency
is then injected into the oscillator with the modulation current
and frequency held constant. The magnitude of the carrier as
compared to that of the sideband is increased with the level of
injected signal power. The results are shown in Fig. 17 where
it is seen that the FM and AM sensitivities are reduced as the
level of the injected signal power is increased. The locked and
bias-modulated IMPATT diode oscillator becomes unlocked
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when the locking signal is very low. This is apparently due to
the fact that the frequency deviation caused by the modula-
tion exceeds the locking frequency range. This is shown by the
dashed line on the right-hand portion of the curve in Fig. 17.

IV. ConNcLuUsIONS

Stable oscillation of a negative-conductance diode oscil-
lator can be obtained only if the conditions for oscillation and
stability are fulfilled simultaneously at an operating point of
the oscillator. Since the theoretical calculation of the device
admittance indicates that a negative conductance exists for a
wide range of frequency, the reason for failing to oscillate at a
desired frequency in this range is quite often due to the in-
adequacy of the value of the circuit admittance. The jump and
hysteresis in frequency and power as functions of the dc bias
current of a free-running IMPATT diode oscillator observed
experimentally were analyzed theoretically in a complex
plane on which the admittances of the device and circuit cor-
responding to actual experimental conditions are superim-
posed. The reason for such nonlinear phenomena is due to the
combined effects that a loop exists in the circuit locus which
overlaps partially with the device locus, the requirements of
the conditions for oscillation and stability and the require-
ment of the self-consistent RF voltage. The effect of tempera-
ture on the device is to vary the admittance of the device. The
change of the power and frequency of the oscillator due to dif-
ferent heat sink temperatures observed experimentally can be
explained as the shifting of the operating point of the device
in terms of the device-circuit interaction. The content of the
second harmonic in a coaxial IMPATT diode oscillator for the
diodes used in these experiments is decreased with the fre-
quency of oscillation above a certain frequency. The higher
the output power at the fundamental, the more the content of
the second harmonic at each frequency. Second-harmonic
content can be minimized either by using an improved cavity
design or by operating the mMPATT diode at its second-har-
monic null.

The modulation properties of a bias-modulated IMPATT
diode oscillator depend on its operating point. A knowledge of
the free-running behavior of the oscillator at and near a

given operating point, such as the electronic tuning curve, and
a value of the effective Q.x; are important for the prediction
of its modulation properties at this operating point.
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Waveguide and Stripline 4-Port
Single-Junction Circulators

J. HELSZAJN

Abstract—The modal and eigenvalue approaches of 4-port single-
junction circulators are combined to describe the theory and con-
struction of a waveguide device and a stripline device. The three
independent variables used in the case of the waveguide one are a
pair of HE,,,1,;, open dielectric resonances in a demagnetized ferrite
disk, a TM,,;,; resonance on a metal post, and the magnitude of a
direct field to remove the degeneracy between the HE,,;,, modes.
The eigenvalue approach is used to establish systematically each
condition one at a time. The variables used in the construction of the
stripline junction are a pair of radial # = +3 degenerate resonances,
a radial #» =0 resonance, and the amplitude of a direct field to split
the degeneracy between the former modes. In this case a circulation
condition is found in which it is possible to omit one of the circulation
adjustments.

INTRODUCTION

The 4-port H-plane waveguide circulator described in this short
paper consists of a single magnetized ferrite disk on one side of the
waveguide and a metal post on the other wall. A similar arrangement
has been used experimentally before but with the ferrite and the
metal posts each half the height of the waveguide [1]. The three
variables in this last geometry were the diameters of the ferrite and
metal posts and the direct magnetic field. In the light of some recent
work a more appropriate mode nomenclature for circulation in this
type of geometry is in terms of higher order HE41,1.,, resonances [2].
In the present geometry the thre¢ junction modes are identified
as a pair of hybrid HE41,1,y open dielectric resonant ones along the
demagnetized ferrite disk and a single symmetrical resonant one
associated with a quarter-wave-long thin metal post. The exact
shape of the ferrite disk is here determined by the boundary condi-
tions of an open dielectric HE4,,1,1 resonator [3]. The length of the
metal post is approximately a quarter-wave in free space [2], [4], [5].
Such a metal post has also been used in the constriiction of 3- and
4-port waveguide circulators [6], [7]. Since the overall length of the
ferrite disk and the quarter-wave-long cylinder are approximately
equal to the height of the waveguide, the two cylinders are here also
allowed to make firm flat contact with each other and with the wave-
guide walls [1]. These two bourtlary conditions satisfy two of the
three independent variables of the junction. The third and last one
is satisfied by magnetizing the junction with an appropriate direct
magnetic field thereby rotating the standing wave formed by the
hybrid HE,.,,1,; modes by the required 45°. |

The procedure used to adjust this circulator is the one described
in [7] and [8]. It allows each of the three independent variables for
this type of junction to be established one at a time in a systematic
way.

This short paper also includes the theory and construction of a
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Fig. 1. Schematic of single-junction 4-port waveguide circulator.

4-port single-junction stripline circulator. The modes used in the con-
struction of this one have nearly equal radial wavenumbers. This
means that a simple ferrite disk immediately satisfies the first two
out of the three circulation conditions for this type of junction. The
third and last one is obtained in the usual way by removing the
degeneracy between the degenerate modes by biasing the junction
with a direct magnetic field. The field patterns used in this case are
the # =0 mode and the #» = +3 modes with H,=0at =R in a simple
disk with no variation of the electric field along the disk axis.

Additional references to the literature of 4-port single-junction
circulators may be found in [9]-[14].

4-PorT SINGLE-JUNCTION CIRCULATOR UsING AXTAL MODES

The 4-port single-junction circulator described in this short paper
relies on a linear combination of HE41,1,1 and TM,,;,; axial modes
for its operation. Once these modes are resonant within the junction
the HE41,1,1 one is rotated by the application of a direct magnetic
field to form a circulator. The geometry considered here is shown in
Fig. 1.

The field patterns employed here are shown in Fig. 2(a)-(d). The
illustrations in Fig. 2(a) and (b) show the HE,.;,; and TM 1.1 modes



