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Power Amplification with IMPATT Diodes

in Stable and Injection-Locked Modes

YOICHIRO TAKAYAMA

Abstract—The behavior of nonlinear power amplifiers using
IMPATTdiodes in both stable and injection-locked modes was investi-
gated theoretically and experimentally. A method of graphical inter-
pretation of the characteristics of negative-resistance diode simpl-
ifiers, based on the large-signal diode admittance chart, k presented.
The characteristics of the simplhied model of the reflection-type
amplitier using an X-band Read-type IMPATTdiode have been evalu-
ated. The experimentaf results of power amplification using an
X-band Si IMPATT diode in both stable and injection-locked modes
under various circuit conditions are given. It was shown that non-
linearity of the IMPATT diode susceptance causes distortions in the
amplification and injection-locking characteristics.

I. INTRODUCTION

ICROWAVE power amplifiers, including injec-

M
tion-locked ones, using new negative-resistance

diodes, such as IMPATT diodes and Gunn-effect

diodes, have been investigated by several authors [1]-

[9].’ Nonlinear characteristics of the power amplifiers

using negative-resistance diodes have been analyzed by

Hines [7] by means of a tunnel-diode-like device model.

In the analysis, frequency dependence of diode admit-

tance and nonlinear susceptance effects, which are

present in IMPATT and Gunn-effect diodes, were not

taken into consideration. Experimental investigations

for injection-locked oscillators or amplifiers were carried

out, so far, following Adler’s theory [1 O], which is reli-

able only when the gain is large and the input small.

It is our purpose to obtain a basic understanding of

the behavior of the reflection-type nonlinear amplifiers

using negative-resistance diodes, especially IMPATT

diodes, in both stable and injection-locked modes, and

provide an available guide for the power amplifier de-

sign. A method of graphical interpretation was worked

out for the characteristics of the nonlinear amplifiers

using negative-resistance diodes. The method is based

on the diode large-signal admittance chart, and is ap-

plicable not only to stable modes but also to injection-

Iocked modes. The behavior of IMPATT-diode nonlinear
power amplifiers was investigated theoretically and ex-

perimentally for both stable and injection-locked

modes. The characteristics of the simplified model of

the reflection-type amplifier using the X-band Read-

type IMPATT diode were evaluated. In order to under-

stand the amplifier behavior and to design the ampli-
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1 Since this paper was written, Schere [17] has published an
analysis which gives some large-signal amplification characteristics
~f lMpATT-diode amplifiers in a stable mode.
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Fig. 1. Schematic diagram for a reflection-type amplifier.

fier, it is important to know the diode admittance char-

acteristics. The admittance of the packaged X-band

IMPATT diode used for power-amplification experiments

was measured, and the results of power amplification

under various circuit conditions in both stable and in-

jection-locked modes are reported.

II. ANALYTICAL EVALUATION

A. Rejiection-Type Amplifier

The reflection-type amplifier, in stable or injection-

locked mode, makes use of a circulator for providing

input–output isolation. The basic network used for

analysis is shown in Fig. 1, where VI and V2 are the in-

cident and reflected voltage waves at reference plane A.

The active network (whose admittance is YJ, including

the negative-resistance diode, is connected to the ideal

lossless circulator through the ideal Iossless transmission

line of characteristic admittance YO. It is assumed that

the diode terminal ac voltage is sinusoidal and that

stable solutions for steady-state single-frequency opera-

tions exist.

For the steady-state single-frequency operation, VI

and Vz can be expressed by

where a is operating frequency, VI and V2 are the am-

plitudes of VI and Vz, respectively, and C#Iis phase angle

of V2 with respect to VI. Similarly, the ac voltage V3

across Y1 is given by

where V3 = VI+ VZ. Noting that

2 This assumption is reasonable at least for our IMPATT diode
amplifiers [11].
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we obtain

V3 2 Y(l

E= YO+Y1”
(3)

Let us define the equivalent load admittance by

I?2=-YI (4)

where Y2 satisfies the relation

VI Y(l – Y,

T2=YO+Y2”
(5)

It is found that the normalized equivalent load admit-

tance yz ( = YJ Yo) can be represented by

yz=g+jb

where
g=l –2acose

b=2asin0

a = vl/v& (6)

Eliminating 13,we obtain the locus of the equivalent load

admittance in the admittance plane as folIows:

(1 – g)2 + b’ = (2a)2. (7)

This is a circle with radius 2a centered on the point (1,0),

and the phase angle 6 as a parameter. Let us assume that

F,= Yd+Yo

where the lossless resonant-circuit admittance Y. is

given by Y. =~BC(u), and Y~ by rd = G~(~, Vs) +jBd(ti,

Vs), which is the diode admittance under sinusoidal

voltage drive. We can now express the relation between

VI and V3 by

{g&, VJ + 1]2 + {bd(ti, Vs) + b,} 2 = (2 VI/VJ2

where ~d = Gd/ YO, bd = Bd/ Yo, and b.= B./ Yo.

Power expressions are given by using the relations

PI = + Yovl’

P’ = + YOVJ

pg=~]Gd]vs2

where PI and P2 are input and output

tively, and Pg is the diode generation

equal to (P2 — PI).

(8)

(9)

powers, respec-

power which is

We will give a graphical interpretation of the amplifier

behavior by use of the diode admittance chart and the

locus of the equivalent load admittance. The locus of the

negative diode admittance — yd(v3) at frequency CO1,

that of the negative diode admittance – Yd(ti) at ac

voltage amplitude VtO, and that of be(u) +1, are shown

in Fig. 2(a), where Yd = YJ Yo. The arrows indicate the

directions of the increase of Vg and u. The circle whose

center is on Q is a locus of an equivalent load admittance

with a = al at frequency WI. The point at which V3E0 is

denoted by B, and the point at which y.= YC(UJ by Q.
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Fig. 2. Graphical explanation of amplifier behavior.
(a) Stable mode. (b) Injection-locked mode.

O is measured in the clockwise direction. It is assumed

that there is no free-running operating point in Fig.

2(a). The intersection A gives a possible operating point

where u =oq, VI= VIO( =cY1U7SO),and Va = V30. 6 is the

phase angle of Vs with respect to VI. Similarly, the in-

jection-locked operation is interpreted graphically in

Fig. 2(b), where the free-running oscillation, whose

operating point is F and frequency is ti~o, which is as-

sumed to be different from W, takes place without input

signals. Generally, even in the stable mode it is possible

that the locus of the diode admittance at a given fre-

quency and the circle which is the locus of the equiva-

lent load admittance intersect at two points. In an or-

dinary situation of the injection-locked mode, the

higher voltage-amplitude point or the smaller phase-

difference point is stable. However, lboth operating

points can be stable in certain cases, The conditions for

stable operation are discussed in the Appendix.

Shift of the operating point on the diode admittance

chart takes place by the variation of input power and/or

operating frequency resulting from the dependence of

diode admittance on ac voltage amplitude and operating
frequency. The shift of the operating point gives rise to

the variation of the radius of the circle of equivalent

load admittance. In ordinary operation of negative-

resistance diodes, such as IMPATT and Gunn-effect

diodes, the negative diode conductance decreases and

the power generation first increases, then decreases

with an increase of ac voltage amplitude. In ordinary

cases, but not always, with an increase of input power,

the operating point at a given frequency shifts towards

a smaller negative-diode conductance point. This cor-

responds to the increase of the radius of the equivalent

load-admittance locus. Thus at higher input levels we

see a decrease of gain, or output saturation, or a decrease

of output power which is input plus generation power.

It is also found that the input power level at which the

same power generation is obtained increases with an

increase of load conductance Yo. This corresponds to an
increase of the radius of the circle of equivalent load

admittance.

Frequency response can be investigated in terms of

shifting frequency U1. Asymmetry of the frequency re-

sponse is related to the gradient of the lQ~i ~f the diode
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Fig. 3. Model circuit of the reflection-type
lMPATT-diode amplifier.
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Fig. 4. Read-type lMPATT-diode admittance (7.4-8.6 GHz)
[12] and equivalent-load admittance.

admittance at a given frequency and the diode admit-

tance at a given ac voltage amplitude. Even in the stable

mode, the gradient of the diode admittance locus at a

given frequency can give two intersections with the

circle which is the locus of the equivalent load admit-

tance. In such a case, there are two operating points

with the same gain at a given frequency, and a gain

peak point appears on the input–output response curve

with an increase of input power level.

B. Model

The results obtained are used for the calculation of

some characteristics of the reflection-type IMPATT-diode

amplifier. Fig. 3 shows a simple model for amplification

using the X-band Read-type IMPATT diode whose large-

signal admittance is based on the theoretically calcu-

lated characteristics by Scharfetter and Gummel [12].

An ideal transformer is used to adjust the load conduc-

tance GL. The diode has a junction area 5 x 10–4 cmz and

a depletion layer capacitance Cd= 9.5 X 10–tSF, the

diode dc current being held at 100 mA. Fig. 4 shows the

diode admittance chart (7.4x8.6 GHz) and the locus
of an equivalent load admittance at frequency ~1 = 8.0

GHz.

The Q and the resonant frequency of the circuit, in-

cluding cd, are defined by the equations

The amplification characteristics vary with circuit con-

ditions. The circuit conditions chosen for the calculation

of characteristics are given in Table I.
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Fig. 5. Theoretical characteristics of the reflection-type amplifier
model using the Read-type IMPATT diode under circuit conditions
GL= 12.5 mmho, Q~ =8.0, and fo = 7.5 GHz. (a) Input-output re-
sponses. (b) Frequency responses. (c) Phase of output signal.

TABLE I

CIRCUIT CONDITIONS OF AMPLIFIER

GL (mmho ) QL fo(GHz)

A 12.5 8.0 7.5

B 18.75 5.4 7.5

The results of numerical calculations are given in

Figs. 5 and 6, where Pi. and POu~are input and output

power levels, respective y. Fig. 5(a) shows input–output

responses at several frequencies, Figs. 5(b) and 6 show
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Fig. 6. Theoretical frequency responses of the reflection-type ampli-
fier model using the Read-type IMPATT diode under circuit con-
ditions GL =18.75 mmho, Q~ =5.4, j’o= 7.5 GHz.
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Fig. 7. Circuit for measuring the packaged diode admittance.

frequency responses for constant input power levels, and

Fig. 5(c) shows the phase of the output signal at several

input levels.

In Fig. 5(a) we see that at frequencies lower than 8

GHz, gain peak points appear with an increase of input

powe- levels. In this case the locus of the given-fre-

quency diode admittance and the circle of the equiva-

lent-load admittance intersect at two points. It is seen

from Fig. 5(a) that at smaller input levels the gain at

lower frequencies is smaller than that at higher fre-

quencies. However, the relation is reversed with the

increase of input power levels. This corresponds to the

shifts of gain peak points with the variation of input

levels in Fig. 5(b) and 6. The characteristics for a rela-

tively heavy load are shown in Fig. 6. These effects are

primarily caused by the nonlinearity of the diode sus-

ceptance or the gradient of the locus of the diode ad-

mittance at a given frequency.

III. EXPERIMENTAL

Amplification experiments were carried out in X band

using a packaged Si IMPATT diode (AD61 lC, NEC) im-

bedded in a waveguide 4.4 mm high. For the purpose

of understanding the amplifier behavior and designing

the amplifier, it is important to characterize the diode

by measuring the admittance.

A. Packaged Diode Admittance

The circuit for measuring the packaged diode admit-

tance is shown in Fig. 7. The reduced-height waveguide

II
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Fig. 8. Admittance of the packaged X-band IMPArT diode (AD61 lC,
NEC) mounted in reduced-height waveguide, dc current is 90 mA.

mount is connected to standard X-band waveguides

through tapered waveguide transformers. The sweep

oscillator or reflex klystron provides the square-wave

modulated signal for standing-wave measurements.

The transmitted signal is monitored on the power meter.

For the calibration of the power level, the detected pulse

waveform is observed with an oscilloscope.

Fig. 8 shows the admittance characteristics of the

packaged diode, whose conductance Gd and susceptance

B~ are normalized by the characteristic admittance Yz

of the reduced-height waveguide. The diode ac voltage

amplitude V3 is given by

V3 = 42 P,/ Y,

where Pt is the transmitted power level.

The break-down voltage of the diode is 66.1 V and

the junction capacitance is 0.68 pF. The diode dc cur-

rent is 90 mA. We see in Fig. 8 that the packag~d diode

is in parallel resonance at about 11 GHz, and is induc-

tive at frequencies lower than the resonant frequency.

“The diode is capacitive in itself. However, the packaged

diode, which has parasitic elements arising from the in-

ductance of the ribbon used to contact the semicon-

ductor chip and the capacitance of the dielectric cyl-

inder, changes to an inductive element. The series-

resonant frequency at l-mA dc current is 7.6 GHz. If

we define packaged diode Q by means of

Q, . _“>.%

21&\ &d a,

then we have, as an example, Qd@14 at coo= 10.6 GHz,

I Gdl /Yz= 1.44, from Fig. 8. Q, is essential to estimate

the capability for broad-band amplification.

_ll. Amplification Experiments

The waveguide mount for the X-band reflection-type

amplifier using the IMPATT diode is schematically shown
in Fig. 9, which is the same as the main cavity of the
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Fig. 9. Schematic structure of the reflection-type X-band
IMPATT-diode amplifier.

TABLE II

CIRCUIT CONDITIONS UNDER WHICH THE IMPATT DIODE
AMPLIFICATION MEASUREMENTS WERE CARRIED OUT

fo P. 9. h~

(GHz) (mW) (mm) (mm) GL/Y2

A 10.85 0’ 10.5 10 2.16

B 10,76 167 10.5 8.0 1.45

c 10. s9 321 12.5 6.7 0.86

D 10.5s 355 12.5 5.0 0.59

highly stabilized oscillator [13 ]. The mount is connected

to an X-band waveguide circulator through a quarter-

wave transformer. Diode dc current, which is supplied

through the RF choke, is held at 90 mA. The load con-

ductance is adjusted with the transformer, and the

frequency is tuned by a waveguide short or a stub. A

spectrum analyzer is utilized for distinguishing the

stable injection-locked operation. Amplification experi-

ments were carried out in both stable and injection-

Iocked modes under various circuit conditions, as shown

in Table II. The load conductance was calculated at

frequency j. at a reference plane placed on the diode

position. The length of the waveguide short from the

diode is 1 and the quarter-wave transformer height is hl.

In case A in Table II, no oscillation takes place when

undriven, and -fO roughly represents the band-center

frequency. In cases B, C, and D in Table II, free-running

oscillations take place when undriven; ~. represents the

free-running frequency and P. the free-running output

power. Undriven diode operating points for the cases in

Table II are shown by points A, B, C, and D in Fig. 8.

In case D, the free-running output power is maximum.

The results of the amplification experiments are shown

in Figs. 1G13. The amplification operation under the

conditions in Table II (case A) is of a stable mode. The

amplification operations under the conditions in Table

II (cases B, C, and D) are of an injection-locked mode,

where measurements were carried out over the stable-

locked operating range. We see that the gain decreases

and the bandwidth or locking range increases with the

increase of load. Generation power versus input power

in the injection-locked mode under the conditions in

Table II (cases C and D) is. shown in Fig. 14. We see a

remarkable overdriving at higher input levels.

Ik’e can observe various nonlinear and frequency-de-
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Fig. 10. Amplification characteristics in stable mode with GL/ Y2

=2. 16. (a) Input–output responses. (b) Frequency responses.
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pendent effects, such as power saturation, overdriving,

gain peak frequency shift, and asymmetrical locking

range, which can easily be explained from the diode ad-

mittance characteristics, if we neglect the frequency

dependence of the characteristics of the quarter-wave

transformer and apply the analysis and graphical inter-

pretation.

IV. CONCLUSIONS

In order to attain an intuitive grasp of the behavior

of the nonlinear power amplifiers using negative-resis-

tance diodes, we have presented a method of the graph-

ical interpretation of amplification characteristics. The

method is applicable to both, stable and injection-locked

modes. The behavior of the nonlinear power amplifiers

using IMPATT diodes in both stable and injection-locked

modes have been investigated theoretically and experi-

mentally. The characteristics of the simplified model of

the reflection-type amplifier, using the X-band IMPATT

diode, have been evaluated based on the diode large-

signal admittance. Power amplification experiments

were carried out using an X-band IMPA’PT diode in both

stable and injection-locked modes. It was shown that

nonlinearity of the IMPAT~ diode susceptance causes

distortions in the amplification and injection-locking

characteristics.

APPENDIX

The injection-locking stability criteria have been ob-

tained by Kurokawa [14], and Okabe and Okamura

[15]. Stable conditions are herewith derived in forms

convenient for the discussion of the reflection-type

amplifier in Fig. 1.

Assume that in (3) V8 and u are deviated slightly from

the steady-state values VSOand Uo, respectively. Then

we can express the deviation of the normalized admit-

tance yl( = YJ YO) as

()f3y= $.O ()((d–(l)(l)+ ~ V80. (v, -- V30). (lo)

In ac circuit theory, the time derivative corresponds to

multiplication by jo. Referring to (3) we have

~1 = ~(1 + y,, + ay)v,.

Thus we get

+ (’;)— av, (11)

where yIO = yl at a =uO, V3 ==Vso, and ilV3 = V3 -– VSO.Us-

ing 6’= 00+&9 and e–i3e~l –-jM for small deviation M,

multiplying (11) by (tiyl/da) *, and divicling tlhe result-

ing equation into the real and imaginary parts, we ob-

tain two differential equations for ~Va and M. Eliminating

80 from these equations, we obtain a differential equa-

tion for 8VS. If ~VS decays with time, we hlave

‘m[-@o(3+4ae-’d0}(%)7 ‘0

‘e[-F80(3+2ae-’00}2aed>0’12)
where a = VI/VsO. These conditions are illustrated in the

complex plane for 2ae–@0 in Fig. 15 as dcme by Fukatsu

[16]. If 2ae-j$0 for the possible operating point given by
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Im

Fig. 15. Stability diagram in the complex plane for
Ze,–@. Shaded region gives stable operation.

(3) in Section II is in the shaded region in Fig. 15, then

the point is a stable operating point. The shaded region

is bounded by the straight line which is parallel to the

vector [dyl/da ] through the point Q and the circle

whose center is on Q and radius 3V30 I 13y1/s3V31. Point

Q is the terminal point of the vector – ~V30dy1/dV30,

whose original point is O. Phase angle 19is measured in

the clockwise direction.

As described in Section II, the diode admittance

locus at a given frequency and the circle which is the

locus of the equivalent load admittance intersect at two

points under certain circumstances. Therefore, there

can be two possible operating points. LVe see that, in the

injection-locked mode [dgJdVs >0, gl = Re yl < O], the

higher voltage-amplitude point or the smaller phase-

difference point is stable, but that both possible operat-

ing points can be stable under certain circumstances.
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