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Analysis of Nonlinear Characteristics and Transient

Response of IMPATT Amplifiers

H, J. KUNO

Ab@act-Nonlinear characteristics, large-signal eff ects, and
transient response of IMPATT amplifiers are analyzed leading to clear
understanding of various nonliiear and large-signal phenomena
which are often observed experimentally on IbrPATT diodes operated
as stable (linear) amplifiers or injection-locked oscillators. Effects
of bandwidth on transient response of the IMPATT amplifiers as
applied to phase-modulated signals and amplitude-modulated sig-
nals are investigated in detail. The relationship between the transi-
tion (switching) time and the smplitier bandwidth is derived. Capa-
bilities and limitations of IMPATT diodes operated as stable amplifiers
or injection-locked oscillators are discussed.
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I. INTRODUCTION

fl INCE the discovery of microwave oscillation in a p-n

a junction diode biased into breakdown [1], [2], IMPATT

(an acronym from IMPact ionization Avalanche Transit

Time) devices have rapidly been developed into practical

microwave power generators for system applications. In

recent years, microwave power amplification with IMPATT

diodes has become of great interest and importance for sys-

tem applications.

Microwave power amplification can be achieved with an

IMPATT diode operated as either a stable amplifier or as an

injection-locked oscillator. This paper presents an analysis of

nonlinear characteristics, large-signal effects, and transient

response of both types of lMPATT amplifiers. The analysis
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leads to clear understanding of various nonlinear and large-

signal phenomena which are often observed experimentally,

such as constant gain–bandwidth product, gain compression

or expansion, power saturation, and AM–PM conversion. The

analysis also includes the effects of the amplifier bandwidth

and gain saturation on transient response.

II. I M PATT AMPLIFIER MODEL

Shown in Fig. 1 is a simplified equivalent circuit for a

circulator-coupled IMPATT amplifier. It consists of a circulator,

an impedance transformer, a tuning element, and an IMPATT

diode. Although an equivalent circuit of a practical IMPATT

amplifier in general may be more complex, it can be reduced

to a simple form, as shown in Fig. 1, over a limited frequency

range of specific interest. The IMPATT diode may be repre-

sented by a parallel combination of a negative conductance

– G., a junction capacitance Cj, and an avalanche inductance

I& [3], [4]. We assume that the device is excited by a purely

sinusoidal voltage waveform and that the amplitude and

phase of the voltage are slowly varying functions of time in

comparison with the fundamental frequency. At small-signal

levels, these parameters are relatively constant. However, at

large-signal levels, the diode parameters are dependent on the

signal level. The nonlinear characteristics of the IMPATT

diode parameters may be expressed by polynomial functions

of the amplitude of the sinusoidal voltage across the diode

terminals [5], [6], [12], i.e.,

–G. = – g.+ ~v(12+ ~ (hvd2n (1)
‘n=2

1
– : + AVJ + ~ bnvd’”

z. – la n= 2

(2)

Cj = constant (3)

where — g~ and la are small-signal parameters; ~, X, and An,

bn are constants; and Vd is the amplitude of the sinusoidal

OUTPUT

VI v,, 1, *

‘i’l* “d

Cbm-’n
M ‘~r--’

‘L DIODE

-Gn=-9n+Y’f

INPUT
~=

~+kv;
La la

Fig. 1, An equivalent circuit of a circulator-coupled IMPATT amplifier.

Substituting (l)–(6) into (7), we get

()2GL dVi dzvd
—.— .—

Cj dt () ()
: (g. – G. – $fVd2) %x

dt2 – Cj

( )+ UC12– ~ t’”d2 Vd (8)
J

where

(9)

Let us assume that the circuit Q is relatively high and

that Vi, V., and Vd are given by the form:

Vi = VOAi(t) sin [o-d + +.(t)] (lo)

V, = VOAr(t) sin [cot+ @t(t)] (11)

V, = VoAJt) sin [d+ f$d(t)l (12)

voltage across the diode terminals, as shown in Fig. 1. In the

region of practicaI IMPATT amplifier operation where the
where VO is an arbitrary nonzero constant and cois the angular

amplitude of the sinusoidal voltage is much smaller than the
frequency of the input signal. A (t) and +(t) are, respectively,

dc bias voltage the higher order terms in (1) and (2) may be
amplitude- and phase-modulation functions. We assume that

neglected. Then (1) and (2) reduce to Van der Pol-type non-
both A (t) and rj(t) are slowly varying functions of time in

linearities [71. The equivalent load admittance seen from the
comparison with the carrier frequency, i.e.,

diode term~n~ls is represented by

YL = GL - j(l/wLexJ , (4)

Since the imaginary component of the diode is capacitive at a

normal operation frequency, an inductive load is required for

tuning. The equivalent voltage and current components of the

incident and the reflected waves are represented by V:, ~,, V?,

and & where the subscripts i and r, respectively, refer to the

incident and reflected waves. The incident and reflected

waves are separated into the input and output signals by the

circulator. The net current into the diode id and voltage

across the diode terminals V~ are given by

id=ii — i, = GL(2V; — ~d). (6)

In the equivalent circuit of Fig. 1, ‘id and vd are governed by

a nonlinear integral–differential equation given by

~d=f:@(;;+;)Vddt- G.vd+cj(~2) (7)

(13)

and that the carrier frequency is close to the resonant fre-

quency, i.e.,

cd c% @’. (14)

Note that since Vi, V,, and Vd are related by (6), we also have

[A, = [A,z + Ad2 – 2?AiAd COS(+; ‘- C#Ji)]’/2 (15)

I

1 [
AdSin4d – A; Sin&-

~ @r = tan–’
I

(16)
z4d COS#Jd – z4icoSr#i “

Substituting (10)–(12) into (8), making use of conditions

given by (13) and (14), and retaining only terms involving

the fundamental frequency, e.g., sins 4e3/4 sin ~, we can

derive a set of coupled differential equations that govern the

amplitude and phase by the following method.

Multiply the resulting equation by cos (@_@d) and inte-

grate over a period. Similarly, multiply the equation by
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sin (d+qb) andintegrate over a period [8]. After simplifying

the resulting equations by the relationships given by (13) and

(14), we obtain [15]

2 dAd

()

— — + (Aa2 – e)Ad = qAi COS (O; – @d) (17)
~o dt

where

g. – GL
~=

f.oocj

2GL
~=—

@oCj

“02=(;:+%.” (19)

From (17) and (18), Ad and ~d are to be solved for a given

set of input signal amplitude function A;(t) and phase func-

tion @~(t). Note that Ad and ~d do not refer to the output

signal. The output amplitude and phase functions A,(t) and

@,(t), respective y, must be obtained from the relationships

given by (15) and (16). In the following sections, steady-

state behaviors and transient response of IMPATT oscillators

and amplifiers under various conditions are analyzed.

111, FREE-RUNNING OSCILLATION

Let us first consider a free-running condition, i.e., Ai = O in

(17) and (18). In this case, we have

2 dAd

!( )

— = – (Ad2 – e)A~
@o =t–

1()2 d(p,j
—. = – (pA,’ + 8).

[;dt

(20)

(21)

Note that e may be either positive or negative depending on

loading conditions. If e <O, i.e., GL > gn, dAd/dt becomes nega-

tive for any positive vaIues of Ad. This means that the oscilla-

tion is decaying. And only when Ad= O, dAd/dt becomes zero.

Thus, when GL > gn, the IMPATT diode is stable and no free-

running oscillation exists and no output power is generated.

If e >0, i.e., GL <gn, and Ad2 <e, then dAd/dt is positive in-

dicating that the oscillation is growing. If A~2 > c, then dAJdt

becomes negative indicating that the amplitude of oscillation

is decreasing. Steady oscillation can be found when Ad’= e.

Although when A# = O, dAd/dt also becomes zero, any small

disturbance such as noise can trigger growing oscillation.

Thus, when e >0, the IMPATT diode is unstable and the ampli-

tude of the steady-state oscillation is determined by

NORMALIZED LOAD IMPEDANCE, gn / GL

NORMALIZED LDADED 0, QL/(OL)Op
]

Fig. 2. Effect of load on output power of an IMPATT oscillator.

(22)

And the output power delivered to the load GL is given by

POut = (1/2) VO2A,2GL = V02CGL

= (2/9) (\fi) GL

and the free-running frequency given by

‘+)(%-3

(23)

(24)

From (23) we find that the maximum output power can be

achieved when GL = g./2 and the maximum output power is

given by

(25)

as

In Fig. 2, variation of output power as a function of load

given by (23) is plotted.

IV. STABLE AIWPLIFIER

For steady-state condition, i.e.,

dAd d~d
o

dt=dt=

(17) and (18) become

{

(Adz – C)Ad = TA, Cos (6 – h) (26)

(~Ad2 + 8)A~ = nAi sin (4u – @d). (27)

It was shown that when e <O, i.e., GL>gn, the IMPATT

diode is stable. For a small-signal condition, i.e., Ad2 <<e, we

get

{

—e(Ad/A~) = q COS (@, — I#M) (28)

8( A~/A;) = V Sin (o, – @d). (29)
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At the center frequency ~0 we get q5{–~~ = O, and the power

gain is given by

(-2=($”1H-W
()GL+gn2

. ——

GL – g.

(30)

as one expects from a transmission-line reflection equation.

From (15), (16), and (28), we find that the gain at a given

frequency may be given by

697

‘-(;)(529
and the amplitude of oscillation given by

(34)

(35)

The oscillating IMPAT1 diode can also be used for amplification

o,f microwaves by means of injection locking. For a given A~

‘(”)=(+)=’+(%)-’(%:)cos(”i-”)
in (28) and (27), a real steady-state solution for Ad can be

found only in the region where

‘1+E+2)(3c0s’@i
Noting that, from (30),

v
~=4Go+l—.

we get

G(w) – 1

Go–1
= COS2 (@i — @d).

@d) .

If we define the amplifier bandwidth 2AOJ in such a way

that, at c+= coo ~Aw, gain becomes

Gy–1 1
— .—

Go–1 2
(31)

where G*= G(WO~Aw), GO= G(wo), wo equals midband fre-

quency, then, from (28) and (29), we get

(’&’)(<G+1) = q = constant.
\co, /

For GO>>l as in

ventional definition

i.e.,

(32)

most amplifiers this reduces to the con-

of normalized gain-bandwidth product,

(33)
\w, /

where 2A~ is defined by G(COOtAco) = G(cw)/2. For a range of

practical interest where Go>>l, GL does not vary appreciable y

for a large variation of gain. Thus the normalized gain–

bandwidth product given by (32) remains relatively constant

for a wide range of gain variation. For this reason the gain–

bandwidth product is used as a measure of the amplifier

quality.

V. INJECTION-LOCKED OSCILLATOR

In Section III it was shown that, when e >0, i.e., GL <g.,

the IMPATT diode becomes unstable and results in oscillation

at a frequency given by

Physically, this means that the oscillation cannot be locked

to the input signal outside of this region. For a small input

signal level, i.e., A iz <<Adz, we get Adz ?E. Then, since

sin (@i ‘@d) <1, at the edge of the locking band, viz.,

U* = uOSO~Aw, we get

and

Note that q is constant for a given loading condition. Thus

the normalized locking gain–bandwidth product given by

(36), which is a measurement of the injection-locked oscillator,

is constant for a given loading condition.

Thus, for both a stable amplifier and an injection-locked

oscillator, the normalized gain–bandwidth product is equal to

q = (2 GL/CJO Cj). comparing (32) and (36), and noting that,

for a given IMPATT diode, a stable amplifier requires a larger

value of GL than an oscillator, we can see that it is easier to

obtain a larger gain-bandwidth product with a stable IMPATT

amplifier than with an injection-locked oscillator. It should be

noted that any parasitic capacitance such as a package capac-

itance placed in parallel with Ci will in effect reduce the gain–

bandwidth product of the amplifier.

VI. LARGE-SIGNAL EFFECTS

In order to analyze the large-signal effects, (26) and (27)

must be solved. The coupled nonlinear differential equations

can be solved numerically to evaluate output versus input

power characteristics of an IMPATT diode. Shown in Fig. 3 are

the output versus input power characteristics of IMPATT

amplifiers and those of injection-locked oscillators numer-

ically calculated from (26) and (27) together with (15) and

(16) at center frequencies, i.e., co= wo for stable amplifiers andl
~ = OO,C for injection-locked oscillators. The loading condi-

tions determine the small-signal gain and bandwidth. The

output power and the input power are normalized to the

optimally loaded oscillation power given by (25). An injec-

tion-locked oscillator yields high output power with a higher
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--- DRIVEN OSCILLATOR (GL< gn)

— sTABLE AMPLIFIER (GL>9n)

a 8 dB

. .
O.SQ1 0,01 0.1 1

NOflMALIZED INPUT pOWER, PIN I POP

Fig. 3. Power saturation characterfsticsof IMP-m Tamplifiers.

-1800 t I 3
-0,4 -6,3 -0.2 -0.1 0 +0.1 +0.2 +0.3 +04

NORMALIZED FREQUENCY, (f -fOl / f.

Fig.4. Effects ofmputsignal level ongain and bandwidth
characteristics of stable IMPATTaLnPlifier.

gain (with a narrow bandwidth), while a stable amplifier

yields high output with arelatively low gain (with a broader

bandwidth).

From (26) and (27) together with (15) and (16), nonlinear

characteristics of IMPATT amplifiers under various conditions

can be calculated. Fig. 4 she% calculated effects of the input

signal level on the bandpass and phase characteristics of a

stable IMPATT amplifier tuned to a small-signal gain of 10 dB.

The input and output power levels are normalized to the

optimally loaded oscillator power P.p = gfi2/18 y and the fre-

quency is normalized to fo= wO/27r. It can be seen that as the

input &ignal level increa~es the gain decreases, the bandwidth

increases, and the center frequency shifts to the lower side.

12,
I

CC’
2
2 1,1

P,“IPOP
s

~ .% 01 0,05 0.01

0-- ,

~ ~2
I

N 0

i
,/

:
0,9 ‘---- = oPT. LOADED

: OSC. OUTPUT

0.8 c , , , I 1 1

?+’800~

1c +-- ,< 0.< 0.< 001
i!

.90°
P,n/Pop f.

% I

.180° , 1 , 1 I 1 I J
.0.04 .002 0 +0 02 +0,S4

NORMALIZED FREQUENCY, (f - &J/fQ

Fig. 5. Effects of input signal level on injection-locking
characteristics of IMPATT oscillator.

The lowering of the center frequency may result in gain

expansion with increasing input signal level at the lower half

of the amplifier passband under certain conditions such as a

high-gain narrow-band amplifier. Experimental observation

of this phenomenon has been reported in many papers. It is

also interesting to note the pronounced decrease in gain near

the center of the amplifier band at high input signal levels,

i.e., Pin >0.2 POP. This nonlinear effect has also been observed

experimentally [9].

Shown in Fig. 5 are locking characteristics of an IMPATT

diode similarly calculated. The locking characteristics of the

injection-locked IMPATT oscillator were found not to be sym-

metrical about the frequency of free-running oscillation This

is contrary to the results of earlier analyses [10]–[12 ] on injec-

tion-locking phenomena, but it is in agreement with the

experimental results [9], [13 ], [18] and also with recent

analyses of X-band IMPATT diodes [18]- [20].

In Figs. 6 and, 7 the Iarge-signal effects are shown differ-

ently. Variations of phase shift and power gain calculated for

a stable IMPATT amplifier tuned to 10-d El small-signal gain

are plotted as a function of input signal power level. At small-

signal levels (linear amplification) both power gain and phase

shift remain constant. At large-signal levels phase and gain

will change due to the nonlinear characteristics of the diode

parameter. This results in various nonlinear effects such as

AM–PM conversion and intermodulation. In an injection-

locked oscillator, both phase shift and output power vary

with signal level even at very low input power levels except at
~ = ~O,Cwhere the output power and phase shift remain fairlY

constant at low signal levels.

VII. TRANSIENT RESPONSE

In addition to the steady-state characteristics, the tran-

sient response of an IMPATT amplifier that determines data-

rate capability is also of greater importance. The transient

response of an IMPATT amplifier can be analyzed by solving

for output and phase responses A,(t) and O,(t) to given input

amplitude and phase waveforms A ~(t) and @i(t) from (15)–

(18). In this section, transient responses of IMPATT amplifiers
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Fig. 6. Large-sigml effects ongain and phase
delay of a stable IMPATT amplifier.
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Fig. 7. Large-signal effects onoutput power and phase delay of
an injection-locked IMPATTOSCilk?.tOr.

to both phase-modulated signals and amplitude-modulated

signals, which are two major areas of JMPATT amplifier appli-

cations, are anal yzed.

Power amplification of phase-modulated signals can be

accomplished either with a stable IMPATT amplifier or with

an injection-locked IMPATT oscillator. Note that the transient

responses of both a stable amplifier and an injection-locked

oscillator are governed by the same set of equations. For

biphase modulation, I$i(t) changes either from 0° to 180° or

from 180° to OO. Examination of (18) shows that. in order to

achieve symmetrical phase transitions, we must have [1.5]

~A,2 + 8 = 0. (37)

This means that the signal frequency should be set at a fre-

quency given by

“s=”O(l-%)O(38)

This is the midband frequency for a stable amplifier and the

free-running oscillation frequency for an injection-locked

oscillator. This result is contrary to the results of earlier works

[10], [11 ], [14] which have shown that the signal frequency

should be set away from the center frequency to achieve opti-

mum transition time. The conclusions of the earlier works are

based on simplified analyses carried out for cases where the

input signal changes phase instantaneously (step function)

with no change in amplitude. In a real system, however, the

input signal does have a finite transition time [15], [16].

Thus, in this paper, we analyze the transient response of an

IMPATT amplifier to an input signal with a finite transition

time at a center frequency given by (38).

In solving (17) and (18) it is convenient to normalize time

t and bandwidth 2Aj to the input signal transition time T,
(measured from 10 to 90 percent of total transition), i.e.,

T = t/T,

B = 2AjT,.

We have numerically solved (17) and (18) for Ad(t) and rj~(t),

then for A,(t) and ~,(t) under various conditions of gain and

bandwidth. Detailed analysis has shown the transient re-

sponse is most sensitive to the amplifier bandwidth and that

it is not very sensitive to the amplifier gain. Figs. 8 and 9 are

effects of bandwidth on the amplitude and phase transient

response of a stable IMPATT amplifier and an injection-locked

oscillator, respectively. The power gain was set at a typical

value of 13 dB.

In Figs. 8 and 9 input power and output power are nor-

malized to their steady-state values. It can be seen that band-

width required to amplify phase-modulated signals with

transition time T, without increase in output phase transi-

tion time is

for both an injection-locked IMPATT oscillator and a stable

IMPATT amplifier. As the bandwidth decreases, the output-

power transition time increases. Comparison of Figs. 8 and 9

shows that, for the same bandwidth, faster output phase

transition time can be obtained with a stable amplifier than

with an injection-locked oscillator. However, the phase

transition in a stable amplifier is accompanied by a signifi-

cant amount of amplitude modulation which increases with

decreasing bandwidth.

In Figs. 8 and 9 it is assumed that the input signal has a

constant amplitude during the phase transition time. In a

real phase modulator, however, the phase modulation is ac-

companied by ampIitude modulation [16]. The amplitude

modulation is caused by increased insertion loss in transition

state as shown in Fig. 10 where phase shift and insertion loss

of a typicaI p-i-n diode phase modulator are plotted as a func-

tion of bias. Shown in Figs. 11 and 12 are effects of the ampli-

tude modulation accompanying the phase-modulated input

signal on the output phase and amplitude transient responses

of stable IMPATT amplifiers and injection-locked oscillators.

Note that the amplitude modulation of the input signal

results in hesitation of the output phase transition. Suppres-

sion of the output amplitude modulation can be seen in the

injection-locked oscillator. It is interesting to compare the
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1,5
I , # 1
I 2.0 -- _ (PIP33) in = CONS.

I

0 1 2 3 4 5

NORMALIZED TIME tJTs

Fig. 8. Effect of bandwidth ontransient response of a stable
IMPATTamplifier to a phase-modulated signal.

1.5 , , I

N0RMAL12ED TIME. ttTS

Fig. 9. Effect of bandwidth on transient response of an injection.
locked IMPATToscillator toaphase-modulated signal.

calculated waveforms shown in Fig. 12 with those shown in

Fig. 13, which were measured on an injection-locked IMPATT

oscillator for various locking bandwidths. Remarkable agree-

ment can be seen, including the initial hesitation in phase

transition.

~
10 ma 5V 10 v

FORWARD SIAS REvERSE BIAS

Fig. 10. Variations of insertion loss and phase shift of a
p-i-n diode biphase modulator as a function of bias.

a 1 2 s 4 5

NORMALIZED TIME, VTS

Fig. 11. Transient response of a stable IMPATTamplifier when phase-
modulated input signal is accompanied by amplitude modulation.

Fig. 14 shows effects of gain saturation on the transient

response. It can be see that, for a given device operated as a

stable amplifier, gain saturation results in faster phase transi-

tion due to the bandwidth broadening.

Shown in Fig. 15 are effects of bandwidth on transient
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Fig. 15. Effects of bandwidth on transient response of an
IMPATT amplifier to an amplitude-modulated signal.

response of a stable IMPATT amplifier to amplitude modulated

signals. The small-signal gain is set at 13 dB. The amplifier

transient response is not sensitive to gain. However, the

transient response is affected by the input signal level, a:s

shown in Fig. 16.

For the same small-signal bandwidth, faster output tran-

sition can be achieved with a saturated amplifier than with an

unsaturated linear amplifier. This is due to the fact that the

bandwidth increases as gain compression occurs due to the

large-signal effect

VIII. CONCLUSIONS

It has been shown that an IMPATT diode can be operated as

an injection-locked oscillator as well as a stable amplifier fc,r
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Fig. 16. Effects of gain saturation on transient. response of an IMPATT
amplifier to an amplitude-modulated signal.

microwave power amplification. The preceding analysis

shows that, for a given IMPATT diode, a higher output power

can be achieved with an injection-locked oscillator with high-

gain (> 10 dB) narrow-bandwidth characteristics, while a

stable amplifier yields a linear gain at low power levels and

high output power with relatively low gain ( <10 dB) and

broad bandwidth. The stable IMPATT amplifier can generate

as much added power as an optimally loaded oscillator when

driven to low saturated gain (N3 dB). For a given diode, a

larger gain–bandwidth product can be achieved with a stable

amplifier than with an injection-locked oscillator. The tran-

sient-response analysis carried out in this paper has shown

that the switching time T, and amplifier bandwidth 2Af are

related by 2Af ~1/ T,. Since bandwidths greater than 2 GHz

can be achieved with IMPATT amplifiers, IMPATT diodes can be

used effectively for power amplification in high data-rate

communication systems with modulation rates beyond

1 Gbit/s with transition time less than 0.5 ns [16]. The anal-

ysis has also shown that to achieve the maximum modulation

rate, the signal frequency should be set at a midband fre-

quency for a stable amplifier or at a free-running oscillation

frequency for an injection-locked oscillator.

Comparison of various nonlinear characteristics and large-

signal phenomena described by the preceding analysis with

experimental results shows remarkable agreement [13 ], [17].

The analysis can be extended readily to many cases other

than those described in this paper, such as sinusoidal modula-

tion, quadriphase modulated signals, and multiple-stage

amplifiers.
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