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A Device Characterization and Circuit Design Procedure for

Realizing High-Power Millimeter-Wave lMPATT-Diode

Amplifiers

DEAN F. PETERSON

Absfract—A measurement and characterization technique is
presented which allows design and realization of IMPATT amplifiers
operating at maximum generation efficiency. Diodes mounted in a
stable reduced-height waveguide circuit are characterized by their
complex reciprocal scattering coefficient as a function of frequency,
dc bias, and RF drive power level. In particular, terminal conditions
which correspond to a maximum power exchange between the active
one-port network and the source are identified and then used to
design and realize controlled-gain mazhnum generation-efficiency
amplifiers. Simple equalization networks are shown to provide a
wide range of available amplifier gains between lhnits set by stabil-
ity requirements. As an example, the technique is effectively used
with silicon &lodes at K.-band (33-4o GHz) to realize a 7-dB gain
250-mW power amplifier with 5-GHz bandwidth.

I. INTRODUCTION

I

MPATT diodes are now very widely used and are

often a preferable source for millimeter-wave power

generation. Their small size and solid-state advantages

have made them an attractive microwave power source in

many commercial and military systems for a variety of

applications.

One promising application is the use of these devices as

amplifiers which are saturated with respect to their available

added power and therefore always operate at maximum

generation efficiency. This application becomes even more

promising if a degree of amplifier gain flexibility exists and

can be realized by design while generation efficiency remains

maximum. In this paper we present a device characterization

and circuit design procedure which has allowed the realization

of maximum generation efficiency millimeter-wave mmAm-

diode amplifiers which have power gain flexibility. The am-

plifier generation efficiency is also equivalent to the oscillator

efficiency of the devices.

The diodes mounted in a reduced-height waveguide circuit

are characterized by their complex scattering coefficient as a

function of frequency, dc input power (bias), and RF drive

power level. The scattering coefficient at which the circuit

adds maximum power and the corresponding drive level are

identified at any given dc bias. Equalization networks which

preserve system stability are then determined for the circuit

which allows amplifiers to be constructed having a specified

gain with the overall generation efficiency remaining constant

at maximum. An example of the technique is presented

graphically, demonstrating the realization of a 5-GHz-wide
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amplifier with 250-mW output, 7-dB power gain, and 3.92

percent generation efficiency.

II. APPROACH TAKEN FOR CHARACTERIZING I MPATT

DIODES FOR USE AS AMPLIFIERS

A. Definition of the A dive Device jor Experimental Charac-

terization

An IMPATT diode is a two-terminal negative resistance de-

vice whose linear and nonlinear properties are generally well

understood and have been treated extensively both theore-

tically and experimentally [1 ]– [5 ]. Unfortunately, the ter-

minals of this active device as normally defined are not usually

accessible for direct diode measurement and characterization,

and amplifier design beginning at these terminals is rarely

possible. Although some diode properties can often be ob-

tained by de-embedding, the parasitic elements immediately

surrounding the diode (e.g., package parameters) are usually

difficult to control in the deterministic manner required for

construction of stable well-designed amplifiers.

In this paper, we require direct characterization by mea-

surement of the “active device, ” thereby necessitating an

environment for the IMPATT diode which will provide ter-

minals which are compatible with existing microwave mea-

surement equipment. These interfacing terminals define our

active device; its properties appropriate for amplifier design

will be determined by measurement only. This approach

results in a generalized coupling network or embedding net-

work existing between the actual diode and the external

measurement terminals which can degrade the fundamental

performance limitations of the IMPATT. Constraints on this

embedding network necessary for this approach to be useful

for amplifier design will be discussed further.

B. Network Terminal Descri@ion

The most fundamental and direct measurement of a one-

port network at microwave frequencies is the network reflec-

tion coefficient in a transmission line or waveguide environ-

ment. As this description is also most appropriate for re-

flection amplifiers, we shall use the wave variable approach

for describing the active one-port containing the IMPATT

diode. With reference to Fig. 1, the incident wave (excitation)

ad(t) is given by

a~(t) = A~e~”~ + cc. (1)

where Ad has dimensions of <power and I Ad I z is the power

carried in the incident wave. Because the active one-port is
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Fig. 1. Generalized embedding of an IMPATT diode reqtured for direct
measurement and characterization at terminals l–l.

generally nonlinear, the reflected wave response to (1)

b~(t) is normallyl

bd(t) = l?de~”t+ ~~dne~”ut+c.c. (2)

n= 2

. Sd(co, \Adl)Adei@’+c.c.+b~(t) (3)

where sd is the complex scattering coefficient at the funda-

mental normalized to a matched termination in the wave-

guide or transmission-line measurement system, and b~(t) is

the sum of all the reflected waves at the harmonics. In this

paper we shall not attempt to determine and characterize the

response bh(t), and harmonic effects on amplhier performance

are generally neglected. This is not to say that proper har-

monic control CannOt imprOVe IMPATT performance (efficiency,

bandwidth, etc.) as 3–5-dB variations in oscillator and am-

plifier output power can occur with second-harmonic tuning

[6]-[10]. Although these effects have been observed, speci-

fication of optimum harmonic terminations is not presently

possible, and for this reason b~(t) is not considered in (3). It is

possible to make b~(t) = O by lossless low-pass filtering in the

embedding network but the resulting harmonic terminations

for the diode are not necessarily optimum.

We thus describe the one-port by the nonlinear single-

frequency response function sd(~, I Ad I ), where

& = sd(@, I ~d[)~d (4)

and ] Bd 12 is the reflected power at co. The network is then

active whenever I ~dl >1 since [ Bdl 2> I Ad] 2 and RF power

is being generated through dc to RF conversion.

The generation efficiency q~ of the network is defined as

p~a
qg. —

P=
(5)

where Pgd is the net added power from the network given by

P,d= l&\2- l~dl’= [lSd(l~dl)l’–fjl~d12 (@

and PD is the dc power supplied to the diode. In our charac-

terization, we find that a value for I Adl = I /ldO/ exists such

that ~~d is a maximum Pg~. The value of sd( I Ado] ) will be

referred to as .fdo. This information is used in Section IV to

design amplifiers which operate at maximum generation effi-

ciency for the given embedding network.

We shall find in Section III that the network is most ap-

propriately characterized by its inverse scattering coefficient

1we do not include frequency components that may ariee from
parametric instabilities or subharmonic generation [1 O], [11], as these are
considered deleterious to amplifier performance and should not be present
in correctly designed amplifiers.

s, as a function of incident power I & ] 2, i.e.,

S,= S,(GJ, I x4dl)=
Sd(w, ; & 1)

(7)

as this allows one to work inside the unit circle in the com-

plex plane, and incident power is easily monitored.

C. Properties of the IMpATT-Diode Embedding Netwovk

The coupling network that necessarily exists between the

diode and the accessible terminals can degrade the funda-

mental performance limitations of the IMPATT diode. There-

fore, in order for our approach to amplifier design to have

merit, the embedding network should have some general

properties which tend to minimize such degradations and

allow useful design.

Ideally the embedding network should be Iossless and

have no transmission zeros in the frequency range where the

diode is active, i.e., if the diode has an admittance Y& then

from Fig. 1 I sdI >1 whenever Re { yd } <O. Because of the

diode series resistance and othe; circuit loss, the lossless con-

dition is not possible and the net power crossing port 1, P,d,

will be less than the power generated by or available from the

active diode. The loss structure of the network should thus

be arranged to minimize this power 10SS. The presence of loss-

Iess parasitic energy storage elements can also reduce the

inherent gain-bandwidth limitation of the diode, and excess

energy storage should be minimized so that broad-band

equalization can be achieved.

Finally, since the network terminal behavior must be

measurable, the system must be stable under measurement

conditions, i.e., when port 1 is terminated in its reference (a

matched load) there are no source-free oscillations in the

system. This condition can be nontrivial to establish since

stability can only be defined from a knowledge of the diode

admittance which in turn can only be determined by de-

embedding which requires a stable system for measurement.

Generally, the development of the appropriate embedding

network initially requires reasonable assumptions about the

diode characteristics in addition to a well-controlled adjust-

able circuit.

III. MEASUREMENT AND CHARACTERIZATION

OF ACTIVE MOUNTED DIODES

A. Jfillimeter- Wave Embedding Network

For our 40-GHz amplifiers, a waveguide mounting struc-

ture was appropriate for compatibility with existing measure-

ment equipment and is shown in Fig. 2. This configuration

is quite standard for waveguide mounting of many active

devices (varactors, Gunn, and IMPATT diodes) and it obeyed

the general network properties specified above for the class of

millimeter-wave IMPATTS used in our amplifiers.

The packaged diode is mounted to a copper stud which

makes intimate contact with the circuit to provide good heat

sinking. Bias is supplied to the diode through a special low-

pass coaxial filter which must have the following properties:

1) provide isolation between the bias supply and the diode in-

band; 2) present a low loss to the packaged diode to minimize

power loss in the mount; and 3) have a controllable reactance

to help establish circuit stability and gain characteristics.

Such a filter was realized by three sections of coaxial line

terminated in a tapered section of absorbing material which

provided a known reference impedance (50 S2) to allow de-

terministic design of the filter. The absorbing material also
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Fig. 2. A millimeter-wave reduced-height waveguide mount for
characterizing IG-band IMPATT diodes.

results in isolation between the diode and the outside world.

The input impedance of this filter was usually between 0.5-

1-Q resistance in-band with a capacitive reactance which

could be varied appropriately by design to establish stability,

The waveguide was standard K.-band (WR28) reduced in

height from 0.140 to 0.020 in (approximately the package

height) to reduce excess energy storage around the post con-

tacting the diode and provide a lower “impedance” level for

the waveguide. Stability was achieved by adjusting the input

reactance of the bias filter and the position of the waveguide

backshort under matched loading on the reduced-height

waveguide port. This basic circuit was duplicated many

times, being fabricated to tight tolerances and good surface

finish quality by the electroforming technique. This unit was

considered the active device, w%ere the measurement ter-

minals are represented by reduced-height waveguide with a

reference plane at the face of the mount.

B. Measurement System

The active one-ports were characterized by their input

reflection coefficient as measured in the reduced-height wave-

guide of the mount. This reflection coefficient is equivalent

to the scattering coefficient sd (4) of the network normalized

to a matched termination in the reduced-height waveguide. A

“characteristic impedance” for this termination and the wave-

guide can be chosen arbitrarily (1 f?, for example) if an equi-

valent impedance description of the one-port is desired.

The method of measuring sd was to use the network

analyzer-reflectometer system shown in Fig. 3. This system

normally measures the reflection coefficient normalized to

standard Ka-band (WR28) waveguide, and measuring $d

required a pair of matched broad-band stepped impedance

transformers (SIT) from 0.140x0.280 in to 0.020 XO.280 in

for use on both the reference and test ports. These trans-

formers were symmetrical seven-section maximally flat types

made by electroforming and they provided the required

matched transformation ( > 30-d B return loss, <O. l-d B in-

sertion loss from 33 to 40 GHz) to the reduced-height wave-

guide of the mount.

In normal operation this system measures sd of a network

on the test port with a short-circuit reference. With active

networks in which \ sdI >1 this necessitates working outside

the unit circle or normal Smith chart in the complex plane.

If the reference and test ports are interchanged, the system

now measures the short relative to a reference sd and s,~ (1/s~)

is displayed and can be directly recorded. This allows one to
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Fig. 3. Frequency-translated network analyzer used for
measuring active INfPATT networks.

Fig. 4. Single-frequency inverse scattering coefficient of mounted K.-
band IMPATT diodes as a function of dc bias and RF drive power.

work inside the unit circle for active one-ports, and in terms

of a Smith chart display this transformation provides a

direct readout of an equivalent normalized negative im-

pedance. This kind of display also provides information for

readily defining amplifier stability and gain characteristics as

will be shown in Section IV.

C. Behavior ofs, for Silicon Diodes

We generally measure s, at a fixed reference plane as a

function of frequency, dc bias, and RF drive power level

I Adl 2 over the ranges of interest. This was generally accom-

plished at each of a set of frequencies by making small signal

measurements versus bias from O V to breakdown and then

to an avalanche current corresponding to a dc power limita-

tion (usually thermal). At this maximum dc current or at the

current established for amplifier operation, the RF drive

power I Adl z was increased from small signal and s,(I A~l 2,

was recorded. Normally, a point on this curve S,Ocould readily

be identified at which the added power l’~d was a maximum

po~ at I Ad I 2= I AdOl 2. This large signal measurement is in

accordance with (4) and is single frequency because any

higher harmonics generated and mixing with the network.

analyzer local oscillator are well out of the IF bandwidth of

the mixer-harmonic converter.

A typical plot of single-frequency characteristics for silicon

diodes is shown in Fig. 4 for several frequencies. Below break-

down between O V and breakdown VB, the diode is passive
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and Isrl >1. The values of sr(V) in this region were recorded

to use as reference values forde-embedding purposesin ac-

cordancewith that described in [12], the results of which give

an indication of mounting circuit loss as well as the linear and

nonlinear properties of the active diode region. The curve de-

fined by s.( 1’) in this region is a portion of a circular arc as is

normally the case with varactors. As avalanche current be-

gins, the small-signal single-frequencys, curve breaks into the

region bounded by the extended varactor circle, thus in-

dicating negative resistance exists at the terminals of the

active diode region [12 ]. The value of I s, I is greater than

unity for low avalanche currents because the diode series

resistance and other circuit loss mask this negative resis-

tance. Eventually a bias current is reached at which I Srl =1;

further increase in bias results in Is, I <1 and the network is

active and has net power gain.

If the measurement frequency is low enough and the bias

current high enough, we can have I s,I >1, again indicating

network or diode passivity. This is the effect of the avalanche

frequency increasing with current and eventually equaling

the measurement frequency [12 ]. Although the network may

be passive at the operating current, power gain can often be

achieved at high drive power as I s,] <1 is again possible.

This effect has previously been observed in IMPATT amplifiers

and is evident for the given characteristics at 34 GHz where

the small signal gain is less than unity (I s.] > 1) at 200 mA,

but large signal gain becomes possible at 20-30-mW drive

power. For this diode, 34 GHz is approximately the avalanche

frequency at 200-mA bias current.

At 36, 37, and 38 GHz a distinct break in the s,(I d~l 2,

curve is observed. For this class of device, this breakpoint

was almost always associated with maximum added power

Pgn, and further drive would result in a rapid decrease in

Pd. The results of de-embedding [5], [12] showed that at

P,~ the diode peak RF voltage was about 7.5 V for a diode

operating at 25 V and 200 mA, or 30 percent of the dc voltage.

This agrees with theory for single-drift silicon diodes [13].

The added power for the diode characterized in Fig. 4 is

shown in Fig. 5 as a function of drive power I Aal 2 at 37.5

GHz. For this diode, the added power has a distinct maximum

of 220 mW at [AdO]’= 140 mW and P~= 5.5 W. The value of

lAdI)] and the shape of the curve ~,~(1 Adl 2, are a function of

device-circuit interaction and varied somewhat among the

different silicon diodes examined.

The maximum generation efficiency qg~ as a function of

PD for the same diode is also shown in Fig. 5. This generation

efficiency was determined by finding Pg~ from measured

curves of P~~( I Ad 12, at several values of PD. The diode is

approaching 5 percent for qg~ at PD = 7 W, but operation at

this dc power would result in device temperatures around

300”C. At PD = 5 W (200°C) the efficiency is nearly 4 percent.

Of the 100 diodes initially available, the behavior shown in

Fig. 5 was typical of the best 15 percent, the remainder

generally having smaller generation efficiencies (2 percent

versus 4 percent) under similar dc conditions.

D. Summary

In this section, we have attempted to characterize IMPATT

diodes in the manner presented in Section II for use in the

design and construction of reflection amplifiers which operate

at maximum generation efficiency. A technique was presented

that allows mounted devices to be described by their inverse
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Fig. 5. Added power as a function of drive power at 5.5 W dc power
and 37.5 GHz, and generation efficiency versus dc power for the
same diode.

reflection coefficient as a function of frequency, bias, and RF

drive power. It was observed that this two-terminal active

network has a terminal condition which results in a maximum

single-frequency power exchange between the network and

the source. Our task is now to design amplifiers which have

specified gain and bandwidth characteristics and operate at

this maximum generation efficiency.

IV. DESIGN OF OPTIMUM GENERATION-EFFICIENCY AMPLI-

FIERS USING ACTIVE MOUNTED I MPATT DIODES

A. General Rejection A mplijier Configuration

The general form of a reflection amplifier is shown in Fig.

6, where operation is described in terms of the wave variables

and scattering parameters. The amplifier consists of three

basic elements: a circulator to separate incident and reflected

power; a lossless reciprocal two-port equalization network;

and an active one-port which has a scattering coefficient

greater than unity in magnitude. In this configuration, the

normalization of the wave variables at port 2 of the equaliza-

tion network must be the same as that for the active network,

and likewise for the normalization at port 1 and the circulator.

The normalization at port 1 and port 2 may be different,

however. At present, we shall assume the circulator to be

ideal, sothatsC=O and ]Al] =IASI and ]Bz I =IBII.

The active one-ports will be those defined and charac-

terized in the previous sections; obviously these are easily

made into unilateral two-port amplifiers with power gains of

I-$d[ 2 with an equalization network consisting of a trans-

former (e.g., SIT which matches between the normalizations

of the circulator and active network). Usually, however, the

gain characteristics of this amplifier are not the desired ones

and more complex equalization is required.

For the amplifier of Fig. 6, the power gain is given by

Isalz>l, whe re in terms of the two-port s parameters
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(8)

and the gain can be modified by proper control of the s pa-

rameters. In our case, we want the amplifier to operate at

maximum generation efficiency at a value of power gain

appropriate for a given system requirement. From Section III,

we know the conditions \ A~ol 2 and S,Osuch that the one-port

generates maximum power Pg~. Since this added power is

IB.Iz–IA.Iz=IA,Iz–IB,]z and the added power of the

amplifier Pg. is I I?ll z- \ All z, then for a ossless equalization

network we must have

IAI]2+ IA212= ]Bllz+ IB21’ (9)

or

Pg. = IB1]2– IA,12= IA, I’– lB212=P,~. (10)

Thus, whenever P@= P,~, P..= PQ~ and the added power

and generation efficiency of the amplifier is equal to that of

the active network. Note that (9) and (10) are independent

of the gain Is= 12 of the amplifier. If the amplifier is to operate

at maximum generation efficiency then there is a required

relationship between amplifier gain I S. I z, amplifier input

power IA, [ 2, and maximum added power po~ given by

{\~a]’- 1]1 A812=Pgm=const (11)

and operation under this condition establishes the optimum

conditions at the terminals of the active one-port. In terms

of a required amplifier output power Po> P~~, the equivalent

relation to (11) implies a gain

{Sa{s-p” ‘0. ——
– Fi P. – Pg.

(12)

where Pi is the amplifier input power \ -4,12.

The tradeoffs implied in (11) and (12) are presented

graphically in Fig. 7, which shows Po/Pg% and P~/PP as a

function of the amplifier gain \s. 12. Note that the higher the

output power, the lower the gain and vice versa, and this will

be a design decision.

Our task now is to determine the scattering parameters of

the equalization network in conjunction with the active net-

work in order to realize any desired value of Is= [ 2 at Pg.

= P@. We shall see that not all values for gain are available

because of constraints imposed on the equalizer by stability

requirements.

A word should be mentioned at this point about the valid-

Fig. 7. The tradeoffs between amplifier gain Is. 12and input and output
power required for operation at maximum generation efficiency.

ity of (11) as it is the basis of our large signal design. This

equation is strictly valid for linear circuits but we are in

reality dealing with a nonlinear element which may have

significant harmonic content under the conditions which

maximize added power. One may consider (11) valid if either

or both of the following conditions exist: 1) the addition of

the equalization network does not appreciably modify the

harmonic terminations of the diode; and 2) changes in har-

monic terminations do not have a significant effect on genera-

tion efficiency.

We show in Section V that simple but effective equaliza-

tion networks do not result in significant modification of gen-

eration efficiency.

B. Stability

There are constraints on the s parameters of the equaliza-

tion network imposed by requiring the amplifier to remain

stable. The definition of stability used in this paper is that

normally identified with linear circuits, i.e., no source-free

oscillations are present in the system. For our case this def-

inition is valid only for incremental signal analysis as only

under this condition does the active network behave in a

truly linear fashion. Since oscillations build up from noise

which can be considered an incremental signal, stability

analysis in the small signal case can determine the conditions

under which the noise can reinforceably build into an oscilla-

tion. Thus system stability as we require can be analyzed

from small signal data, in particular small signal s,(o) for the

active network. Although this definition of stability is useful,

it has no value in determining large signal instabilities, such

as parametric instabilities, which can occur in lMPATT-diode

networks (11). No such instabilities were observed in the

amplifiers described here.

Stability as defined above can easily be determined for

the equalized amplifier configuration shown in Fig. 6. The

amplifier will be unstable if there are any poles of S. in the

right half plane (RHP) of complex frequencies. From (8),

it is clear that since sa has no RHP poles (it was measurable),

poles of s= in the RHP can only arise from zeros of l/sol

— Szzor 1 — &Js22 in the RHP. Thus the stability can be inves-
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tigated in the same manner as for an amplifier with open loop

gain s~(a), I s~(a) I >1 and feedback SZZ(0), I SZZ(CO)] <1. Using

Nyquist’s criteria one can easily show that if

when

s,(%) I (13a)

1
arg s22(ao) = arg — = arg s,(~o) (13b)

sd(@O)

for any frequency wo then the system will probably be un-

stable. Exceptions can occur if more than one solution to (13)

exists. As a net clockwise encirclement of + 1 made by the

vector ~d(@)~22(@) in the complex plane with increasing fre-

quency may not occur, further investigation may be re-

quired. A solution to (13) is necessary but may not be suf-

ficient for an oscillation to occur.

A solution to (13) is easily determined for any equalization

network by comparing its SZZ(CO)with the s,(u) of the active

network determined by measurement. Although this stability

determination is strictly valid only for small signal s,, we shall

insist on sZZ(CO)functions which do not satisfy (13) for the

large signal values of s, used to characterize the diode at

various drive levels. It is possible that an oscillator with

output power Po~ could be built by haviw s22 = Sro at UO even

though (13) was not satisfied at any frequency for small signal

s,(w), and we have observed this effect in the laboratory.

C. S@ecij$cation ofs Parameters for Desired Amplifier Gain

Having determined conditions on szzfor amplifier stability,

we now wish to specify values for the s parameters which

give the desired gain for the amplifier. By using the unitary

properties of the the scattering parameters for the lossless

two-port, we have I SU[ = [ S2ZI and [ SUI 2=1 – [ SZZI2, and from

(8) we may write

, so , = 1- S7’S22*

ST — S22

(14)

where s,=s,(w, lAdl 2). For a constant Is.1 and a given value

ofs, then (14) is the equation of a circle in the SM plane with

center C at

~= 1s.1’-1
\salZ- 1s,12s”

and radius

(15a)

(15b)

In Fig. 8 we have shown some constant IS= I circles for an

arbitrary value of sr. Note that all the circle centers lie on a

line through the origin and the point s, as can be seen from

(15a). Thus any value of s,, on one of these circles will yield

the same amplifier gain, although some of these values are

not stable solutions. An amplifier with specified gain \ S. (co) I

can be realized if an SZ2(W) can be realized such that for each

u over the band of interest szz lies on each corresponding

ls~(~)] circle determined from (15) and s,(u). Such a function

may not be realizable or very difficult to realize, and it must

also represent a stable solution.

1+,1

+jo48

Fig. 8. Circular loci of s22 in the complex plane for constant amplifier
power gain with a given s, of 0.32 ~jO.48.

Since we are primarily interested in maximum generation-

efficiency amplifiers, we set s,= S,O in (14) and (15). Then if

the desired amplifier power gain is Is. 12, an SZ2for optimum

performance is determined from (14) or (15) and from (11)

the amplifier input power IA. 12 can be found for operation

at maximum added power. Not all values of gain are avail-

able and normally the limits of large signal Is~ I are deter-

mined primarily by a solution to (13) for small signal s~.

Usually this small signal instability occurs at a different fre-

quency than the operating frequency, as we shall show in

Section V. The large signal equalization technique described

above is now best illustrated by an example.

V. APPLICATION TO SILICON DIODES AND REALIZATION OF

OPTIMUM EFFICIENCY AMPLIFIERS

A. Quarter-Wavelength Equalization Networks

To verify the proposed technique of large signal equaliza-

tion with conservation of maximum added power, we shall

use a series of simple quarter-wavelength waveguide equaliza-

tion networks at 37.5 GHz in conjunction with mounted

silicon diodes characterized as described in Section III. The

normalization at port 1 of these networks (Fig. 6) will be

equal to that of port 2 which is considered the reference nor-

malization (in this case 0.020 X0.280 in). This required a

broad-band waveguide transformer on the circulator port

which was built into the circulator,

Under these conditions, a quarter-wavelength section of

waveguide having a relative height h to the reference height

(actual height/O.020 in) and the same waveguide width has

s parameters given by

h’–l

‘11= S2’=W+l
(16a)

and

2h
s12. —j—.

h2+l
(16b)

We have neglected any discontinuity capacitance occurring

at the junction of the different size waveguides. Since s22 is

real, then from Fig. 8 it is clear these sections are used most

effectively if s~ is real at the quarter-wave frequency fo. In

practice s,(fo) and in particular s,O(~O) was made real by phys-

ically changing the reference plane (cutting of some wave-

guide), rotating s, to the real axis.
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TABLE I

A COMPARISONOF PREDICTEDAND MEASURED PERFORMANCE FOR AN EQUALIZED IMPATT AMPLIFIER

..—

h
1

’22
~

P] ,mw P; ,mw P~a ,mif
&

[s,1” cm P:,M

1 0. .65 .65 150 1s0 20s 5.74 355

-.—
4

1.1 .095 .592 .59 110 105 197 4,58 302

-.

1.2 .180 .532 .52 81 74 200 5.68 274 ;

w 47’ 45 5’ 52 204-694 :-E256

t Predicted from theory.
* Actual measured values.

\

/ 137.5 GHz \

6

\
Small Signal

l/sO (f) /

(i)
Fig. 9. (a) Small signal s,(f) and s,(P,J at 37.5 GHz, Crosses indicate

gains predicted for the available quarter-wave equalization networks.
(b) Equalized characteristics of (a) obtained with the addition of the
quarter-wave networks.

B. A m@ijier Performance

In Fig. 9(a) we have shown the small signal s,(f) and the

large signal curve of s,(I A~l z) at 37.5 GHz for a mounted

silicon diode with dc operating conditions of 5.1 W at 200

mA. The small signal curve will impose the limitations on

the large signal gain through the stability requirement. For

this diode, the maximum added power is 205 mW (q~~ = 4

percent) and occurs at the break in the large signal curve

where I d~ol 2 = 150 mW and s,= 0.65 (3.74-d B gain). In order

to make s. real, we have physically modified the reference

plane by shaving off some waveguide.

To demonstrate the large signal equalization technique in

a simple effective manner, a series of quarter-wave sections

at 37.5 GHz were fabricated which stepped in height from

0.020 to 0.030 in in steps of 0.001 in. The 10CUS of SZZ(~) of

these sections is a circle-with a center at SZZ,~~~/2 and radius

Stt,~8x/2, where SQZ,maXis given by (16a) and occurs at the

quarter-wave frequency. Over the frequency range of interest,

ssz changes little and it can be considered constant and equal

to sza,~.x as given by (16a). Four different sections were used,

and the corresponding values of szz are indicated in Fig. 9(a)

by the crosses on the real axis. Amplifier constant-gain circles

are drawn which intersect these values of SZSand indicate the

gain that is possible. A section of 0.028-in height was also

tried but a weak oscillation at 39 GHz occurred as (13) was

satisfied. The characteristics of 1/s. resulting from this

equalization are shown in Fig. 9,(b), where again the small

signal frequency behavior and large signal curve at 37.5

GHz are presented, The 180° phase shift is caused by the

quarter-wave section. The maximum added power again

occurs at the break point in the power curve when I/sa is

approximately negative real as it should. The theoretical and

experimental results of this equalization are compared in

Table I. The disagreement between measured and predicted

values for I 1/s. I and input power Pi is thought to be caused

by discontinuity capacitances at the steps in waveguide of the

quarter-wave sections which were not considered in the cal-

culations. Note that the added power, however, remains

constant (to within measurement accuracy) as it does not

depend on the gain as long as lossless equalization occurs. It

is interesting to note from Fig. 9(b) that the maximum small

signal gain occurs at about 39.1 GHz, or 1.6 G Hz higher than

the design frequency of 37.5 GHz. It is clear that any practice

of “tuning” the circuit for high small signal gain at 37.5 GHz

can severely limit the large signal amplifier capabilities at the

same frequency. Finally, the limitation on large signal gain

need not be caused by a small signal instability at 39.1 GHz

as it was in this paper. By clever circuit design, it is entirely

possible to have an szz(j) such that almost any large signal

gain is achievable and (13) is not satisfied.

The power bandwidth available with these simple quarter-

wave networks is as much as 5 GHz, or 13-percent fractional

bandwidth. The reason for this can be observed from Fig, 10,

where we have shown large signal curves at several frequencies

along with the small signal s,(f) limit curve. The phase change

at maximum added power is significantly less than at small

signal and a quarter-wave network is effective over a wide

bandwidth at large signal. To demonstrate this, a set of 7-dB

gain circles are drawn at 36.5, 37.5, and 38,5 GHz and a
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Fig.

7-dB Large Signal

Gain Curves

Large Signal Curve
at Maximum Added /L-— j’ Small Sianal Curve

ired

GHz
for”?-d B” Gain,

10. Large and small sigmls, characteristics of a Kc-band mounted
IMPATT demonstrating the bandwidth available at large signal.

FREQUENCY (GHz)

I
30

t Pout vs Frequency

25 —
(e

20 –

15 —

K
PO”, Vs Pin

(37.5 Gt+z)

10

‘t ~gmax
= 3.92’10

I
0,

Pi” (dEm)

Fig. 11. Frequency response and F.versus P~for the equalized
diode of Fig. 10.

matching section of SZZ= —0.15 was chosen. The response of

this amplifier is shown in Fig. 11, showing a 5-GHz l-dB

power bandwidth at 50-mW drive and 250-mW output. A

single frequency Pi versus Po curve is shown at 37.5 GHz. The

generation efficiency of this amplifier is 3.94 percent at 5.1-W

dc input. The physical realization of this amplifier is shown in

Fig. 12.

C. E~ects of Nonideal circulators

A nonideal circulator modifies expected amplifier per-

formance th;ough its arm-to-arm insertion loss and nonzero

input scattering coefficient SC (Fig. 6). Normally for fractional

bandwidths of 10 percent or less, the in-band performance of

the ck-culator can be made to approach ideal, with insertion

losses of 0.1 dB and return loss and isolation of greater than

20 dB. Usually the major problem encountered with nonideal

Fig. 12. Realization of the amplifier of Fig. 10.

circulators is an out-of-band instability since the gain band-

width of the diode is often much larger than the effective

circulation bandwidth. System stability under these condi-

tions can be investigated by comparing either I/s.(j) to

SC(f) or sr(~) to so(~), where

S122
so = S2Z +

1
(17)

— — S1,
s.

is the output scattering coefficient of the equalization net-

work when the input is terminated in the circulator (SC). In

our design, plots of so(j) and s,(~) were readily compared as

S@ was available from previous characterization, and SO(j)

could also be measured directly. The circulators used here

were developed in conjunction with the amplifiers and typi-

cally had <O. l-d B insertion loss and > 20-d B return loss

and isolation over 35–38 GHz; instabilities could occur around

45 GHz at high bias currents.

VI. SUMMARY AND CONCLUSIONS

We have presented a procedure which is useful for design

and realization of rMPATT-diode amplifiers which operate at

maximum generation efficiency. The technique allows device

characterization in a manner such that terminal conditions

of a mounted diode can be identified that result in a maximum

power exchange between the active network and a source.

These terminal conditions are then used in conjunction with

lossless equalization networks to design and realize optimum-

efficiency stable amplifiers with a degree of gain flexibility.

Although the procedure was effectively demonstrated using

Ka-band silicon diodes in a waveguide environment, it should

be applicable to most IMPATT diodes in their operating fre-

quency range. In practice, it is felt this technique would allow

a system containing IMPATT amplifiers to be designed opti-

mally with respect to both gain and added power contribu-

tion per stage in a simple and effective manner.
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Large-Signal Equivalent Circuit for lMPATT-Diocie

Characterization and Its

Application to Amplifiers

MADHU-SUDAN GUPTA

Abstract—A frequency-independent lumped equivalent circuit
is proposed for characterizing the large-signal behavior of IMPATT
diodes. It has five elements including a negative resistance, two of
which are quadratic functions of the single-frequency RF voltage
across the device. It is used for computer-aided analysis and the
design of reflection-type negative-resistance amplifiers employing
IMPATT diodes. The frequency response of the amplifier is calculated
for d&erent input power levels and the nature of the results is found
to be in agreement with published experimental results.

I. INTRODUCTION

AWEALTH of information is available in the literature

on the design and analysis of reflection-type ampli-

fiers, using negative-resistance devices such as tunnel

diodes. The various techniques published can be classified

into two groups depending upon the method used for charac-

terization of the device. In one-the “time-domain method, ”

the device is described by means of a time-domain i–v rela-

tionship i =f(rJ) or v = g(i), and given the instantaneous value

of one of either v or ; the other can be found. The func-

tion f (or g) is typically chosen as a cubic [1] or a power

Manuscript received March 5, 1973; revised May 4, 1973.
The author was with the Department of Electrical Engineering,

Queen’s University, Kingston, Ont., Canada. He is now with the Depart-
ment of Electrical Engineering and the Research Laboratory of Elec-
tronics, Massachusetts Institute of Technology, Cambridge, Mass. 02139.

series [2]. This approach has been used extensive] y for tunnel-

diode amplifier design and analysis, The method is not directly

applicable to IMPATT diodes because their i–v relationship is a

nonlinear integro-differential equation which cannot be re-

placed by an instantaneous power-series relationship.

In the second method, which is the “frequency-domain

method, ” the device is replaced by a nonlinear lumped im-

pedance. This has also been used widely for tunnel-diode

amplifier design [4]. Again, the results obtained for tunnel

diodes cannot be extended to IMPATT diodes readily because,

unlike tunnel diodes, the device impedance is not purely resis-

tive, is a function of frequency over the operating range, and

is nonlinear (signal dependent) under large-signal operating

conditions.

Such characteristics of JMPATT diodes have severely

limited the utility of many of the existing analyses of nega-

tive-resistance amplifiers and have necessitated the use of

numerical methods. Further, the conventional computer-

aided circuit-analysis programs are not sufficient for the anal-

ysis and design of amplifiers; they must be supplemented by

numerical algorithms for solving carrier transport equations

1 For a sinusoidal voltage, the plot in the i–v plane shows a closed loop
which depends upon signal amplitude and frequency [3].


