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Analysis and Design of an X~Band A.ctive;ly
Compensated IMPATT Diode Amplifier

AMARJI’T S. 13AINS ND COLIN S. A.HTX-HSQN

AIMrac&-This paper shows how broad-banding of an rNrPA’rT diode

ampfiiier can be achieved using a circuit technique krrowrI as active

reactance compensation. Theoretical analysis and experhnentaf results

both show that the gaio-barrdwidth products of aa wcom~nsatd IMYATT

ampfiffer imrnproves from G ‘/2B = k to G‘ 14B = 2k (where k is a constant)

for the same mnpfffer activeiy compensated. The measored MB barrd-

width of 230 MHz for a 9.O-GHZ arrrplifkr having a gain of 10 dll k

improved to 700 MHz at the same gain.

L INTRODUCTION

A LTHOUGH much progress has been made with the

power capability of IMPATr amplifiers [1]--[6], the

bandwidth achievable with these devices is still in-

sufficient for many system applications, especially in the

lower pclwer preamplifier stages of a cascaded arrange-

ment.

The purpose of this paper is to report the application of

a new circuit technique to the problem of broad-banding

IMPATT c!iode amplifiers. This circuit technique is called

active reactance compensation. The technique of passive

compensation previously applied to improve the gain-

bandwidth product of parametric amplifiers [7] is well

known. Humphreys [8] has calculated the form of the

parametric amplifier gain-bandwidth product using the

passive compensation technique and shown that under a
high-gain condition, the gain-bandwidth product improves

from

G~/zB~-=k

to

G 114BW= k.

Aitchi:son and Williams [9], [10] suggested a further

extension of the technique of passive reactance compensa-

tion by using a duplicate parametric amplifier for the

compensatory circuit instead of a passive circuit. Since the

compensatory circuit is an active circuit, the technique is

called active reactance compensation. The latter report

that a 4.O-GHZ parametric amplifier bandwidth of 75

MHz at a gain of 20 dll becomes greater than 500 MHz at

the same gain. This result exceeds slightly the G 1/4B W=

2/2 prediction. Downing and Watson [11] have reported a

theoretical analysis and experimental results on a 4.O-GHZ
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actively compensated parametric amplifier. The,y assumed

a high-gain. approximation and showed that the gain-
bandwidth product of an uncompensated parametric

amplifier improved from G 1/2B W = k to only G 1f4B W=

0.84k on actively compensating. This improvement factor

is considerably smaller than that predicted by Aitchison

and Williams. Their experimental work produced an 1.69

times improvement factor.

In this paper we derive expressions for the gain-’oancl-

width products of the uncompensated and actively com-

pensated mm~n amplifiers. Experimental resulks fcw un-

compensated and actively compensated 9.O-GHZ coa:$ial

IMPATT diode amplifiers are also given at~cl compared with

theoretical precfictions.

H. PRINCIPLE 4)F ACTIVE REACTMJCE

COMPEIWMTION

Fig. l(a) shows a shunt resonant circuit with negative

conductance producing an amplified version of the signal

applied to port 1 in the load at port 3. The susceptan{ce

variation with frequency for this circuit is shown in Fig.

l(a) as BP. The addition of a series resonant circuit at the
same frequency in the plane AA produces a su:sceptan lce

frequency curve shown as B,. Since this has a region of

negative slope, it is possible to arrange that the total

susceptarwe of the resultant circuit has a zero dB/ df at

the center frequency as shown in Fig. l(a). This technique

is known as passive compensation.

Under a given RF and dc condition, the input admitt-

ance of an ]MPATr amplifier can also be considered a

shunt circuit resonant at a center frequency fo. A second

amplifier placed a quarter-wavelength away will appear as

a series resonant circuit in series with the first amplifier, as

shown in Fig. l(b). The two amplifiers can either be

connected in the series configuration (Fig. 1(b)) as re-
ported previously [12] or alternatively in a paralllel config-

uration as shown in Fig. 1(c). Both arrangements are

examples of active reactance compensation, since the two

amplifiers compensate each other.

The gain of an IMPATT amplifier changes owing to the

effect of change in both the input susceptance and input

negative conductance of the amplifier with frequ~ency. l-he

technique of active compensation recluces these changes

by using the admittance changes in one amplifier to

compensate for the admittance changes in the seccmd
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III. THEORETICAL ANALYSIS

In the analysis presented in this paper we shall derive

the circuit design conditions for, and bandwidth resulting

from, a ripple-free gain-frequency response for the IMPA~

amplifier. Under a constant RF input and dc condition,

both the input conductance and input susceptance of the

IMPA~ amplifier can be expressed by polynomial func-

tions of A~, the frequency deviation from the band center

frequency fO, given by

f =fo+Af.

A. Input Admittance of the Uncompensated Ampll~ier
-9

B

The input admittance of an IMPATT amplifier, operating

T
at a center frequency fo, can be written as

jb

b y~

14
Yin = – g(Af) +jb(Af) (1)

where g(Af) and b(Af) are the input conductance and

input susceptance of the amplifier, respectively.

The measured values of the input conductance and

input susceptance of an uncompensated 9.O-GHZ IMPAT-T

diode amplifier are shown in Fig. 2 as functions of

frequency. From this it can be seen that linear variation of

both the input conductance and input susceptance is a

good approximation, since in a practical uncompensated

amplifier, Af is of the order of fO/50. Thus the input

admittance of the uncompensated IMPATT amplifier can be

written as
Y;, Y~

1

Load

(c)

Fig. 1. (a) Susceptrince-frequency curves for parallel resonant circuit
BP, series resonant circuit B,, and the combined circuit B. (b) Sche-
matic of a series actively compensated amplifier. (c) Schematic
arrangement of a parallel-coupled actively compensated IMPATT

amplifier.

amplifier and vice versa. In this paper the parallel config-

uration is considered (Fig. l(c)) in which the two IMPATT

amplifiers are placed at the ends of a quarter-wavelength

line of characteristic admittance YO. Thus both the input

susceptance and input conductance variations with

frequency of the first amplifier are compensated by the

transformed variations of the second amplifier and vice

Yin = – ( go– KIAf) +jK2Af (2)

where gO is the input conductance at the band center

frequency, K1 = 6g/8f and K2 = 8b/tif.

B. Gain-Bandwidth Product of the Uncompensated A mpli-

fier

The power gain G(Afl of the reflection IMPATT diode

amplifier is given by

2

G(Af) = y?
L m

(3)

where YL is the load admittance presented to the active

device, and Y,. is the input admittance of the amplifier

(Fig. 3).

We now assume that the load Y~ is real and indepen-

dent of frequency and is equal to g~. Using 2, the power

gain G(Afi is given by

G(Af) = [‘L ‘(go- K,Af)]2+ (K2Af)2
[ gL-(&)- KAf)]2+(&Af)2 “

(4)
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Fig. 2. Measured input conductance (--––) and susceptance (— ) as
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Fig, 3. An uncompensated IMPATT amplifier.

The band center frequency gain G is

G= [$2+%]2
[ c%L-gO]2 “

This can be written as

GI/2+1 _ &

G1/2–l ‘g;’

(5)

(6)

We define the amplifier bandwidth such that at frequency

j=jot Aj, the power gain G(Afl is

G(Aj) = G/2. (7)

Substituting (5) into (4) and using (7) we get

[(gL +&- %M)]2+(K2M)’

‘:[(gL- gO+ K, Aj)2+ (KzA~)2], (8)

Assuming that G >>2, the above expression becomes

()Af’+ 1+$ G+ A~2gOK1G1/2–2g:=0.
2

w.K, 2-
–2gOK, ~2K2g0 1+2 ~

G ~/’Af= 2 —

[()]

2

K2 1+ :
2

From the experimental investigation of our 9.O-GHZ IM-

PATT amplifier (see Fig. 2) we find that K2>> K,; therefore,

the gain-bandwidth product of the uncompensated amplif-

ier is

r “1

1[()}1(j!l/’Bw= !#! 1 –
K,

2“
(9)

2

K21+: .
2

Thus the gain-bandwidth product of the uncompensated

amplifier is a function of the input conductance at the

band center frequency, the rate of change of input con-

ductance with frequency, and rate of change of input

susceptance with frequency. If the input conductance

g(Af) is frequency independent, we get

G ,/2Bw_ 4go

K2 “
(10)

C. Input Admittance of the Active/y Compensated Amplifier

In the parallel coupled configuration of the actively

compensated amplifier (Fig. 1(c)), the twa identical

amplifiers are placed at the ends of a quarter-wavelength

line of characteristic admittance Yo. The total admittance

of the actively compensated amplifier is

yT=-&’(l+*)++--&).[~,)

For a ripple-free gain-frequency response, it can be shown

that for optimum bandwidth the characteristic admittance

YO of the quarter-wavelength line is equal to the modulus

of the input conductance of the uncompensated amplifier

at the band center frequency, i.e., YO= gO. Thus (11)

becomes

‘T=-g(l+*)+’b(l-i5$
= – gT + “T. ( 12)

From the above equation, the total input condluctarmc g~

of the actively compensated amplifier is

() d
gT=g l+ -j----- .g+~ (13)

g +’2 g2+b2”

We expand the expression for g, in terms of frequency

deviation Af by writing g and b as polynomial functions

of Af.

The solution of the above equation is given by . ., .,
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Similarly,

Expanding (13) gives

so that

~T=2go+ (K,Af)2 _ (K2Af)2

go go

[1-(y)%(y)”+]. (17)

Similarly, (12) becomes

bg~ (3

()

bg~
bT=b– —–— — Af

g2 + b2 ~f g2 + b2

1 82-( )bg~

~ ~fz g’+ b2
Af2+ ---- (18)

Substituting (14) and (15) into (18) gives

bT= – : K, K2(Af)2 + ~(K,Af)3 + 00 “ . (19)
go

D. Gain-Bar~dwidth Product of the Actively Compensated

A mphfier

The power gain G’(.fl of the actively compensated

amplifier is given by

G’(Af) = :;:
L T

where Y: is the actively compensated amplifier load

which is assumed to be real and independent of

frequency, i.e., Y:= g;. This can be written as

(20)

The band center gain of the two amplifiers is assumed to

be identical. Therefore,

(g&‘gT)2 = (gL +&))2
(g~‘gT)’ (b’L - gO)2“

(21)

Since gT = 2go, we have g;= 2gL. Substituting for g* and

bT from (17) and (19) into (20), G’(Af’) becomes

[{

G’(Af) = 2gL +2go 1-k
(K,Af)2 _ (K2Aj)2

2g; 2g:

( ))1

. *_ (K2Aj)2 + ~ (K,Af)4 2

g; 5 g;

[

2’
+ (K2M)3 _ 2K,KJAf)

d go ]/

H

. 2gL–2go 1+
(K1Af)2 _ (K2Af)2

2g: 2g;

( )1!

. ~_ (K2A~)2 + ~ (K2Af)4 2

% 5 g;

[

22

1

+ (~2Af)3 _ 2~l~2(Af) .

d go

The magnitude of the compensated input susceptance is

much smaller than the magnitude of the input conduct-

ance and can be neglected. Thus

G’(Af) =
{

2gL+2go ~+ (K,Af)2 _ (K2Af)2

2g; 2g:

(~_ (K2Af)2

))1/

+ ~ (K2Af)4 2

d 5 g;

i{

2gL_2go ~+ (K,Af)2 _ (K2Af)2

2g: 2g:

( )}1.~_(K2Af)2 + ~ (K2Af)4 2
(22)

d 5 d

We define the amplifier bandwidth by (7), so (22) be-

comes

--1)-(%+’)Gi/2 (&L

go

((K,Af)2 _ (K2Aj)2 ~_ (K2Aj)2 + ~ (K2Aj)4

2g: 2g; d 5 4

G 1/2

–1W+l”

We write v for the factor

~_ (K2Af)2 + ~ (K2AJ)4

d 5“ d

1
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Substituting from (6) and assuming that G 1/2>2, we get

““’’’=i~(%l’

Therefore, the gain-bandwidth product of the actively

compensated amplifier is given by

4go(v2 – 1) ’/2
f-Jv4~wc=

[1

1/2

K2 V–E
K:

where B WC is the compensated bandwidth.

(23) with (9) we get

~1/4BWc=l.74Gl/*Bw

where we have substituted an experimental

obtained from Fig. 2, If K1 = O, (23) becomes

G1/4Bwc= S(* - 1)’/2.
2

lJsiDg (10) gives

G1/4Bwc =l.15Gl/2Bw.

This shows an improvement factor of 1.15

(23)

Combining

(24)

value for v

(25)

(26)

in the ap-

propriate gain-bandwidth product. This is smaller than

when the input conductance is frequency dependent (see

(24)).

IV. 13YPHUMENTAL IMPATT DIODE AMPLIFIER WITH

ACTIVE REACTANCE COMPENSATION

A. Circuit

A 9.()-GHz coaxial amplifier was constructed using an

encapsulated single-chip ML 4704 IMPATT diode. The IM-

PATT is a p+ -n-n+ device, encapsulated in a standard S4

package. The diode was end mounted in the coaxial

circuit in such a way that the package was recessed

partially into the ground plane, thereby reducing the

mounted package inductance considerably. The imped-

ance of the partially recessed diode was measured using

the network analyzer at an RF input level of +10 dBm

and is shown in Fig, 4. The amplifier was resonated at 9.0

GHz by adding a line resonator to the recessed diode. A

maximally flat two-section transformer was used for im-

pedance matching to 50 L?.
To construct an actively compensated amplifier, a sec-

ond identical amplifier was coupled to the first amplifier

through a quarter-wavelength line of impedance ZO. In

theory, this could be done either in a series coupled form
or a parallel coupled form. In a practical coaxial structure

the parallel coupled form is easier and this was used.

In our experimental actively compensated arrangement

two identical amplifiers were coupled in parallel through a

4242 quarter-wavelength line at their outputs. The char-

21

Fig. 4. Measured impedance of the encapsulateddiode (MU7UM) as a
function of frequency, at a constant RF input (00 mW) and dc cummt.

Diode holder
1

Diode (1) —~ I

Resonator
—---711

Tuning screw —

Ii

I Iu A

20)

w Diode (2)

Fig. 5, Cross section of a coaxial IMPATT diode amplifier.

acteristic impedance was selected for optilmum band-

width, and this impedance was approximately equal to the

modulus of the input resistance of the uncompensated

amplifier at the band center frequency. Fig. 5 sho?ws a
cross section of the arrangement. The first amplifier was a

two-section transformer coupled circuit. The second

amplifier had adjustable capacitance coupling so that an

optimum gain-frequency response of the actively com-

pensated circuit could be obtained.
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Fig. 6. (a) Measured gain-frequency response of the uncompensated
amplifier. (b) Measured gain-frequency response of the actively com-
pensated amplifier.

B. Results

The measured gain-frequency response of the 9.O-GHZ

uncompensated amplifier at an RF input power level of

+ 10 dBm is shown in Fig. 6(a). At 10-dB gain, the

measured 3-dB bandwidth is 230 IVIHZ. Fig. 6(b) shows

the measured gain-frequency response of the same ampli-
fier actively compensated at the same gain, showing that

the 3-dB bandwidth improves to 780 MHz. The gain-

frequency response was computed, using the measured

impedance values of the diode, shown in Fig. 4. At 10-dB

gain, the computed gain-frequency response of the un-

compensated amplifier (Fig. 7(a)) and the actively com-

pensated amplifier (Fig. 7(b)) show that the 3-dB band-

width improves from 290 to 960 N.4Hz. The measured

bandwidth improvement of 3.4 times is found to be

slightly larger than the computed bandwidth improvement

of 3.3 times, although the measured gain-bandwidth prod-

ucts of both the uncompensated and actively compensated

amplifier are smaller than the computed values. The dif-

ference may be due to the computation assumption that

Gain dB

14.0

1

40-

20-

1

86 8,7 8.8 89 90 91 92 93 94

Frequency GHz

(a)

Gam dB

140

1

10.0

8,0-
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2.0-

1
8.0 8.2 8.4 8.6 8.8 9.0 92 9.4 9.6 9.8 10.0

Frequency GHz

Fig. 7. (a) Computed gain-frequency response of the uncompensated
amplifier. (b) Computed gain-frequency response of the actively com-
pensated amplifier.

TABLE I

ANALYTICAL, COMPUTED, AND EXPEtUMENTAL

GAIN-BANDWIDTH PRODUCT IMPROVEMENT

i

.Analyt ical

I

Compute d rExperiment al

L
G?BWC

1.75 1.78 1.9~.—
G? BW

BW
# at 10dE gain 5.1 3.5 3-4

the load impedance is real and constant over the operat-

ing bandwidth of the amplifier. Calculated values of the

ratio (G ‘/4B W=)/( G ‘/2B W) from measurements and

computation are 1.9 and 1.78, respectively. The analytical
improvement factor is 1.74, which is in good agreement

with the computed value.

Table I compares the analytical, computed and experi-

mental performance.
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13xperimental results obtained at an input power level of

50 mW show a similar improvement in the gain-band-

width p roduct—the 3-dB bandwidth of 320 MHz at 7-dB

gain becomes 1030 MHz on compensation at the same

gain.

V. CO~CLUSIONS

It has been shown both theoretically and experimentally

that the circuit technique of active reactance compensa-

tion is useful for broad-banding IMPAn amplifiers. The

results obtained are in agreement with those predicted

previously for parametric amplifiers.

There is reasonable agreement between the computed

bandwidths and the bandwidths calculated from the ana-

lytical expressions derived for the gain bandwidth prod-

ucts both for the uncompensated and actively com-

pensated amplifiers. The gain bandwidth product for the

experimental amplifier is slightly higher than the corre-

sponding theoretical and computed figures. It is suggested

that this may be due to the l-dB gain ripple which is

observed in practice.
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Circuit Behavior and Impedance Characteristics
of Broad-Band TRMATT-MOde Amplifiers

~~HN p. QUIN13, MEMBER, IEEE

Abstract-The characteristics of muPKrr-rrde bigls-efficierscyoscilla-
tors au(f lxoad%md amptilers are reviewed. It is concbrded that a

broad-band ampM~er Eke a high-efficiency oscillator shoMM have capaci-

tive circuit iropedances and is distirsgsrished from a Irigb.efficiency oscifla-

tor principally by the number of important harmonics employed. A srualler
rsmuber of barrnonics for the ampfiier can lead to broader bamfwidtfr but

lower efficiency. Tbe relative merits of experimental ampfifer circrsits me

dfscrsssed. It is shown that coaxial-fine circuits employing rffode packagea

wftb large lead Mh@mrces are characterised by harmonic impedances

which can have large values over broad frequency bands. However, it is

slsn shown thst the device waveforms in this csse are excessively de-
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The author is with Corporate Research and Development, General

Electric Company, Schenectady, NY 12301.

graded and relat&eIy low-efficiency results. On the other M@ coupkd

rnicrastrip circuits with a Iow-imxce diode mount can prcwide bmmf-

band low impedances at both fundamental and tid Ims-motic and have

exbihited better performance.

I. INTRODUCTION

T H13 TH13.31?Y of -rRApAm-rncrde oscillations in

avalanche diodes has been well established by

Ckmfeine and others [ 1]–[3]. Tl?APATT-rnode operation has

been obtained with both high-efficiency oscillator and

broad-band stable-amplifier circuits. Evans [4], [5]

analyzed high-efficiency oscillator circuits and showed

that these circuits rely on a large number of harmonics to
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