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Analysis and Design of an X-Band Actively
Compensated IMPATT Diode Amplifier

AMARIJIT S. BAINS anp COLIN 8. AITCHISON

Abstract—This paper shows how bread-banding of an mpATT diede
amplifier can be achieved using a circuit technigue known as active
reactance compensation. Theoretical analysis and experimental results
both show ithat the gain-bandwidth preducts of an uncompensated IMPATT
amplifier improves from G'/2B=k to G'/*B=2k (where k is a constant)
for the same amplifier actively conpensated. The measured 3-dB band-
width of 230 MHz for a 9.0-GHz amplifier having a gain of 10 dB is
improved to 780 MHz at the same gain,

I. INTRODUCTION

LTHOUGH much progress has been made with the
power capability of mvpatr amplifiers [1]-[6], the
bandwidth achievable with these devices is still in-
sufficient for many system applications, especially in the
lower power 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
MPATT diode 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'*BW=k
to

G'/*BW=k.

Aitchison 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 4.0-GHz parametric amplifier bandwidth of 75
MHz at a gain of 20 dB becomes greater than 500 MHz at
the same gain. This result exceeds slightly the G/*BW =
2k prediction. Downing and Watson [11] have reported a
theoretical analysis and experimental results on a 4.0-GHz
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actively compensated parametric amplifier. They assumed
a high-gain approximation and showed that the gain-
bandwidth product of an uncompensated parametric
amplifier improved from G'/2BW =k to only G'/*BW =
0.84% 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-band-
width products of the uncompensated and actively com-
pensated MPATT amplifiers. Experimental results for un-
compensated and actively compensated 9.0-GHz coaxial
IMPATT diode amplifiers are also given and compared with
theoretical predictions.

JI. PrRwCIPLE OF ACTIVE REACTANCE
COMPENSATION

Fig. 1(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 susceptance
variation with frequency for this circuit is shown in Fig.
1(a) as B,. The addition of a series resonant circuit at the
same frequency in the plane A4 produces a susceptance
frequency curve shown as B,. Since this has a region of
negative slope, it is possible to arrange that the total
susceptance of the resultant circuit has a zero dB/df at
the center frequency as shown in Fig. 1(a). This technique
is known as passive compensation.

Under a given RF and dc¢ condition, the input admit-
tance of an mMPATT amplifier can also be considered a
shunt circuit resonant at a center frequency f,. 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. 1(b). The two amplifiers can either be
connected in the series configuration (Fig. 1(b)) as re-
ported previously [12] or alternatively in a parallel 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 mpATT amplifier changes owing to the
effect of change in both the input susceptance and input
negative conductance of the amplifier with frequency. The
technique of active compensation reduces these changes
by using the admittance changes in one amplifier to
compensate for the admittance changes in the second
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Fig. 1. (a) Susceptance-frequency curves for parallel resonant circuit

B, 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. 1(c)) in which the two IMPATT
amplifiers are placed at the ends of a quarter-wavelength
line of characteristic admittance Y. 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

versa. The admittance Y, of the quarter-wavelength line is
computed for optimum bandwidth.

II1.

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 IMPATT
amplifier. Under a constant RF input and dc condition,
both the input conductance and input susceptance of the
iMPATT amplifier can be expressed by polynomial func-
tions of Af, the frequency deviation from the band center
frequency f;,, given by

THEORETICAL ANALYSIS

f=fxAf.

A. Input Admittance of the Uncompensated Amplifier

The input admittance of an IMPATT amplifier, operating

at a center frequency f;, can be written as

Y, = —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 9.0-GHz IMPATT
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 f,/50. Thus the input
admittance of the uncompensated IMPATT amplifier can be
written as

Yi,= — (8= K\Af) +jKAf 2
where g, is the input conductance at the band center
frequency, K, =0g/08f and K,=8b/5f.

B. Gain-Bandwidth Product of the Uncompensated Ampli-
fier

The power gain G(Af) of the reflection mMpPATT diode
amplifier is given by
Y,-Yh)
Y, +Y,

G(Af)=| @)

where Y, 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(Af) is given by

[gL+(g0_K1Af)]2+(K2Af)2 .
[gL_(go"KlAf)]2+(K2Af)2

G(&f)= (4)
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The band center frequency gain G is

oo Late] )
[gL_g()]z
This can be written as
172
G+l _ & (6)
G'?—1 &

We define the amplifier bandwidth such that at frequency
f=/fyxAf, the power gain G(Af) is

G(Af)=G /2.
Substituting (5) into (4) and using (7) we get

()

[(g.+20— KA P +(KAf)
= g [(gL_gO+ KlAf)2+(K2Af)2]- (®)

Assuming that G2, the above expression becomes
K3 K}

Af% (1 + }-)G+Af 2g,K,G1/?2—2g2=0.
2

The solution of the above equation is given by

19

~2g.K, 22K, g\ 1 +2] —
W)
1+
K,
From the experimental investigation of our 9.0-GHz m-
PATT amplifier (see Fig. 2) we find that K> K; therefore,

the gain-bandwidth product of the uncompensated ampli-
fier is

G\ Af=

K,

ilig_(l 1— K,

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

4

GY2BW = 38
2

G'/’BW = ©)]

(10)

C. Input Admittance of the Actively Compensated Amplifier

In the parallel coupled configuration of the actively
compensated amplifier (Fig. 1(c)), the two identical
amplifiers are placed at the ends of a quarter-wavelength
line of characteristic admittance Y,,. The total admittance
of the actively compensated amplifier is

Y2 Y2
Yr=—gll4+ —>J+p{1—- -0 | 11
T g( g2+b2) J( g2+b2) ( )

For a ripple-free gain-frequency response, it can be shown
that for optimum bandwidth the characteristic admittance
Y, of the quarter-wavelength line is equal to the modulus
of the input conductance of the uncompensated amplifier
at the band center frequency, ie., Y,=g, Thus (11)
becomes

2 2
8o , 8o
Y, =—gll+ +jbi1— -
’ g( 32+b2) / ( g2+b'z)

= —gr+jbr. (12)

From the above equation, the total input conductance g,
of the actively compensated amplifier is

2
8o
We expand the expression for g, in terms of frequency

deviation Af by writing g and b as polynomial functions
of Af.

285

(13)

16g

_ 2, 118g

3
3, o —ZAf+-

. (14)
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Similarly,
1 8%
v — YA 34 15
b=0+ fAf+ 2, sz Af G ~——Af 4 (15)
Expanding (13) gives
284 1 8% g8 2
gT=g+g0 8f( ) f 2! 3f2( 2+b2)Af
1 8 88 3
-2 AP+ 16
- 8f3(g2+b2 P (16)
so that
(KA (KA
=2g,+ -
Er=<«& % %
2 4
[1_(§Af) +Z_(.{<2_Af) + (17)
8o S5\ &
Similarly, (12) becomes
boop LB 8 bes f
T g2+ b? of g2+ b?
1 8% bgg .
T Bff(g2+b2 Af*+ (18)
Substituting (14) and (15) into (18) gives
2 2 1 3
b= — = KKy(A + 5 (KA + -+ (19)
&o 8o

D. Gain-Bandwidth Product of the Actively Compensated
Amplifier

The power gain G'(Af) of the actively compensated
amplifier is given by
YI
Y, + Y

()= ’

where ¥/ 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

(g1 +87) + b}

- TR (20)
(g.—8&r) +br

G'(&f)=

The band center gain of the two amplifiers is assumed to
be identical. Therefore,

(g.+20)°
(gL - go)2

(g’L +gT)2 —
(g, —&r)

(1)

Since gr=2g, we have g; =2g,. Substituting for g, and

by from (17) and (19) into (20), G'(Af) becomes

(KA (A7)
202 243

. (1 _ (KA | 2 (KAY) ) } }
g > &

G'(&f)= 2gL+2go{ 1+

G ) .Y /

go &o

~ (KA (KAf)
{2& 280{1"' 222 202

_(1 (KA? (sz)} 2

g 3 g4
MG O

g0 8o

The magnitude of the compensated input susceptance is
much smaller than the magnitude of the input conduc-
tance and can be neglected. Thus

, (KA (KA
G'(Af)= 2gL+2g0[1+ 2‘g§ - 22g§
.(1_ (KA 2 (KzAf)4)} 2/
g2 5 g
(KA (KA
. [ZgL—2g0{1+ 2g§ — 22g§
2 4 2
g(z) 5 8o

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

comes
G2
(ZgL 1) (2gL +1)
V2 \ 28 2g,
(KA (KAfY ( (AN | 2 (KzAf)4)
2g2 2g3 g3 T3 g8
Gl/2
. +11.
V2
We write » for the factor
- (K,Af)? 2 (KA
go 5 gg
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Substituting from (6) and assuming that G'/2:>2, we get

4gy(V2 1)

Therefore, the gain-bandwidth product of the actively
compensated amplifier is given by

480(\/7 ‘1)1/2

K2 V_—2_

Gl/2Af2=

GYBW,= (23)

where BW, is the compensated bandwidth. Combining
(23) with (9) we get
G'/*BW, =1.74G'/*BW (24)

where we have substituted an experimental value for »
obtained from Fig. 2. If K, =0, (23) becomes

4g, (\/5 _1)1/2.

KZPI/Z

GVBW, = (25)

Using (10) gives
G/*BW,=1.15G'/?BW. (26)

This shows an improvement factor of 1.15 in the ap-
propriate gain-bandwidth product. This is smaller than
when the input conductance is frequency dependent (see

(24)).

IV. EXPERIMENTAL IMPATT DIODE AMPLIFIER WITH
ACTIVE REACTANCE COMPENSATION
A. Circuit

A 9.0-GHz coaxial amplifier was constructed using an
encapsulated single-chip ML 4704 mMpATT diode. The M-
PATT is a p*-n-n* device, encapsulated in a standard S,
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 Q.

To construct an actively compensated amplifier, a sec-
ond identical amplifier was coupled to the first amplifier
through a quarter-wavelength line of impedance Z,. 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
42-Q quarter-wavelength line at their outputs. The char-
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Fig. 4. Measured impedance of the encapsulated diode (ML4704) as a
function of frequency, at a constant RF input (00 mW) and dc current.
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Fig. 5. Cross section of a coaxial iMpaTT diode amplifier.

acteristic impedance was selected for optimum 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 shows 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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B. Results

The measured gain-frequency response of the 9.0-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 MHz. 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 gam-
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 MHz. 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
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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 EXPERIMENTAL
GAIN-BANDWIDTH PRODUCT IMPROVEMENT

Analytical Computed Experimental
%
G- B, 1.75 1.76 1.9
T
G? BW
ch
B at 10dB gain 3.1 3.3 3.4

the load impedance is real and constant over the operat-
ing bandwidth of the amplifier. Calculated values of the
ratio (GY*BW,)/(G'/?BW) 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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Experimental results obtained at an input power level of
50 mW show a similar improvement in the gain-band-
width product—the 3-dB bandwidth of 320 MHz at 7-dB
gain becomes 1030 MHz on compensation at the same
gain.

V. CONCLUSIONS

It has been shown both theoretically and experimentally
that the circuit technique of active reactance compensa-
tion is useful for broad-banding mMpatT 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 1-dB gain ripple which is
observed in practice.

ACKNOWLEDGMENT

Acknowledgment is made to the Science Research
Council for a research studentship.

REFERENCES

{11 P. W. Braddock, N. C. Owen, and R. Genner, “High-power
avalanche IMPATT reflection amplifier using the Rucker combining
circuit,” Electron. Lett. vol. 72, no. 8, p. 562.

[2] A. S. Bains, “A multi-stage solid state amplifier,” in Proc. 4th
European Microwave Conf., 1974, pp. 113-117.

[3] A. M. Cowley and R. C. Patterson, “High power parallel array
IMPATT diodes,” Electron. Lett., vol. 7, pp. 301-303, 1971.

[4] A. S. Bains, “High power microwave amplifier using IMPATT di-
odes,” Electron. Lett., no. 8, p. 427, 1972.

[5] R. E. Lee, U. H. Gysel, and D. Parker, “High-power C band
multiple IMPATT diode amplifier,” IEEE Trans. Microwave Theory
Tech., MTT-24, pp. 249-253, 1976.

[6] P. W. Braddock, “A high efficiency GaAs Read diode reflection
amplifier,” presented at Inst. Elec. Eng. Colloquium Theory &
Operation of Read Type Impatts, Apr. 13, 1976.

[7] C. S. Aitchison, P. J. Gibson, and R. Davies, “A simple diode
parametric amplifier for use at S, C, & X band,” IEEE Trans.
Microwave Theory Tech., MTT-15, pp. 22-31, 1967.

{8] B. L. Humphreys, “Characteristic of broadband parametric ampli-
fiers using filter networks,” Proc. Inst. Elec. Eng. vol. 111, no. 2, p.
264, 1964.

[91 C.S. Aitchison and J. C. Williams, “Active reactance compensa-

tion of parametric amplifiers,” Electron. Leit., vol. 5, pp. 139-140,

1969.

—, “Actively compensated parametric amplifier—Some further

results,” Electron. Lett., vol. 8, pp. 567-568, 1972,

0. J. Downing and P. A. Watson, “Active and passive broadband-

ing of parametric amplifiers,” Proc. Inst. Elec. Eng., vol. 120, no. 6,

pp. 629-636, 1973.

C. S. Aitchison and A. S. Bains, “Computation of the gain-band-

width performance of an X-band active reactance compensated

IMPATT amplifier,” Electron. Lett., vol. 12, pp. 380-382, 1976.

[10]
fi]

[12]

Circuit Behavior and Impedance Characteristics
of Broad-Band TRAPATT-Mode Amplifiers

JOHN P. QUINE, MEMBER, IEEE

Abstract—The characteristics of TRaPATT-mode high-efficiency osciila-
tors and broad-band amplifiers are reviewed. It is comcluded that a
broad-band amplifier like a high-efficiency oscillator should have capaci-
tive circuit impedances and is distinguished from a high-efficiency oscilla-
tor principally by the number of important harmonics employed. A smailer
number of harmonics for the amplifier can lead to broader bandwidth but
lower efficiency. The relative merits of experimental amplifer circuits are
discussed. It is shown that coaxial-line circuits employing diode packages
with large lead inductances are characterized by harmonic impedances
which can have large values over broad frequency bands. However, it is
also shown that the device waveforms in this case are excesssively de-
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graded and relatively low-efficiency results, On the other hand, coupled
microstrip circuits with a low-impedance diode mount can provide broad-
band low impedances at both fundamental and third harmonic and have
exhibited better performance.

1. INTRODUCTION

HE THEORY of TtrAPATT-mode oscillations in

avalanche diodes has been well established by
Clorfeine and others [1}-[3}]. TRAPATT-mode operation has
been obtained with both high-efficiency oscillator and
broad-band stable-amplifier circuits. Evans [4], [J5]
analyzed high-efficiency oscillator circuits and showed
that these circuits rely on a large number of harmonics to
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