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Broad-Band Cavity-Type Parametric
Amplifier Design’

KENNETH M. JOHNSON{

Summary—This paper tells how maximum bandwidth can be ob-
tained from a nondegenerate parametric amplifier which utilizes a
circulator. Expressions are derived for the gain bandwidth product
and maximum possible gain bandwidth product. It is then shown
how the Q of the cavities used for the signal and idler circuits may
be kept at a minimum without degrading the noise performance of
the amplifier. It is shown that best performance results when the
TEM mode is used in coax, or, if waveguide is used, when the
operating frequency is far away from the waveguide cutoff frequency.
The diode used should have as high a self-resonant frequency as pos-
sible and the line admittance should be approximately the diode sus-
ceptance. Using a diode with a self-resonant frequency at the idler
frequency will be seen to give optimum performance.

This paper also discusses double tuning the signal circuit to
achieve broader bandwidths. In this case, the addition of the second
tuned circuit will be seen to give much broader bandwidths than one
would expect from conventional filter theory.

Two sample amplifiers are considered and their bandwidths cal-
culated. The effect of double tuning one of the amplifiers is then con-
sidered.

INTRODUCTION

HE PROBLEM of achieving optimum band-
Twidth is encountered in cavity-type parametric

amplifiers designed to operate in the microwave
region. Because the reactance diode has a finite Q and
because of its lead inductance, there is a maximum
theoretical bandwidth. Usually, however, the main difh-
culty in achieving maximum bandwidth is caused by
the many frequency-dependent effects encountered in
waveguide-type circuits.

This paper tells how maximum bandwith can be
achieved by presenting an analysis of a nondegenerate
parametric amplifier that utilizes a circulator. Expres-
sions for the gain-bandwidth product and the maxi-
mum gain-bandwidth product are obtained. It is then
shown how the microwave circuit may be adjusted to
approach this gain-bandwidth product; that is, it is
shown how the Q of the cavity used for signal and idler
circuits may be kept at a minimum without degrading
the noise performance of the amplifier. It is shown that
best performance results when the TEM mode is used
in coax, or, if waveguide is used, when the operating
frequency is far away from the waveguide cutoff fre-
quency. The diode used should have as high a seli-
resonant frequency as possible and the line susceptance
should be approximately the diode susceptance. If a
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diode is chosen with a seli-resonant frequency at the
idler frequency, much broader bandwidths can be
achieved in many cases because of the simple lumped-
constant nature of the circuit.

This paper also discusses double tuning of the signal
circuit to achieve broader bandwidths. In this, the addi-
tion of the second tuned circuit will be seen to give much
broader bandwidths than one would expect from con-
ventional filter theory. The reason for this is that the
second tuned circuit alters the rate at which the idler
reactance reduces the negative resistance. Two sample
amplifiers will be considered and their theoretical band-
width calculated. By careful application of the prin-
ciples set forth in this paper, the bandwidth of almost
any single-tuned parametric amplifier can be predicted
quite closely, and an amplifier that approaches the
maximum theoretical bandwidth can be designed.

THEORETICAL BANDWIDTH

The only amplifier considered is a reflection-type
parametric amplifier using a circulator. The equivalent
circuit for this amplifier is shown in Fig. 1, where the
arrow indicates direction of energy flow. This type of
amplifier is the most commonly used and provides low
noise figures and stable operation.!
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Fig. 1—Parametric amplifier equivalent circuit.

In deriving the expression for the gain-bandwith
product, the general circuit relations derived by Bloom
and Chang,? or Heffner and Wade,? will be used; the
expression for the input admittance is the same as theirs
except that it includes a diode loss conductance Gp,.
Throughout this paper the subscript # will always refer

1 R. C. Knechtli and R. D. Weglein, “Low-noise parametric am-
plifier,” Proc. IRE, vol. 48, pp. 1218-1227; June, 1960.

2 S, Bloom and K. K. N. Chang, “Theoryv of parametric amplifiers
using nonlinear reactances,” RCA Rev., vol. 18, pp. 578-593;
December, 1957.

3 H. Heffner and G. Wade, “Gain, bandwidth, and noise char-
acteristics of the variable-parameter amplifier,” J. Appl. Phys.. vol.
29, pp. 1323-1331; September, 1958.
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to the nth frequency. Thus, Gp, and Gp, are the diode
conductances at the signal and idler frequencies, re-
spectively. Since in a real diode the spreading resistance
7s1s in series with the operating point capacitance C, and
the lead inductance L, then the diode loss conductance
and effective capacitance C,’ are frequency dependent
and, in fact, given as

1/rs
Gp, = /
wn2 2
1+ QDn2< — 1)
wD2
C 2
Cnl - OQDno - , (1)
W™
1+ QD,ﬁ( - 1>
wD2
where
wp = —=—=1s the diode self-resonant frequency, and
0
Op, = is the diode Q at the frequency ws,.

w,Cors

The normalized input admittance to the amplifier is
then given as

G, Gn By \~?
y=——=\1+ )
Gg Gg GT2“

N .[Bl GyB: (1 N
il 2=
G, G,Gr,

and the reflection voltage gain T' by

B22 >~1 2)
- ] (

1—
r=—_2. 3)
14+

The following definitions are useful:

G.=G1+Gp,=signal circuit admittance,
Gr,= G2 +Gp,=idler circuit admittance,
Gr = wiCy C'y?/Gr, = negative conductance,
v = C1/2Cy=Fourier capacitance ratio,
B,= By +wCy=total signal circuit susceptance,
By= By + (w,—w) Cy=total idler circuit susceptance,

1+¢ .
0= rgz resonance voltage gain,
Go=T*=resonance power gain.
VGo—1
E=t b
VGot1

Qr?
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where By’ and By’ consist of an ideal filter and the sus-
ceptance element necessary to resonate the signal and
idler circuit, respectively.

In order to compute the gain-bandwidth product, we
will make the following definitions and approximations:

w wi z(w - wl)
51 = - — = ——
w w wi
wg — w w9 w1
6y = — ~——5,
wy w3 —™ W Wy

Q. = unloaded signal circuit tank Q,

Qs = idler tank Q,
Gc QZGNCL’I
= —+ — ’
QT Q Gq R Gng
Bl/Gc = Qcaly

@iy
By/Gr, = Qobs = — (*— Q251>-
w2

The approximations are valid to within 10 per cent
for bandwidths less than 40 per cent if it is assumed that
the susceptance variation, as a function of frequency, is
linear over the range of interest. We will assume this
to be the case since, as will be shown later, it is not
possible to obtain bandwidths much greater than about
2.5 per cent for a single-tuned circuit when operating
at 20-db gain with good noise figure.

Under normal operation with good noise figures, the
following may also be assumed:

5
Gy
and that {1, where

Sy I:G <1 + 3>_ 2<1 Eﬂ
ST\ g, G,

{ Qr’Gy

(14§

wiGwn

Gcw12
Q. + Q~>> > 0008

szg qw2

Go——Z%Go;

el (i+g)
Gol 1 —
+(1+$)w22 VG +'Gg

Let Aw=2(w—wi) at the half-power points; the gain
bandwidth product may now be written

\/E()Aw_li

wi

G+o "

szle[\/a 14+ G./G,) — 2(1 — G,/G,)] :l—uz

w*(1 + £)Go ®
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Examination of (4) reveals that it consists of two
parts: one contains the term Qr2, due only to the re-
active part of the input admittance; the other part con-
tains the term Q% due only to the drop in negative con-
ductance of the input admittance. [t is the latter term
that is neglected by Heffner and Wade, and Bloom and
Chang. This term can only be neglected for gains greater
than 30 db. Usually, however, stable operation is nearer
20 db, and this term cannot be neglected.

At this point, it is desirable to determine the mag-
nitude of G./G, and Gy/G,. The quantity Gy/G, is
related to the gain and G,/G, by

Gy G Gi—1
e b (3)
G, G, VG +1

Thus, it is only necessary to determine G./G,. The de-
termining factor on G,/G, is the noise figure of the
parametric amplifier. At high gains, this is given as

w1 Gc 4,5
(20 0) ®

For good noise figures the generator is to be over-
coupled as much as possible to the signal circuit. Over-
coupling is limited by the diode, since more pump
power is required to achieve gain as the generator con-
ductance is increased. The limit on the over-coupling
has already been discussed by Knechtli and Weglein!
and will not be repeated here. This is given by

G- (o) HED) @

in which it is assumed that all loss is in the diode con-
ductance. Since both (6) and (7) contain G./G, and
w1/ws, there is an optimum frequency ratio and coupling
ratio for minimum noise figure. These are®

Gu 3 \/GO + 1
(—) _ WTF Qm)( o 1) ®)

and

(ﬂ> — U+ VIF V0D 00 )

w32

¢ The exact expression for a reflection-type amplifier which gives
the gain variation is
+&)]

5 H. Heffner and G. Wade, “Minimum noise figure of a parametric
amplifier,” J. Appl. Phys vol. 29, p. 1262; August, 1958.
6 K. Kotzebue, Optlmum noise performance of parametric am-

plifiers,” Proc. IRE vol. 48, pp. 1324-1325; June, 1960.
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Usually, v can be made about 0.29 as may be deter-
mined by solving the hypergeometric series for the
capacitance coefficients.”

Notice here that to obtain a noise figure of less than
3 db, it is required that wi/ws=1/2, G.,/G,=1/2, and
that the diode have a Q of at least 8.

Now let us determine the absolute maximum possible
gain-bandwidth product for a single-tuned circuit. To
achieve resonance, the simplest signal or idler circuit
must have a diode and a reactive element. Such a circuit
is shown in Fig. 2. The X indicates the reactance which
must be added to achieve resonance. When wp <w,, the
circuit Q may be written as Q=0Qp, (w.}/wp?); when
wp >w, it may be written as Q =Qp,. Thus the minimum
obtainable Q is limited by the diode Q and sel{-resonant
frequency. Obviously, a diode should be chosen with as
high a self-resonant frequency as possible. It will be
assumed that both signal and idler circuits are reso-
nated independently through use of an ideal filter,® and
that all the loss occurs in the diode conductance. Thus,
when both signal and idler frequencies lie below the
diode self-resonant frequency, the maximum gain-
bandwidth product is

v GoAw B < Op, )'l {Gc n Gywi* 2041 + §)
w1 - 1 + £ Gg G,,w«f a'24Go

-[x/GT <1 + %) ~ 2 <1 _ g—/\)]}” (10)

Fig. 2—Simplest parametric signal or idler resonant circuit.

In Fig. 3, the gain-bandwidth product normalized to
diode Q is plotted against G./G, for various idler-to-
signal-frequency ratios to show the importance of the
coupling factor, G./G,, on bandwidth. Since the param-
eters in (10) all enter into the noise figure expression to
maintain a noise figure less than 3 db, it is possible to
obtain at best a 2.5 per cent bandwidth at 20-db gain
for a single-tuned circuit. In addition, most double-
tuned circuits will not have bandwidths much in excess
of 2.5 per cent and certainly less than 25 per cent at 20-
db gain. Thus, the approximations used in this paper
will be valid.

7S. Sensiper and R. D. Weglein, “Capacitance and charge co-
eff}lcignts for parametric diode devices,” J. Appl. Phys., to be pub-
lishe

8 Usually it is not possible to build an amplifier whose filters are
ideal and do not affect the bandwidth of an amplifier. However, if
the idler frequency is much greater than the signal frequency, a filter
can be built whose dimensions are sufficiently small at the signal
frequency so that its performance approaches that of an ideal filter.



190

AcHIEVING OPTIMUM Q IN A MICROWAVE CIRCUIT

It is now convenient to consider how Q, and O, may
be determined for a diode mounted in a microwave cir-
cuit, and what can be done to achieve the minimum
possible Q. The Q of any circuit for reasonable frequency
changes can be expressed in differential form as®

w X 0 w 0B (11)
= ——— —— or =——
2R dw 2G dw
Thus,
w1 631 [OF] 6B2
R =2 2
2G, v 2Gr, dw

There are two ways in which a diode may be mounted
in a microwave circuit: in series or in parallel with a
transmission line. Usually, a shorting plunger is used to
achieve resonance; however, the Q we wish to consider
is that seen from the terminals of the capacitance, since
the susceptance transfer occurs across these terminals.
Because of this, the equivalent circuit for either the
series or parallel mount will be that shown in Fig. 4.
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Fig. 3—Gain-bandwidth product vs input coupling for various sig-
nal-to-idler-frequency ratios. Both signal and idler frequencies are
below the diode self-resonant frequency.

Z,, Zo | SHORT

|
¢ e, rs L
Fig. 4—Equivalent circuit of a diode mounted
in series in a transmission line.

® C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles
of Microwave Circuits,” M.I.T. Rad. Lab. Ser., McGraw-Hill Book
Co., Inc., New York, N. Y., vol. 8, p. 230; 1948.
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The inductance shown is the lead inductance. Let us
consider the series mount first.

The most common example of a series-mounted diode
is that mounted in the center conductor of a coaxial line.
In this, the characteristic line impedance Z, and the
wavelength are not frequency-dependent in any special
way as they would be in waveguide, unless the TEM
mode is not used. It will be assumed that the series
mount is in coaxial line and that the TEM mode is
used. It will also be assumed that the losses in the cir-
cuit are all in the diode, and that other circuit losses,
such as cavity-wall losses, are negligible. This is a good
assumption if there are no lossy elements (e.g., filters)
present; however, if other lossy elements are present,
their effective resistance must be added to the diode
series resistance. The admittance of Fig. 4 for the series
mount is given as

1

Y = juCo +
S X (L + Zo tan bw)

(13)

where 8§ =1/c, and where [ is the distance to the short.
All discontinuity capacitances and inductances are as-
sumed negligible. For a reasonably high-Q circuit (Q>3)
the admittance may be simplified as

7 )
. B (PR .
[wL + Z, tan bw)? wL 4+ Z,tan e
The Q of this circuit may then be expressed as
w dB
26 dw
Wn? 20w, W5t
_ o [1 ;g (1 - —>] (15)
2 wp?  sin 20w, wp?

Upon examination of (15), the conditions imposed on
0w, and, thereby, on Z, can be determined in order to
achieve the smallest value for Q possible. In (15) these
factors enter as 20w, /sin 20w,. The minimum values are
solutions of the equation, tan 20w, = 20w,. However, to
resonate the circuit, 0w, is restricted to certain ranges
of values, depending on the value of wp; that is, for

wp > w, 0 < bw, < 7/2
and for

wp < w, 7/2 < bw, < 7.

Now, the first two minimums occur for 26w, =0 and
20w, =257.5°. Successive minimums occur approximate-
ly for odd multiples of w/2. In the case of the first mini-
mum, which occurs for wp >w, the short is to be placed
as close to the diode as possible. This corresponds to
making Z, as large as possible. For wp <w, the short is
to be placed at 6w, = 128.2°, which corresponds to tan fw,
=1.23; or, Zy is to equal 0.81 times the diode reactance.
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This corresponds to almost matching the diode react-
ance. The other minimum further down the line cor-
responds more closely to matching the diode reactance
to Zy. Of course, for the smallest Q the short should be
placed at the minimum closest to the diode. When oper-
ating at the optimum values for 6w, the circuit Q's for
the following special cases are

wp > Wyt Q = QD

wp > wp' Q = Qp(w,ﬂ/wDZ)Z.S. (16)

It is obvious from (15) and (16) that it is desirable
to have wp as high as possible. Evidently, in this type
of circuit unless wp >w,, the Q of the circuit does not
equal the minimum obtainable Q. However, improve-
ment in bandwidth can be realized by properly selecting
Zy.

The most common example of a diode mounted in
parallel with a transmission line is one which is mounted
across a waveguide. Here, it is necessary to consider the
frequency variations of Zy and fw,. Assuming again that
we have a reasonably high-Q circuit, the admittance
may be expressed as

Vs

7

(oL 4 Zy tan )

1
+J [wco — E‘LTZTQE] ; (17)
and for TE modes,
Zo =~ (20/a)Vu/e (1 — w2 w?) 712, (18)
where a is the waveguide width, b its height, and
wy = w(l — w2/ w12, (19)

in which w,, is the waveguide cutoff frequency.

Although Z, is not clearly defined for waveguide, if
the diode is mounted in the center of the waveguide, the
three possible definitions for Z, will differ only a small
amount. Also, the optimum value for Z, will be seen
not to be critical, so that a variation of 30 per cent in
Zy will not appreciably affect the determined value for
bandwidth. Again it has been assumed that all other
capacitance or inductances are negligible.

The Q of the circuit is

1
QDn wn2
0l ) )

|: 20w, <w,,2
sin 20w, \w, ;2

(20)
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Since Qp, wp, and w, are fixed, the only variables are
w,, and 20w,/sin 20w,. For minimum @, w,<w, and
20w,/sin 20w, are to be kept at a minimum. As before,
in order to achieve resonance, limits are imposed on
fcw,. These are the same as in the previous case; i.e., for
wp>w: 0<bw,<w/2,and for wp <w: 7/2 <Ow, <w. Thus,
when wp >w the short is to be placed as close to the diode
as possible and Z, is to be correspondingly large. When
wp <w, the short is to be placed at the next minimumn,
which occurs for fw,=128.2°; and Z, is to be made
equal to 0.81 times the diode susceptance. In Fig. §,
Q/Qp, is plotted vs w,/w for wp=2 and for wp=1/2.
It is assumed that Qp is much greater than 1. Note that
in some cases operation near the guide cutoff frequency
raises the circuit Q considerably. Note also that this
type of circuit only approaches the minimum theoreti-
cal Q when w <wp, and when the operating frequency is
far from the guide cutoff frequency. The only other way
to lower the effective Q of the circuit is to double tune
the signal circuit. Double tuning to increase gain-band-
width product will be discussed in the next section.

When operating with w =wp at the diode self-resonant
frequency, it may be observed that the Q of the circuit
becomes merely the diode Q. A very broad-band ampli-
fier can be built by using this fact. A particular example

30

20 L

w=2wp

|o

>
o
o o No

Weg /@

Fig. 5—Circuit Q normalized to diode Q vs ratio of guide cutoff
frequency to signal frequency for TE modes in rectangular
guide,
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of this would be to have the diode used with its self-
resonant frequency at the idler frequency, or in some
cases, it may be desirable to add a small capacitance or
capacitive discontinuity in series with the diode to raise
its resonance frequency to the idler frequency. Exam-
ples of these applications are shown in Fig. 6. The idler
frequency is suggested because its frequency most com-
monly limits the bandwidth, and the idler frequency
could be adjusted to maximize bandwidth simply by
changing the pump frequency. Also, by reducing the
idler Q, the second term in (4) is considerably reduced.
Operating with a diode which has a self-resonance at the
idler could improve the bandwidth by a factor of 3 or
more.

DouBLE-TuNED Circurr BANDWIDTHS

An alternate way to improve the bandwidth is to
double tune the signal circuit. Briefly, to describe the
theory:!%!! Consider the signal circuit of a double-tuned

amplifier such as shown in Fig. 7. The admittance at .

plane 1 is given by (2). With the same assumptions used

7| Y
SIGNAL INPUT LINE
LOW—PASS FILTER T
04
E $ N PUMP TUNING ARM
b -
yd

L wh
PUMP ARM &
/‘7 2008 SOAX SIGNAL
SERIES CAPACITOR ARM RESONATING
ELEMENT

(a)
2
L1 U
E ‘L/ SIGNAI NPUT LINE
LOW-PASS FILTER
§ PUMP TUNING ARM
- e\ =1
| & Pl I 3 L s
E 4
(b)

Fig. 6—Circuits with series idler resonance.

PUMP ARM CAPACITIVE DISCONTINUITY

200§} COAX SIGNAL.
ARM RESONATING
ELEMENT

PLANE2-| K c.(._pLANE,
Im}
1

@ il o %] 2ok,
t
¥
i

|
|

Fig. 7—Double-tuned signal circuit equivalent circuit.

10 H. Seidel and G. F. Hermann, “Circuit aspects of parametric
amplifiers,” 1959 WESCON CoNVENTION RECORD, pt. 2, pp. 83-90.
- 1 G, L. Matthaei, “A Study of the Optimum Design of Wide-
band Parametric Amplifiers and Up Converters,” presented at the
PGMTT Natl. Symp., San Francisco, Calif.; May 9-11, 1960.
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to write (4), and assuming G.<G,, (2) may be rewritten
as

—&+j0rd
Y= — (21)
1 4 €%?
where €= (w1/w2) Qs.
The impedance at plane 2 is
1+ &8° — QuBy® — jBES
p = + € Q1B — jBE } 22)

—&+ jOrb

where B=wiL'G,=Q of the second cavity, loaded only
by the generator. The power gain may now be calculated
as

(& — QTB)ST 52
1 )2
Gw) _ ] e e |
Go (€ — 018)v/Go 827 82G,
1 —0p)2
[+ T+t ] Q4 e

The solution of an equation in 8 and 8% is obtained. For
maximally flat response the coefficient of the 82 term is
set equal to zero. This fixes the value for 8. For reason-
ably high gains (G¢>15 db), the value for 8 is given
approximately by

Qr 4 2(+vGo— 1)
~ —1 1 — -
g ¢ |: + Go+ Gy ]
/ 14 L*f : _23)_62
- 4 Z(O\Q/%— nel (24)
[1 T’ Go ] J

The equation for the gain-bandwidth product is

Awv/ Gy 1 G2
w\/ OZI:( ‘f‘f) 0:| (25)
w1 (¢ — QrB)?
which at high gains is
Go A 4Gyt
VG Ao UGy , (26)
1 I € —Qr |

so that there is an improvement for a double-tuned sig-
nal circuit.

It is possible for the denominator of (25) to go to zero
in some special cases. In any case there is considerable
improvement in the gain-bandwidth product because
B is approximately equal to Qr and € is just slightly
smaller than Qr. The factor e differs from Qr by just
G.Q./G,. Thus, G.Q./G, is to be made as small as pos-
sible. Of course it is not possible to achieve infinite gain-
bandwidths since, among other assumptions, approxi-
mately linear frequency dependence is assumed for the
reactance variation. However, (25) predicts a greater
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bandwidth improvement than would a conventional
filter. Conventional filter theory usually assumes that
the amplifier frequency response is determined by just
the imaginary part of the input impedance. This is not
a good assumption for a parametric amplifier unless the
idler Q is less than the loaded signal circuit Q.

In the following section two amplifiers will be de-
signed and their bandwidths computed.

THEORETICAL BROAD-BAND AMPLIFIER DESIGNS

The first amplifier to be designed is similar to the one
shown in Fig. 6(b), though without the capacitive dis-
continuity. The diode available has a self-resonant fre-
quency at 12.6 kMc. The amplifier then has the follow-
ing characteristics:

f1=5000 Mc,
fo=12.6 kMec,
Js=17.6 kM,
f1/f2=0.396,
fc/f1=26.4f,
v=0.29,

G4/ G.= (calculated) 27.1.

The signal circuit is formed in a 200-ohm coax line.
The line impedance is chosen large to obtain the mini-
mum possible Q. Since the signal frequency is consider-
ably below the diode self-resonant {requency, an induc-
tive length is added to achieve resonance. A one-section
filter one-fourth wavelength long at the idler frequency
is employed to provide a short circuit to the idler, but
to pass the signal. Assuming the impedance of the line
at this filter section is 10 ohms, then the effective line
impedance at the signal frequency would correspond
approximately to a /150X 10=44.7-ohm line. The
short for the signal frequency then is about 7/8 away
from the diode. The pump arm is formed in a waveguide
which is beyond cutoff for the idler and signal frequen-
.cles. A band-pass filter in the signal arm places a short
circuit at the waveguide wall at the idler frequency. The
signal arm is tuned by placing the short behind the
diode at the proper place.

Using this information, the circuit Q’s and gain-
bandwidth product may be computed as

26.4 1\? 2n/4 1\2
o= o ) v e ]
i 13 sin 2z /4 13

= 33.8,
0 = Qp, = 10.5,
Or = 4.80,

v/ GoAf = 1700 Mc,
Afggdb = 170 Mec.
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This bandwidth is to be compared with a bandwidth
of 12.8 Mc which would have been achieved had a diode
with a self-resonance at 3 kMc been used with the idler
circuit formed in waveguide. Some improvement over
12.8 Mc could be achieved by moving the signal-circuit
filter up so that the idler resonated in the coax. In this
case, however, the frequency dependence of the line
must still be taken into account.

The second amplifier to be designed is shown in Fig. 8
and employs double tuning in the signal circuit to pro-
vide increased bandwidths. The amplifier has the follow-
ing characteristics:

f1=9000 Mc,

f3=35 kMe,
f1/fa=10.375,
fn/f2=0.300,

foo/f2=0.725,
foo/f1=0.585,

v =0.29,
f”/f]-:Zl'Oy
G,/G.=15.8.

DIODE

N

FUMP AND 1DLER ARM %; %
I’

SIGNAL ARM

CAVITY FOR
DOUBLE
TUNING

&

TUNING ARM

Fig. 8—Double-tuned signal circuit.

The signal arm is in reduced-height waveguide of
about 50-ohm impedance to obtain a small circuit Q.
The pump and idler occur in the same guide, reduced
to have an impedance of 50 ohms, again to obtain a
small circuit Q.

To determine the Q of the second cavity, it is neces-
sary to compute the Q’s of the single-tuned amplifier.
These are

0,=61.8,

0,=48.4,

0r=19.93,
e=18.1.

For a single-tuned circuit this would correspond to a
bandwidth of 73 Mc at 20-db gain. For double tuning,
the second-cavity Q is calculated from (24) to be 8.68.
This then gives a bandwidth of 310 Mc, which is an
improvement of a factor of 4.25.
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EXPERIMENTAL RESULTS

Calculations of the bandwidth of single-tuned L- and
S-band parametric amplifiers constructed at Texas
Instruments and elsewhere agree with the experimen-
tally determined bandwidth. The amplifiers were all of
the tvpe shown in Fig. 8, except that the discontinuity
capacitance was omitted. An S-band amplifier con-
structed at Texas Instruments which originally had 10-
Mc bandwidth was made to have 70-Mc bandwidth at
16-db gain by operating with the diode self-resonance
at the idler frequency. In this amplifier, both the signal
and idler frequencies were below cutoff in the pump
waveguide instead of, using cutoff filters. A C-band
amplifier constructed elsewhere was of the type shown
in Fig. 6(b). This particular amplifier had as much as a
75-Mc bandwidth at 20-db gain, and gave 12- to 30-db
gain over a 200-Mc bandwidth. The gain response was
not maximally flat over the 200-Mc range, however.

In general, it may be said that broad bandwidths are
achieved when a diode series resonance is achieved at
the idler frequency. All resonant circuits should be
formed as close to the diode as possible to avoid high-Q-
type circuits. There is no exact method for achieving
an idler resonance; ordinarily, this can be determined
experimentally.

DesicN COMMENTS

In some cases it may not be desirable to obtain the
minimum circuit Q. In particular, if one seeks to obtain
the minimum circuit Q, the series resistance or conduct-
ance may become so large that, to over-couple the gen-
erator to this resistance or conductance, it may be nec-
essary to double-tune the signal circuit to achieve the
proper coupling at resonance. In order to avoid this prob-
lem, since the signal circuit has such a broad bandwidth
already, it may be desirable not to use the line imped-
ance which corresponds to minimum Q.
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Filters should be placed in a low-impedance line
wherever possible, since a 0.4-db-loss filter in a 50-ohm
line corresponds to an additional series resistance of 1.0
ohm, while the same loss in a 15-ohm line corresponds
to only a series resistance of 0.3 ohm.

In many cases the shunt capacitance of a diode will
raise its effective circuit Q, although the yQp, product
remains constant. This effect must be considered when
computing bandwidth in a practical circuit. Therefore,
for a diode with a shunt capacitance of C; across the
series resistance r; and operating point capacitance C,,
the effective Q becomes

0 0 (1 + CS)
Dy effective = Dn ~ ]
ffect Cy
Thus, it is desirable to choose a diode with the lowest

possible shunt capacitance.

CoONCLUSIONS

Optimum gain-bandwidth product can be achieved if
the characteristic line impedance is adjusted so as to
obtain the minimum circuit Q. Substantial improvement
can be achieved if the signal circuit is double tuned or
if a diode series resonance is obtained at the idler fre-
quency. When operating in waveguide, the operating
frequency should be as far from the waveguide cutoff
frequency as possible. By careful application of the
principles set forth in this paper, one is able to predict
bandwidth performance and design an amplifier with
optimum gain-bandwidth product.
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