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Passive Phase-Distortionless Parametric
Limiting with Varactor Diodes*

I. T. HOf axp A. E. SIEGMANY, MEMBER, IRE

Summary~The theory of passive parametric limiting with a
varactor diode as the nonlinear element is developed and verified
experimenially. The limiting is found to be flat and phase-distortion-
less. Expressions are given for threshold level, dynamic range,
bandwidth, and power dissipation. The transient phenomena, com-~
prising leading- and trailing-edge leakage spikes, are studied
theoretically and experimentally, and found to be small in typical
instances. Experimental results reported upon include a simple
waveguide limiter structure at S band; a lumped-circuit limiter at
126 Mc; and a strip-line limiter using a pill varactor at S band. The
latter has an insertion loss of 2.5 db below threshold, a threshold
level of 2 mw, a dynamic range in excess of 20 db, and less than 5°
of phase distortion. Agreement between theory and experimental re-
sults is excellent.

InTRODUCTION

METHOD of obtaining flat and phase-distortion-

less limiting in a passive parametric circuit was

proposed some time ago by one of the authors
[1]. Several experimental verifications of this idea,
using varactor diodes as the parametric element, have
since been reported [2], [3], [6]. In the present paper,
we present a more detailed analysis of the diode type
of passive parametric limiter, including both steady-
state and transient behavior. We also present experi-
mental results from several such limiters which closely
confirm the theoretical predictions.

To describe the operation of this type of limiter, one
may suppose that there is coupling between a signal fre-
quency (w) tank and a subharmonic frequency {(w/2)
tank through a nonlinear coupling element, as shown
in Fig. 1. When the input signal power at w is smaller
than a certain threshold level Py, the w tank may be
treated as an ordinary resonant circuit inserted between
the input and the output. However, above this thresh-
old level, which is the level just sufficient to excite the
system into oscillation at the subharmonic frequency,
a sharp limiting action occurs in the w tank. Any fur-
ther increase in the input signal above the threshold
level does not appear in the output, but is partially
transferred into the subharmonic oscillations and par-
tially reflected back to the power source due to an in-
creased impedance mismatch between the source and
the « tank. The general behavior is shown in Fig. 2.

The ideal output is limited abruptly and flatly be-

yond the threshold level until the input power increases

* Received by the PGMTT, May 1, 1961. The work reported in
this paper was supported by the Wright Air Development Div. of
the U. S. Air Force under Contract AF33(616)-6207, and is taken in
large part from a Ph.D. dissertation submitted to the Dept. of Elec.
Engrg., Stanford University, Stanford, Calif., by I. T. Ho.

t Stanford Electronics Laboratory, Stanford University, Stan-
ford, Calif.

INPUT m OUTPUT
w

w w

NON LINEAR
ELEMENT

w
2
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Fig. 2—General characteristics of a passive parametric limiter.

to some breakdown level Py,. The breakdown level for
the varactor diode limiter occurs when the sum of the
dc bias and the RF voltage is either larger than the re-
verse breakdown voltage of the varactor diode, or else
is large enough to drive the varactor diode into its for-
ward conduction region. In either case, this creates a
more complicated situation, and the limiting action
then generally deteriorates.

When a square-wave-modulated input signal whose
amplitude is larger than the threshold level is applied to
a parametric limiter, the output will be of fixed ampli-
tude and phase-distortionless in the steady-state region,
at least in the ideal case. However, the output signal
will also show transient phenomena, including both a
leading-edge leakage spike and a trailing-edge leakage
spike. The leading-edge spike is formed because the sub-
harmonic oscillations take time to build up from thermal
noise, and the limiting action does not occur until the
subharmonic oscillations have built up to a substantial
value. The trailing-edge leakage spike is formed because
energy stored in the subharmonic oscillation reconverts
itself into the signal frequency when the input signal is
turned off. In general, the leading-edge spike is found to
represent more energy than the trailing-edge one.

In the ideal square-wave input case, the height of the
leading-edge leakage spike is equal to the non-limited
amplitude of the input signal, while the duration of the
spike decreases as the input signal amplitude is in-
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creased. Thus, as the input level is increased, the leak-
age spike gets higher but shorter, according to both
theory and experiment. However, it is also found that
when a realistic square-wave-modulated input signal
with a finite rise time is applied to the limiter, the
amplitude of the leading-edge spike does not increase in-
definitely as input power increases, but rather ap-
proaches a saturation level.

In this paper: 1) the governing equations for the
varactor diode parametric limiter are derived and
solved in the steady-state case and design data for such
limiters developed; 2) solutions of the governing equa-
tions in the transient case are summarized in order to
show the nature and governing parameters of the initial
and final leakage spikes; 3) this transient analysis is
carried further in order to study the transient response
to a finite rise time input, and to show the resulting
saturation of the initial leakage spike; 4) experimental
data are given for diode limiters operating in the VHF
and microwave bands. Besides illustrating the possibili-
ties of the parametric limiter as a useful device, these
results also verify the theoretical analysis in detail.

It should be noted that essentially this same para-
metric limiting mechanism is responsible for the limiting
action observed in ferrites and garnet-sphere devices at
high power levels [4], [5], [14]. In these cases, various
spin-wave modes play the role of the half-frequency
tank. The analysis given here is thus also relevant to the
ferrite case to some extent, with appropriate modifica-
tions. However, the ferrite case is generally somewhat
more complicated because the spin waves furnish not
one but many subharmonic resonant modes.

Comparison should be made between this work and
the varactor diode parametric limiting results recently
published by Olson and Wade [7], [16]. The two cases
are, of course, quite different, the present limiter being
an entirely passive “self-pumped” device, while Olson
and Wade consider the signal-limiting properties of the
standard parametric amplifier or frequency converter
with the usual separate pumping signal. The best exper-
imental results obtained by Olson and Wade consider-
ably surpass the results obtained in this work at least in
dynamic range, their limiter yielding a dynamic range
of limiting in excess of 50 db in a two-stage limiter, as
compared with ~20 db in our best one-stage limiter.
In addition, their device has 10 db of gain below the
limiting level as compared to 2% db of loss below thresh-
old in our passive limiter, and the passive limiting
threshold is considerably higher (although still in the
milliwatt range). The passive device has a number of
significant advantages, however. It is, of course, pas-
sive, requiring no pumping source, and also having none
of the pump instability problems of other parametric
devices. Its construction is much simpler with many
fewer elements involved, and the setup and tuning is
very simple, in contrast to the rather careful tuning
and adjustment procedures which led to Olson and
Wade's optimum results. The bandwidth of the passive
limiter appears to be much wider. Finally, the dynamic
range of the passive limiter can also be made substan-
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tially larger than the results reported here, both by
using two such limiters in cascade and also by using a
varactor diode with a larger reverse breakdown voltage.

Circuir MoDEL AND GOVERNING EQUATIONS

When a reverse bias Vy plus an RF voltage v is ap-
plied to a nonlinear capacitance diode, the instantaneous
diode capacitance can be written in Taylor series form
as C(V)=C(Vy)+Dv+ Dy +higher-order terms. The
negative bias is typically Vy=—2 to —3 volts, and the
RF voltage v is not larger than this if the diode is not
driven into its forward conduction or reverse break-
down regions. Under these conditions, it can be shown
that for typical C(V) curves [9], the Dy? term in the
expansion is small compared to the Dv term, and we can
drop the second and all higher-order terms.

From Fig. 1, the circuit model for a parametric limiter
should consist of two resonant tanks plus a varactor
diode. Fig. 3 shows the equivalent circuit used in this
work. In this circuit,

L and Ly denote the inductances of the w and w/2
tanks;

Ciand Cyp; denote the total capacitances in the w and
w/2 tanks, including the dc portion of the varactor
diode capacitance in each case;

Gz denotes the total internal loss conductance of the
w/2 tank including losses due to the diode;

G denotes the internal loss conductance of the w tank
including the diode losses, G, and G, denote the source
and load conductances connected to this tank, and
Gr=G1+G,+G denotes the total conductance in the
w tank;

and C=Dv denotes the nonlinear portion of the
varactor diode capacitance.

W ® 36 éL 6,7RC,E6, v (w) A =Dy
g 351 (K] K
1
1
L,/2 Gle C’/z Vi (w72)
|

Fig. 3—Circuit model for a varactor diode parametric limiter.

3

We have followed the conventional practice in para-
metric analysis [7], [10] of including the dc portions of
the diode admittance in the resonant tanks. The current
source 7; is the input signal source.

Assume that both the w and w/2 tanks have Q’s much
larger than unity. Then at the w frequency, the w/2
tank will look like a short circuit while at /2, the w tank
will also look like a short circuit. With this assumption,
we write the usual integro-differential equations for the
circuit, taking one additional differentiation to get rid of
integral signs. The governing circuit equations for the w
and the w/2 frequencies are then

Cid*n/dt* 4 Grdvy/di+ Tav: = diy/dt — d2(Cv) /de
Crjed®19/d* + Grjodvyyn/di 4 Tiygwyye = — d*(Cv)/de?, (1)
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where v=v,47v,5 is the total RF voltage at w and w/2,
I'=L71, and only the appropriate frequency compo-
nents from the d*(C?) /df* term are to be included in each
equation. The voltages at @ and w/2 are now written in
terms of their assumed slowly varying phasor ampli-
tudes as #1(¢) = V1(¢) exp (Jot)+ Vi*(¢) exp (—jwt) and
111/2(If) = V[/g(t) exp Owt/Z) + V1/2*(t) €xXp (—jwt/Z), and
the driving current is written as 4(f) =1i() exp
(Jot) +1I:* () exp (—jwt). Inserting these into (1) and
neglecting certain terms on the assumption that
dV/di<oV leads to the following equations for the
slowly varying amplitude terms:

My @y Py e Dy LAy
i 207 26, 26 2, @
and
Wip @

Vit i v ri—o,  ®
1/2 ]2C1/2 127 V1= U

A 40u

where Qr =wC1/Gr is the loaded Q of the w tank, and
Q12==wCi2/2Gy2 is the Q of the w/2 tank. These equa-
tions are for the case where w is exactly on resonance.
Additional reactive terms are present in both equations
when w is off resonance. Eqgs. (2) and (3) are the basic
equations for the analysis of the parametric limiter.

For simplicity, we have treated here only the de-
generate case in which the subharmonic oscillation is at
exactly half the signal frequency. The limiting mecha-
nism is also operable with the subharmonic oscillation
occurring simultaneously at two different lower frequen-
cies which add up to the signal frequency, and such
operation has been observed [6]. Limiter design and
construction, as well as analysis, would seem to be
simplest in the degenerate case, however.

STEADY-STATE SOLUTIONS AND DESIGN FORMULAS

Limiting Action and Threshold Level

The steady-state behavior of the limiter is obtained
by setting the time derivatives in (2) and (3) to zero.
Assuming for the moment an applied signal exactly on
resonance, these equations can be manipulated to yield

V=g Gz Vi @
wD V1/2*
and
, .
Vit = —= (I1 — GrVy). (5)
wD

Below threshold, there are no subharmonic oscillations,
Vi is zero, and hence (4) is indeterminate. Eq. (5),
however, gives I1=GrpVy, i.e., the w tank is unaffected
by the w/2 tank, and T, and Iy are in phase. Above
threshold it is immediately apparent from (4) that
has a constant value independent of the magnitude of
Vi or, in other words, Vi limits. Since, in the shunt
model used, V5 is the voltage across the load conduct-
ance G, the power output from the device also limits.
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More precisely, above threshold we can write
V1/2=| Vl/zl exp (jbi2). It is convenient to choose the
origin of time such that 6i» has either of the values
—7/4 or +3w/4. Substituting this into (4) then makes
V1 a real and positive quantity given by

Gy Va
Vi=Vu= = ’ (6)
wD 2012

where it is convenient to introduce the parameter
Va= Ci;2/D which indicates the relative amount of non-
linearity in the w/2 tank. When the varactor diode is
strongly coupled to the microwave circuitry employed
in the limiter (z.e., the “filling factor” is large, which is
the optimum situation), Cj; will consist primarily of the
dc capacitance of the varactor diode itself, and V; will
have a minimum value characteristic of the diode only.
This, then, serves as a figure of merit for the varactor
diode in parametric limiter applications. As an example,
for a Microwave Associates MA4253 diode operated at
—1 volt bias in a strip-line circuit, this quantity is
a~40 volts.

The two possible choices of phase for the subhar-
monic oscillations illustrate the well-known bistable
phase condition for parametric subharmonic oscillations,
as employed for example in the parametron computer
element [12], [13]. With either choice, (5) can be re-
written as

1 .
[ Vipl* = (1 =1GaV ), (7)
w

which shows how the subharmonic oscillations increase
in amplitude as I; is raised above the threshold value
14 given by

GrVa
2Q2

Note that both | Vie|? and Vg, in (7) are purely real
quantities, and therefore, J1 must also be a purely real
quantity. This indicates that I; and V; have the same
phase above and below threshold, or in other words the
[imiting action is phase-distortionless, at least for sig-
nals applied exactly on resonance.

Finally, the input power level corresponding to the
limiting threshold is given by

I,gh = GTVth - (8)

Is?

:E. (9)

th

This quantity is given in a more useful form in the fol-
lowing section.
Insertion Gain, Input VSWR, and Power Distribution

The power insertion gain Li(<1) of the limiter below
threshold is given by the standard expression for a trans-
mission cavity, namely

40° 1G,G,

Lo = =
QengL (G(] + G1 + GL)2

(10)
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where Q., and Q.. are the external Q’s of the input and
output couplings from the w tank, respectively. The
threshold power level can be rewritten from (9) and
(8) as

Py =

Va4t [(Gg + G+ GL)Q}. (11)

8Q1/2" G,

If the source conductance is taken to be variable (i.e., by
varying the degree of coupling between the signal source
and the w tank), the insertion gain is found to be maxi-
mized and the threshold power level minimized by the
same condition, namely that the source be matched to
the limiter, or G;=G1+G1. If this condition is satisfied,
the insertion loss becomes

Gy Q1

Lo = = .
Gi+ Gy Qi+ Q.

(12)

This can be made close to unity by making Q.r.<<Qs, z.e.,
by making the external loading heavy compared to the
unloaded (. The optimizing condition requires that the
input coupling also be made heavy. With optimum input
coupling, the threshold power can be thrown into the
form

P 1 VG, 1 P (13)
th 1— Lo 2Q1/22 - 1— LO th(min)-
There is a minimum threshold power given by

Pinminy = Va?G1/201,2% 1f the diode is tightly coupled to
the limiter circuitry, G, will consist primarily of the
equivalent shunt conductance of the varactor diode
itself, and Q2 will be essentially equivalent to the Q of
the varactor diode. Therefore, this minimum threshold
power is essentially a property of the varactor diode
only. As a typical example, the numbers involved might
be V4=40 volts, G1=4X10"* mhos, and (012=100,
leading to a threshold power of 0.3 mw. Varactor diode
limiters can thus have respectably low limiting levels.

Eq. (13) shows, however, that the actual threshold
power is greater than this minimum wvalue by an
amount depending on how close the insertion gain is
made to unity. Fig. 4 plots the ratio Ps/P umin) in db
as a function of the insertion gain in db. The quantity
Q1/Q.r (or Q1/Qep=Q1/Q.r.+1) is, of course, the parame-
ter which moves one along this curve.

Above the threshold level, the effect of the w/2 tank
and the subharmonic oscillations on the w tank may be
accounted for by introducing into the « tank an addi-
tional effective conductance Gaqq which increases with
input power in such a way as to keep V) constant at
Ve when I increases above Iy, This additional con-
ductance is given by

I,
Gaaa = v Gr
= (I+/Imw — 1)Gr
= (n — 1)Gr, (14)
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Fig. 4—Increase in threshold power above the minimum value,
as a function of the below-threshold insertion loss L.

where n=1,/14 1s a measure of how far the input power
is increased above threshold. As a result of this addi-
ditional conductance, the input impedance of the
limiter as seen by the signal source changes. The signal
source in most practical cases will probably be under-
coupled to the limiter, since the Q of the limiter is gen-
erally limited by the diode Q and is not large. With this
assumption, the magnitude of the reflection coefficient
looking from the signal source towards the limiter above
threshold can be written

_G1+GL—|—Gadd‘Gg_f_o
P G+ G+ Gua+ G, = 7

n—1

) (15)

when py is the reflection coefficient below the threshold
level. The input voltage-standing-wave ratios above and
below threshold, S and .Sy, are thus related by

S=unS+ (n —1). (16)

Experimental verification of this equation will be given
below.

The input power to the limiter above threshold is dis-
tributed among the following four outlets: 1) output
power; 2) power losses in the w tank; 3) power losses
in the w/2 tank due to the subharmonic oscillations; and
4) power reflected from the limiter back to the signal
source or to an isolator placed in the input line. Power
losses 2) and 3) are dissipated chiefly by the diode in
practical cases, since the diode losses generally pre-
dominate over copper losses if the diode is tightly
coupled. If we assume for simplicity that the limiter
input below threshold is matched, as required for opti-
mum performance, then the powers into each of these
four categories are given by the simple expressions

Pout = 2V’ G, = LoP,
Pross(w) = 2Vu2Gy = (1 — Lo) Pu,
Pross(w/2) = 2V 4% Gaaa = 2(n — 1) Py,

Prefreoted = p?Pin = (n — 1)2Py.

I

a7

These four powers are plotted in Fig. 5 as a function of
the input power below and above threshold. It is appar-
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Fig. 5—Distribution of input power among various outlets, as a
function of the input power level, assuming an insertion loss of
2.5 db below threshold.

ent that above the threshold, the largest amount of
power is reflected, although the diode must also absorb
some power at higher input power levels. This informa-
tion is important in determining the maximum power in-
put the limiter can withstand without damage to the
varactor diode due to overload.

Dynamic Range

In the varactor diode limiter, the diode should not be
driven either beyond its reverse breakdown voltage or
into its forward conduction region, so that the sum of
the dc bias and RF voltages must not go positive nor
exceed the reverse breakdown voltage — 17,.. The de-
sirable reverse bias for the diode is thus Vo= — V3,./2,
and the total instantaneous RF voltage must then not
exceed V3/2. Although the total RF voltage is the sum
of v. and v1)2, it can be shown that 912 is much the larger
of the two when strong limiting action is occurring.
Since the peak value of v4)s is 2| V1/2’ , the condition for
breakdown is

(n — D2VV /Y Ve
2?1 V1/2| = [*—dl‘] S —b*‘:
Q7012 2

where Vy'=Ci/D is a parameter of the same nature as
7a== C1;2/D. In fact, if the diode is very tightly coupled
to the limiter circuitry, the situation will be Ci= Cypp==
the dc capacitance of the varactor diode. Eq. (18) can be
reversed to give the maximum allowable value of # as
QTQI/ZVbr2

Hmax = — + 1
8VaV.

(18)

(19)

The dynamic range of the limiter from threshold to

breakdown is, then,
Dynamic range = 20 logis #max- (20)

Over this range, the limiting in a good limiter should be
essentially flat and phase-distortionless. One can, of
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course, drive the limiter even beyond this range, and
limiting action will still be present. The limiting will not
be ideal, however, and care must be taken that the
diode is not damaged by excessive current or power dis-
sipation.

Bandwidth

Assume now that the signal frequency w is not exactly
equal to the resonant frequency wy of the signal tank.
We then define

Alw/2)

fl

(0/2) = (wo/2)
Aw/2)/(wo/2) = 6.

Aw = w — wy

(21)

§ = Aw/wg 0172
We will assume here that the subharmonic tank is tuned
to exactly one-half the signal tank, and that, as men-
tioned before, the subharmonic oscillation occurs in de-
generate fashion at w/2 rather than at any two other
frequencies adding up to w.

Eq. (4) must now be modified to

I71/'.‘?

Vi

Vilw) =7 oD Vit (22)
where
Vi = Gijo+ 7(wCija/2 — 2/wliys)
~ Gip[l 4 j2019]. (23)

Eq. (22) indicates that 17 is still ideally limited even
when the signal is off resonance. If we make the same
assumption as previously about the phase of Vi, the
threshold voltage as a function of frequency will be
given by

Vilw) = Vinlwo)[1 + 72017], (24
and the limited output power level will be
Pout(w) = Pouslwo) - [1 + 4Q1,2%°]. (25)

The output power from the limiter operating above
threshold has the form of an inverted resonance curve
with Q value equal to the Q2 of the subharmonic
resonant circuit. Below threshold, of course, the limiter
is simply a transmission cavity with power transmission
given by the usual expression

14407

Combining (25) and (26) leads to a set of curves of
power output vs frequency at wvarious input power
levels of the form shown in Fig. 6 where the particular
choice of parameters used is Q2= Q.

For signals off resonance, the equivalent of (5) is

—J
V1/22 - —D“ (Il - Y1V1), (27)
w
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Fig. 6—Output power vs frequency for increasing power inputs
(assuming Qr=Q2=0Q).

where Y3 is the admittance of the w tank, approximately
given by

Y1~ Gr(l + j2019). (28)
The threshold value of I, off resonance is thus
Li(w) = Yi(w)Vulw)
= Tu(w)[(1 +72000)(I + j20:20)], (29)
and the threshold input power off resonance is
Puw) = Pulwo) - [(1 4 402°0)(1 + 40:2%%)]2. (30)

The threshold input power increases both because a
larger voltage 1/} is required off resonance, and also be-
cause a larger power input is required to create this
voltage off resonance.

Using the same choice as before for the origin of time
or the phase of V7, permits (27) to be put in the form

I(w) = V(@) V(o) + oD| Vipl2 (31)

Below and at threshold the phase relationship between
I, and V7 is that appropriate to Yi(w). Above threshold,
the phase relationship is determined by the preceding
equation. It is apparent that as I; and I Vl/zl increase
above the threshold level, this phase relationship will be
altered. Therefore, the limiting is no longer perfectly
phase-distortionless off resonance; the amount of phase
distortion increases with input level and with distance
from resonance.

Second Order Effects

If the next higher order term Dgx? in the nonlinear
capacitance expression is retained in the theory, it can
be shown that the resulting steady-state equations
analogous to (4) and (5) are

w
—Vip+j
4012 2C1)2

3D2w2

V1/2*V1

2] Vi + | V]V (32)
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It can then be shown from these equations that the
limiting is no longer ideally flat, the power out vs power
in characteristic showing a slight upward tilt.

TRANSIENT SOLUTIONS AND LEAKAGE SPIKES

The ferrite type of parametric limiter exhibits rela-
tively large and troublesome leakage spikes [4], [5], [14].
Such leakage spikes are not generally found to be nearly
as troublesome in the varactor diode type of limiter.
Nonetheless, detailed studies of the transient solutions
to the governing equations (2) and (3) were carried out
as part of this investigation, solutions being obtained
both by numerical calculation and by deriving iterated
piecewise analytical solutions. A very brief summary of
these results is presented here. The detailed results can
be found in the original report [2].

Nature of the Spikes

When an input signal pulse with a very steep leading
edge is applied to the parametric limiter, the output at
w will at first build up very rapidly to the appropriate
nonlimited level, the rate of buildup being determined
only by the usual energy buildup considerations for a
resonant circuit. If the input signal is far above thresh-
old, the output will, of course, far exceed the steady-
state limiting level of the device. The subharmonic
oscillations at the same time begin to build up from
their thermal noise level towards their steady-state
value. The subharmonic buildup is essentially exponen-
tial with time, except for a very brief initial period
when the energy in the » tank is still being established.
The rate of rise of the w/2 oscillations is determined by
the strength of the “pumping”’ done by the input signal,
the rate of rise being faster the farther the input signal
is above the limiting threshold. As soon as the sub-
harmonic oscillations reach nearly to their steady-
state value, the limiting action begins, and the signal
level in the w tank very rapidly drops to the steady-
state limited value. The signal output thus exhibits an
initial leakage spike whose height increases directly
with input signal level and whose duration decreases
with increasing input level.

If the input signal is suddenly turned off after the
limiter has reached the steady-state condition, the de-
vice is left with a substantial amount of energy stored
in the subharmonic resonant circuit. Some of this energy
will be reconverted to the w frequency and will appear
as a trailing-edge spike of output at w, following the
signal turn-off.

Fig. 7 illustrates the general appearance of these
leading- and trailing-edge leakage spikes.
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Fig. 7—CQutput power vs time for a rectangular input pulse, showing
leading- and trailing-edge leakage spikes and the buildup of the
subharmonic oscillations (dashed line).

Calculations

As part of the work (2) and (3) were solved by nu-
merical forward integration using a large digital com-
puter and small forward steps in time following the ap-
plication of a signal pulse. Examination of (3) will
show that no subharmonic voltage Vi, will ever be
developed unless some initial excitation is present to be
parametrically pumped up. The initial excitation in the
physical case is, of course, thermal noise fluctuations,
and these were represented in the calculations by
putting in an initial amplitude of Vi, corresponding to
the rms thermal noise voltage of the conductance in the
w/2 tank. (The noise voltage was actually reduced by 3
db to account for the fact that only half of the noise
energy would be in the proper phase to be pumped up,
the other half being so phased as to be parametrically
pumped down to zero.) Fig. 8 shows the observed be-
havior of the output voltage and the subharmonic
voltage predicted by the numerical calculations for
several different excitations above the threshold level.
The input signal is assumed to be an ideal step function,
and the numerical parameters are typical values for a
varactcr diode limiter. It is apparent that the leakage
spikes are extremely brief, on the order of nanoseconds,
since the pump-up of the subharmonic oscillations is
very rapid. The leakage energies are correspondingly
small, on the order of 107° joules.

The exponential nature of the subharmonic buildup
has been pointed out in previous studies of parametron
oscillators and ferrite limiters [5], [13], [14]. It can be
readily derived by rewriting (3) in the form

(&)

40

o |7l
—j— ———expj(0; — 201,2) I V1/21; , (34)
2 V,

d
o | Vip| = | Vi)

where €, is the phase angle of V; and 012 the phase angle
of Vip. If Vi is divided into two quadrature compo-
nents with phase angles i, =60:/2+135° and 61, =0,/2
4-45°, the former will be parametrically amplified and
the latter parametrically deamplified. If V; is assumed
to very rapidly reach the nonlimited value given by
] Vl] =nVau=nV4/201, then the subharmonic oscilla-
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Fig. 8—1eading-edge leakage spikes in a varactor diode limiter for
various inputs above the threshold level, as obtained from numeri-
cal computations. Parameters are: f=3 kMc; Qr=35; Qi2=>50;
Ci=Cip=2.8 pf; D=0.28 pf/v. The input levels n=2, 3 and 4
correspond, respectively, to inputs which are 6, 9.6 and 12 db
above the threshold level.

tion voltage grows as
= | Vipa(0) | exp [(n — Deot/4Q1 ).

The length of the initial leakage spikes is essentially the
buildup time required for Vi, to grow from its initial
noise value to the steady-state value given by (18). The
initial noise wvalue is given by Vi?=2kTB1:/Gi
(halved because only growing components are included),
and a reasonable value for Bys would seem to be the
bandwidth of the w/2 tank, Bis=w2Qys. With these
assumptions, the buildup time or leakage spike length
is given by

I Ve

(35)

2012 — DCypp ViV~
Qu n [(ﬂ )C1p2VaVa (36)

T = .
()L — 1)w 4’kTQTQ1/2 -

The argument of the logarithm is the ratio of the steady-
state subharmonic oscillation power level to the
thermal noise power level, which is a very large ratio,
on the order of 120 db for tvpical values. Therefore, the
logarithm is insensitive to the exact value of the thermal
noise level, and changes of £20 db in the assumed
thermal noise level have only a small effect on 7. Fig. 9
shows on a logarithmic scale a comparison between the
exponential build-up of Vi as given by (35) and the
results for the same case as obtained from the numerical
computer solutions. (The small difference at the initial
level is due to different detailed assumptions about the
noise level from which the oscillation grows.)

The (42 of the /2 tank is apparently an important
parameter in determining the length of the leakage
spikes. This value is fairly low (~100) in the varactor
diode case, which, coupled with a fairly strong degree of
nonlinearity, leads to a short leakage spike. Ferrite and
garnet limiters operating on this same principle are
observed to have substantially longer leakage spikes.
This is, in part, due to the relatively higher Q of the
spin waves which play the role of the w/2 tank in the
ferrite case.

In work by one of the authors [2], considerable atten-
tion is given to the details of the cressover region when
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Fig. 9—Exponential buildup of the subharmonic oscillations during
the leading-edge spike. Dashed line=computer solution; solid
line=analytical solution. Numerical parameters are the same
as in Fig. 8, with =16 (24 db above threshold).
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Fig. 11—Leading-edge leakage spikes in a varactor diode limiter for
a finite rise time input signal. Numerical parameters are the
same as in Fig. 8 with the exception of the input signal. Note dif-
ference in shape and length of leakage spikes from Fig. 8.

Vi nears its steady-state value and the limiting action
begins. Iterated piecewise analytic expressions are de-
veloped to study the behavior in this region. Fig. 10
shows some of the details of this region, with the nu-
merical computer solution indicated by a dashed line,
two successive analytical approximations indicated by
solid curves I and II. In general, it can be said that
there is a smooth and rapid transition from the initial
buildup region to the steady-state limiting region, with

Dashed line = computer solution; solid lines I and Il =two suc-
cessive analytic approximations. Numerical parameters are the
same as in Fig. 9.
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Fig. 12—Curves illustrating the “saturation” behavior of leakage
spikes like those in Fig. 11 for input signals of different rise times.

Obtained from computer solutions; numerical parameters same
as previously.

only small overshoots and other extraneous effects.
The shortness of the initial leakage spikes in the
varactor diode limiter, as compared to typical rise times
for pulsed sources, led to consideration of the buildup
and leakage spikes in the parametric limiter with
finite-rise-time pulses applied. Fig. 11 illustrates the
leakage spikes obtained from the computer solution for
increasing input power levels when the input signal has
a finite rise time. It is observed that the leakage spikes
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Fig. 13—Trailing-edge leakage spike as obtained from the numerical
solutions. Numerical parameters same as in previous figures, with
n=16.

are shorter at higher input levels, as in the step-function
input case, but the spike heights do not continue to rise
as the input power is increased. For higher input powers,
the subharmonic oscillations have built up to the limit-
ing level before the input pulse is fully built up to its
maximum level. The leakage spike height appears to
“saturate” at higher input levels. Fig. 12 verifies this by
showing the initial leakage-spike height as a function
of input power above threshold for several different
rise times and a typical set of varactor diode limiter
parameters.

The Trailing-Edge Spike

The numerical computation method was also used to
obtain the trailing-edge spike characteristics by using
the steady-state limited values as initial conditions and
solving (2) and (3) with the driving current I set to
zero. Fig. 13 shows the trailing-edge leakage spike for a
typical case. Note that the subharmonic voltage is much
larger than the limited signal voltage in the steady-
state situation. Note also that the signal voltage am-
plitude 17; drops to zero and then changes sign. This
corresponds to Vi changing from the driving to the
driven quantity in the parametric circuit.

It should be noted that there can be an entirely inde-
pendent source of leakage spikes in practical situations.
If the frequency of the pulsed signal source changes
during the rise and fall of the signal pulse, as may well
be the case with some pulsed signal sources, this can also
cause a significant leakage spike on the trailing edge of
the limited pulse.

EXPERIMENTAL REsuULTS

Three versions of parametric limiters using varactor
diodes as nonlinear devices were built and tested during
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Fig. 14-—S-band waveguide version of the parametric limiter. (a)
Side view; (b), (¢), (d) end views of models having one, two and
three diodes. The loops are for monitoring the subharmonic reso-
nance,

this work, and a fourth version using a YIG sphere as
its nonlinear element was borrowed {from the Watkins-
Johnson Co. and tested. Each version served a different
purpose in verifying the theoretical predictions given in
the previous sections, These four versions [2] were:

1) An S-band waveguide version used for some initial
experiments, characterized by no resonant tank at the
w frequency and employing several Microwave Associ-
ates, Inc., MA460 varactor diodes in parallel shunted
across the waveguide.

2) An S-band YIG sphere version used for observing
the leakage spikes, since these are too short to be readily
seen in the S-band varactor diode-type limiter.

3) A VHF (126 Mc) lumped-circuit version again
employing MA460 varactor diodes used to observe the
leakage spikes by virtue of its lower signal frequency.

4) Aa S-band strip-line version employing a Micro-
wave Associates Inc., MA4253 pill-type varactor diode
with the twin virtues of low-series inductance and high-
cutoff frequency, used for detailed comparisons with
the steady-state theory given above.

S-Band Rectangular Waveguide Version

A parametric limiter with one or more MA 460
varactor diodes installed inside an S-band rectangular
waveguide was first designed and built as shown in Fig.
14. The detection loops were for monitoring the w/2
oscillation. The important features of this design were:

a) There was no w resonant tank. One, two, or three
diodes were simply placed side by side across the wave-
guide, whose height was reduced by ramps before and
after the diodes. The waveguide was propagating at the
signal and all higher frequencies, but was well below
cutoff at the subharmonic {requency.

b) A novel method was employed [or obtaining the
w/2 resonance. The imaginary characteristic impedance
of the rectangular waveguide below cutoff, which for
the TE;, mode is inductive in nature, was resonated
with the diode capacitance to create the subharmonic
resonance at the /2 frequency. This type of resonance
is sometimes called a “ghost mode” [15]. The sub-
harmonic resonance was tuned by varying the reversz
bias, thus changing the dc capacitance of the diode.
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Measurements of output limiting were conducted
separately for the three diode arrangements shown in
Fig. 14. They all yielded similar sharp limiting as pre-
dicted for a parametric limiter. However, the dynamic
range of limiting increased considerably with more
diodes.

1 diode 2 diodes 3 diodes
Signal frequency 3040 Mc/sec | 2878 Mc/sec | 2738 Mc/sec
Dynamic range of :
limiting 3db 7.5db 16 db
Bias —1.5v -1.5v —1.5v
Threshold level ~10 mw ~10 mw ~10 mw

Approximately a ten per cent bandwidth was ob-
tainable in the limiting of these three cases. Phase-dis-
tortion measurements showed that the phase distortion
of the 3-diode limiter was less than +3°, which is the
accuracy of the measurement, over the entire 16-db
range of limiting. Insertion loss of the 3-diode limiter
below threshold was approximately 10 db. This con-
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figuration represents a particularly simple form for such
a limiter and may merit further development.

S-Band Yitrium Iron Garnet Sphere Version

Leakage spikes were too short to be readily seen in the
previous S-band varactor diode limiter. The theoretical
duration time of the leading-edge leakage spike is found
to be on the order of 10~° second when reasonable
values for the parameters are substituted into (36). To
make 7 long enough to be easily observable, two alterna-
tives were tried, one by using a YIG sphere limiter
because of its higher Qip, the other by using a VHF
version (126 Mc) to lower the w. The results of the
Y1G sphere version are shown in this section, and those
of the VHF version are shown in the next section.

The leading-edge leakage spikes are shown in Fig. 15.
The duration times of the leakage spikes become shorter
as the input power increases. The peak amplitudes of the
leakage spikes increase first and then saturate. The

(a)

(b)

Fig. 15—Leakage spikes observed in a garnet sphere form of parametric limiter. The behavior of the leakage spikes is in
qualitative agreement with the theory.
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qualitative behavior of the leading-edge leakage spikes
at first agrees in general with the theoretical predictions,
although detailed quantitative comparisons are not
possible because the basic parameters for the garnet
sphere limiter are not known. The insertion loss of this
version was measured to be 5 db, and the dynamic
range was over 20 db.

VHF Lumped Circuit Version

From (36) one realizes that a lower signal frequency
o will also make the duration time of the leading-edge
leakage spike longer. A lower-frequency (126 Mc)
limiter was therefore built by shunting three MA460
varactor diodes with a lumped circuit coil to form a
w/2 tank and then placing band-pass filters at f=126
Mc on each side of this circuit. The w/2 tank was
tuned to 126/2 Mc with a 1-v reverse bias applied on

(a)
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the varactor diodes. The leading edges of the output
waveforms are shown in Fig. 16, which were taken on a
wideband oscilloscope without using a crystal detector.
As in Fig. 15, the leading-edge leakage spikes saturate
quite rapidly.

The insertion loss of this version is measured to be 3
db; its dynamic range is 10 db. The threshold level of
this limiter was measured to be 2.4 db above a milliwatt,
and a more than 5 per cent bandwidth was observed.

S-Band Stripline Version '

The recently available pill-type varactor diode has
the twin advantages of low series inductance and high-
cutoff frequency. Its tiny size of ¥+ in X% in fits a strip-
line configuration better than other microwave con-
figurations, and hence a stripline limiter was designed.
The pill varactor used in this work had a zero-bias

(b)

Fig. 16—Leakage spikes observed in a varactor diode limiter operating at 126 Mc. Again, there is qualitative agreement
with the theory, at least at the lower power levels.
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capacitance of 0.78 pf and a cutoff {requency of 126
kMec.

The pill varactor was mounted between the center
conductor and one of the ground planes of the strip-line.
Two movable shorts, one on each end of the strip-line,
together with the change in varactor dc capacitance
with change in bias voltage, served to adjust the reso-
nant frequencies of this device. Fig. 17(a) shows a side
view of the limiter, and Fig. 17(b) shows the electric
field distributions for the w and w/2 resonant modes
employed. Signal power was coupled into and out of the
w tank by two loops located at a position where the mag-
netic field of the w mode was maximum while that of the
w/2 mode was minimum. A pair of monitoring loops was
also placed at a position where the magnetic field of the
w mode was zero in order to monitor the subharmonic
oscillations and perform tuning adjustments at w/2.
Diode dc isolation and RF bypass were obtained by
placing below the pill varactor a capacitor formed by 1"
diameter copper disk with a 5-mil thick teflon dielectric.
The lower-ground plane was countersunk to a depth
such that the top of the copper disk was flush with the
remaining surface of the lower-ground plane. Fig. 18
shows photographs of this limiter assembled and dis-
assembled.

With this limiter, essentially flat limiting over a range
: of 20 db above a threshold level of ~1 mw was observed,
as shown in Fig. 19, Insertion loss below threshold was
~2.5 db. The phase distortion was measured both
below and above the threshold level with the results
shown in Fig. 20. Over the entire input power range,
the phase distortion is within =+ 5°, the accuracy of meas-
urement being approximately + 3°.

Comparison with Theory

The strip-line limiter operated at a reverse bias of 1.0
v had the following characteristics, as determined from
the known diode characteristics plus careful measure-
-ments of the below-threshold characteristics of the
_resonant modes at » and w/2:

wo = 2382 Mc
QT = 41
Q1/z = 117

Input VSWR = 1.2

Gz = G, = 20 X 10-% mhos

Gr = G1 + 2G, ~ 44 X 10~ mhos
Va=V{ =40v

Vb,- =355v

Location Location
of w/2 of signal
monitoring  coupling
loops loops
\{\ S
N
)=
|
Movable short “Pill varactor

t i |
ELECTRIC FIELD DISTRIBUTION

(b)

Fig. 17—Side view of the strip-line varactor diode limiter, and
mode patterns of the resonant modes at w and «w/2.

(b)

Fig. 18—Assembled and exploded view of the strip line limiter
(/2 coupling loops not shown).
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Fig. 19—Limiting characteristic of the strip-line varactor diode limiter

showing a 2-mw threshold level and a 20-db dynamic range.
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Fig. 20—Relative phase of the limiter output compared to limiter
input as a function of input power level, showing the phase-dis-
tortionless nature of the parametric limiting.

One can substitute these parameters into the various
theoretical expressions given above and compare them
with the experimental results. The following compari-
sons will show the excellent agreement obtained:

a) Threshold level: Use of the above numbers in (8) and
(9) gives a predicted threshold level of 1.25 mw. The
measured value is approximately 2 mw.

b) Phase distortion: As shown in Fig. 20, the phase
distortion is very small, nearly within the error of
measurement, in agreement with theoretical predictions.

c) Input VSWR above threshold: Eq. (16) relates the
input VSWR above threshold to the value below thresh-
old and the value of #. Fig. 21 shows the comparison
between this equation and the experimental results ob-
tained on the stripline limiter. A similar input VSWR
curve given by Wolf and Pippin [3] was also compared
with (16), and good agreement was again obtained.

d) Dynamic range: From (19) and (20), the predicted
dynamic range is #max=12.4 or a dynamic range of 22
db. The measured value, as determined by the point at
which the power output curve of Fig. 19 begins to rise,
is approximately 20 db.

e) Bandwidth: The power output vs frequency char-
acteristics of the limiter at different input power levels
were studied with the aid of a swept-frequency RF
source, leading to the oscilloscope traces of detected out-
put vs frequency shown in Fig. 22. Since the output of
the swept-frequency source was not leveled and various
mismatches are present in the system, detailed com-
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Fig. 21—Input VSWR to the limiter as a function of input power
level, compared to the theoretical expression of (16).

(b)

Fig. 22—Strip-line limiter power output vs frequency for various
input powers, using a nonleveled swept signal generator, for com-
parison with Fig. 6.
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parison of these results with the theoretical curves of
Fig. 6 is not possible, but it can be seen that the general
nature of the curves agrees well with the theoretical pre-
dictions. There appears to be a slight drift of the center
quency of the limiter with increasing power level, which
is attributed to a shift in the dc capacitance due to
second-order effects, since the amount of this shift was
dependent on the stiffness of the dc¢ bias supply.

In general, it seems fair to conclude that excellent
agreement is obtained between these measurements and
the theoretical formulas developed earlier in this paper.

CONCLUSIONS

The passive parametric limiter offers several fea-
tures, including, a) a sharp limiting threshold; b) flat
power output for a substantial dynamic range above the
threshold; ¢) little or no phase distortion; d) conven-
iently low-threshold power levels; and e) simple con-
struction, with no auxiliary pumps, power supplies, or
equipment (other than a simple dc bias supply) being
required. Such limiters can be built at essentially any
frequency from the audio to the microwave range, and
may find employment either in protective applications
or in signal-processing applications, particularly those
where the phase-distortionless feature is essential. The
present work has presented design equations and data
for parametric limiters employing varactor diodes,
together with experimental results at VHF and micro-
wave frequencies which indicate the performance char-
acteristics of such limiters. The excellent agreement be-
tween theory and experiment gives substantial confi-
dence in the accuracy of the design equations.
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Solid-State X-Band Power Limiter*
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Summary—An X-band solid-state power limiter has been de-
signed and built to protect receiver crystals from high-power micro-
wave pulses in the kilowatt region. This passive and reliable crystal
protection has been achieved by utilizing the nonlinear properties of
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received, June 29, 1961. This paper 1s based on work performed at
Hughes Aircraft Co., Culver City, Calif., and supported by the
Bureau of Ships, Dept. of the Navy, under Contract NObsr-77605.

+ Aeronatucial Div., Minneapolis-Honeywell Co., Los Angeles,
Calif,

} Electronics Lab., Aerospace Corp., El Segundo, Calif,

both ferrites and semiconductor diodes. An understanding of the
ferrite nonlinear mechanism, which gives rise to the characteris-
tically large leakage spike, has been achieved and quantitatively
described. This formulation resulted in an essentially optimized
high-power ferrite limiter, whose mode of operation is qualitatively
understood. Use of this ferrite limiter for crystal protection requires
a fast response, lower threshold secondary-limiting unit, which was
developed by using semiconductor diodes for ‘power limiting in a
reactive mode of operation. The ferrite and diode limiters were
combined in a single device with an over-all insertion loss of 2.0 db
and a 200-Mc operating “bandwidth.”



