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A Duplexer Using the Zero
Permeability Characteristics of
Ferrite*

It has been shown by Polder! and others?
that a ferrite material can be made to ex-
hibit an effective zero permeability to a wave
that has a positive sense of circular polariza~
tion (positive wave) and a corresponding
nonzero permeability to a wave with polar-
ization in the negative sense (negative
wave). Melchor, et al.,* and Duncan and
Swern* have demonstrated that a ferrite
material which is magnetically biased such
that the real part of its positive wave per-
meability is zero will largely exclude the
positive wave. The negative wave, how-
ever, will be concentrated in the ferrite; and,
under certain conditions of ferrite geometry
and operating frequency, the negative wave
will propagate through the ferrite in a dielec-
tric mode.

This note describes a duplexer which
utilizes this differential interaction in ferrite
when biased to, or in the region of, zero per-
meability. Fig. 1 shows a diagrammatic
sketch of a duplexer which uses these princi-
ples.
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Fig. 1—Diagrammic sketch of a “zero permeability”
duplexer. (a) Transmit case. (b) Receive case,

The design of this structure is such that
a linearly polarized wave entering the trans-
mitter arm will propagate through the or-
thogonal mode coupler with negligible cou-
pling to the antenna arm, and will become
circularly polarized in the positive sense be-
fore entering the ferrite section of the wave-

* Received by the PGMTT, August 25, 1961, This
work has been sponsored by the Wright Air Dev.
Div., Dayton, Ohio, under Contract Number AF33-

(616)6517.
1D, Polder, “On the theory of ferromagnetic
rescilnance,” Phil. Mag., vol. 40, pp. 99-114; January,

2 See, for example, C. L. Hogan, “The ferromag-
netic Faraday effect at microwave frequencies and its
applications,” Rev. Mod. Phys., vol. 25, pp. 253-263;
January, 1953.

37, L. Melchor, W, L, Ayres, and P, H. Var-
tanian, “Energy concentration effects in ferrite loaded
waveguides,” J, Appl. Phys., vol, 27, pp. 72—77; Janu-
ary, 1956.

4 B. J. Duncan and L, Swern, “Effect of zero fer~
rite permeability on cxrcularly polarized waves,”
Prog, IRE, vol, 45, pp, 647-655; May, 1957,

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

guide. The ferrite section consists of one or
more ferrite disks which completely fill the
cross section of the waveguide as shown in
Fig. 1. A solenoid or a cylindrical magnet is
used to produce a longitudinal magnetic
field to bias the ferrite disks to the region
where the real part of the effective ferrite
permeability is essentially zero. As dis-
cussed in the first paragraph, the positive
wave will be almost totally excluded from
and, hence, reflected by the ferrite. The re-
flected wave will propagate through the first
quarter-wave plate section which reconverts
the wave to linear polarization, oriented 90°
with respect to the incident linearly polar-
ized wave. At the orthogonal mode coupler,
the wave is then coupled into the antenna
arm with negligible losses. The orthogonal
mode coupler on the receiver end provides a
load for any positive wave energy that is
propagated through the ferrite section.

A wave entering the antenna arm will be
coupled into the circular waveguide and will
propagate into the ferrite section with a
negative sense of circular polarization. Since
the effective permeability for the negative
wave is greater than unity (at the same mag-
netic bias for zero positive wave permeabil-
ity), the wave will propagate through the
ferrite section if the width and spacing of
the disks are such that a proper impedance
match is achieved. If the dielectric and
magnetic losses of the ferrite material are
low, the wave willl be only slightly attenu-
ated when it emerges from the ferrite sec-
tion. The emergent wave, after propagating
through the second quarter-wave plate sec-
tion, will be reconverted to a linearly polar-
ized wave at the receiver arm oriented per-
pendicular to the septum in the orthogonal
mode coupler. Thus, loss to the load arm is
negligible.

Fig. 2 shows an experimental X-band
“zero permeability” duplexer. Representa-
tive data taken on a similar duplexer de-
signed for 9.2 Gc are given in Fig. 3. The
ferrimagnetic material used in this particular
unit was yttrium-iron garnet. At 9.2 G, the
transmitter-to-antenna loss was 0.4 db with
a corresponding receiver armisolation of more
than 30 db. The transmitter-to-antenna in-
sertion loss remained well below 1.0 db from
9.0 to 9.7 Ge. Subsequent tests have shown
that this loss remains below 1.0 db over a
10 per cent bandwidth. Beyond a 10 per cent
bandwidth, the higher loss was due pri-
marily to the narrow bandwidth of the quar-
ter-wave plates used in the experimental
work.

The antenna-to-receiver insertion loss at
9.2 Gc was also 0.4 db and remained below
1.0 db over a bandwidth of approximately
5 per cent. Increased loss beyond this band-
width is due principally to the fixed ferrite
geometry and spacing with the narrow-band
quarter-wave plates contributing to some
degree.

A duplexer of this design offers a definite
advantage in that high power effects are
minimized since the microwave energy asso-
ciated with high peak power does not prop-
agate through the ferrite. However, there is
some magnetic coupling into the ferrite sur-
face; but, by careful selection of ferrite ma-
terial and geometry, the magnetic biasing

‘field can be kept well below the field which

will give rise to subsidiary resonance losses.
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Fig. 2—An experimental X-band zero
permeability duplexer.,
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Fig., 3—Characteristics of a zero permeability
duplexer using two thin disks of yttrium-iron
garnet. Hgy, =925 gauss.

The duplexer with characteristics shown in

Fig. 2 was tested without cooling or pres-

surization at 250 kw peak (100 w average)

at 9.2 Gc with no deleterious effects noted.
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A Series-Connected Traveling-
Wave Parametric Amplifier*

INTRODUCTION

The conventional parametric amplifier
consisting of a single variable element with

* Received by the PGMTT, March 1, 1961; re-
vised manuscript received, September 1, 1961, The
work reported here was carried out as part of the
Lockheed Research Program,
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its accompanying resonant circuits is in-
herently a narrow-band device. Analysis has
also shown that such amplifiers when op-
erating at high gain are extremely sensitive
to pump power, l.e., small variations in
pump power lead to large variations in gain,
Traveling-wave parametric amplifiers, in
which not one but many variable elements
are involved, have been designed or built to
overcome the two limitations mentioned
above.l™* This paper is concerned with the
analysis of one such amplifier in which the
variable elements are placed in series with
the signa. line as opposed to one in which
the elements are placed in shunt. In particu-
lar, the variable elements are capacitance
diodes.

With the diodes in series with the signal
line, it becomes possible to design amplifiers
whose structures are considerably simpler
than otherwise. Fig. 1 shows one such design,
called a “serpentine” amplifier for obvious
reasons. T he signal to be amplified is carried
by the coax line while the pump wave is car-
ried by the waveguide. Note that now a
single pump source rather than multiple
pump sources is required.? Considering the
diodes as representing capacitances shunting
the pump line, it is possible to bias and so
space them as to allow only the pump fre-
quency component to exist in the pump line.
Note also that such an arrangement allows
for more flexibility in that the signal line
lengths between diodes can be easily adjusted
for optimum operating conditions. Such
favorable conditions are easily created in the
laboratory and they will be assumed in the
following discussion.

TO SIGNAL§ SOURCE
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)
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\VARIABLE CAPACITANCE DIODE

Fig. 1-—Serpentine traveling-wave parametric
amplifier.

DiscussioN

The procedure used will follow closely
those used by Heffner'! and Tien.? Conse-
quently, a great deal of the intermediate
steps will be omitted.

The signal line in Fig. 1 can be repre-
sented by Fig. 2 in which Ly and Cy are the
equivalent series inductance and shunt ca-
pacitance per unit length of the line. The
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Correspondence

line carrying the pump wave is not shown
but the effect of the pump is reflected in the
elastance S(¢, 2) of the diode by

S, z) =S (wpt—ﬁmz) + St (wpt—ﬁr:% )

where w, is the angular frequency of the
pump and 8, is the pump, phase constant. As
it turns out, consideration of the elastance
rather than the capacitance of series ele-
ments proves to be more appropriate with
such structures. Note that the actual elas-
tance should contain a constant term .S,
representing the average value. In this paper
it is assumed that the value of Cjis such as
to include both the inherent line capacitance
and the effects of S,.

Lo S(t2) Lo Slhz) Ly S(hz) L, Slhz)
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Fig. 2—Signal line.

The differential equations describing the
voltage and current relationships over a unit
length are
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Except for the term with the integral sign
these are the usual transmission line equa-
tions. Parametric action of course results
from the new term.

Differentiating (2) with respect to time
t gives

(¢, 2)
22~ 10,9569, @

= Ly

Differentiating (3) with respect to distance

z and interchanging the order of differentia-
tion gives

(¢ 3 a AV, 2
Substituting (4) into (5) leads to
Itz I (¢, z)
B e
+ Col (t,5)S (&, 2). ©6)

It will be assumed that the current I(¢, 2)
consists only of two relevant components;
namely, the signal component designated by
I(t, %) and the idler component designated
by I.(t, 2). Appropriate filter networks are
placed in the line to eliminate all other fre-
quency components. Thus
1@, 2) = Ii()er@t=F1e) 4 [ #(z)e 1 @rFim

+ In(z)er @t - Iy*(g)es (WP, (7)
where
1= v/ LCo and By = win/LoCo.
Consider the case where

wp=w1+wz
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and the lines are such that
Bp = 1 + Ba.

Carrying out the operations indicated in
(6) and equating the coefficients of like fre-
quency terms leads to a set of four simul-
taneous equations, of which two are inde-
pendent of each other. These are
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The above equations can be further sim-
plified if it is assumed that
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where K; and K, are arbitrary constants.
Thus the signal I1(z) is seen to grow (ampli-
fication of the signal) with z. These expres-
sions are similar (but not identical) to those
obtained by Heffner! and Tien,? as expected.

No attempt will be made to compute the
bandwidth and noise because it is felt that
the results will be similar to those reported
by Heffner and Tien.

CONCLUSIONS

A traveling-wave parametric amplifier of
a rather novel design has been presented.
Connecting the variable capacitance diodes
in series with the signal line leads to struc-
tural and operational simplicity. The analy-
sis proves that under certain favorable con-
ditions amplification of the signal can take
place.
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