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the large step discontinuities are appreciably in error. Errors of this
magnitude render impossible the accurate computer design of com-
plex microstrip matching networks for microwave power transistor
amplifiers. On the other hand, with a set of equations approximating
the junction model curves incorporated in a microstrip network
optimization computer program, such amplifiers have been devel-
oped at the Naval Research Laboratory on a “‘work the first time”
basis. The program directly generates corrected physical dimensions
of the networks.

VI. CONCLUSIONS

No attempt is made to generalize the results presented herein. The
equivalent circuit has been shown to be valid for large steps from
50-2 lines, in the frequency range from 1 to 2 GHz, on 0.0635-cm-
thick alumina substrate material. Cther tests have indicated that
the curves are usable for steps between any two impedances, neither
of which is 50 Q.

It should be recognized that great precision is required in the
measurement of input impedances and physical dimensions, and in
the knowledge of substrate dielectric constant, in producing the
parameters for this junction model. This work shows that very large
microstrip step effects can be accounted for, gives equivalent eircuit
parameters for a specific case, and shows the utility of the results.

It is hoped that the presentation of this information will stimu-
late further theoretical work on very large impedance steps in micro-
strip, so that more general analytical expressions can be developed
to replace the specific results presented herein.
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Design of Partial Height Ferrite Waveguide Circulators

E. J. DENLINGER, MEMBER, IEEE

Abstract—This short paper presents a design procedure for the
widely used three-port waveguide circulator that has a partial height
ferrite post in the junction region. Design formulas and curves are
derived for two configurations of partial height circulators: one has a
short circuit at one end of the ferrite post, while the other has di-
electric spacers at both ends. The design method was used to build
two circulators for operation at 38 GHz and 60 GHz, respectively.
Excellent agreement between theory and experiment was obtained
in predicting the center frequency and required matching structure
of these devices.
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I. INTRODUCTION

The most commonly used broad-band waveguide circulator in-
corporates a partial height ferrite post in the junction. However,
due to the complexity of this configuration, no exact theory for
designing such a circulator has been obtained. Theories for only the
full height ferrite post have been attempted 17, [27]. These analyses
involve matching the dominant mode fields in the connecting wave-
guides to a summation of fields due to modes within the junction
and thus require elaborate computer programs. Owen and Barnes
[37] proposed that the partial height ferrite junection ecirculator
operates in a turnstile fashion with rotating modes propagating along
the ferrite axis. Later on, Owen [4] measured the phase-frequency
responses of the eigenvalues from which the principal field modes
could be experimentally identified and built an X-band circulator
based on these measurements. He could adjust the ferrite geometry
to achieve a 120° separation of the eigenvalues over a broad fre-
quency range. However, the instrumentation for these measurements
involved multiple phase shifters, attenuators, couplers, a 3-way
power-divider, and an HP network analyzer. This equipment is not
readily available for devices operating above X-band.

In this paper, approximate formulas are presented which simplify
the design of partial height waveguide circulators. They apply to
both the single-ended and double-ended configurations of the so-
called compact turnstile device. The design is used to build 38- and
60-GHz circulators. Good correlation is achieved between measured
and predicted performance.

II. THEORY

The two types of partial height ferrite circulators shown in Fig.
1(a) and (b) are the one-sided compact turnstile device, which has
a short circuit at one end of the ferrite rod, while the other is a double-
sided compact turnstile with dielectric spacers on both ends. With
either type, two of the three eigen excitations propagate axially
along the rod in rotating modes which are circularly polarized in
opposite senses. Magnetizing the ferrite increases the propagation
constant of one of these modes and decreases the propagation con-
stant of the other since these modes experience different permeabili-
ties. The third eigen-excitation does not couple into the ferrite rod
along the symmetry axis. It simply uses the rod as a dielectric reso-
nator with its center frequency and phase ¢; a function of the
effective dielecfric constant of the dielectric—ferrite combination and
the effective radius (including the effect of fringing fields) of the
resonator. With the ferrite magnetized, a phase displacement of 2nr
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Fig. 1. (a) One-sided compact turnstile circulator.

compact turnstile circulator.

(b} Double-sided
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is desired between the average phase of the rotating modes with
phases ¢; and ¢, and the so-called in-phase dielectric resonator mode.
Using the one-sided unit, the short circuit contributes a =-radian
phase shift and the length and diameter of the ferrite rod is adjusted
to give an additional average phase shift of (2n — 1)= plus a phase
advancement and retardation of 2#/3 radians of the two rotating
modes, respectively. With the double-sided unit, the rotating modes
propagate only once through the rod.- The = radians of phase shift
are obtained by coupling modes into and out of the ferrite while the
remaining required phase shift of (2n — 1)z & 2x/3 is obtained
with a ferrite rod normally twice as long as that needed for the
single-sided unit.

In order t6 obtain the proper phase relationship between the three
eigen excitations, the propagation constants of the rotating modes
must be known. The characteristic equation for a hybrid mode
propagating along the axis of a longitudinally magnetized ferrite rod
in air was derived in [5]. A simplified version good only for small
values of «/u was used to calculate the propagation constants for
the two HEu rotating modes. The results are shown in Fig. 2. Fig.
2(a) shows one half the difference of the normalized propagation
constants of the two modes as a function of ferrite rod diameter Dp
and the off-diagonal permeability tensor component «. Fig. 2(b)
shows one half the sum of the propagation constants (average) as a
function of the same variables. If the ferrite is saturated and the
internal de magnetic field is zero, « is equal to ms, the normalized
saturation magnetization v4=M,/f. The following relationships in-
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Fig. 2. One half the difference of the normalized propagation constants
of the two HEu modes versus the normalized ferrite rod diameter for
different values of . (b) The average of the two HEn mode normalized
propagation constants versus the normalized ferrite rod diameter.
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volving Bave/Bo and % (Bait/Be) for the two types of partial height
circulators must ex1st to achieve the 27/3 phase displacement be-
tween the rotating modes and the in-phase dielectric resonator mode:

1 B4, 2 . .
280ty (— ﬁi‘) == for one-sided unit (1)

1 84 :
Bols <2 B;0f> = %:‘r for two-sided unit. (2)

For either type, the normalized ferrite diameter D;/A; must be
chosen in order to satisfy the equation

[%(fd“//;o))] = 3(2n2— R where n = 1,2,3++-. 3)

Given the magnetization, « = m,, and the resonator mode number
n, where the resonator modes are denoted by HE; ; » for the double-
sided unit and HE; 1 (n_ 179 for the one-sided unit; we cah then
find the required ferrite rod diameter by using Fig. 3 and the corre-~
sponding value of Buve/Bo from Fig. 2. The required ferrite rod length
can then be calculated from either (1) or (2) depending upon which
circulator type is chosen.

. With regard to the choice of ferrite material, it is desirable to
have as large a value of m, as possible and yet av01d the region .of
high losses (ms; S 0.7) since the difference in permeablhty of the
two rotating modes (x =+ «) should be large to maximize.B4,;. This
will allow operation of the device with a low resonator mode number
and minimization of the path length difference between the in-phase
and rotating modes. A large path length difference results in a
narrow bandwidth for the circulator since the rate of phase change
with frequency of the in-phase mode is much less thari that of the ~
rotating modes.

A low-loss dielectric is needed at the ends of the ferrite. The
length of the dielectric-section is selected to center the in-phase
dielectric resonator mode at the proper frequency. The resonance
condition is described by:
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Fig. 3. One half the ratio of the difference and the average of the HEn
mode propagation constants versus the normalized ferrite rod diameter
for different values of x.
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where Dogs 2 1.075D; to account for the fringing fields [6] (this is
a rough approximation since in [67] the resonator was surrounded
by dielectric) and e is the effective dielectric constant of the com-
bined layers of ferrite and dielectric. For this dielectric resonator
mode the electric field is perpendicular to the dielectric—ferrite inter-
face and thus the total configuration can be approximately repre-
sented by series capacitors. Knowing e from (4) the dielectric
length can then be determined by using the following equation:
Ll bk

€off €f €4
or

[/ 1 — (eoss/e
l_d = —_M . (5)
;o (eett/ea) — 1
The compact turnstile circulator admittance must include the
admittances of the two counter-rotating modes propagating along
the ferrite rod. As with the two resonator mode theory for stripline
circulators, the total admittance can be written as

I Y A WY | SO ol 1
Yr=¥r+¥ G<u>+][( 2 2wL+)+( 2 2wL~

(6)
where
L* = L{p % «) . 7
2 .2
L, = (" “)L = oteL ®)
P
Ce = 6effC

where e 18 the effective dielectric constant of the ferrite-dielectric
combination in the junction area.

1
(LeCe) 12’

wy = where wo is the circulation frequency

wot + wo”
= __"_..5__"_ & Bave:
The requirement that one of the circulator ports be decoupled is met
by making the phase angles between the split admittances +£30°.
This gives

wCe 1 Gl/w) o
2 2wl 243 )
and
wooe 1 G(K/l")
2 2wLt | 2v3 (10)

By the use of (6)-(10), the following expression for the input con-
ductance at band center and the loaded @ of the resonator can be

obtained:
o) -v()E)” an
g K et 1/2 (g)”z
\/_ L (,ueff) L
Q= ﬁ : (12)

where (C/L)'? is taken to be the characteristic admittance of the
circulator junction area adjacent to the ferrite post and n is the
mode number of the resonance. Thus the input impedance at the
ferrite—air interface is given by

1 fuete\2
Zo/Zo = =22} (4.
c/ ’ %(%f{) (K>

As mentioned previously and as evident from (12) for @y, the path
length difference between the in-phase and rotating modes, or, i.e.,
the mode number of the resonator, is a big factor in determining the

(13)
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bandwidth of the compact turnstile circulator. Operation with the
lowest possible mode number gives the best bandwidth. For broad-
band matching a quarter-wave transformer section can be used with
waveguide height h, being equal to that of the ferrite—dielectric post
combination and the input waveguide height beyond the transformer
determined from the following equation:

hm = z/ (Zc/Z0)1l2.

Of course, another matching section must be used for conversion to
standard size waveguide. The bandwidth obtained with quarter-
wave transformer matching is estimated by using the following equa-
tion [77]:

(14)

Smax -1 . (Sma,x — 1)V§K/M
SmaxlleL Smaxlmn
Assuming that the ferrite is saturated with approximately zero

internal de magnetic field, the following expression can be used for
estimating the required external de magnetic field:

BW =

(15)

Hextg NZ(47FMS)- (16)
The demagnetizing factor Nz can be obtained from the graphs given
in [87] for the general ellipsoidal-shaped ferrite.

III. EXPERIMENTAL RESULTS

Circulators were designed and built at 38 GHz and 60 GHz by
using the equations described previously. Design parameters and
experimental results are shown in Table 1. For 38 GHz the con-
figuration for broadest isolation bandwidth (16 percent) and lowest
insertion loss (0.2-0.3 dB) was the double-sided unit operating in
the lowest order mode n = 1. Nickel zinc ferrite with 4=, = 5000 G
was used along with thin layers of low-loss dielectric material having
a dielectric constant of 2.35. At 60 GHz it was necessary to operate
in & higher order mode » = 2 in order to obtain the required phase
displacement between the in-phase and rotating modes. Also, in
order to reduce losses, air was used as the dielectric spacer material.

TABLE I
CircuLaToR DESIGN PARAMETERS (¢ = 12.9, 4«M, = 5000 G)
Design for Design for
Parameter £, = 38 GHz £, = 60 Gz

A, Design Parameters: Option 1 Option 2
1. %/, 368 0.234 0.234
2 Df .082 ,040" 069"
3. lf .050 .109" 047"
&4, eeff 4.3 7.09 2,44
5. ey 2.35 1.0 1.0
6. L/t .80 .074 .563
7. z./z, .70 0.902 1.54
8. hy = (fg+ L)-(re- | 075 .112" .068"

cess) .

" ”"
9. hy .090 .118 ,055"
10. Hoyy (oersted) 2400 850 2300
11. QL 1.57 4.96 4.96
b
12. Bandwidth 11.6% 3.6% 3.6%
B. Experimental
Results
1. Bandwidth ) 16% 4% 5%
(20 dB Isolation)
2, Insertion Loss 0.2-0.3 dB .3-.6 dB .2=.4 dB
3. Center Frequency 37.75 60.5 60.0
(eHz)

4. Hexc (oersted) 2500 . 800 2400

» Recess is 0.005-0.010-in in each broadwall of the wavegude
junction. ) ]
b The bandwidth was calculated for a maximum input VSWR of

max = 1.2.
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Thus the best circulator configuration for broadest bandwidth (due
to minimum phase displacement of the modes) and lowest loss was
the single-sided unit having a ferrite rod length of 3\/4. Because
of the extremely nonlinear dependence of the propagation constants
on the normalized ferrite diameter at 60 GHz (m, = 0.24) there
are two design options with widely different geometries and bias
magnetic fields. The option having the longer and slimmer ferrite
rod required significantly less bias field due to a smaller demagnetiz-
ing factor.

IV. CONCLUSIONS

A simple design procedure for the widely used partial height ferrite
waveguide circulator has been formulated. It eliminates the need
for sophisticated computer programs and/or elaborate experimental
design techniques. Excellent agreement between theory and experi-
ment has been obtained with circulators operating in the “turnstile”
mode. Even greater isolation bandwidths can be achieved by stagger
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Guided Waves Along Graded Index Dielectric Rod ce=ea I>a (2)
where
RYOZO YAMADA anp YASUNOBU INABE o> e

Abstract—By a modification of the Kurtz and Streifer procedure,
the coupled second-order differential equations for the field com-~
ponents of guided modes along a graded index dielectric rod sur-
rounded by a homogeneous medium were solved directly. Using
the results, the eigenvalue equations which are consistent with those
of the simple core-cladding-type dielectric fiber in the region near
the cutoffs were obtained.

Optical transmission through a graded index glass fiber has been
given extensive attention. The theoretical study of guided waves in a
focusing medium has been done by many investigators. Among
them, Kurtz and Streifer have treated this problem on the basis of
the circular cylindrical coordinates and solved approximately the
linear homogeneous fourth-order differential equation, and applied
the results to the wave propagation guided by an enclosed circular
cylindrical graded index dielectric rod [1]-[3].

In this letter, we deal with the guided waves along a graded index
dielectric rod such as Selfoc. By a modification of the Kurtz and
Streifer procedure, we solve directly the coupled second-order
differential equations approximately and apply the results to the
guided waves along the rod. We adopt here the notations that have
been defined in their paper [17].

We assume that the dielectric constant distribution is in the

form
e = 51(1 - a(f)2>, F<a 1)
(43

and
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We express the axial components of electric and magnetic fields as
By = By exp [ j(wt — 82)]1 cos (ne + 0) 3)
Hy = Hopexp [j(ot — 2) ]sin (ne + 6) 4)

and further we write

By =[a(l —x)J V¢ and Hyg =[a(l —x)%/% (5)
where

x =1~ ¥k n = (ue/e)'’?

instead of

& = !l Y = —ieq Vi H;

in the paper [1].
We obtain the wave equations for ¢ and ¢ in the rod:

d’p 1 2z de n? —2ny
== D = B2(1 — 22) — — | & =
dzz—*-l:z—i—l—z2 sz]dz_l.l: ( ) z2]¢ 1 — 22

+ 2nxy  (6)
dxy 1 2 |dy 21 o ntl  —2n¢
@+[z+1—z2i|dz+|:b(l ) z2¢_1—22 ™

where
2= (8/x)"2(r/a)

Since x is small for the guided modes whose fields are bounded near
the region of maximum permittivity, we neglect the terms
2xz(dp/dz), 2nxy¢, and reduce (6) and (7) to

b2 = (kax)%./s.

d*¢ 1 2z |do . . n? 2ny
— - — — —— =0 8
dzz+l:z+1—zﬂ]dz+[b(1 @) 22 ¢+1—z2 ®)




