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Composite-Junction Circulators Using Ferrite Disks

and Dielectric Rings

JOSEPH HELSZAJN, MEMBER, IEEE

Abstract—Since most junctions do not use the full available
magnetic splitting of the ferrite material, it is possible to replace
part of it by a dielectric. The theoretical and experimental develop-
ment of such composite stripline circulators using ferrite disks sur-
rounded by dielectric rings is given in this paper. Theoretical calcu-
lations and experimental results on the circulation frequency,
gyrator admittance, and split frequencies of such circulators are
included. The case of a partially magnetized ferrite disk on a ferrite
substrate is treated separately. The susceptance slope parameter of
this circulator geometry is also derived and measured. The results
obtained in this paper show to what extent the ferrite disk behaves
as a dielectric at the edge of the disk. The geometry leads to con-
siderable saving in ferrite material, which is particularly important
in UHF circulators. The experimental results are in good agreement
with the theory.

INTRODUCTION

HE THEORY of the 3-port stripline circulator using

a simple ferrite disk is well established [1]-[4]. This
paper gives the theoretical and experimental development,
of composite stripline circulators using ferrite disks sur-
rounded by dielectric rings. The geometry considered in
this paper is shown in Fig. 1. It consists of a ferrite disk
surrounded by a dielectric ring. A stripline circulator using
a dielectric disk surrounded by a ferrite ring has been
experimentally described previously [5]. A waveguide
configuration has also been discussed in [97].

The construction considered in this paper relies on the
fact that the frequency circulation condition is essentially
determined by the dielectric properties of the junction,
while, except in the case of the octave band cireulator, the
splitting between the frequencies of the two junction
modes required to establish the gyrator circulation con-
dition is usually obtained without fully magnetizing the
junction. This means that some of the ferrite material
can be replaced by a similar dielectric one without affecting
either circulation conditions. The frequency splitting
between the junction modes required to establish the
gyrator impedance is determined by the susceptance slope
parameter of the junection. This, in turn, defines the band-
width of the device and the amount of ferrite that can be
removed.

The theoretical results are developed in terms of the
impedance matrix of the junction. This leads to two simple
equations for the frequency and gyrator impedance of
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Fig. 1. Composite stripline circulator.

the circulator. The paper also gives the theoretical mode
chart of such circulators and the split frequencies of the
two counter-rotating modes of the junction. The case of the
partially magnetized junction is treated separately. The
susceptance slope parameter (and therefore the band-
width) of the composite-junction circulator lies somewhere
between that of a simple disk with the dielectric constant
of the ferrite and that of a disk with the dielectric constant
of the outer ring. Hence, the bandwidth of the device can
to some extent be improved by loading the junction with
low dielectric constant rings.

The geometry described leads to considerable saving in
ferrite material. In one experimental example realized in
this paper, a cireulator was obtained with a bandwidth
of 2 percent by removing 15/16 of the ferrite material.
This is particularly imnportant at UHT frequencies. It is
also applicable to large average- and peak-power ferrite
devices. This is because both low-level conventional mag-
netic losses and peak nonlinear losses are reduced with
this configuration. The device has also the merit of
increased thermal capacity because ferrite materials have
inherent poor thermal conductivities compared to most
ceramic materials.

FIELDS INSIDE JUNCTION

The schematic of the configuration considered in this
paper is shown in Fig. 2. Solutions are sought with electric
fields purely in the z direction and magnetic fields purely
in the z—y plane. The fields are independent of z and are
taken to have time dependence exp (—juwt).

The electric field £, and the magnetic field H, at r = R,
are given in terms of the constants A,, B,, and C,:

0

20 AuBudn(kaRa) + C.Y,(keRa)] exp (jns)

n=—o

E, =

(1)



HELSZAJN: COMPOSITE-JUNCTION CIRCULATORS

ISOLATED- PORT-3

Fig. 2. Schematic of composite stripline circulator.

= A,
Hy= 2

n=—ow 1Nd

[Ban,(ded) + CnY'n., (ded)] exp (Jn¢) .

(2)

The constants B, and C, are obtained by writing the
fields in the two regions and applying continuity conditions
on E, and H, at r = R in a similar way to the waveguide
situation [6]:
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The constant A, is determined by both the radii R and
Ry It reduces to that found for the simple disk when
R = R,.

The electric field E, at r = Rq is therefore given by

i sin n
Ez = E ZM_.J
OO Jm

- [H1 + H;exp (j2an/3) + H;exp (—j2wn/3)]

) [ B n(kaRa) + CnYn(kaRa)
B,J.' (kaRa) + Ca'Y. (kaRa)

] exp (jné). (12)

IMPEDANCE MATRIX OF COMPOSITE
JUNCTION

The impedance matrix of the junction may now be
obtained by taking the average values of E, at r = R at
the three ports with the help of (12):

' .
E, = (1/2¢) f E.d¢ = ZuH1 + ZpH> + ZnH;  (13)
4

_ (1a/1) [V (kal) I’ (kR) — (K/u)[nJw(kR)/kR]} — Ju(kE) Y. (kR)

Ba Jo (kaR) Yo (kaR) — Ja(kaR) Y, (kaR) , ®)
C. — — (na/10) [T n(kaR) 1/ (kR) — (K/p)[nJo(kR)/kR]} + Ju(kR)J 4 (kak2) 4)
* Jo! (5aR) Yu(kaR) — Ju(kaR) Y. (kaR) ’
where Ctepid
ks = w(popaeoes) (5) Ea= (1/2) [ iy E.d$ = ZuH: + ZuH: + ZnHs
v = (ﬂoﬂd)1/2 6) (14)
€o€a /- 2x/8+9
k= w(eoemoe) 1y Es= (1/2¢) / E.d¢ = ZuHy + ZuH, + ZuH,.
27 {3~y )
- ()" ®) (15)

and g, and g, are the effective and demagnetized permea-
bilities. If K/u = 0 and k = kg, then B, = 1 and C, = 0.

The constant 4, may now be found by forming another
equation for H,. A second solution for H,, which is deter-
mined by the boundary conditions at the edge of the
junction; is [7]

Hy= 3 baexp (jng) )

pE=—~00

[H, + H,exp (j2xn/3) + Hsexp (—j2xn/3) ]

where H,, H,, and H; are the fields at the three ports.
Comparing (9) and (10) gives

Equations (13)—(15) define the wave impedance matrix
of the junction. In order to obtain the characteristic im-
pedance, it is necessary to obtain a relation between voltage
and current instead of between electric and magnetic field.
This can be done by using the following relations:

v=[Fa (16)

1= fﬂ-di. (17)
An approximate result for a stripline configuration having
a center conductor width W and a groundplane spacing b
which applies for W >> b is

(10)
V= ’—92-’3 (18)
_ (na sin ny/jn) [H + Ha exp (j22n/3) + Hyexp (—2wn/3)] an

Aa

[BuJ. (kaa) + Ca¥. (kaRa) ]
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1= How. (19)

The characteristic impedance matrix is now obtained by
rewriting (13)-(15) in terms of V¥ and I with the help
of (18) and (19):

Ru Rlz —Rm*
R = "'Rm* Ru Rm (20)
Rlz _Rlz* Rll

The above impedance matrix makes use of the relation
between Rm and R21

By = —Ryp* (21)
where
- e,
Ru= 3, 3 (22)
Ry= y ORAS (3] 2mm/8) (23)
Bu= % 4, €XP (;-;2#1»/3) (24)
and
_ 3Z gin? my [Ban(ded) + CoYnu(kaRa) ] (25)
T jmd LB (kaRa) + oY (kaRa)
where ’
_mlb
Za=1 [W] 26)

Equation (26) is an approximate one for the charac-
teristic impedance for a stripline transmission line when
W >>b. A more general one is [87], [11]

M W+b]
S 2T

A similar equation applies to the characteristic impedance
Ry. In what follows, the two circulation conditions will be
obtained by comparing the impedance matrix obtamed
above with that obtained for an ideal circulator.

. It is observed from (25) that the eigerinetwork for ro
18 an open—clrcmted transrmsswn line, while the eigen-
networks for r,. are in every case short—clrculted trans-
mission hnes :
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SCATTERING MATRIX OF
COMPOSITE-J UNCTION CIRCULATOR

Although the results of this paper are derived in terms
of the impedance matrix of the junction, it is often useful
to develop its scattering matrix also. This allows all of the
reflection and transmission coefficients of the junction to
be studied. This approach has been widely apphed in the
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case of the composite waveguide circulator [6], [9].
The relation between the impedance and scattering
eigenvalues are given in the usual way by

T,.*‘Ro

. TR (28)
Putting
Tn . 6n
i = —jtan 5
gives
s, = —exp ( j0.). (29)
In terms of the original variables the result is
o ¥ _ asint i, [2etatit + CaY,(kiRo) ]
2 7Ry | BuJ. (kaRa) + C.Y,' (kiRs)
(30)

The form of (30) is the same as for the waveguide
case [6]. One also finds here that C,/B, is determined
by the ferrite disk only, and the other constants are
determined by the outer geometry, which in this case
consists of the dielectric ring, and the boundary conditions
at the three striplines. Equation (30) reduces to that
of the simple stripline circulator when R = R; [2].

CIRCULATION CONDITIONS

The impedance matrix of an ideal circulator has the
following form:

0 —Re R
R = Ro 0 —R_o (31)
—Ro Ro 0

Comparing the impedance matrix equation for the strip-
line circulator defined by (20) to that for the ideal circula-
tor given above gives the two circulation equations

Bu=0 (32)
R12 = —Ro. (33)

Equation (32) determines the ferrite geometry for appro-
priate pairs of field patterns. Equation (33) can then be
used to calculate the gyrator resistance.

For small magnetic splitting, one can apply a selection
rule whereby circulation is taken to occur in the vicinity
of a pair of degenerate impedance eigenvalues. In the
vicinity of these eigenvalues it is assumed that the ampli-
tude of the other eigenvalues are small and so can be
neglected.

" For small magnetic splitting, the approximate solutions
for Ry and Ry, are therefore

+ r_n
3

7'+n
R 11 ~

(34)
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and

__ T+n €xp (j2mn/3) + r_, exp (—j2an/3)
~ 3 .

To obtain an analytical result, r, is first put in the
following form:

Ry (35)
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where kR, has been replaced by 1.84. Equation (42) is
obtained by using standard recurrence relations for J' (kR)
and Yy (kR). The filling factor F(R/R;) is unity when
R/R; = 1. It is zero when R/R; = 0. The variation of
F(R/R;) with R/R; is shown in Fig. 3.

The input admittance of a simple junction is shown in

rﬂ:n .
Jjan

where B, and C, now refer to the isotropic parts of the
numerators of (3) and (4).

The two circulation equations are now obtained by
forming Ry and Ry, in terms of ry,. If it is assumed that
the circulation frequency coincides with that of the

isotropic disk one has
B,J . (kiRy) + C,. Y, (kaRa) = 0 (37

and

1 [nJu(kR) /bR (na/ne) [T o' (kaRa) Yo (kaR) — Ju(kaR) Yo' (kaRa)] K

_ 3Zssinny {[B,.J,.(k.sz) + CoYa(kaRa) 1 F (K/u) [0 n(kR) /kR] (na/ne) [Jn(kaRa) Y n(kaR) — Jn(KaR) Y n(kalla) ]}
[Bud ' (kaRa) + CaYy' (KaRa) 1F (K/w) [ w(kR) /KR (/1) [T n' (kaRa) Y nkaR) — Jn(ka) Yo' (KaBa) ]

(36)

Fig. 4 as a function of ¢. This illustration is obtained
directly from (23) by retaining the first six terms in the
series.

MAGNETIC SPLITTING OF PARTIALLY
MAGNETIZED JUNCTION

The two split frequencies of the junction are obtained
from the two roots of the following equation for which
Hy =0atr = R,

(38)

Y= ~
0 Ro

PARTIALLY MAGNETIZED CIRCULATOR

This section considers the case in which the outer part
of the ferrite disk is not magnetized. Such a situation
directly applies to microstrip circulators built on ferrite
substrates in which the magnetized area is not always well
defined. This result is obtained by putting ks = k and
na = 7. for which C, = 0in (37) and (38). \

The two circulation equations are now obtained by
forming Ry, and R;, in terms of r,,. The result forn = =411is

Jy (kRg) =~ 0 (39)
- xYa (deJl(kR)>
® 7 3u2(kR,) sin ¢ \kRJ1(kRa)
[ J1(kR) Yy (kRJ) ]g_f_ (40)
Ji(kR)Y{ (kR) — Jy (kR)Y1(kR)] 1 °

In obtaining (39) it has been assumed that the opera,fing
frequency coincides with the isotropic disk.
Equation (40) may also be written as

F(R/R))xYs K
Vo= oot

= 30(kR,) smy 8 (41)

The gyrator equation differs from the standard one by the
factor F(R/R;). For a circulator employing the n = =1
modes, F(R/R;) is given by

J2(kR) [ 1.84Y,(1.84) — Y,(1.84) ]

FB/Ra) = 3R 7. (185) T2(kR) Yo(kR) — Jo(kR) Y+(KE)

(42)

2 sin (2an/3)[(Za sin nyg) /na ILBa n(kaRs) + CaYn(kaRa)] -

B.J./ (kRs) + C.Y.'(kRa) = 0. (43)

The result in terms of the original variables for then = =1
modes is

KJi(kRa) _

Ji (kRs) = F(R/Ry) ; R

0 (44)

where F(R/R4) gives the reduction in magnetic splitting
compared to that of a fully magnetized disk.

It can be shown that this result can also be put in the
following form:

Wil — W1 _ Ade _ 2F(R/Rd) .E
wo de (lﬁRd)z -1 §1

where F(R/R;) is the filling factor, defined in the last

(45)

1O~
Q-
8
7
Fys
FIR/RY oL
-4
3
2F
KRS
o i 1 1 A -y i 4 A J
ti 2 3 4 5 6 7 8 9 10
R/Ry

Fig. 3. Effective splitting factor.
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Fig. 4. Gyrator admittance of simple circulator.

section, and wy; are the two split frequencies of the
magnetized junetion.

SUSCEPTANCE SLOPE PARAMETER OF
PARTIALLY MAGNETIZED JUNCTION

The susceptance slope parameter of the junction deter-
mines its bandwidth. Once this is specified, the difference
between the two split frequencies of the magnetized junc-
tion is determined by the universal gyrator equation given
below. This allows the filling factor to be determined and
thereafter R/Rd, which determines the amount of ferrite
that can be removed. The universal admittance equation is

g = 312 (“il__—__‘ﬂ‘l) . (46)
wo
Combining (45) and (46) gives
1 g [(kR)? — 1] u
R A R PR

For a directly coupled circulator the normalized suscept-
ance slope parameter is

(r—1
b ~ 48
2507'” 2 ( )
and the normalized gyrater conductance is
g=1 (49)

where r is the VSWR and 25, is the full normalized band-
width (we — wi) /wo.

The minimum filling factor is now given in terms of
junction specification by

1 2 (de)hl]_,‘_
3 (r— 1) [ 2 - 0

Equation (50) may be used to determine the minimum
amount of ferrite that must be used to establish a gyrator
conductance of unity once the specification of the junction
is known,

Equation (46) may also be used to obtain the suscep-
tance slope parameter given by (48) in terms of the
physical variables by combining it with (41) and (45).
The result is

b, - 7I'Yd I:(kR.i)z _ 1]
3Vesiny | 2(kRs) J1°

This result is the same as for the simple ferrite disk [8].
It is independent of R/R; because the magnetized and
demagnetized parts of the ferrite disk have been assigned
identical permeabilities. However, this will not be the case
in the more general case of the composite junction, as will
be demonstrated experimentally later in this paper.

Fig. 5 gives the susceptance slope parameter for this
configuration as a function of sin ¢.

EXPERIMENTAL RESULTS WITH ¢ = 16

This section gives the experimental results obtained on
a composite junction consisting of a ferrite disk surrounded
by a dielectric ring with ¢; = 16. The material used was a

F(R/R.

(51)
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Fig. 5. Susceptance slope parameter of simple circulator.

garnet with M, = 0.0550 Wb/m? and ¢, = 13.8, for which
K/u is 0.77 at saturation at 2000 MHz. The geometry
used had ¢ = 15°. Fig. 6 shows the gyrator conductance
of such a circulator at the three ports as a function of
magnetic field for various geometries. Fig. 7 gives the two
split frequencies as a function of magnetic field. It is
observed from these two figures that the gyrator conduct-
ance is proportional to the difference in the two split
frequencies, as is the usual case. The susceptance slope
parameter of the junction is determined by the ratio of
the gyrator conductance and the differences between the
split frequencies. This result is given in Fig. 8. It is
essentially independent of the center frequency and of
R/R;. The susceptance slope parameter obtained here ig
b’ = 10.3. This is exactly the value obtained theoretically
using (51) with ¢; = 16. !

Fig. 6 indicates that it is possible to reahze a directly
coupled circulator with B/R; = 0.27 with a. susceptance
slope parameter of 10.3 which coincides with a bandwidth
of 2 percent at the 20-dB points. Indeed, (50) in conjunc-
tion with Fig. 3 predicts that the minimum value of R/R;
for this bandwidth is 0.20 for K/u = 0.77, which corre-
sponds to M, = 0.0550 Wb/m? at 2000 MHz

EXPERIMENTAL RESULTS WITH &@=2>5

This section describes the experimental results obtained
on a composite junction consisting of a ferrite disk sur-
rounded by a dielectric ring with ¢ = 5. The garnet

x
i RIRg = 1O
L ]

Rffg=0-45

R/R4=0-36

9 RiRg=0-27
»
,/
4
2
|
o 1o 26 30 40
APPLIED FIELD (kA/m}
13.8,

Fig. 6. Experimental gyrator admxggance for e¢ = 16, & =
Mo
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HELSZAJN: COMPOSITE-JUNCTION CIRCULATORS

407

1
14 =
2 f
x
X
of X X X X x
I
6 -
4t
2}
A A " i 1. A YU Y P j Y . " - o A — R | ‘;
(o] 10 20 30 40
APPLIED FIELD (kA/m)

Fig. 8. Experimental susceptance slope parameter for ez = 16, ¢, = 13.8, pu, = 0.65.

2:4r
22F
20
1-8F
16
ks Rq 14
12b
Iof
o8f
o6}
o4t
o2t

I 4 1 i

1 o

1 —r

O 02040608 10 |2 14 I'6 18 2.0
kR
Fig. 9. kaR; versus kR for ¢ = 5, ¢ = 13.8, . = 0.65.

material used was the same as in the previous section. The
theoretical relation between k;R,; and kR for this material
is shown in Fig. 9. The experimental results on such a
circulator are superimposed on Fig. 9.

The experimental gyrator admittance at the three ports,
split frequencies, and susceptance slope parameter are
shown in Figs. 10-12 as a function of direct magnetic field
for parametric values of the ferrite radius. Fig. 12 shows
that the susceptance slope parameter is a finction of R
when ¢; is dlfferent from ¢,. It appears to lie between the
limits imposed by a simple disk with the dielectri¢ constant
of the ferrite material and by a simple disk with the
dielectric constant of the dielectric ring. One effect of
dielectric loading is therefore to broadband the junction
when ¢, is less than ¢r, but this is not the main advantage
of this geometry.

Fig. 13 gives the effective splitting factors for composite
junctions with ¢; = 5 and 16. It is seen that the latter one
is in excellent agreement with the theoretical one shown
in Fig. 3. Tt experimentally appears that F(R/R;) does
not have a strong dependence on e.

it 3

CONCLUSIONS

This paper has given. the general theory of stripline
circulators consisting of ferrite disks and dielectric rings
in terms of the impedance matrix of the junction. In the
case of the partially magnetized junction, an expfession
is derived that relates the amount of ferrite that can be
demagnetized to the bandwidth of the device. The experi-
mental results are in good agreement: with the "theory.
The main application of the geometry described is likely
to be in the area of large averdge—power junctions.
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Fig. 13. Effective experimental splitting factors for ez = 5 and 16.
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