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Performance Characteristics of 4-Port Stripline Circulators
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Abstract—Impedance matrix formulation is applied to the 4-port
stripline circulator to determine the optimum performance. The
space harmonics generated in the ferrite disk are determined. The
distribution of the electric field and the power densities across the
ferrite disk are clearly presented. Using an inner dielectric provides
more flexibility in the design.

I. INTRODUCTION

The circulation adjustment of 4-port circulators cannot be reduced
to an admittance matching procedure as in the 3-port case [17]. Three
circulation conditions must be satisfied. Davies and Cohen [2]
derived three equations deseribing the circulation conditions of
a 4-port stripline circulator. Recently, Ku and Wu [3] have solved
this problem by using Bosma’s Green function method [4]. Several
experimental studies were reported together with phenomenological
description using the seattering matrix [17, [5], [6].

Here we use the impedance matrix formulation [71-[97] to deter-
mine the circulation conditions and performance characteristics. To
have a better insight into the circulation mechanism of the 4-port
circulator, the space harmonics generated in the ferrite disk are
determined. The field amplitude and the distribution of power
densities across the ferrite disk are calculated. The effect of introduc-
ing an inner dielectric on the circulation conditions and performance
is studied.

II. CIRCULATOR CHARACTERISTICS

Considering the boundary conditions for a symmetrical 4-port
ferrite junction, the impedance matrix can be written in the form

E1 Z1 Zz Zs Z4 Hl
Ez Z4 Z1 Z2 Zs Hz
= (1)
B Zs Zs Zy Za H;
E4 Zz Z3 Zq Z1 H4 R
where
Zy =L (2)
Zy =M — K (3)
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- TABLE I

Tuae Errgcr oF VARYING ¢ ON THE CIRcULATION CONDITION AND
REeLATIVE BaANDWIDTHS

B.W, %
° /) x 2. /% LR
Vv P e’/ “a 1-3 Y
5 | 0.3165 | 3.795 | 1.0525 2.05 6.60
10 { 0.3105 | 3.780 | 0.5320 2.15 6.9%
15 1 0.3055 | 3.759 | 0.3740 2.29 7.06
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Fig. 1. Performance characteristics of a 4-port circulator. k/u = 0.3105,

Z./Z; = 0.532, and § = 10°.

Zy = jN @)
Zi=jM + K (5)

and where By, E., E, and E, are the average values of the electric
field at the four ports. The corresponding assumed constant values
of the azimuthal component of the magnetic field sre H,, H; H;,
and H, K, L, M, and N are defined in [2]. Impedance matrix
formulation has the advantage that it can handle eusily externally
tuned circulators [97.

Imposing the circulation condition (the ports 3 snd 4 are com-
pletely isolated, and the input impedance is purely resistive and
equals the wave impedance of the dielectric filling the striplines Z;)
on (1), three equations can be obtained [27. These equations are
solved considering up to the twelfth space harmonie. The computa-~
tional results are given in Table I.! The table shows that as the
stripline coupling angle ¢ increases both the normalized radius z
and the ratio k/u decrease slightly. This is accompanied by a large
decrease in the impedance ratio Z./Z,. These results agree favorably
with Ku and Wu [37]. ‘

The performance characteristics [isolation at ports 3 and 4,
insertion loss, and standing-wave ratio (SWR)] are computed
fory = 10° k/p = 0.3105, and Z,/Z; = 0.532 (Fig.1). Atz = 3.78
we have an ideal circulation (infinite isolation, zero insertion loss,
and unity SWR). The relative 20-dB bandwidth for a 4-port circula-~
tor can be defined as the ratio of the band over which the isolation
at ports 3 or 4 exceeds 20 dB to the central circulasion frequency.
Increasing ¢ results in a small increase in the bandwidth at ports 3
and 4 (Table I). It is also shown that the isolatior bandwidth at
port 3 is less than that at port 4.

1 The parameters i, k, u, x, Z,, and Zz are defined in [2].
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ITII. CIRCULATION MECHANISM

A. Space Harmonics

In the operation of a ferrite stripline circulator, many space
harmonics are excited to satisfy the boundary conditions. The
electric field across the ferrite disk can be written as follows [77]:

3

E.(r¢) = 2. auJu(ar) exp (jng) (6)
where a, is the space barmonic of the nth order. Table IT shows the
relative amplitudes of the .space harmonics for the 4-port circulator
at the circulation condition (¢ = 10°). The table shows that they
have nonnegligible amplitudes up to the tenth space harmonie. The
zero mode has a relatively large value and consequently it greatly
affects the circulation action. Thus, whereas a 3-port circulator can be
described in terms of two counter rotating space harmonics (spe-
cifically, n = =1 for £ = 1.84) [7], a 4-port circulator is realized
with the interaction of many space harmonics.

B. Field Distribution

The electric field and azimuthal component of the magnetic
field are computed. The amplitude distribution of both fields at
the periphery of the ferrite disk is shown in Fig. 2 at the circulation
condition corresponding to ¢ = 10° (Table I). The latter field has
a smoother distribution than the assumed one and it fits the real
situation [107. The complete distribution of the electric field ampli-
tude across the ferrite disk is shown in Fig. 3. It can be seén that the
field amplitude at the center of the ferrite disk is strong. Hence
the insertion of a central metal post will greatly disturb the circula~
tion condition.

C. Power Density

The power densities in the radial and azimuthal directions are
defined, respectively, as follows:

P, = —3 Re (E.HyY) ("
Py = 1 Re (E.H,*). ®)
TABLE II

Tuae ReELATIVE AMPLITUDES OF THE SPACE HARMONICS FOR THE

4-Port CIRCULATOR AT THE CIRCULATION CONDITION
CorgEsPONDING TO ¢ = 10° (TaBLE I)

Y a, a_ |n] 2 a_
(o] 6.87 - Q.34 C.34
1 0.05 0.02 8 0.20 Q.10
2 1.53 3.12 9 042 0.10
3 9.15 2.06 10 0.34 0.17
4 1.12 0.35 11 0.12 0.13
5 1.50 0.29 12 0.07 0.04
6 1.03 0.46

N
(=]

Ezls[He| —=

Fig. 2. The amplitudes of E, and Hy (to an arbitrary scale) along the
periphery of the ferrite disk at the circulation condition. y = 10°.
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Fig. 8. The amplitude distribution of E, (to the same scale as in Fig. 2)

across the ferrite disk at the circulation condition. ¥ = 10°.

200
150
100

50

-150

-200

(@)
250

200
150
n'_9.100

50

000

-50F

P —

r

-100!
(b)
Fig. 4. The power-density distribution (to an arbitrary scale) across

the ferrite disk for different radii at the circulation condition @ =
10°). (a) The radial power density. (b) The azimuthal power density.
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The power densities, at the circulation condition corresponding to
¢ = 10° are plotted at three different radii (r/R = 0.2, 0.6, 1)
in Fig. 4. Fig. 4(a) shows that the radial power density is nearly
concentrated at ports 1 and 2 near the periphery of the ferrite disk.
Going towards the center of the disk, the radial power density is
gradually distributed over wider angles around ports 1 and 2.
Fig. 4(b) shows that the azimuthal power density has a miore com-
plicated distribution. This can be justified by the corresponding
complexity in the field distribution (Fig. 3). It can be noted that
this power is nearly concentrated between ports 1 and 2.

The study of the power-density distribution gives a better insight
into the power flow in the ferrite disk. It may be useful for circulators
operating at high-power levels.

IV. INNER DIELECTRIC

Consider a central hole, inside the ferrite disk, filled with a dielec-
tric material of permittivity e; and radius R;. The z component of
the electric field and the azimuthal component of the magnetic field
in the dielectric and ferrite are, respectively, given by

EO(8) = 3 an®, () exp (1) ©

n——00

Hy(r,6) = V0 Yo @I (aar) — (/i) nn(eer) Jar]
- exp (jng) (10)

©

E®(r¢) = Y. 0.0 n(ar) + MYular) Jexp (jng)  (11)

p=—0

Hy®(rg) = §Y. 3o an® ([T (ar) — (b/uw)ndn(ar) far]

n=—c0

+ MLYA (ar) — (k/w)nYn(ar) /ar]} exp (jng) (12)

where
af = wleau (13)
Yo = (coer/m)'? (14)
and
Y, =1/Z,. (15)

Matching the fields at the ferrite—dielectric boundary gives
A= —[Ja (@B1) — yadu(aR) /Y2 (aB1) — va¥n(aR:)] (16)

where

Yo = (Ya/Yo) [Jr' (iRe) T n(aiRy) + (k/u)nfoaRime].  (17)
Let
To(@) =Ju(@) + MYalz) (18)

T (x) =T (x) + MY (z). (19)

Substituting T'»(x) and T’ (z) in place of J,.(z) and J./ (x), respec-
tively, in the expressions of K, L, M, and N [2], modifies the
circulation conditions to suit the inner dielectric case.

We consider the effect of changing the dielectric{ferrite radii
ratio Ri/R and the permittivity ratio ;/e on the circulation condition
and the performance. Fig. 5 shows the dependence of the normalized
radius x, k/u, and Z./Zgs for an ideal circulation, on R;/R. The
figure is plotted for three different values of e;/e (0.5, 1, 2).

The performance characteristics are computed and from which
the isolation 20-dB bandwidths are determined. Fig. 6 shows the
variation of the relative bandwidths (1-8, 1-4) with respect to the
ratio Ri/R.

Hence using an inner dielectric would not only improve the
power capability of the cireulator {77, [8], [117], but provides more
flexibility in the design as well.
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Fig. 5. The dependence of the circulator parameters on R;/R for
different values of €;/e (0.5,1,2). ¥ = 10° (a) The normalized radius
z. (b) The ratio k/u. {¢) The impedance ratio Z./Z.

BWY e
RN

N

[=%~)

i 2, \
\ €1/€:1.0 -
== - \
6=z oo ~
. L I ) 1
0 0.1 02 03 04 05

R{/R ———-

Fig. 6. 'The variation of the relative bandwidths (1-3,1--4) as functions
of Ri/R for different values of e;/e. ¢ = 1¢°,



926

V. CONCLUSIONS

Using the impedance matrix formulation, the circulator param-
eters and performance characteristics are determined. The relative
bandwidth at port 3 is less than that at port 4. These bandwidths
increase slightly with increasing the stripline coupling angle.

A 4-port circulator is realized by the interaction of many space
harmonics. The zero mode has a relatively large value and con-
sequently it greatly affects the circulation action. The electric field
at the center of the ferrite disk is strong. Therefore, the insertion of
a central metal post will greatly disturb the circulation condition.

The study of the power-density distribution may be useful for
circulators operating at high-power levels. It is noticed that the
power is mainly concentrated near and between ports 1 and 2.

An inner dielectric would not only improve the power capability
of the circulator, but would provide more flexibility in the design
as well.
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Insertion Loss of 3-Port Circulator with One Port
Terminated in Variable Short Circuit
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Abstract—The insertion loss between ports 1 and 3 of a 3-port
circulator with port 2 terminated in a short circuit varies about
twice the single path loss. The purpose is to give approximate simple
upper and lower bounds for this loss in terms of the single path inser-
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tion loss of the junction. One application of this arrangement is
encountered in the connection of a filter and equalizer by a single
circulator. The final result indicates that, in the absence of circuit
losses, the double path loss varies between one and three times the
single path loss.

The insertion loss of a 3-port circulator between ports 1 and 3
with port 2 terminated in a variable short circuit is of some interest
in a number of situations. One such application is where a circulator
is used to connect a filter and an equalizer. Another application is in
phasors using circulators with one port terminated in a p-i-n diode
switch. The insertion loss of such an arrangement has been studied
in [17and [2], in terms of the elements of the @-matrix. The purpose
of this short paper is to give approximate upper and lower bounds
on the loss in terms of the single path loss Ly of the circulator.

The exact relation is given in [17 by \

L= % = X(l + Sﬁz) — ZYSzl Ccos (1] — ¥ + ‘I’z) (1)
k2

where L is the total insertion loss between ports 1 and 3, P; and P,
are the total incident and dissipated powers, Sz is the usual trans-
mission coefficient between ports 1 and 2, ¥, are the phase angles
of the input waves at ports 1 and 2, X and Yei are the entries of
the @-matrix, and X represents the single path insertion loss of
the circulator between ports 1 and 2. Fig. 1 depicts the schematic
studied in this text. Some simplification of the preceding relation is
possible by relating X, ¥, and Su through the eigenvalues of the

Q-matrix [3].
The result is
2Q1
- X ~— 2
3 2
751
Y = = 3
3 (3)
Sm ~ 1 — q_:; (4)
7=0 ‘ (5)
provided
Su=8:2=~0 (6)

where ¢: is the dissipation eigenvalue of the demagnetized counter-
rotating eigennetworks.

It is observed that X = 2Y is consistent with the example given
by Hagelin in [1].

The preceding approximations omit the dissipation of the in-phase
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