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The Design of’ Planar Circulators for
Wide-Band Operation

TANROKU MIYOSHI, ~~ER, IEEE, N SHINICHI MIYAUCHI

AiWr67SY-Tbe strifdine cireuktor wed in microwave integrated circuits

(MC) fs considered orte of ferrite phrmr circuits (two-dimeosimud

cW@). We hv~~atd the optimum shape of a planar cireufator for
ti*.hd o~mtio~ perceiving the wider freedom of the pfanar stmetum
h dnxsit d@@ Tim wide-band @mar circulator, desiied MSiIWJthe
~wetid mnti-he method is Manf@w shaped with slightfy concave

$kks. m _ h~~tiO~ i%U%iOlld bandwidth Of the c@!3i@N!dCiWUb3tOC

is abo!lt 52 pm%?emt.

1. lNTROLX_JmION

T HE STRIPLINE circulator used in microwave in-

tegrated circuits (MIC) is considered to be one of

ferrite planar circuits (two-dimensional circuits), We in-

vestigated the optimum shape of a planar circulator for

wide-band operation, perceiving the wider freedom of the

planar structure in circuit design. So far, the octave band-

width design of a disk-shaped stripline circulator without

external tuning elements was presented by Wu and Ro-

sezzbaum in 1974 [1] whose analysis was based upon

Bosma’s Green function method [2]. Although their work

made an epoch in the design of a wide-band stripline

circulator, there are two problems to be re-examined.

First, in their analysis the impedance matrix of the circu-

lator was approximately defined (after Bosma) by using

the average voltage and current on each port even for a

large junction coupling angle. Second, the possibility of

the octave bandwidth operation was predicted but the

precise limit of the 20-dB isolation fractional bandwidth

of the disk-shaped circulator was not shown clearly.

Although Ayter and Ayasli [3] further examined Wu and

Rosenbaum’s design, only the design curves giving the

frequency dependence of the circulation equation was

shown. Therefore, we will first discuss the upper limit of

the 20-dB isolation fractional bandwidth of the disk-

shaped circulator. Next, to find the best shape of a planar

circulator for wide-band operation, triangular circulators

with various curved sides will be discussed. In our analysis
based upon the contour integral method [4], the fields on

the ports will be expanded in terms of the stripline modes.

Further, to give clearer understandings of the wide-band

circulator, such characteristics as the eigenadmittances

and the circulator equivalent admittance [5] are also pre-

sented.
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II. NCJMERICAL ANALYSIS OF A M,ANAR

C1~CULATOR

A triplate planar circulator consists of a rotationally

symmetrical thin center conductor sandwiched by two

ferrite substrates with magnetic field perpendicular to the

ground conductors as shown in Fig. 1. There are three

uniform striplines connected to the ferrite planar circuit,

All of them are sandwiched by the isotropic dielectric

material. The remainder of the periphe~ is assumed to be

open circuited. The xy coordinates and z axis, respec-

tively, are set parallel and perpendicular to the conduc-

tors.

When the spacing is much smaller than the wavelength,

only the field components E=, HX, and HY with no varia-

tion along the z axis are considered. It is deduced directly

from Maxwell’s equation that the following equation

governs the electromagnetic fields in the ferrite planar

circuit:

(V;+ k’)v=o (1)

where

v;
k

&l

t-f

Meff

p, K

=a2/ax2+a Z/ay2

= (@/+(yJeff)”2

angular frequency

relative dielectric constant of ferrite

=( P2– K2)/P = effective permeability of the ferrite
diagonal and off-diagonal coefficients of permea-

bility tensor for magnetization in the z direction.

At a coupling port, the following boundary condition

given by the differential equation must apply:

(2)

where i. is the surface current density normal to the

periphery and h and ik,respectively, are the derivative
normal to the periphery and the tangential derivative

around the periphery.

Almost at the periphery where the coupling ports are

absent, the current flow normal to the periphery is

assumed to be zero, i.e., i.= O.

For a numerical calculation based upon a contour-

integral method [4], we divide the periphery into N= 3m

+ 3n incremental sections and set N sampling points

defined at the center of each section as shown in Fig. 2.

Here the periphery on each port is also divided into m
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Fig. 1, Triplate planar circulator.
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Fig. 2. Center conductor of a planar circulator and symbols used in
the numerical calculation.

sections to take the voltage distribution into considera-

tion. In numbering the sampling points, the points on the

three ports are first numbered counterclockwise as 1000 m,

rn+ l””” 2m, and 2m+l... 3m and the others at the

remainder of the periphery are numbered from 3m + 1 to

3m + 3n. When we assume that the magnetic and electric

field intensities are uniform across each section, we obtain

a N X N matrix equation in terms of the RF voltage and

the current on the periphery:

where

c

#~wH$2)(kr)d$ i #j

hti = “ (4)
‘~effdf

((

k Wi

4
1 –j; log~–

))
l+y , i=j

y= 0.5772. “ . : Euler’s constant.

In (4), H~) and H[2) are the zeroth-order and first-order

Hankel functions of the second kind, respectively. The

variable r denotes distance between points i and j and O

denotes the angle made by the straight line from point i

and j and the normal at point j as shown in Fig. 2. The

formulas UUand hti in (4) have been derived assuming that

the jth section is straight.

Next, to calculate the circuit parameters of the circula-

tor we approximately expand the RF voltage V(x) and the

current density i.(x) on each port in terms of m stripline

modes:

v(x) = ~ ULCOS(L– l)7x/ w (5)
L=l

– ‘.(x)=#wii ‘LCOS(L– 1)~~/ w (6)
L=l

where x is a running coordinate on the port going from O

to W. OL and iL are the expansion coefficients for the Lth

higher order mode. The subscript 1 corresponds to the

TEM mode. The relations between the expansion

coefficients and the RF voltage VP and the current l_P=

–2i~ W/m(p= 1,, . . , m) defined at the sampling points

on the port are given by

where

Ati=cos(m/2m)(2i – I)(j– 1). (8)

Since the striplines are assumed to be straight with

sufficient length, only the TEM mode can propagate in

the uniform stripline and the higher order modes which

exist at the port are considered loaded by the reactive

characteristic impedance Z~ given by [6]

Z~=-~=jZ,{((L- l)A/2~)2-1)””2

(9)

where c=, d=, and W are the relative dielectric constant, the

thickness, and the width of the stripline, respectively.

From (3), (7), and (9), we can obtain the 3 x 3 imped-

ance matrix of the circulator, driven by the TEM modes

and loaded by the characteristic impedances of the higher

order modes.

III. WIDE-BAND DISK-SWAP~D CIRCULATOR

As mentioned in the Introduction, the upper limit of the

20-dB isolation fractional bandwidth of a disk-shaped

circulator is not known clearly. Therefore, we first ex-

amined the performance of the circulator using the

powerful contour-integral method described so far, and

found that the one with a junction coupling angle of

about 50° gave the best fractional bandwidth. The com-

puted performance of the circulator is shown in Fig. 3.

The 20-dB isolation fractional bandwidth is about 43

lStictiy smg tie ~n~m of a disk-shped circulator is not a

perfect circle but has three straight sections at the ports.
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3. Computed performance of the best disk-shaped circulator.
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Fig. 4. FJorrnalized eigenadmittances of the disk-shaped circulator

shown in Fig. 3. y, is for the same phase excitation and y2 and y3

correspond to the rotational excitation.

percent, while the VSWR and the insertion loss are less

than 1.3 and 0.6 dB, respectively, over the frequency

range. The operation ranges are 0.58< IK/p[ <0.89 and

2.09> kl? >0.76, where R is the radius of the disk.

To give a clearer understanding of this wide-band

circulator, other properties of it will be explained. Fig. 4

shows the eigenadmittances normalized by the character-

istic admittance YI of the stripline. They are obtained

from the computed elements of the admittance matrix as

follows:

Y,=(yll+ Y12+ y13)/yl

Y2=(Y11 + Ylzexd –@)+ Y13exp( – @))/ Y1

Y3 = ( 1’11 + Ylzexp(ja) + Y13exf@a))/ Y1 (10)

where a = 2v/3, y ~ is the normalized eigenadmittance of

the same phase excitation, and y2 and y3 are those of the

rotational excitation. It is found that over the frequency

range having the isolation loss better than 20 dB, the

perfect circulation condition is almost satisfied.

Fig. 5 shows the equivalent admittance [5] of the circu-

lator obtained from the eigenadmittances. The equivalent

admittance is an essential quantity to describe a circulator

when it is supposed to be matched by connecting the

two-port external matching network in each circulator

arm. From Fig. 5, the normalized equivalent admittance

g+ jb is found to be about 1 + jO over the frequency

range.

I I I I I

Fig. 5. Normalized equivalent admittance g ~jb of the disk-shaped

circulator shown in Fig. 3.

Center Conductor

Fig. 6. Structure of a triangular circulator to be optimized.

IV. WI~E-BAND F%mm CIRCULATOR

Next, we try to search the best shape of a planar

circulator for wide-band operation. To this end, first the

optimum parameters of a triangular circulator shown in

Fig. 6 will be determined. Thereafter, we will find the best

shape by changing the straight sides of the triangle to

various curved ones.

A. Determination of Optimum Parameters of a Triangular

Circulator

In the numerical optimization of the triangular circula-

tor, the four parameters such as c,, d,, R, and # are

optimized for a specific ferrite material with 4 VMS = 1300

G, ef = 15.6, and ~= 2.0 mm, that is, just saturated by the

dc magnetic field. Fig. 7 shows the computed circulator

performance optimized in terms of c. and d, for various

coupling angles, where R is set equal to 4.6 mm. The best

20-dB isolation fractional bandwidth is found to be about

50 percent for the coupling angle between 35° and450. It

is worth noting that this value of fractional bandwidth is

better than that of the disk-shaped circulator. Helszajn et

al. also presented the same conclusion as shown here after

discussing the loaded Q factors for circulators using disk

and triangular planar resonators in [7]. In the numerical

calculation, we use 39 sampling points in total along the

periphery and set 5 sampling points on each port. In the

case of ~ = 36°, the optimum characteristic impedance of

the stripline for the TEM mode is 11.0 Q, but c. less than

35 should be adopted to avoid the propagation of the first

higher order mode in the stripline. Then the operation
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Frequmcy ( GHz )

Fig. 7. Computed performances of the trhguhr circulators optimized
in terms of C$and d. for various coupling angles.
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Fig. 8. Computed RF voltage distributio~ relative amplitude (sofid
curve) and phase (broken curve), along the periphery of the triangular
circulator with v= 36° at tbe center frequency.

ranges are 0.56< Ik/pi< 0.92, 2.06 >kR >0.59 and the

20-dB isolation fractional bandwidth 49.5 percent. Fig. 8

shows the RF voltage distribution along the periphery of

the circulator with +=36” at the center frequency. The

solid and broken curves show the relative amplitude and

the phase of the RF voltage, respectively. It is noticeable

that the distribution exhibits no minimum between the

input and output ports.

B. Optimum Shape of a Planar Circulator for Wide-Band

Operation

Next, we change the straight sides of the optimum

triangular circulator to various curved sides to find the

best shape of a planar circulator.

Fig. 9 shows the variation of the isolation loss per-

formance of the circulators with various convex sides,

where alI the parameters except shape are kept the same

as those of the triangular circulator with #= 36°. To

describe the sides, the segments of circles are used. H

denotes the greatest distance of the side shown in Fig. 9.

It is found from Fig. 9 that the larger H, the worse the

fractional bandwidth.

The isolation loss performance of the concave circula-

tors are shown in Fig. 10. From this figure, a circulator

with concave sides is expected to realize better fractional

bandwidth, if all the parameters are optimized.

In fact, after searching by the trial and error method,

we found that the circulator with slightly concave sides

4 b 0 /

Frequency ( GHz )

Fig. 9. Variation of the isolation loss performances of circulators with
various convex sides. All the parametm except shape are kept the
same as those of the triangular circulator with @=36”. The segments
of circles are used to describe the sides.
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Fig. 10. Computed isolation loss perfomces of circulators with vm-i-
ous cazzcave sides. The segments of circles are used to describe the
sides.

Frequency ( GHz)

Fig. 11. Computed performance of the best circulator with slightly
concave sides, H/R =0.057. The broken curves sre for the triangular
circulator with # =36°.

gave the best fractional bandwidth. When let R be the
radius of the inscribed circle of the original triangle, the

ratio of H toR is only 5.7 percent for this circulator. The

computed performance of this circulator is shown in solid

line curves in Fig. 11 for ZI = 11.26 U The broken curves

are for the triangular circulator. The 20-dB isolation frac-

tional bandwidth is about 52 percent and the operation

range is 0.54< [~/pl <0.92. Comparing the two curves, we

can see that the performance of the concave circulator is

improved at higher frequency.
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Fig. 12. Normalised eigemadmittances of the designed circulator whose
performance is shown in Fig. 11.
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Fig. 13. Formalized equivalent admittance of the designed ciradator
whose petiommw is shown in Fig. 11.

The normalized eigenadmittamxs and the normalized

equivalent admittance of this circulator are shown in Fig.

12 and Fig. 13, respectively. The broken curves in the

figures are for the triangular circulator with *== 36°.1$ is

found from Fig. 12 that the improvement of the perfcn--

mance around higher frequency is due to the movement

of the second zefo point of Y2 to higher frequency.

V. SCALING oF ChCULATOR PERFORMANCE

So far, the optimum parameters have been determined

for a specific fertite material. To design a wide-band

circulator at an arbitrary frequency with the same frac-

tional bandwidth as the circulator determined in the pre-

vious chapter, it is convenient to use the following scaling

rules, They are useful only when the ferrite is just

saturated, The scaling rules are the following.

1). As far as the thickness is concerned, the circulator

performance depends only upon the ratio d=/c$
2). When R increases m times assuming e,, Cf, and d,/~

are constant, the 20-dB isolation fractional bandwidth

does not change only if jO-+fO/m and 4vikfs-+4~h4s/m.

3). when R increases m times assuming 4wMs, fo, and

d,/c$ are constant, the performance does not change ordy

if c,+c,/m2 and ef+~/m2. Here note that the center

frequency jO is related to 4rMs and R for the designed

concave circulator as follows.

\~/pl = y4~h4s/fO=0.68 y =2.8 MHz/Oe

kR = (2~fo/c)% R = 1.50. (11)

VI. CONCMJSIO~

We have presented the design of a planar circulator for

wide-band operation based upon a contour-integral analy-

sis. In conclusion, we think at present that the triangular

circulator with the slightly concave sides can realize the

best performance for wide-band operation if designed

properly.
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