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Circulators Using Planar WYE Resonators

JOSEPH HELSZAJN, MEMBER, IEEE, AND W. TERENCE NISBET, MEMBER, IEEE

A bstract— An important class of commercial three-port circulator relies
for its operation on a junction resonator consisting of the symmetrical
connection of three open-circuited transmission lines. A feature of this
resonator is that it may be quarter-wave coupled to form a circulator with a
moderate specification (25-percent bandwidth to 25-dB return loss points)
and physical dimensions of the order of directly coupled conventional
circulators (using a disk resonator).

For circulators for which the in-phase eigennetwork may be represented
by an ideal short-circuit, the equivalent circuit is a one-port network which
may be formed from a characterization of the constituent resonator. This
feature is used in this paper to study the equivalent circuit of junction
circulators using planar WYE resonators. The derivation of the equivalent
circuit parameters is supported with the design of a 4-GHz quarter-wave-
coupled stripline circulator.

I. INTRODUCTION

N IMPORTANT resonator with three-fold symmetry

for use in the design of three-port junction circulators
is the WYE resonator [1], [4]. This resonator may be
coupled in either of the two ways indicated in Fig. 1(a) and
(b). If it is quarter-wave coupled in the manner shown in
Fig. 1(a), it may be adjusted to display the classic frequency
characteristic normally associated with a quarter-wave-
coupled junction circulator, but with physical dimensions
of the order of a directly coupled device (using a disk
resonator). The equipotential lines in such a resonator are
shown in Fig. 2.
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Fig. 1. Schematic diagram of circulators using planar WYE resonators.

(a) High-Q connection. (b) Low Q-connection.

Circulators using planar WYE resonators have been
analyzed [3] in terms of a 6X6 impedance matrix for the
central nonresonant disk region, defined by the three open-
circuited stubs of the resonator circuit 'and the coupling
intervals of the circulator terminals. The boundary condi-
tions at the terminals of the three stubs are subsequently
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Fig. 2. Equipotential lines of the fundamental mode in planar WYE
resonators.

used to reduce the 6X6 matrix to the required 3X3
impedance matrix of the three-port circulator. This was
fully described in [3]. Comparison with experiment indi-
cates that unless a similar number of modes are retained in
the disk and stub regions, the entries of the latter matrix
may not be reliable over all ranges of physical variables.
The approach used in this study is based on the one-port
equivalent circuit of a junction circulator in terms of its
susceptance slope parameter and gyrator conductance. This
representation is applicable provided that the in-phase
mode can be represented by a frequency-independent
short-circuit, and is useful for characterizing devices with
moderate specifications (25-percent bandwidth at the 20-dB
return loss points). When the in-phase mode is idealized in
this manner, a closed-form expression for the susceptance
slope parameter and split resonant frequencies of the coun-
ter-rotating junction modes may be obtained by forming
the constituent WYE resonator [6]-[8]. The 3 X3 matrix
problem is now reduced to a 1X1 scalar problem. (See

Fig. 3).
g X ) . Fig. 3. Coordinate system of a circulator using a planar WYE shaped
This paper presents a study of the frequency splitting resonator.
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between the counter-rotating modes and the susceptance
slope parameter of circulators using planar WYE resona-
tors, based on a theoretical and experimental characteriza-
tion of the corresponding constituent resonator. Since the
gyrator conductance is related to the split frequencies and
susceptance slope parameter by the universal circulation
equation [10], the characterization of the circulator, in
terms of its one-port equivalent circuit, is complete.

Finally, a design procedure for quarter-wave coupled
devices is presented based on the one-port representation,
and supported with the design of a 4-GHz quarter-wave
coupled circulator.

1I. CONSTITUENT RESONATOR OF JUNCTION
CIRCULATORS

The development of the three-port junction circulator
involves the adjustment of the reflection coefficient of two
counter-rotating modes with respect to that of an in-phase
mode. In circulators for which the in-phase reflection coef-
ficient can be idealized by a frequency-independent short-
circuit boundary condition, the junction can be represented
by the one-port equivalent circuit depicted in Fig. 4. Here,
G is the gyrator conductance, and B’ is the susceptance
slope parameter of the junction. The latter two quantities
are related to the resonant frequencies of the single
counter-rotating models w .., by the unlversal circulation
equation [11]

G+3 B 2= (1)
Wo
where w, is the center frequency of the circulator.
The loaded Q-factor of the junction is defined in terms
of the split frequencies by
1 G

0, B

Wi "Wy
B 3 o . (2)

The universal circulation equation is only defined for
circulators which rely on symmetric splitting for their
operation. Clearly, a knowledge of any two of the three
variables in (1) completes the characterization of the circu-
lator in terms of the one-port equivalent circuit in Fig. 4.

The susceptance slope parameter and frequency char-
acteristics of junction circulator may be determined by
assuming that the demagnetized junction consists of the
connection of three constituent resonators [8]-[10]; each
resonator being mutually coupled to the others [8]. The
constituent resonator is defined by placing open circuits at
the resonator terminals of two of the three circulators
ports. The constituent WYE resonator is illustrated in Fig.
5. The relationship between the susceptance slope parame-
ter of the constituent resonator and that of the circulator is
a constant which may be obtained from a comparison of
their respective input susceptances.

The voltage—current relationship for a rec1proca1 sym-
metrical three-port junction is

Vl le Zl2 212 Il
i =|Zno Zn Zn|| L (3)
Vs Zy, Zy Zy|| 5L
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Fig. 4. One-port equivalent circuit of junction circulators.

Fig. 5. The constituent WYE resonator.

The constituent resonator is defined by applying mag-
netic walls at ports 2 and 3 of the reciprocal three-port
network. Thus

IL,=I,=0. (4)

The input impedance of the constituent resonator is
readily expressed as

=—3 "3 (5)

Z, is the impedance eigenvalue of the degenerate (de-
magnetized) counter-rotating modes, Z, is the impedance
eigenvalue of the in-phase mode, and s taken as zero in
accordance with the idealization of the in-phase eigennet-
work as a short-circuit boundary condition.

The input admittance (susceptance) of the constituent
resonator is given by inverting (5) as

in :jBO = _2_ (6)

B, is the susceptance of the constituent resonator and Y,
the degenerate admittance eigenvalue of the counter-
rotating eigennetworks

YIZLZ_I.

(7)
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The voltage—current relationship for a mnonreciprocal
three-port junction is

|4 Zy Zy Zys|| 1
i=1Zs 2, Zpl||L|. (8)
Vs Zy, Zy Zy|\| L

The boundary conditions of an ideal circulator are

Vy=5=0. ©)

Combining the preceding equations leads to the follow-
ing standard form for the input impedance of the circula-
tor:

z
Zin:ZII_Z_IB' (10)
If the in-phase eigennetwork is idealized by a frequency-

independent short-circuit, the input admittance in the
vicinity of the center frequency may be expressed as

Y. = 1
in Zi

Y., are the magnetized admittance matrix eigenvalues,
which have the following form in the vicinity of the operat-
ing frequency of the circulator [12]:

—. Y
Y. =Y Fi—.

(12)

Y, is the characteristic admittance of the external transmis-
sion lines. Combining the two preceding equations leads to

Y =G+jB=Y,+Y, (13)

where B is the susceptance and G the gyrator conductance
of the circulator.

A comparison of the input susceptance of the con-
stituent resonator in (6) and that of the junction circulator
in (13) indicates that they are related by

(14)

The susceptance slope parameter of the constituent reso-
nator is defined in the usual way by

_ @ 3B,
=2 %o (15)

The preceding expressions indicate that the susceptance
slope parameters of the constituent resonator and that of
the circulator are related by

By

w=wq

(16)

This is a standard result [9].

Thus the susceptance slope parameter of junction circu-
lators (for which the in-phase eigenvalue can be idealized
by a short-circuit boundary condition) may be obtained
from an analysis or measurement of the constituent resona-
tor.
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III. SUSCEPTANCE OF THE CONSTITUENT

RESONATOR

It is apparent from (5) that a knowledge of Z,, for the
demagnetized junction is sufficient to describe the univer-
sal circulation equation in (1). Z,, has been given in [3] as

_ j2R_sin*y 1

-y J(kR,) 3sin?
(R 3sinty,
Jl(kkl) Wlps

The mode summation is restricted to n==1 in the

functions of [3] with K/u=0. R,, R,, ¥, and v, are defined
in Fig. 3and 6, R, and & have the following forms [13]:

le

. (7)

8,=k(Ry—R,) (18)
_ B W+t+2H]
R, =30n /e, ln[—W+t (19)
27
k:T ,U:dCf. (20)

W is the coupling stripline width, H the resonator thick-
ness, and ¢ the stripline center conductor thickness. W, H,
and ¢ are in meters. A is the free-space wavelength in
meters, €f is the dielectric constant, and u, is the demag-
netized permeability of the ferrite material given by

YM, 21,2
: (Ho‘*’ ) } ' @D
M, is the saturation magnetization in tesla, « the operating
frequency in radians/second, A is the gyromagnetic ratio
(=12.21X10° (rad/s) (A/m), po=47X10"7 H/m. The
susceptance of the constituent resonator is obtained by
inverting (17)

1 jmygY, | 3sin’y, Ji(kR))
== ~tanf, — —— 51 (22
Zy 2sin2¢[ T o Ji(kR,) )

where Y, is the reciprocal of R, in (19).

2
*3

Pg=

U)[»—n

7By

1IV. CuToFr WAVENUMBER OF PLANAR WYE
RESONATORS

The cutoff wavenumber, and thereby resonant frequency,
of planar WYE resonators is defined by setting the input
admittance of the constituent resonator to zero

B,=0. (23)
Combining (22) and (23) leads to
JI(kR
tan0 . l( z) 7711/.? (24)

* J(kR,) 3sin?y,

This may be written in terms of a cutoff wavenumber kR,
with the help of (18). The result is

Jf(kRz)_ Y,
Ji(kR,) 3sin2¢s]' (25)

Fig. 6 depicts the relationship between R, /R, ¢, and the
cutoff number kR, of the fundamental mode in planar

kR,=kR,+ tan™!
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Fig. 6. Cutoff wavenumber for the fundamental mode in demagnetized
WYE resonator.

Fig. 7. Finite-element representation of a WYE resonator.

WYE resonators. At R; /R, =1, the cutoff number is that
of a disk resonator, kR , =1.84, whereas at R, /R, =0, it is
exactly 7 /2, corresponding to a quarter-wave long stub {2].

The fundamental-mode cutoff wavenumber of planar
WYE resonators has also been investigated using a stan-
dard finite-element program package [14], [15]. In the
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Fig. 8. Comparison of the cutoff wavenumbers with the values from the
finite-element analysis.

finite-element analysis, the WYE resonator is subdivided
into 33 triangular elements, as illustrated in Fig. 7, and a
first-order approximation' made to the fields in each trian-
gle. A comparison between the computed cutoff numbers
and (24) is indicated in Fig. 8. The agreement between the
finite-element analysis and the mode matching of the con-
stituent resonator, is good for low values of R; /R . The
discrepancy as R, /R, increase is due to the difficulty in
accurately modeling curved shapes using a limited number
of triangular elements.

V. SUSCEPTANCE SLOPE PARAMETER OF
CIRCULATORS USING WYE RESONATORS

The susceptance slope parameter of the constituent WYE
resonator is defined by

0 9By
Bo=2 B0 luze, (26)
or
(— 9o | 9By dp, | 0B, Ok
B= {aud de " Ok |, (@7

IAlthough results of greater accuracy could be obtained using a higher
order polynomial approximation, first order was used to minimize com-
puter time.
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TABLE1
! K Lo K _

R /R kR, KR, BY/Y, L(}J = 0.35) QL(p 0.40) QL(P 0.45)
.02 .032 1.587 3715.136 180.55 154.87 134.90
.04 . 064 1.603 895.747 38.54 32.99 27.97
.06 .097 1.619 383.951 25.24 21.91 18.25
.08 L131 1.636 208.006 18.87 15.95 13.42
.10 .165 1.653 128.326 14.88 12.67 10.65
.12 .200 1.670 85.894 12.34 10.32 8.77
L4 236 1.688 60.862 10.50 8.75 7.40
.16 .273 1.706 44,968 9.02 7.60 6.41
.18 .310 1.723 34.315 7.91 6.64 5.66
.20 .348 1.741 26.872 6.96 5.89 5.02
.22 .387 1.759 21.501 6.27 5.30 4.51
24 427 1.777 17.517 5.66 4.77 4,06
.26 467 1.795 14.501 5.11 4.34 3.70
.28 .508 1.813 12,173 4.69 3.95 3.40
.30 549 1.831 10.348 4,31 3.65 3.12
.32 592 1.848 8.900 3.95 3.36 2.89
.34 634 1.865 7.737 3.68 3.12 2.68
.36 .678 1.882 6.794 3.42 2.90 2.50
.38 721 1.898 6.022 3.19 2.72 2.34
.40 765 1.913 5.386 2.99 2.55 2.20
.42 .809 1.927 4.859 2.82 2.40 2.08
L4b .854 1.941 4.418 2.65 2.21 1.96
.46 .898 1.953 4,048 2.51 2.15 1.87
.48 .943 1.964 3.735 2.39 2.05 1.78
.50 .987 1.973 3.468 2.28 1.96 1.70
.52 1.030 1.981 3.241 2.19 1.88 1.64
.54 1.074 1.988 3.045 2.11 1.82 1.58
.56 1.116 1.993 2.876 2.03 1.75 1.53
.58 1.158 1.997 2.728 1.98 1.70 1.49
.60 1.199 1,999 2.598 1,92 1.66 1.45
.62 1.240 1.999 2.483 1.88 1.62 1.42
.64 1.279 1.998 2.381 1.84 1.59 1.39
.66 1.317 1.996 2.288 1.82 1.57 1.37
.68 1.355 1.992 2.205 1.79 1.55 1.36
.70 1.391 1.987 2.128 1.78 1.53 1.34
.72 1.426 1.981 2.057 1.77 1.53 1.34
T4 1.461 1.974 1.991 1.76 1.52 1.33
.76 1.494 1.966 1.929 1.75 1.52 1.33
.78 1.527 1.958 1.869 1.75 1.52 1.33
.80 1.559 1.948 1.813 1.76 1.52 1.33
.82 1.590 1.939 1.758 1.77 1.52 1.33
.84 1.620 1.928 1,706 1.77 1.53 1.34
.86 1.649 1.918 1.654 1.78 1.54 1.34
.88 1.678 1.907 1.603 1.79 1.55 1.35
.90 1.706 1.896 1.552 1.80 1.56 1.36
.92 1.734 1.885 1.502 1.82 1.57 1.37
.94 1.761 1.874 1.452 1.83 1.58 1.38
.96 1.788 1.863 1.401 1.85 1.60 1.40
.98 1.815 1.852 1.350 1.87 1.61 .41

1.00 1.841 1.841 1.298 1.89 1.63 1.42

B, is the susceptance of the constituent resonator in (22).
Forming the susceptance slope parameter with the help of
(22) and noting that the first term in (27) is zero at the
center frequency for a demagnetized resonator leads to

_ ¥y [(KR)'=1 3si?y
3 Sil’l2 Sl/ 2kRz 77¢s
6, sec? 0, sify,
——5— *+kR,tan6, + v tan®4,|+. (28)
V1. SYMMETRIC CIRCULATOR WITH ¥, =¢/=7 /6
In the special case of a completely symmetric junction
kia
VY=g (29)

Introducing this boundary condition in (28) gives the sus-
ceptance slope parameters as

L[ kRY—1
Yo%k ts

B I ¢

[305(1 + tan® 4, )+ 6kR,, tan 6, -+ tan> 0s]

The resonant frequency in (24)
this case:

reduces to the following in

tané,. (31)
The preceding two equations may be solved for kR, or ,
from a statement of B’. Table I summarizes the relation-
ship between B’ /Y,, kR, kR, and R, /R, for Y=y, =7 /6.
In computing the entries of Table I, the following poly-
nomial approximations for Jy(x) and J,(x) for x between 0
and 3 were used:

x\4

3)

8

+ 0.0444479( 3 )

Jo(kR,)_( 1 ) 1

J(kR)) \kR,]” 2

Jo( x)=1-2.2499997

—
——

X 2
3) +1.2656208
6

—0.3163866(

(32)

)
;

WK wx

~0.0039444( 0+0.0002100(§)12

(30)
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Fig. 9. Split frequencies of planar WYE resonators.

Jl(x):x[o.so—o.56249985(§)2+0.21093573(—3’3)4

X

: )6+0.00443319( 1)8

—0.03954289( :

—0.00031761(%)10+0.00001109(§)u]. (33)

VII. SpLIT FREQUENCIES AND MINIMUM LOADED
Q-FAacTOR OF CIRCULATORS USING WYE
RESONATORS

The universal circulation equation in (1) relates the
gyrator conductance to the susceptance slope parameter in
(28) and the normalized split frequencies. This description
is complete once the cutoff wavenumbers of the counter-
rotating modes in the WYE resonator are evaluated. This
may be done by finding the two roots of

—,
Zn

(34)

Z,, is defined in [3]. The mode summation n= =1 is used
in forming Z,, and the two roots of (34) found using a
standard search and bisect algorithm.

Fig. 9 depicts the variation of the split frequencies with
the ferrite anisotropy ratio K/u for parametric values of
R, /R,. Resonator shapes with , =0.2,0.4,0.6,0.8 are con-
sidered. The split frequencies at R, /R, =1 (not shown for
clarity) correspond to those of a disk resonator [7]. In all
cases, the split frequencies were found to be independent
of the coupling angle. This is a general result for circulators
using a pair of split degenerate counter-rotating modes.

Inspection of the split frequencies in Fig. 9 indicates that
the normalized frequency splitting is a function of R, /R,
and ¢,. The one-port equivalent circuit of junction circula-
tors is only defined for devices which rely on symmetric
splitting of the counter-rotating modes for their operation.
In this work, this condition is assumed to apply provided
the range of ferrite anisotropy ratio is restricted to 0<<
| K/u|<<0.40. This is consistent with the upper bound on
K /p. in the EM description of [3].
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Fig. 10. Minimum loaded Q-factor of circulators using WYE shaped
v resonators.

In keeping with the definition of the WYE resonator in
this paper, realizable specifications for R, /R, small are of
main interest. Since the frequency splitting decreases as
R, /R, and ¢, tends to zero, a compromise between speci-
fication and the physical dimensions of the resonator is
necessary.

The performance of each resonator shape may be con-
veniently summarized by forming its minimum loaded
Q-factor, by evaluating (2) in conjunction with the normal-
ized magnetic splitting AkR, ., /kR, evaluated at |K/u|
=0.40

kR,
QL,min_ AkRo,il . (35)

The relationship between the minimum loaded Q-factor,
defined in (35) using the data in Fig. 9 and the planar
configuration of the WYE resonator is illustrated in Fig.10.

VIII. EXPERIMENTAL CHARACTERIZATION OF
CIRCULATORS USING WYE RESONATORS

The parameters of the one-port equivalent circuit of
junction circulators may be characterized by an EM analy-
sis of the junction or by measurement. The approach used
in this paper relies on a measurement of the reflection
coefficient of the constituent resonator. The relationship
between the measured reflection coefficient and the suscep-
tance slope parameter is derived in this section.

The input admittance of the constituent resonator may
be written in terms of the electrical length, @, and the
characteristic admittance, Y,, of an equivalent short-
circuited transmission line as

(36)

in :.]BO ijCOt g
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Fig. 11. Photograph of the experimental hardware used in the con-

stituent resonator measurements.

with

(37)

For measurement purposes, it is convenient to redefine
the input admittance in (36) in terms of Y, rather than Y,

Y, =jY,cotd’. (38)

26’ is the measured phase shift and Y, the characteristic
admittance of the connecting transmission lines. The two
functions are identical provided their susceptance slope
parameters are equal.

Forming the susceptance slope parameter, defined in
(15), in terms of 8’ leads to

=7 @ cosectgrd0| _ ) Qo AY
BO——YO2 cosec” § o ;,’_::(}2—)10 > he

-7 W
=)

(39)

The above expression may be used to experimentally
determine the susceptance slope parameter of the con-
stituent resonator from a measurement of the reflection
phase slope in the vicinity of its resonant frequency.

Although the constituent resonator is ideally a reactive
network, the finite dissipation in, and radiation from, the
circuit will cause the amplitude of the reflection coefficient
to depart from the ideal value of unity. The maximum
effect will be observed at the center frequency of the
resonator, enabling a convenient measurement of this
parameter.

Stripline constituent WYE resonators with the range of
dimensions 0.2<R,; /R <<0.6, {, =0.52 and 0.77 were con-
structed. Each constituent resonator shape was sandwiched
between dielectric disks and the ground plane spacing set
to give 50-Q input striplines. Dielectric constants of 4 and
9, corresponding to operation in the 1-4-GHz frequency
band were used. The corresponding ground plane spacings
were 4.21 and 8.26 mm, for a stripline thickness of 0.4 mm.
A photograph of the experimental hardware is shown in
Fig. 11.
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Fig. 13. Theoretical and experimental cutoff wavenumbers of dielectric-

loaded constituent WYE resonators.

The typical experimental behavior of the reflection coef-
ficient is illustrated in Fig. 12.

Fig. 13 summarizes the theoretical cutoff number given
by (25) with the experimental points superimposed. The
two branches correspond to stub coupling angles of i, =
0.52 and 0.77 rad. Although the agreement is not complete,

it is certainly within material and measurement tolerance -

and the theoretical assumptions made. The main contribu-
tion to the discrepancy between theory and experiment is
the assumption that perfect magnetic wall boundary condi-
tions exist at the periphery of the resonator. Separate
studies of this problem in the literature indicate that for
large ground plane spacings, which is the case here, the
fringing field is significant.

A comparison of the normalized experimental and theo-
retical susceptance slope parameters is summarized in Fig.

“r

697
10° 4
R/Rs0 22
¥, =077
3 % ¢, =4 measurements
107 4 + ¢, =9 measurements

10 r r '

0 01 v 02 03

Fig. 14. Theoretical and experimental susceptance slope parameters of
circulators using WYE resonators.

14. The illustration corresponds to a fixed WYE resonator
geometry, with R, /R ,=0.22 and , =0.77, with increasing
values of coupling angle ¥. Good agreement was obtained
between theory and experiment.

The experimental characterization of microstrip WYE
resonators on garnet substrates is reported in [4].

IX. DESIGN OF QUARTER-WAVE COUPLED
STRIPLINE CIRCULATORS USING WYE RESONATORS

The synthesis of quarter-wave coupled circulators in
terms of its one-port equivalent circuit, with n=2
Chebyshev return loss characteristics, has been treated in
[16]-[19]. The junction susceptance slope parameter and
gyrator conductance required to realize a normalized band-
width, 2 §,, with a band-edge VSWR, r, are [19]

Y (r— sin® 8
o T(r=sirt0)

40
rcos2 8 (40)

Y, (r— sin20)1/2

B 4 rcos @

(r—1)tan4. (41)

In the above

cosf= 1 cos 8, (42)
2
7
=T (1+8,) (@)
=% 7%
8, = o (44)

Here 8, is a bandwidth parameter, w, is the center
frequency, and «,, are the band-edge frequencies. Y, is
0.02 S. The transformer admittance y, is

KZZrG-Yo.

(45)
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Fig. 15. Return loss response of quarter-wave coupled stripline circula-
tor using a WYE resonator.

A typical circulator specification is

r=1.10 (46)
28,=0.20 (47)
f,=3.95 GHz. (48)

The corresponding network description, defined by (40),
(41), and (45) is

G=0.167 (49)
B’=0.349 (50)
Y, =0.060(Z,=16.51 ) (51)
Q, =2.09. (52)

The configuration of the WYE resonator required to real-
ize this specification is not unique. Fig. 10 summarizes the
relationship between R; /R, and ¢, for the upper bound on
K /u(| K/n|=~=0.40) adopted in this paper. In keeping with
the definition of the WYE resonator employed here, the
preferred solutions are those for which R, /R is equal to
or less than 0.50. One approximate realizable solution for
Q;=2.09 is obtained from Fig. 10 with y,=7/6 and
R,/R,~0.40.

Since the transformer impedance is contained within the
ferrite region, Y, in (28) or (30) may be replaced by Y, in
(51) when calculating ¢ in terms of B’/Y,. Forming this
quantity and referring to either (30) or Table I indicates
that an approximate realizable solution is obtained with

Y=y, =u/6. -~ (53)

Evaluating kR, and kR, for this situation leads to
kR,=1.904 (54)

kR, =0.740. (55)

W and W, are now determined by ¢ and i, and H is
evaluated from either Y, or G.

A value of | K/p|=0.40 at saturation requires a material
with a saturation magnetization of 0.0564 T at 4 GHz. One

suitable material has a magnetization of 0.0600 T and a

dielectric constant of 14.3. The demagnetized permeability
for this material is given, using (21), as

By =0.93. (56)

Evaluating R, and R, at 4 GHz gives (k=0.301 rad /mm)
R;=6.31 mm (57)

R;=2.23 mm, (58)

The corresponding transformer widths, W, and W, are
obtained from the definition of { and ¥, as

W=W,=2.26 mm. (59)

The resonator thickness is defined by adjusting the
ground-plane spacing to give the required gyrator or trans-
former impedance using the equation for the characteristic
impedance of stripline due to Richardson [13] in (19). The
result from either statement is

H=1.18 mm
for a stripline thickness of 0.127 mm.

(60)
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The corresponding ground plane spacing is
b=2H+r=2.47 mm.

(61)

The transformer length, /,, is quarter-wave in the ferrite
medium

———AO— =6.77 mm.

4yp e,

It now only remains to calculate the width of the 50-Q
air-spaced transmission lines using Richardson’s equation
[13]. The result is

1= (62)

W, =3.23 mm. (63)

The return loss of each of the three ports is depicted in Fig.
15. In obtaining this response, the length of the open-
circuited stub was reduced experimentally from R =8.43
mm to R,=7.5 mm, and the ground-plane spacing in-
creased from 2.47 to 3.17 mm to account for the interface
between theory and practice. Inspection of Fig. 15 indi-
cates that the experimental performance is in good agree-
ment with the target specification. The insertion loss of the
circulator was measured as less than 0.20 dB over the
30-dB return loss bandwidth.

X. CONCLUSION

The equivalent circuit of junction circulators, for which
the in-phase eigennetwork may be idealized by a
frequency-independent short-circuit boundary condition is
fully described in terms of its susceptance slope parameter
and the split frequencies of the magnetized resonator. A
one-port circuit which allows both quantities to be char-
acterized is the constituent resonator. An analysis of this
latter circuit is used in this paper to study the equivalent
circuit of circulators using planar WYE resonators. The
parameters of the one-port circuit are verified experimen-
tally with return loss measurements on dielectric-loaded
constituent resonators, and successfully used in the design
of a 4-GHz quarter-wave coupled stripline circulator.
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