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Abstract—This article presents two original, efficient, and
rigorous methodologies for coupling ferrite circulators of complex
shapes. Indeed, by using a central conductor of any shape or
geometry, an optimized circulation phenomenon can be achieved
because of both methods. This article details and analyzes the two
methods developed. They will be validated by the measurement
of a stripline circulator with a triangular central conductor
operating around 8 GHz. At the end of this first study, one
of the two methods will be selected and implemented in a more
complex case since we will adapt it to a dual-band operation.

Index Terms— Circulator design, complex shape, dual band,
ferrite, Y-junction circulators.

I. INTRODUCTION

ERRITE circulators are microwave nonreciprocal passive

components. Their nonreciprocity is due to the pres-
ence in their structure of magnetized ferrite materials. These
devices have been the topic of many studies, which have
led to numerous innovations, such as broadband [1], [2],
self-biased [3]-[5], multifunction [6], [7], 3-D printed [8],
or multiband [9]-[11] circulators. Fig. 1 shows the classical
geometry of a stripline circulator, which is made of two
magnetized ferrite disks separated by a central conductor.
Three access lines [Fig. 1(b)] separated from each other by
120° are usually used to feed the circulator.

Numerous studies are available in the literature for design-
ing ferrite circulators [12]-[17]. For Y-junction stripline cir-
culators, the work of Bosma [18], [19] forms the basis for
theoretical studies. Much research work has built on these
studies, including Fay and Comstock [20], [21] who proposed
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Fig. 1. (a) Ferrite resonator model and (b) basic stripline ferrite circulator

model.

a method for designing ferrite circulators in the weak field.
These works have shown how to extract the input impedance
of a circulator as a function of its parameters [22], [23]
(ferrite disk radius, the saturation magnetization, and the
applied magnetic field). However, these methods are only valid
when the central conductor considered is a disk of the same
diameter as the ferrite disks. Moreover, authors often approx-
imate the ferrite—dielectric boundary as a perfect magnetic
wall.

More recent work [24] shows more accurate studies since
the fields of the access stripline are considered. However, this
study is only valid for a central conductor with a disk shape.
Other methods of designing stripline circulators investigate
different shapes of central conductors such as WYE or trian-
gles [25]-[27]. These design methods are valid for the shape
of the central conductor considered in each of the papers but
cannot be generalized to other types of central conductors.
This implies that many circulators with a complex central
conductor geometry are designed by an iterative process
using electromagnetic (EM) simulation software [10], [11],
[25]. This nevertheless provides good performance but at the
expense of simulation time.

However, the use of central conductors with different and
optimized geometries can be relevant. Indeed, changing the
shape of the central conductor offers the possibility to change
the operating frequencies of a circulator and to offer circulators
operating simultaneously on two frequency bands [11]. The
studies presented in this article are a continuation of the
article [11] and present a more general method for coupling a
circulator. The term coupling used in this article means that we
will focus on obtaining an optimal circulation phenomenon,
i.e., combining both good impedance matching and good
isolation on a given frequency or frequencies.
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Our latest approaches already presented in [10] and [11]
suggest to split the design of a ferrite circulator into two
distinct steps.

First, the first step consists in performing an eigenmode
analysis to determine the characteristics of the whole ferrite
resonator (the saturation magnetization 47 Ms and the internal
magnetic field Hi of the ferrites, their dimensions, the shape
of the central conductor, and so on) that meets the initial
specifications of the operating frequencies. For this purpose,
this study is based on abacuses such as those presented in [11]
and the objective is to have pairs of counter-rotating modes
located around the desired operating frequencies. Thus, the
first and second working frequencies of a dual-band circulator
will appear between the resonance frequencies of the HE;
and HEj:21 [11]

At the end of this step, the geometrical parameters of the
whole ferrite resonator, including the metallic part, i.e., the
central conductor (the so-called central conductor is the totality
of the metallic parts between the two ferrite disks) and the
intrinsic characteristics of the ferrites are fixed.

Second, the second step is the coupling of the circulator, i.e.,
combining both good impedance matching and good isolation,
by determining the dimensions of the access lines. An iterative
parametric study is usually necessary and requires several
simulations, which implies that the design time is greatly
increased, especially for dual-band devices. In [10] and [11],
the dimensions of the external access lines to the resonator
are determined exclusively by a parametric study using EM
simulation software. Furthermore, and especially for dual-band
circulators, parametric studies may imply that the best solution
is not found.

At the end of this step, the pairs of counter-rotating modes
can be coupled and the circulation phenomenon appears
approximately at the midfrequency of each pair. However, the
coupling of these modes is done iteratively and is therefore
not optimal.

On the basis of this observation, this article will present
a new method for establishing optimal coupling conditions
for a stripline circulator regardless of its geometry and this
over several frequency Obands simultaneously. This avoids any
systematic numerical parametric studies and allows to reach
the optimal coupling impedance of the junction.

This proposed new methodology is divided into two main
parts:

1) the determination of the impedance matrix at the ferrite/
dielectric interface;

2) the design of an optimal coupling/matching circuit.

Section II details the two parts of this new methodology.
It will start with the calculation of the impedance matrix at
the ferrite/dielectric interface using two different approaches.
The first uses the integration of electric and magnetic fields
to compute the impedance matrix at the interface. The second
has the same objective and develops a deembedding method.

This impedance matrix at the ferrite/dielectric boundary will
then be equalized to the impedance matrix of an ideal three-
port circulator. Finally, the resulting equations will be used
to determine both the width and length of the access lines
to ideally couple the circulator and highlight the circulation
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Fig. 2. (a) Shape of the central conductor (triangle surrounded by lines) in
the ferrite disk resonator: (&, = 13, 47 Ms = 2400 G, Hi = 700 Oe, Rferrite =
3.2 mm, Wy, = 0.8 mm, ¢ = 2.8 mm, § = 2x/3 rad, and thickness of
ferrite disks is + = 1.5 mm). (b) Stripline circulator model and access lines
dimensions W and L.

phenomenon. The last part of Section II will be devoted to the
validation of the methodology presented above by measuring
a prototype single-band circulator. The two approaches to the
impedance matrix calculation will be discussed and compared,
allowing us to choose the most appropriate option.

This methodology will be investigated in an even more
complex case in Section III since we will apply it, for the
first time, to a circulator operating on two different frequency
bands without seeking to widen the bandwidth. Two examples
of dual-band circulators will be presented and results from our
methodology will be compared with the measurements.

II. COUPLING METHOD FOR STRIPLINE CIRCULATORS
A. Resonator Impedance Matrix Computation

In most cases, the extraction of an impedance matrix on
a specific plane is very easy using the waveguide ports of
EM simulation software when the materials used are isotropic.
However, since ferrites are anisotropic materials, no EM
simulation software supports waveguide ports on this type of
material. Thus, this paragraph is dedicated to the calculation
of the impedance matrix at the interface between the ferrite
resonator and the surrounding dielectric using two different
approaches. This matrix will be noted Zg and is defined in
the following equation:

Zrii Zri2  Zgri3
[ZrRl=| Zro1 Zrn Zr» |. (1)
Zry1 Zrx2 Zg33

This section will take as an example the design shown
in Fig. 2(a), arbitrarily chosen with a noncommon central
conductor, i.e., never studied analytically in the literature.
Even if the example of geometry used is a triangular central
conductor, the methodology is suitable for all shapes.

The objective of this example will be to present the coupling
(obtaining a circulation phenomenon, i.e., combining both
good impedance matching and good isolation) of a resonator
around 7.8 GHz. For this purpose, our method starts with
the modal analysis of the structure. These modal analyses are
similar to those presented in [11] and allow us to determine
the internal static magnetic field of the ferrite, the properties
and dimensions of the ferrite, as well as the dimensions of the
central conductor in order to have a circulation phenomenon at
the previously fixed frequency. These studies are not detailed
here for reasons of compactness but lead to the dimensioning
of the resonator, which consists of two ferrite disks (Fig. 2)
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Fig. 3. E- and H-fields integration areas on stripline.

and a central conductor. What is called the central conductor
in our study includes the whole metal part between the two
ferrites, i.e., a triangle connected to three access lines. For a
central conductor different from a disk with a diameter equal to
ferrite disks, we consider the access lines in the ferrite as part
of the resonator [Fig. 2(a)]. Indeed, works presented in [11]
have shown that access line dimensions are relevant, especially
for dual-band operation.

To obtain HE.;; fundamental modes around 7.8 GHz,
an internal static magnetic field of 700 Oe has been determined
as well as the properties and dimensions of the ferrites and
central conductor, as shown in Fig. 2(a).

Fig. 2 also shows the planes (highlighted in red) in which
the Zz matrix will be calculated.

1) E- and H-Fields Integration Method: The first method
to determine the Zp impedance matrix consists in using
the E- and H-fields at the interface between the ferrite
resonator and the surrounding dielectric at the three circulator
accesses (Fig. 2).

EM computations are done with CST Microwave Studio
software (CST MWS), which does not allow the integration
of excitation ports when these are connected to an anisotropic
material. However, it is possible to compute and export
both E- and H-fields values anywhere within the simulation
bounding box, which will then be used to calculate the Zg
impedance matrix.

This method first consists in performing an EM simulation
[Fig. 2(b)] of the resonator with access lines of arbitrary
dimensions. By integrating the fields around striplines at the
ferrite/dielectric interface, it is possible to obtain the voltage
and current values at each interface. Indeed, if we consider a
single stripline, it is possible to calculate voltage and current
in a plane orthogonal to the direction of propagation due to the
E- and H -fields [28]. Their expressions [28] when considering
TEM modes propagating along a stripline are recalled in the
following equations:

- —

zzj{H.dz @)
- —

V:/E.dl. 3)

The current / is determined by integrating the H -field (2)
around the stripline (red line in Fig. 3). The voltage is obtained
by integrating the E-field between the upper (or lower) ground
plane and the stripline (blue line in Fig. 3) [28].

This numerical method enables the calculation of I and V
and is done at each access (ferrite/dielectric interface) of the
circulator [highlighted in red in Fig. 4(a)]. It is, therefore,
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Fig. 4. Integration planes for computing (a) / and V of a ferrite resonator
with a triangular central conductor and (b) / and V schematic representation
for a three-port network.

possible to compute values of V)3 and /)23, i.e., the values
of voltages and currents in planes 1, 2, and 3 [Fig. 4(b)].

Equation (4) is the relationship between values V), 3 and
I1 2,3 and the terms of the impedance matrix Zy of a three-port
network [Fig. 4(b)]

Vi Zrii Zpi2  Zgi3 I
Vol =| Zrat Zr2 Zg» L. “4)
V3 Zr31 Zrx2 Zg33 I

Considering that the three-port network is nonreciprocal and
symmetrical, (5) is established

Zrii = Zrn = Zg33

ZRr12 = ZRry3 = Zg31

Zpot = ZR13 = Zg32. (5)
From (4) and (5), the expressions of Zg11, Zg21, and Zgs;

can be expressed as functions of V3 and I; 3. They are
presented in the following equations:
1

Zri1 = I—[V3 —Zratl — Zro1 11 (6)
3

1 L 1}
— | V2 TVa—Za\ - (7
I — L LI I
1= 7

Zr3 = . (8)

Zry =

The method of extracting V;,3 and I;,3 with the inte-
gration of the E- and H-fields at each access is applied on
the complex resonator presented in Fig. 2(a). The results are
plotted in Fig. 5.

The results presented in Fig. 5 required only one EM
simulation. However, this is a plot over a wide frequency
band, which therefore requires the extraction and calculation
of the E- and H-fields of the complete structure at each of the
frequency samples. The computation time is therefore long
since, for Fig. 5, 1101 frequency samples were used. Indeed,
the 3-D E- and H-fields have been computed at each of the
1101 frequency samples instead of about 20 for a standard
3-D EM simulation.

A second method of calculating the Zgz-matrix was also
studied and is presented in the following.
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Fig. 5. Zg-matrix calculated using the £ and H integration method of the

complex resonator presented in Fig. 2(a).
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Fig. 6. Schematic representation of (a) complete system with the resonator

and the three access lines and (b) its simplification into a single three-port
network.

2) Deembedding-Type Method: In this section, a second
extraction method of the three-port ferrite resonator Z-matrix
is presented. This method consists, such as the previous
one, in performing only one EM simulation of the resonator
connected to three access lines with arbitrary characteristics.

Using this simulation and the characteristics of the access
lines, the Zg-matrix of the ferrite resonator is computed at its
interface using a three-port deembedding method.

Indeed, a circulator is a three-port network composed of
the ferrite resonator (which is itself a three-port network)
connected to three two-port networks that are the access
lines (Fig. 6).

The voltage—current relations of the whole
[Fig. 6(b)] are given by the following equations:

system

Vi=Zuxh+Zyxh+Z3x13

Vo=2ZyxIi+Zy xL+2Z3 x 13

Vi=Zyxli+Zyxbh+Zixh 9)
Or [V]=[Z]l]. (10)

Likewise, the voltage—current relations of the ferrite res-
onator [Fig. 6(a)] at the ferrite/dielectric interface are given,
as a function of Zg, by the following equations:

Vie=Zru X It + Zg31 X Iy + Zgr13 X I3

Voo = Zgot X Iy + Zg1y X Iy + Zg31 x Iy

Va = Zgs1 X Iy + Zgoy X Iy + Zg1y x Iy
or [V']=1zkI[I'].

(1)
12)
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Equation (13) gives the voltage—current relations for the
three access two-port network with n = 1, 2, and 3

Vi=Zrnx1,—Zi x Iy

V= —Zin X Ly + Zpy x 1. (13)
Using (10), (12), and (13), we can write
72 Z
[V] = Ziall] - ZEL 1] + S22 V] (14)
VARS Z1o
, Zin 1
Il = [I]— ——[V]. (15)
[ ] VARS VARS

Also, with (10), (14), and (15), it gives by the following
equation:

z? VAR
Zia — —L“)[IJ + [Z][1]
( 2 VARS VARS

Zin 1
= [ZR]( 7o =7 [Z][I]). (16)
Finally, from (16), the expression of Z is deduced
2
[A] = (zw - Z;)[i] + Z; zI  an
[B] = (ZL” (i — — [Z]) (18)
Zi21 Z1o1
[Zr] = [AlB]™" (19)

where [i] is the identity matrix of order 3.

Therefore, the Zz matrix (19) depends on the Z-matrix (the
impedance matrix of the whole system) and on the access lines
parameters Z;; and Zj,;. The latter can be expressed as a
function of Z,, the stripline characteristic impedance, its length
L, and the frequency [28]. They are recalled in the following
equations:

Zi = —jZ. x cot(Lw) (20)
Zyyy = 2% Q@
U Sin(Low)”

Z. and L are fixed by the access lines used in the simulation
and the Z-matrix is extracted from this same EM simulation
of the entire system.

Finally, we can deduce the Zy impedance matrix of the
ferrite resonator at the interface ferrite/dielectric due to this
unique EM simulation.

This deembedding-type method is applied on the structure
described in Fig. 2(a) and the Zg-matrix elements are pre-
sented in Fig. 7. This 3-D EM simulation was performed under
CST MWS, with access line properties of Z, =50 Q and L =
5 mm. It should be noted that these line characteristics were
chosen arbitrarily and could be different. In each case, the
Z r-matrix results would be identical.

3) Comparison of the Two Methods: Fig. 8 shows a com-
parison of the Zg-matrix of the resonator shown in Fig. 2(a)
calculated with the E/H integration method and with the
deembedding-type method. The two results are very close,
and they both show a resonance around the frequencies of
6.3 and 8.9 GHz. These frequencies correspond to the resonant
frequencies of the counter-rotating eigenmodes in the cavity.
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Fig. 7. Zg-matrix calculated using the deembedding-type method of the
complex resonator presented in Fig. 2(a).
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Fig. 8. Comparison of the Zz-matrix of the complex resonator presented in
Fig. 2(a) calculated using the E/H integration method and deembedding-type
method.

At this stage, we have determined the Zy impedance matrix
at the ferrite/dielectric interface, regardless of the shapes
of the metallic central conductor and the ferrite resonator.
In Section II-B, this Zz matrix will be made equal to the
impedance matrix of an ideal three-port circulator. This will
allow us to determine the width and length of the access lines
to ideally couple the circulator and highlight the circulation
phenomenon.

B. Use of the Zp Impedance Matrix to Ideally
Couple the Circulator

The Z g-matrix computation at the ferrite/dielectric interface
was the first step of the coupling methodology.

R,

= Z.

ldeal]

R

0 0

Fig. 9. Schematic representation of obtaining an ideal circulation condition
for the circulator under study.

The purpose of the second step, presented in this section,
is to determine the characteristics of the access lines that
will allow an optimized coupling of the eigenmodes of the
ferrite resonator, i.e., that will lead to a good matching (S;; <
—20 dB), low losses (S2; < —1 dB), and a good isolation
(831 < —20 dB).

For this purpose, the starting point is to equalize the
impedances of the previously studied circulator with those of
an ideal circulator.

The impedance matrix of an ideal circulator, noted Zigey in
the following, has already been defined in previous works [18]
and is recalled in the following equation:

0 —Ry Ry
[Zigeal = | Ro 0 —Ro (22)
—Ry Ry O

This implies that the impedances at each of the input ports
of the ideal circulator are real and equal to Ry. We note Z the
impedances at each of the input ports of the previously studied
circulator. Consequently, and in order to obtain an optimized
circulation phenomenon in the case of the circulator studied
previously, Zy must be a real impedance at the circulation
frequency, which we will note fy in the following. This ideal
circulation condition is schematized, in a simplified way, by
an equal sign in Fig. 9.

This impedance Z; is defined as the ratio (23) between
the voltage and current on port 1 when the other ports are
loaded by the same impedance Zj. It is calculated with the
Z g-matrix (previously determined according to Section II-A)
of the resonator using (24)—(26)

Vi
Zy = — (23)
I
Zo=Zpi +EZp3y1 + Zgn F (24)
ZZ
Zpot + 52—
E= “ Zz:zlllzkn (25)
—Zo = Zrn — T
V4 V4
F:__EL_+EC_JE_». 26)
—Zo — Zr1 —Zo — Zr1

From these equations and keeping only the solutions with
a positive real part, Fig. 10 presents the real and imaginary
parts of the solution Z; as a function of frequency.

These curves show that there is one frequency around which
the impedance Z is purely real, i.e., which meets the ideal
circulation condition (shown in Fig. 9). This frequency, where
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real Z, |

[y ® 9 10
Frequency (GHz)

Fig. 10. Real and imaginary parts of the Z solution (23)—(26) as a function
of frequency for the resonator presented in Fig. 2(a).

L
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/‘ﬁ : X \\\
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C izad
& M 2 Ferrite-dielectric interface
& B &
% 3

Fig. 11. Resonator and access lines loaded by 50-Q ports.

Zy = 62 Q, is the circulation frequency, and it is such that
fo = 7.7 GHz.

In a practical case, the circulator is connected to 50-Q
connectors. In general, impedance matching is performed
when the load impedance equals the complex conjugate of the
source impedance. Therefore, to perfectly match the circulator
at the circulation frequency fj, the conjugate of Z, noted Z;,
has to be presented by the access line loaded by the 50-Q
connector, as shown in Fig. 11. Here, at fy, Z¢ is purely real,
which implies that Z} = Zy = 62 Q.

Therefore, in the overall system presented in Fig. 11,
the characteristics of the access lines, i.e., its characteristic
impedance Z, and its length L, have to be determined to have
an impedance of 62 Q at each ferrite—dielectric interface at
the frequency fo.

These lines are striplines with continuous section and the
dielectric around the ferrite is air. In order to obtain a real
impedance of 62 Q in the plane of the ferrite—dielectric inter-
face, these lines can be quarter-wave impedance transformers.
In this case, the length L and the characteristic impedance Z,
of the access lines are defined as follows:

L:% and Z, = /50 x 62 = 56 Q
0

27)

where c is the velocity of light.

The width of the access lines that allows a characteristic
impedance of 56 Q is 3.5 mm.

Now that all system elements are defined, it is possible
to determine the S-matrix of the complete circulator. Using
(10), (12), and (13) again, it is possible to develop them in
order to find an expression of the impedance matrix Z of the

3491
E/H Deemb EM Sim
0 T T T
% =20
s
-40 ¢ . | .
6 7 8 9 10
2 | . 1
6 7 8 9 10
0 T T T
2 a0t
e
-40 C 1 1 1
6 7 8 9 10

Frequency (GHz)

Fig. 12.  S-matrix of the resonator with 4/4 lines sections computed with the
E and H integration method (E/H), with deembedding method (Deemb),
and with 3-D EM simulation using Fig. 2(b) model (EM Sim).

entire system. This expression depends on the Zz-matrix of
the resonator and the properties of the access lines, Z, and
L. Equations (28)—(30), which allow the calculation of the
impedance matrix Z of the overall system, are thus defined

[c1=(z“l[i1+[zR] ! ) (28)
Z1o VARS

Zi Zi”) )
D] = Zrl— 1 Z - 29
[D] ZLZI[ Rl ( =z (] (29)

[Z] = [CI7'[D]. (30)

Zr11 and Zjpy; can be calculated with (20) and (21). They
depend on the frequency, the characteristic impedance Z., and
the length L of the stripline.

Finally, (31) is used to convert the Z-matrix into an
S-matrix [28]

1 N1 .
[S] = (Z_O[Z] + [z]) (Z_O[Z] - [l])-

Thus, using (28)-(31), the S-matrix of the complete cir-
culator can be calculated. Since we have determined the
Z gp-matrix of the ferrite resonator with two different methods
(Section II-A), Fig. 12 shows the S-matrix when the following
conditions hold.

1) The Z matrix of the ferrite resonator is calculated using
the “E and H” integration method.

2) The Zy matrix of the ferrite resonator is calculated using
the deembedding method.

3) The 3-D EM simulation of the entire circulator is
performed.

The results show that, as predicted by the previously
developed methodology, a circulation phenomenon around
7.7 GHz is obtained with very good isolation and matching
while having very low losses. Moreover, results obtained using
the two methods are very close with a frequency difference
of 2.6%.

(€19
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(@ | (b)

Fig. 13.  Lower part of the circulator with a triangular central conductor:
(a) numerical model and (b) prototype.

These results are also compared to an EM simulation using a
3-D model of the circulator with the dimensions of the access
lines previously determined. This comparison shows a very
good agreement between the two computation methods and
the simulation.

The strong point of this method is that to design this
circulator, only one simulation is necessary and no parametric
study is required. This design methodology must now be
validated experimentally.

C. Experimental Validation and Methods Comparison

In order to validate the design methodology, a prototype is
developed. The topology used is the one determined at the end
of Section II-B. The ferrite initially considered had an internal
field of 700 Oe [Fig. 2(a)]. Therefore, to complete the design
of the circulator, a magnetostatic study is carried out in order
to select the magnets that allow to obtain the internal static
magnetic field of 700 Oe in the ferrite disks. Indeed, due to the
CST magnetostatic solver (MS), magnets can be dimensioned
to achieve an internal field as close as possible to the wanted
one. These magnetostatic studies have already been presented
in [10] and [11]. The magnets thus dimensioned are 3-mm
high disks with a radius of 4.5 mm and a Br magnetization
of 4000 G.

A magnetostatic-EM (MS/EM) cosimulation of the global
device [Fig. 13(a)] is done (using CST MWS) in order to verify
the results given by both methods presented in Section II.

Finally, the circulator is realized and the photograph of its
prototype is shown in Fig. 13(b). It has been measured and
Fig. 14 shows a comparison between the MS/EM cosimulation
and measurements. We can see a good agreement between the
measurement and the MS/EM cosimulation.

The most important part of this section is to validate
the methodologies presented previously. For this purpose,
Fig. 15 compares the measurements results with those cal-
culated using the two methods of determining the Zg-matrix
(in Sections II-A and II-B). Indeed, Fig. 15(a) shows the
results from the £ and H integration method and Fig. 15(b)
shows the results from the deembedding method. In both cases,
a good agreement appears particularly between the deembed-
ding method and the measurements. Table I summarizes the
results, including the results from the 3-D simulation in the
ideal case where the internal field was homogeneous.

The two methods developed are, therefore, validated since
a very good agreement with the measurements is obtained.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 70, NO. 7, JULY 2022

e —_—

—~
m -
=
=
»
=
2
£
8 - — — Sl Cosim
& — — 821, Cosim
720 .
— — 831 4 Cosim
Si1;; Meas
S21 ;5 Meas
S31 5 Meas
L
6 7 8 9 10

Frequency (GHz)
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presented in Fig. 13(b).
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Fig. 15. Comparison of the S-matrix of the circulator (a) between the mea-

surements and the £/H integration method and (b) between the measurements
and the deembedding method.

It should be noted that the agreement is better for the deem-
bedding method.

The most significant advantage of this global methodology,
the results of which are presented in Fig. 15, is that it requires
only a single EM simulation of an unmatched circulator. The
rest of the methodology is just combinations of matrices whose
objective is to obtain a circulation close to an ideal circulator.
In this overall methodology, we used two different methods to
calculate the elements of the Zg-matrix.

In the first method (called E and H integration method), the
calculation time is much more important than in the second
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TABLE I
PERFORMANCE COMPARISON

Result E/H Deemb EM MS/EM M
esults Method Method Sim  Cosim easures
Central
frequency (GHz) 130 776 778 7.86 7.8
BW (%) Iso >
20dBandRL> 159 139 128 137 9.1
20dB
Relative
deviation (%) 4.1 1.5 1.3 0.3 /
Co:l'lputatlon 6733 69 157 312 p
ime (s)

one (deembedding method) because it is necessary to calculate
the E- and H-fields in 3-D for each frequency sample.

Indeed, to obtain the results of Section II-B with a standard
computer (Intel i7 quadricore CPU at 3.4 GHz, RAM 16 Go
and GPU NVIDIA GeForce GTX 745), the total computation
time was 6733 s for the £ and H integration method and
69 s for the deembedding method. Thus, with an error of
1.5% versus 4.1% on the central circulation frequency and
computing times divided by 100, the deembedding method
will be preferred thereafter.

Now that the methodology developed in this article has been
validated in the case of a single-band circulator, the next part
will show that it can be implemented in more complex cases
since we will apply it to a circulator operating on two different
frequency bands without seeking to widen the bandwidth.

Indeed, it should be noted that the bandwidth of the circula-
tors depends essentially on the evolution of Z with frequency.
With a resonator whose real part of Z; varies slightly with
frequency and an imaginary part of Z, close to 0, it would be
possible to obtain larger bandwidths.

III. APPLICATION OF THE METHODOLOGY FOR A
DUAL-BAND CIRCULATOR

In this section, the coupling methodology is adapted and
applied to obtain an optimized dual-band circulator. Indeed,
for dual-band circulators presented in [10] and [11], design
methods required an iterative parametric study to design the
access lines of the ferrite resonator.

In [8], the influence of the shape of the central conductor on
the resonant frequencies of the eigenmodes has been detailed
and it was shown that it is necessary to use conductors
of complex shapes to obtain resonant modes at the desired
operating frequencies. However, the dimensions of the access
lines, to couple and match the resonator to obtain an optimized
circulation function on both frequency bands, were calculated
by an iterative parametric study (using CST-MWS) [11]. The
aim of this optimization was to find an optimal coupling in the
two circulation bandwidths. This technic is long and tedious
and requires significant computing time for each new design.
This is the reason why we propose, in this section, to apply
the method previously proposed for a dual-band conception.

This new method has been applied on the two circulators
already realized and presented in [11]. Each of them has
cylindrical ferrite resonators with central conductors WYE

3493
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Fig. 16. (a) WYE with stubs central conductor shape, (b) for the unidirec-
tional circulator, and (c) for the bidirectional circulator.

TABLE I

CIRCULATOR WITH WYE WITH STUBS CENTRAL
CONDUCTOR PROPERTIES

. Fig. 16(b)  Fig. 16(c)
Properties resonator resonator
W (mm) 1.5 2.8
Wstub (mm) 1.2 2.8
Lstub (mm) 6.2 5.2
Ferrite radius
(mm) 6.6
Ferrite thickness 15
(mm) )

ended by stubs. The main difference between these two
resonators concerns the dimensions of the lines and stubs of
the WYE central conductor and was intended to change the
order of appearance of the upper modes HE 1,;. This resulted
in the inversion of the direction of the circulation since it could
be either the same between the first and second bands (unidi-
rectional circulator) or different (bidirectional circulator).

Fig. 16(b) and (c) shows the geometries of the central
conductors corresponding to the two cases presented above.

The ferrite used is Y215 [29] with a saturation magnetiza-
tion Ms of 1450 G and the internal static magnetic field Hi of
the ferrite is 640 Oe for both resonators.

Table II shows the different dimensions of the ferrite res-
onators shown in Fig. 16.

The following paragraphs present the application of the
coupling method described in Section II in order to optimally
couple the resonators shown in Fig. 16(b) and (c) on two
frequency bands.

A. Unidirectional Circulator

As for the single-band circulator, the first step consists in
calculating the impedance matrix Zy at the interface between
the ferrite and the surrounding dielectric (which is air in our
case).

The deembedding method is applied because of its greater
precision and rapidity. First, a 3-D EM simulation is performed
by exciting the resonator with access lines whose width is
chosen arbitrarily. Then, the Zz matrix is computed using
(17)—(21). Fig. 17 shows the Zz matrix of the resonator shown
in Fig. 16(b).

These different curves show resonance peaks, which can
be identified with the different modes present in the cavity
and already presented in [11]. From the different elements
of this impedance matrix Zg, it is possible to calculate the
Zo impedance defined in Fig. 9 with (24)-(26). From these
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Fig. 17. Zg-matrix calculated using the deembedding type method of the
resonator presented in Fig. 16 (b).
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Fig. 18. Real and imaginary parts of the Z solution (23)—(26) as a function
of frequency for resonator presented in Fig. 16 (b).

equations and keeping only the solutions with a positive real
part, Fig. 18 presents the real and imaginary parts of the
solution Z, as a function of frequency. As for the single-
band circulator, these curves show that it is possible to find
frequencies where the impedance Z is purely real, i.e., which
meets the ideal circulation condition (shown in Fig. 19).

The main difference with dual-band operation is the search
for two frequencies instead of one. Using the results of Z
(Fig. 18), the frequencies fo; and f¢, at which Z; is purely
real are identified and are such that fy; = 5.1 GHz and fi; =
10.3 GHz with the corresponding impedances Zy; = 55 Q and
Zy = 46 Q.

Therefore, these values of Z; are both close to 50 Q, so we
will consider that applying an impedance of 50 Q to the three
ports will allow coupling the resonator at the frequencies of
5.1 and 10.3 GHz. Since the impedance to be applied is 50 €,
there is no need to add a matching section. The resonator
can therefore be connected to connectors using characteristic
impedance lines of 50 Q.

In order to compare the measurement results of [11] with
those obtained with the methodology developed in this article,
(28)—(31) are applied for the resonator of Fig. 16(b). Using
the matrix Zr shown in Fig. 17 and the properties of the
access lines, i.e., Z, = 50 Q and L = 5 mm, the S-matrix of
the coupled resonator is calculated as a function of frequency
without requiring a new 3-D EM simulation. These results are
compared with the measurements [11] in Fig. 19.
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Fig. 20. Zpg-matrix calculated using the deembedding-type method of the

resonator presented in Fig. 16(c).

Fig. 19 shows a good agreement between the measured
and the calculated S-matrix. Retro simulations have shown
that spurious peaks in measurements come from a minor
misalignment of the ferrite disks.

B. Bidirectional Circulator

The same development is adapted for the resonator shown
in Fig. 16(c). Indeed, the Zg-matrix is calculated using the
same method as for the previous part, with the deembedding
method. The terms of this matrix are plotted in Fig. 20.

From this Zg-matrix, the Zy impedance is computed using
(23)—(26) and Fig. 21 shows its plot as a function of frequency.

As with the previous resonator (Section III-A), a dual-band
circulation is targeted. For having a circulation phenomenon,
it is necessary to identify the frequencies where the impedance
Zy is purely real. These two frequencies for which the imagi-
nary part of Zj is equal to zero are fy; = 6.1 GHz and f», =
10.6 GHz. The corresponding impedances are Zy = 30 Q
and Zoz = 33 Q.

It will therefore be considered that the resonator can be
coupled by applying an impedance of 32 Q at 6.1 and
10.6 GHz to the three ports.

As this impedance is different from 50 €, a matching step
must be added to connect the resonator to the 50- connectors.
Since the circulator must operate on the two frequency bands
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TABLE IIT
COMPARISON BETWEEN CIRCULATOR DESIGN METHODS
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Good accuracy, naary
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of frequency for resonator presented in Fig. 16 (c).
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Fig. 22. Schematic representation of resonator connected to two matching
sections and ports.

simultaneously, it is not possible to use a single quarter-wave
impedance transformer to convert an impedance of 32 into
50 Q at 6.1 and 10.6 GHz. A two quarter-wave section method
[30] can be used to match the resonator. The global system
is represented in Fig. 22 with the resonator in the middle,

Fig. 23.  Comparison of the S-matrix of the circulator between the measure-
ments and the deembedding method.

connected to the two quarter-wave sections, and terminated
by the 50-Q connectors. This method, already detailed in [11],
resulted in the following parameters: Z,; = 44 Q, Z., = 36 Q,
Ly = 9.15 mm, and L, = 9.15 mm respecting the notations
of Fig. 22.

It is, therefore, possible, by using (20), (21), and (28)—(31)
and the matrix Z shown in Fig. 20, to calculate the S-matrix
of the whole system. The results are compared with the
measurements [11] in Fig. 23.

As with the previous circulators, in addition to good agree-
ment between measurements and calculations, very good cir-
culation performances are achieved. Indeed, the methodology
developed in this article allows, from a single 3-D simulation,
to develop circulators with a good matching, low losses, and
good isolation on one or more frequency bands.

Table III summarizes the performance of the main ferrite
circulator design methods. The method we propose in this
article is compared to the method of Fay and Comstock
[20], which is based on Bosma approximations [18], to the

Authorized licensed use limited to: Universite De Limoges. Downloaded on November 04,2025 at 12:46:53 UTC from |IEEE Xplore. Restrictions apply.



3496

method of Helszajn [26] using a WYE resonator to extend
the bandwidths, to the ultrawideband method of Wu and
Rosenbaum’s [1] and to the method of Shams et al. [24],
which considers the fields surrounding the access striplines to
model a circulator.

We can deduce from this table that the method proposed
in this article is the only one valid for any type of central
conductor. To the best of the authors’ knowledge, it is also
the only one that allows to achieve a second circulation band
without parametric studies.

IV. CONCLUSION

In this article, a new methodology has been introduced
to obtain optimal circulation conditions for a stripline cir-
culator, whatever its geometry, over several frequency bands
simultaneously. It has been developed to avoid any system-
atic numerical parametric studies while reaching the opti-
mal coupling impedance of the junction. For this purpose,
a first step consisted in calculating the impedance matrix of
the resonator, having an arbitrarily chosen central conductor,
at the ferrite/dielectric interface. Two approaches have been
developed. The first one used the integration of electric and
magnetic fields, while the second developed a deembedding
type method.

This impedance matrix of the resonator was then equalized
to that of an ideal circulator to extract the impedance to be
presented at each of its input ports to obtain the best circulation
phenomenon. From this impedance, we can deduce the charac-
teristics of the access lines, i.e., their characteristic impedance
and their length. The methodology has been validated by
measuring a single-band circulator with a triangular central
conductor.

We have also proved that this methodology is also suitable
for coupling a circulator on two frequency bands simultane-
ously. For this purpose, we used the results of two dual-band
circulators already realized. Indeed, by applying our method-
ology, we have shown that by using a single EM simulation,
coupling parameters on two different frequency bands were
found instead of using a parametric study.

The most significant advantage of the methodology devel-
oped in this article is that, from a single 3-D simulation,
we can develop circulators with good matching, low losses,
and good isolation on one or more frequency bands. This new
approach shows, in all the studied cases, that a good agreement
between measurements and calculations is achieved. Finally,
this method, presented here for stripline technologies, can be
applied to microstrip technology.
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