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ABSTRACT In this article, Y-junction strip-line circulators are designed using an enhanced closed form
solution consisting of unified key equations and a flowchart design, which serves as a direct procedure for
designing a ferrite circulator. This design methodology is combined with a 3D EM simulation that allows
for the calculation of the saturation magnetization, uniform biasing, and ferrite dimensions needed for a
circulator to operate in both modes. In addition, the closed form can be used to calculate the Y-junction
parameters and allow the matching network to be calculated and the uniform circulator biasing design
ended. Our analysis starts with the ferrite calculation to ensure that it is uniformly biased magnetically,
and this is followed by strip-line design, Y-junction matching, and biasing circuit design. Using full-
wave electromagnetic (EM), HFSS and magnetostatic (MS), Maxwell3D simulations, several key design
parameters such as the saturation magnetization, coupling angle, and various external permanent magnetic
biases are investigated. To validate the proposed concept, two strip-line circulators are designed and
fabricated for operation in wide-bandwidth and narrow-bandwidth applications. Good agreement is found
between the simulated and experimental responses for the S-parameters of the circulators. We also present
a semi-analytical analysis of the concept of breakdown, which enables calculation of the peak power and
total thermal rise in the strip-line structure. The average power handling capability of a strip-line circulator
is studied for the first time. The proposed closed form expressions can also be implemented in various ferrite
circulators using different guiding technologies for millimeter-wave applications.

INDEX TERMS Above resonance, below resonance, homogeneous, microwave ferrite, magnetostatic, non-
reciprocal, splitting factor.

I. INTRODUCTION

Microwave ferrite circulators are passive three-port devices
that are used in radio frequency (RF) applications when-
ever power needs to be directed to a specific point and iso-
lated from another. The circulation condition for circulators,
in which the RF signal flows in a circular way from one
port and is attenuated in the reverse direction, arises due to
the non-reciprocal properties of ferrite material. The basic

The associate editor coordinating the review of this manuscript and

approving it for publication was Photos Vryonides

operation of a circulator relies on magnetized microwave fer-
rite [1], [2], a ceramic material with non-reciprocal behavior,
meaning that its behavior in one direction is very different
from that in the other direction [3], [4], [5]. A circulator
is an important microwave device that has been used in
wireless communication, radar, satellite payload, medical,
military and defense applications, laboratory measurements
and industrial microwave heating. For example, a ferrite cir-
culator is used in a base station tower where the transmitting
and receiving chains share a common antenna, to isolate
the receiver path from the transmitter path and vice versa.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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A circulator can be converted into an isolator by simply
connecting a matched load to one specific port.

The conventional circulator design based on boundary
conditions and a Green’s function was reported in [6], [7],
and [8]. An empirical analysis of a symmetrical quarter-
wave coupled Y-junction strip-line circulator, described in
terms of the counter-rotating mode, was presented in [9].
Ferrite circulator that employs the relations proved by both
Bosma and Fay and Comstock can be found in [10], [11],
(12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], and [24]. Circulators can be designed to operate either
below resonance (BR) or above resonance (AR), depending
primarily on the microwave operating frequency and the
amount of biasing field applied. Thorough discussions of
various aspects of circulator design, ranging from the prop-
erties of ferrite material to assembly and testing, are reported
in [25], [26], [27], and [28]. Wideband circulators are known
to be useful in communication systems, since the broad-
band emission-reception signals need higher bandwidth to
provide faster communication. A wide bandwidth microstrip
circulator was designed using a continuous tracking tech-
nique in [29]. Narrowband circulators are normally used at
low frequencies where a high degree of isolation is needed.
Research works on narrowband circulators using different
guiding structures are found in [30], [31], and [32]. Despite
the countless studies on the design and synthesis of ferrite
circulators, the design of a circulator still deploys the same
procedures based on empirical and iterative methods and has
no exact design approach. A circulator design based on an
empty substrate integrated coaxial line (ESICL) was reported
in [33]. Although this is a novel technology, the authors used
a trial-and-error method for synthesis, resulting in high costs
and a time-consuming process.

Recently, there has been great interest in designing ferrite
circulators using closed-form solutions. For instance, a dis-
closure design methodology based on a modified boundary
condition and an expression for the closed form solution of
the strip-line Y-junction was studied in [34] and [35]. The
presented techniques can be considered an efficient method
for circulator design, but they have several limitations: two
unknown variables need to be estimated, a material with a
high dielectric constant needs to be assumed, and most of the
equations and state-of-the-arts were less simplified. In [36] a
simplified flowchart for designing a microstrip baseline cir-
culator was presented including a full-wave EM simulation.
However, this approach was applicable to a microstrip base-
line circulator, and the author explained much information
regarding the effects of a permanent magnet.

More recent work [37] addressed some specific issues
like the effect of ferrite thickness using field distribution.
However, this work focused on high frequency, which is
limited in fabrication, sensitivity physical dimension and
material outsourcing. Most of the current research works
mentioned above tend to apply to narrow bandwidth and
no power handling capabilities were addressed in a good
manner.
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Power handling and waveguide circulators were stud-
ied in [38], [39], [40], [41], and [42]. Waveguide circu-
lators have high power handling than strip-line circulators
and suitable for high power application, but at low fre-
quencies they become large structures and special mechan-
ical design and multipaction analyses are needed to ensure
proper operation and remove thermal energy from the mate-
rials [43], [44], [45], [46], [47]. More literature on power
handling capabilities have been studied and applied for direc-
tional couplers, filters, and waveguide circulators, but not for
Y-junction strip-line circulators [48], [49].

In this research, a modified closed-form solution with
brief information and complete details along with a flow
chart was proposed. These simplified closed-form equations
and a flowchart for the design of a strip-line circulator that
improves on the conventional circulator design can be applied
to design both BR and AR circulators. An exact technical
parameter of the ferrite and the Y-junction strip-line dimen-
sions can be determined directly from this method. Unified
circulator key design equations were also brought in together
to assist the designing scheme as well as each equation
and some rules of thumb were explained for proper under-
standing. In addition, the average power handling capability
based on the thermal rise in the strip-line circulator is studied
and validated using a complete computational fluid dynam-
ics (CFD) solver for electronics thermal management called
Icepak. The results of numerical calculations of the power
handling of a 6-18 GHz circulator confirm those obtained
from a full wave simulation. For instance, peak power of
870.23 W results in maximum field strength of 1.68 Mv/m
in HFSS, which is slightly larger than half the breakdown
voltage in air (3.22 Mv/m). And a maximum average power
of 13.13 W corresponds to an operating temperature 85.20°C
maximum from the Icepak simulation. Two circulators based
on strip-line technology are designed, fabricated, and evalu-
ated, and good agreement is shown between the simulation
and experimental results.

II. UNIFIED CLOSED FORM SOLUTION

A. MICROWAVE FERRITE CALCULATION

Estimations of the required saturation magnetization (47 Ms)
vary from one source to another. In the early stages of design
of a ferrite circulator, there is no formula to derive the exact
saturation magnetization. A suitable saturation magnetization
should be based on a consideration of the lowest operating
frequency [2]. The selection of an appropriate saturation
magnetization mainly depends on the selected microwave
frequency and the ferromagnetic resonance frequency. Three
basic modes of operation will be considered, corresponding
to the resonance, BR, and AR regions. The fractional [28]
bandwidth of operation for both circulator schemes is mainly
proportional to the selected saturation magnetization and
bandwidth. Figure 1 shows a graph of the relationship
between the loss performance and the biasing magnetic field.
For instance, “Atlow frequencies, the BR region becomes too
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FIGURE 1. Variation in the region of operation with frequency [50].

lossy for operation”, while “AR region becomes too lossy at
high frequencies operation”.

An estimation of the saturation magnetization can be cal-
culated using (1), for both operating modes. The fractional
bandwidth of the ferrite circulator is proportional to the
saturation magnetization and inversely proportional to the
differences in frequency. The bandwidth of operation can be
calculated directly from (2) if the saturation magnetization
has been chosen.

l<i> CHy < daM, < (’i) “H,2 O
2 \y S\

Af (%) = (%) x 100 2)

where y is the gyromagnetic ratio (2.8 MHz/Oe)
f is the center or operating frequency in (Hz)
H, is an isotropic field in the range (0-100 Oe)
BW is the operation bandwidth in (Hz)

Ferrite materials on the market typically have a saturation
magnetization in the range of 90-5000 gauss and a resonance
line width from 0.5-2500 oersted. They can operate between
0.02 and 94 GHz [4]. If we assume that the ferrite disk is
saturated in the Z-direction, the elements of the permeability
tensor can be expressed in Cartesian coordinates as [8]:

w o jk 0
[ul=] —jx wn O 3)
0 0 wo
Hin4rM;y?

where £ = po (1 + 55 212 > is the permeability tensor

of the medium and ¥k = Lo (; Z%”f;;) is the off-diagonal

element.

The permeability tensor elements x and p depend on the
three main component f, H;, and 4w M which are known as
the frequency of the microwave signal, the internal biasing
field, and the saturation magnetization of proposed circulator
properties, respectively. The effective permeability (.4 ) and
propagation constant in ferrite (k) can be defined using the
following expressions [28]:

22
— K
Heff = “
eff m
Keff = W./Ef [Leff E0L0 )
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Most modern circulators are designed for the first oper-
ation mode of circulation due to the need for miniaturiza-
tion and to avoid complexity in the design equations. In the
first mode, n = 1 or x = 1.84 the ferrite disk radius is
given by [28]:

R 184
T VEf Theff

By substituting (5) into (6), we can get the ferrite radius as
follows:

(6)

1.84C
Rf = ————— @)
O /57 efrEorto
where C is the speed of light in free space (3 x 10%m/s)
and w is the radian frequency at circulation frequency (rad).
The junction conduction, ferrite radius, ferrite thickness and
loaded quality factor are related as modify [9]:

Grdy = 2.093we0eR} (/1) ®)

where Q; and Gg are the approximate loaded quality factor
and conductance of the ferrite resonator, respectively. The
loaded quality factor is inversely proportional to the ferrite
splitting factor (x /i ) and is given by (9). The conductance of
the resonator can be read from the graph in [28]. First, for the
found range of Q; and the maximum VSWR specification,
we can use the value of Gg to find the ferrite thickness.

1
V20 /)

B. Y-JUNCTION STRIP-LINE DESIGN
Another variable that affects the bandwidth is the width of the
inner conductor. It can be seen that the width of the tracing
conductor used to guide the electromagnetic wave in the
circulator is directly proportional to the coupling angle ().
This angle is limited to 120° apart from each other due to the
nature shape of the Y-junction [26]. It takes two time of the
coupling angle, which is (2v) to get the width of the strip-
line Y-junction. Figure 2 shows the relationship between the
Y-junction conductor and the width of the inner conductor.
We first consider the disk geometry of the Y-junction, which
has a diameter smaller than the ferrite disk. Most of the center
conductors for Y-junctions are disk-shaped [9], [34]. There
are certain advantages and disadvantages of each geometry
in terms of the resonance frequency and engineering costs.
In general, changes in geometry have only a weak effect on
Reference [26] but very large effects on B and Gg The
selection of the center conductor geometry will depend on
the shape of the ferrite and matching. Although, there is some
room for adjustment regarding of on the choice. For instance,
if it would be desirable to use a thinner or thicker ferrite, this
can be accomplished by modifying the geometry of the center
conductor [28]. It has been theoretically and experimentally
proved that the diameter of the center conductor should be
taken 80% of the disk resonator [51]. The wave admittance

0L = ©))
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of the circulator at the center frequency of operation is [9]:

_ Yepr e/l
~ sin(y)

where Y, is the intrinsic wave admittance and is given

in (11):
£rEQ
Yo = | (11)
O Meff

From (10), we can derive the coupling angle based on
the ferrite splitting factor in (4), the conductance of ferrite
resonator can be derived from (10) and the intrinsic wave
admittance in (11). The width of the Y-junction strip-line is
calculated as follows:

(10)

W = 2R sin(y) (12)

where W is the inner width of Y-junction (mm)

Y is the coupling angle (rad)

Rc is the center conductor radius (mm).

Figure 1 shows a configuration of Y-junction center con-
ductor, which normally contains round center conductor and
three strip-line arms. A small value of the coupling angle will
result in wideband operation. Decreasing the coupling angle
from light coupling (v = 0.3) to tight coupling (¢ = 0.1)
will result in widening of the bandwidth operation, as Wu and
Rosenbaum explained regarding their ““‘continuous tracking
technique” [9], which matches very well with measurement
results in [52].

Port 1
Port 2

Port 3

FIGURE 2. Configuration of the Y-junction strip-line.

C. CHARACTERISTIC IMPEDANCE OF THE

Y-JUNCTION STRIP-LINE

A matched three-port Y-junction circulator provides per-
fect circulation (i.e., high isolation, low insertion loss, and
wide bandwidth operation). The relationship between the
characteristic impedance of the Y-junction circulator and
ferrite splitting factor for wideband operation is explained
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in [29]. The wave impedance of a ferrite disk resonator and
the wave impedance outside the disk can be determined as

follows:
120
Zgp = —— | — (13)
Y, MO Meff

120
Zg = (14)

Ve

where Z. is the impedance of the ferrite resonator (£2)

Z, is the impedance outside the disk (£2)

er is the dielectric constant of the ferrite

&4 s the dielectric constant of the surrounding medium.

Expressions for the effective diameter of the surrounding

dielectric medium and the effective width of the supporting
material of the strip-line are shown in (15) and (16), respec-
tively.

—1
Re~ Ry L 20\ | (a5 2R 1y 4520 (15)
7TRf de Rf

de—l 2
W W+ [2atn(1 +.0) ~ @~ Din@ ~ 1] (16

where a = (1 — O.St/df)_l, b ~ 2dy, and t is the thickness
of the strip-line. Further on, the Z-parameters network of
lossless, nonreciprocal, three-port network of circulator is
well explained in [28] and [53]. Next, a matching circuit
is designed to match the Y-junction impedance. Among the
different matching techniques, a quarter wave-transformer
is easy to design and match with other guiding structures.
A research work of strip-line circulator with a numerical
example matching procedure was addressed in [54]. The
present of ferrite disc, which usually has input resistance
below Y-junction strip-line (Zp). To match ferrite disc to the
standard system impedance, impedance transformer must be
included. The characteristic impedance of the transformer for
each section needs to satisfy the relation

Z} = ZoRin (17)

where R;, = Re(Z;,) is the real part of the input impedance
Zg and Zy is 50 Q2. These transformers can have varying com-
plexity and electrical size dependent on the desired perfor-
mance and bandwidth. Other approaches to design strip-line
could be used to obtain an optimum dimension. For instance,
the results in [27] could be used, where key equations are
explained in more detail.

D. CIRCULATOR BIASING

Circulators need an external biased field in order to cause
the electrons in the ferrite to precess. It is very important
that the magnetic field applied to the ferrite is uniform or
homogeneous; otherwise, a portion of the ferrite may be only
partly magnetized, or not magnetized. This situation leads
to high insertion losses and generally poor circulator perfor-
mance [28]. For a BR junction circulator, it is advantageous
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to operate at a very low bias field with a magnetization (M)
value that satisfies the relation

4aM < Bw/y (18)

where S is a coefficient of about 0.5. At low bias fields, the
ferrite is not fully saturated and (18) refers to the average
magnetization (4w M) [7]. In the above resonance circulator,
the external biasing magnetic field must be high enough to
achieve low insertion loss and high isolation, yet low enough
to cover the required bandwidth. The author of [8] reported
that a good estimation for the biasing field for the above
resonance circulator is at least four times the field that causes
the ferrite to be saturated. However, the internal biasing field
is in range from 1 to 5 times of saturation magnetization
according to simulation. In another method of estimating
the internal biasing for below resonance operation [34], the
authors multiply the calculated saturation magnetization by a
small coefficient. To summarize these two mentioned rules
of thumb, the internal magnetic field (Hj,) is estimated as
follow:

Hiy ~ 47My(G) x a (19)

where a is the magnetic biasing constant. For example,
a value of a = 0.1-0.5 could be used for a BR operation
while a = 2-5 for an AR operation. To predict the optimum
uniform biasing field in a ferrite circulator, the expression
in (20) is applied:

H;,, =Hyo+H, — Hyi (20)

where H) is the applied external magnetic biased field (Oe)
H, is the anisotropic field (Oe)

H; = Nz4mwMs, where N7z is the demagnetization factor
of the ferrite sample. Normally, the demagnetization factor is
estimated in the range (0-1) for non-ellipsoidal bodies. For
example, the demagnetization factor of a disk-shaped ferrite
has been reported as Nz = 0.88 [11]. We can design a mag-
netic circuit using flux leakage [55] and alternative method
with azimuthal symmetry in [56]. However, the design of
magnetic circuits using these two methods is not exact and
may be over-designed, which requires to use of a 3D simu-
lation tool for tuning and optimization. The leakage factor F’
is defined as the ratio between the total magnetic flux density
enclosed region. This magnetic flux leakage can be calculated
using (21) followed by approximately magnet thickness as
well its radius. In this work, we adopted the flux leakage
method to design a magnet, that the detail is in section III.

1.7U,L, [ L
F=1+#[ P 0.6
Ag lﬁ_%Lg

0.67Ly,
7 | @b
0.67Ly+Lg+2L,

where a subscript of p a property of the pole pieces if used,
g denotes a property of the air gap, and m a property of the
permanent magnets. U, refers to the perimeter of the pole
piece, L refers to height or length, and A refers to the area of
the air gap at any point along the gap length. It is noted that
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the air gap can be replaced by ferrite in simulation.

L, = (R, + Ry (2mB 22)
L
Ry = = (23)
UA
FHyA
"= 0% (24)
By

where, R refers to the reluctance of a given path, R, is the
reluctance of the air or ferrite gap, and R; being the reluctance
of the flux return path. L, A and p are the length of path,
the cross-sectional area, and the relative permeability of the
medium.

Ill. CAD-BASED DESIGN OF A STRIP-LINE CIRCULATOR
In this section, two strip-line circulators are designed and
simulated using a unified closed-form expression and a sim-
plified flow chart. Fig. 3 depicts a simplified flowchart for
designing a ferrite circulator, from the specification stage
through to evaluation, testing, and measurement. We divide
the procedure into three stages. Fig. 3(a) shows a closed-form
procedure for the design of a ferrite circulator with uniform
biasing. Also figure 3(b) highlights the magnetic design and
simulation in HFSS Maxwell3D. The prototype fabrication
and sample materials purchasing are listed in Fig. 3(c). The
proposed flowchart circulator design is summarized as the
following procedure.

1) Determine the center frequency and fractional band-
width from the specifications.

2) Derive for optimum saturation magnetization (47 Ms)
using equation (1).

3) Estimate an internal biasing (Hj,),Therefore, the ele-
ments of tensor can be found in using (3).

4) Determine preliminary dimensions of the ferrite circu-
lator using equations (4) to (8).

5) Synthesize and simulate Y-junction strip-line to match
50-€2 load system impedance.

6) Perform 3D EM simulations under a uniform biasing
field condition.

7) Design a static magnetic circuit for external magnet
biased based on the assumption that we obtained the
from point 6. This can be done with different methods.
The flux leakage method is adopted in this work.

8) Add a pole piece, a spacer, and magnetic shield-
ing to complete the magnetic circuit design with less
discrepancy.

9) Calculate magnetic circuit thickness and diameter
using flux leakage method and empirically iteration
until it diverges

10) Performance magnetostatic simulation of the external
biasing in Maxwell3D. The completed magnetic circuit
can then be adjusted or optimized at this stage.

11) Couple a simulation between HFSS and Maxwell3D,
by setup a link in a magnetic biasing source. Using
excitation guidelines from Ansys’s manual.
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12) Carry out an optimization using the available tools in
HFESS to obtain the best simulation results and provide
some margin for the measurement stage.

13) Outsource and purchase ferrites, magnets, and other
related materials from local or international suppliers.

14) Prepare the drawing for fabrication. The 3D drawing
should save as a STEP file as a standard file for CNC
machining.

15) Assembly all related components, compress and
enclose casing properly.

16) Test and measure all related circulators’ performance.

17) Fine-tuning pole pieces or magnets, by adding or
removing them to get a good agreement result.

A. WIDE-BANDWIDTH 6-18 GHz STRIP-LINE CIRCULATOR
The design of the circulator begins with defining the operat-
ing frequency, bandwidth, and isolation. Here, A 6—18 GHz
wideband circulator can be used for ultra-wideband radar
applications, which occupies the X and Ku radio spectra. The
specifications for the design of this wide bandwidth circulator
are given in Table 1.

This wide-bandwidth circulator was designed based on
an enhanced closed-form expression and flowchart as men-
tioned in section II. For instance, the saturation magnetization
and fractional bandwidth can be estimated using (1) and
(2) respectively. In this case, the saturation magnetization is
calculated as (4w Ms) = 4285.71 gauss. However, the 47 M
needs to multiply by a factor less than 1 to shift the bandwidth
of operation slightly lower based on EM simulation. In this
case, a new calculated saturation magnetization (4w M;) and
fractional bandwidth (Af) are then found to be 3500 gauss
and 80% respectively. Using the equations (3)—(8), the ferrite
electrical dimensions are calculated i.e., ferrite magnetic res-
onance frequency is f;, = 2.8 x 4w M, (Hz), and resonance
frequency fo = 2.8 x H;, (Hz). Considering the internal
biasing field H;, = 0 Oe for below resonance operation.
Resulting, © = 1, k = fiu/fo = 0.8166 and therefore (e
and kg are calculated as pef = (u? — «?)/; = 0.3330 and
keff = /e = 561.75 respectively. Next, assuming first
mode of operation x = 1.84 therefore the ferrite radius is
calculated as R = 2.1361 mm. By using the procedure in [28],
the conductance and unloaded quality factor are calculated
Gg = 0.005 and O = 0.0869. Using (8), the single
ferrite thickness dy = 1.562 mm. Considering ferrite material
that is suitable for achieving a wide bandwidth, we find
that spinel ferrite is the best solution, as it has low inser-
tion loss, high power handling and high curie temperature.
In this design, a lithium spinel ferrite (XN36P) from Ningbov
Chiyue [57] is used, and its technical parameters are shown in
Table 2.

Using equations (9)—(11), we see that the Y-junction cou-
pling angle is ¥ = 0.267, while its width is then calculated
as W1 = 0.565 mm using (12). Then, assumed ground plan
thickness is equal to two times ferrite height plus conductor
thickness. Next, using (15) the effective radius of surrounding
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Calculate center frequency ( f, ) and fractional bandwidth ( Af")

from specification design

1

Calculate saturation magnetization ( 47M )

Estimate applied biasing field ( /,, ) and calculate of ferrite

permeability tensors ( &, 4, Ly )

!

Derive circulator dimensions ( R, ,d, N/

!

Calculate and match Y-junction strip-line impedance

!

Design and simulate uniform biasing of 3D model in HFSS

(@)

Calculate magnetic circuit using flux leakage method

1

Define pole pieces, shunt clip, spacer, and casing material

1

Simulate preliminary magnetostatic design with permanent
magnet and related components in Maxwell3D

1

Perform (EM-MS) co-simulate between HFSS and Maxwell3D

!

Optimize the magnetic circuit to get an optimized biased field

1

Run the optimization for the completed design

(b)

Purchase ferrites, magnets, and related materials

Il

Convert 3D models to STEP (standard for the exchange of
product data) for fabrication

Il

Assembly all circulator components and encase prototype

|

Measure, fine tuning prototype, and export data.

©

FIGURE 3. Proposed design procedure strip-line circulator:
(a) closed-form procedure for designing a uniform circulator; (b) magnetic
circuit design and simulation; (c) assembly and measurement.

112817



IEEE Access

S. Khim et al.: Design and Synthesis of Ferrite Strip-Line Circulator

TABLE 1. Design specifications for a 6-18 GHz circulator.

Specification Value
Lower frequency 6 GHz
Upper frequency 18 GHz
Bandwidth 12 GHz
Insertion loss (IL) 1.2dB
Isolation (IS) 13dB
Return loss (RL) 12 dB
TABLE 2. Electrical parameters of ferrite.
Parameter Value
Saturation magnetization (47M ;) 3600 G
Resonance linewidth ( Af ) 210 Oe
Ferrite dielectric constant ( & ) 13
Land-g factor ( g ) 1.98
Ferrite radius ( R ) 2.136 mm
Ferrite thickness (d ) 1.562 mm
dielectric is calculated to R, = 1.6834 mm with center

conductor diameter half of ferrite diameter. The standard load
is 50 €2, and the intrinsic wave impedance of the ferrite is
found to be 56 2 using (13). In this case, equation (17) is
applied. Therefore, Zg can be estimated by using another
strip-line synthesis formula as explained in [27]. This strip-
method could be used to design a 6-18 GHz wideband
strip-line. And overall calculation can be summarized in the
following procedure:

1) Assuming substrate thickness, conductor thickness, its
conductivity, cavity height, dielectric constant of sur-
rounding material, and loss tangent.

2) Calculate operating frequency. Setting impedance Zy =
50 2 and electrical length in degree (), and 6 equal 90°
for quarter wavelength transformer.

3) Use the characteristic impedance in (25) to find
impedance with the found known W,, b and ¢4 from
previous section.

_ 307 b
e We +0.4410°
4) To find the strip-line width, given the characteristic

impedance (and assumption in point 1), which requires
the inverse of (25). Such formula has been used as

Zr (25)

w X for JeqZp < 120 Q
- = (26)
b 0.85—+/0.6 —x for JeqZy>120 Q
where
30m 27
X = .
VeaZo
5) Calculate electrical length using equation (28)
C nf
(28)

| = =
/54 180
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To get broadband operation, more than one section is
inserted as per mentioned procedure. In this case, using
a quarter-wavelength impedance transformer to match the
Y-junction strip-line, its electrical dimensions can be seen in
Table 3.

TABLE 3. Parameters of the 6-18 GHz Y-junction strip-line.

Parameter Value
Center conductor radius ( R ) 1.068 mm
Inner width (1) 0.565 mm
First section width (W2) 3.512 mm
Second section width (W3 2.513 mm
Inner section length ( L1) 0.743 mm
First section length ( L2) 4.752 mm
1.151 mm

Second section length( L3 )

The 6-18 GHz strip-line circulator was simulated using
ANSYS High-Frequency Simulation Structure (HFSS).
Fig. 4(a) shows an exploded view of the various components
used in a circulator. The strip-line is sandwiched between
two ferrite resonators. Normally, a ferrite circulator contains
magnets, spacers, pole pieces, ferrite, and a center conductor
encased in one housing unit and a clip shunt, which acts as
magnetic shielding. In Fig. 4(b), a 3D view of the wideband
circulator, in which Sub-Miniature Version A (SMA) connec-
tors are attached to the body of the circulator. Fig. 4(c) shows
a view of the Y-junction strip-line of the 6-18 GHz circulator.

The saturation magnetization of ferrite is found to be crit-
ical for the design of the wide-bandwidth circulator. Using
the key design equation in (1), the value of the saturation
magnetization can be estimated as (4w M) = 4185.71 G.
Figure 5 shows the S-parameters for different values of the
saturation magnetization. At high saturation magnetization
(4w My) = 4200 G, insertion loss (S»1) at higher side drops
down below 1 dB, which considers high loss. The isolation
(S31) and return loss (Sq;) are 11 dB and 12.5 dB covered
frequency range (7-18 GHz). When we slightly decrease
the saturation magnetization to (4rM;) = 3800 G, the fre-
quency is shifted upwards, out of the required bandwidth.
The insertion loss (S21) slightly decreases to 1.1 dB for the
upper side band. At a value of (4w M) = 3500 G, a good
insertion loss (S71) around 1dB is achieved. Return loss (S1;)
and isolation (S31) are 14 dB and 12.5 dB respectively in the
range (7-18 GHz). The fractional bandwidth almost 80% is
obtained in the simulation.

The most challenging aspect of designing a wide band-
width circulator is the design of the matching circuit.
Impedance matching is used to match the ferrite impedance
to the Y-junction strip-line. Selecting the right ratio between
the ferrite radius and center conductor also helps in defining
the matching. Normally, for a wide-bandwidth circulator, the
center conductor is calculated as 50% or 80% of the ferrite
radius, although it is sometimes selected to be the same as
the ferrite radius. The inner width of the Y-junction strip-line
also plays an important role in the matching circuit in terms
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[7] Dielectric
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(©)

FIGURE 4. Design of the 6-18 GHz Y-junction strip-line circulator:
(a) front view with detail of ferrite circulator components; (b) HFSS 3D
view; (c) configuration of the 6-18 GHz Y-junction strip-line.

of maintaining wideband operation and good isolation at
the center frequency. The calculated inner strip-line width is
directly proportional to the coupling angle, as shown in (12).
Figure 6 shows the scattering parameter of the strip-line circu-
lator with varying coupling angle. For a light coupling angle
(¥ = 0.26 rad ), the insertion loss (S»1), return loss (S11),
and isolation (S31) are 1.1, 13, and 12 dB respectively, at the
center frequency of 12 GHz. As the coupling angle becomes
tighter (i.e., increases), the return loss (Sy;) and isolation
(831) increase, while insertion (S»1) decreases. If the coupling
angle is increased further, the insertion loss at the upper side
frequencies will increase simultaneously, while providing an
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FIGURE 5. Graphs of the simulated S-parameters for different values of
the saturation magnetization: S,;; (b) Sy (c) S3;-

isolation (S31) and return loss below 15 dB for the covered
bandwidth (9—18 GHz). The main problem at this stage is to
design an optimum magnetic biasing circuit. The selection of
the type of magnet and its size or weight is also important
at the design stage. The magnitude of the magnetic field
together with the maximum size, weight, material properties,
surface coating and weight are the key factors in the selection
of the magnet. The magnets commonly used in circulators
fall into four broad classes: ceramic (barium or strontium fer-
rite), alnico (aluminum-nickel-cobalt), samarium cobalt, and
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FIGURE 6. Graphs of the simulated S-parameters for different values of
the coupling angle: (a) Sy1: (b) Sq1: (c) S34.

neodymium-iron-boron. A weak biasing field is insufficient
to bias a ferrite, and results in an incorrect bandwidth and an
out-of-resonance frequency for the ferrite resonator. A strong
biasing field will lead to a high magnetic loss or will tend to
narrow down the bandwidth.

To obtain the optimum and actual environment biasing,
an external permanent magnet is used to provide a biased
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field. The field from the magnet makes the circulation of
non-reciprocal ferrite happen. By referring to the flux leakage
method mentioned in section II and using Ansys Maxwell3D,
two permanent magnets are calculated and simulated. First,
we define the working air or ferrite gap, which normally
equals 2 times ferrite thickness. Also, ferrite diameter is
picked up the based-on design. Therefore, its area can be
calculated. Second, we should set the pole piece thickness
and calculate its perimeter. Third, we select & = 4000, which
is the relative permeability of iron. Four define the working
total path length and its area. And calculate the reluctance
of each medium. Fifth, based on the BH curve of the perma-
nent’s datasheet, find B; and H;, where the maximum energy
product of the magnet is located. In this case, neodymium-
iron-boron 35 grade (NdFeB-N35) is used. BH’s curve of this
magnet shows By = 6.5 kG and H; = 6.2 kOe respectively.
Now, begin iteration of flux leakage until it becomes diverges
at some point. And one should notice that there are two
available options from (22) for iteration calculation one is to
fix magnet thickness and vary its radius and another one is the
opposite. In the first iteration, magnet thickness is calculated
L, = 0.115 and flux leakage is then calculated F = 1.270.
Next, we set Ay, = A, then B; = FHy is derived from flux
leakage at the first iteration.

So, the following iteration will continue by following the
same procedure until diverge. An empirical iteration of this
magnet is shown in Table 4. Finally, a neodymium-iron-
boron grade N35 (NdFeB-N35) magnet from SDM Magnet-
ics Co.Ltd, [58] is selected for this circulator, and its technical
properties are listed in Table 5.

TABLE 4. Empirically iteration calculation of NdFe-N35 magnet.

Iteration L, (inch) F B, (G) H, (Oe)
1 0.115 N/A 6500 6200
2 0.117 1.270 2700 6100
3 0.123 1.271 2758 5800
4 0.122 1.272 2762 5890

TABLE 5. Technical properties of neodymium-iron-boron grade N35 for a
BR circulator.

Parameter Value
Intrinsic coercive force ( H ;) 12 kOe
Residual induction ( B, ) 11.8 kG
Grade N35
Maximum energy product ( BH .. ) 35 MGOe
Curie temperature (7)) 350 °C
Maximum operating tempearute ( 7, ) 80 °C
Magnet diameter ( D ) 4.22 mm
Magnet thickness ( d ) 1.52 mm

This external magnetic circuit is simulated in Ansys
Maxwell3D using an axially magnetized disk permanent
magnet, as shown in Fig. 7. The figure also shows that the
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FIGURE 7. Simulated magnetic circuit generated by NdFeB-N35.

maximum simulated DC biasing field is 634.03 kA/m for
below resonance operation.

After a large set of simulations and optimization, the opti-
mum values of the Y-junction strip-line circulator are shown
in Table 6. Figure 8 (a) shows a comparison between the
initial design and optimized simulation S-parameter response
of the wideband circulator at a center frequency of 12 GHz.
An isolation (S31) is below 14 dB in range of 7.55-18 GHz
in optimized simulation. An optimum isolation at each port
to the next adjacent port of the circulator can be found in
Fig. 8 (b). Circulators are known as non-reciprocal passive
devices, that is mean is meant that their behavior is nearly the
same at each port. Theoretically, isolation from port 1 to port 3
(831) is equal to isolation from port 2 to port 3 (S»3), and isola-
tion from port 1 to port 2 (S12). In the simulation, all isolations
show a little discrepancy regarding on small mismatch at each
port. Figure 4(c) depicts an insertion phase difference among
ports of the wideband circulators. This parameter is defined
as the deviation from a best fit straight line of insertion phase
versus frequency. For BR and AR circulators with less than
20% bandwidth, the phase linearity will generally be within
2 degrees [50]. In this case, the simulated insertion phase
difference among ports of this wideband circulator is about
7 degrees, which operating bandwidth up to 80%. It is noticed
that the insertion phase of port 1 to port 3 (S31) and the
insertion phase of port 2 to port 1 (S>1) nearly overlap, while
the other port (S»3) drastically shifts about 7 degrees above
its counterpart.

B. NARROW-BANDWIDTH 1.4-1.6 GHz

STRIP-LINE CIRCULATOR

In this section, we design a narrow-bandwidth circulator with
a frequency range [1.4—1.6 GHz]. The proposed narrowband
circulator operates in the L-band spectrum, which is used by
various applications such as radar, digital audio broadcasting,
and global positioning systems. The design specifications of
the circulator are summarized in Table 7.
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FIGURE 8. (a) Graph of initial versus optimized S-parameters of 6-18 GHz
circulator; (b) graph of initial versus optimized isolation at each port;
(). simulated phase different among the ports.

The design specifications fall into the AR region, and the
value calculated using (1) for the saturation magnetization of
the circulator is 435 G. For this design, the same procedure
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TABLE 6. Optimized design parameters and results for the wideband
strip-line circulator at a frequency of 12 GHz.

Parameter Value
Saturation magnetization (47M ) 3800 G
Resonance linewidth ( AH ) 200 Oe
Ferrite radius ( R ) 2.11 mm
Ferrite thickness (d ) 1.52 mm
Inner strip-line width (1) 1.16 mm
Bandwidth ( BWV) 12 GHz
Insertion loss (IL) 0.42 dB
Return loss (RL) 15 dB
Isolation (IS) 14dB

TABLE 7. Design specifications for the 1.4-1.6 GHz circulator.

Specification Value
Lower frequency 1.4 GHz
Upper frequency 1.6 GHz

Bandwidth 0.2 GHz
Insertion loss (IL) 0.4 dB

Isolation (IS) 20 dB

Return loss (RL) 19 dB

can be applied to find the other major parameters of the
ferrite, but it needs some modification on biasing. In this
case, u = 1, k = fi/fo = 0.6222 and therefore w5 and
ke are calculated as pop = (u? — «x?)/p = 0.6128 and
ke = w. /ity = 100.013. In this case, kA = 3.68 is
applied for triangular center conductor geometry. Using (9),
Or = 0.71/(k/n) = 1.141 and various combination of
Smax & Smin up to 1.10, that is corresponding to 0.065 < Gr <
0.10. For 1.13 < Gg < 1.5 and max VSWR, the value of
Gr is selected to be 0.075. Next, using (8), single ferrite
thickness is calculated d = 5.012 mm. Wave admittance
is calculated to Y,y = 0.0178 and coupling angle ¥ =
0.52 rad is derived from(10). Finally, the inner strip-line width
is then calculated using (12). After the whole analysis and
calculation, we selected yttrium iron garnet (YGO04) ferrite
from Ningbov Chiyue [57] for this design, and its customized
parameters are summarized in Table 8.

TABLE 8. Electrical parameters of ferrite at 1.4-1.6 GHz.

Parameter Value
Saturation magnetization (47M ) 400 G
Resonance linewidth (AH ) 50 Oe
Ferrite dielectric constant ( & ) 13
Land-g factor (g ) 2
Ferrite radius (R ) 16.5 mm
Ferrite thickness (d ) 5 mm

The Y-junction parameters are calculated using the same
procedure as in the previous section, which the equation (17)
is applied and followed by mentioned method to get electrical
dimensions of strip-line. The problem arising when designing
a circulator to operate at a low frequency is its size. One of the
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solutions to this issue is to use a complex center conductor.
In this case, a triangular center conductor geometry is selected
as it can reduce the thickness of the ferrite by one third
of the disk radius. Figure 9 shows a Y-junction strip-line
with a triangular center conductor. At a low frequency, the
calculated value of the inner width is large, meaning that
the triangular shape almost covers the inner width of the
strip-line. In this design, air is used as a dielectric material.
If the goal is to miniaturize the device, a material with a
high dielectric constant can be used. The triangular with a
small extended edge Y-junction conductor tends to match
well with 50 Q connectors according to the simulation. Here,
we can plot the impedance and admittance in Smith Chart and
compare the results. The normalized load admittance Y; =
1/Z;, = 1.0561-j0.62559 for the triangular shape conductor
while Y7 = 1/Z; =1.0115-j0.2568 or the circular conductor.
Normally, the circulator is connected to 50€2 load connec-
tors. Theoretically, impedance matching is designed when the
load impedance equals the complex conjugate of the source
impedance. However, to match the Y-junction circulator at
circulation frequency (fo), the conjugate of Zy, noted by (Z),
must be matched by the access line loaded by 50 2. In this
case, fp and Z are purely real, while characteristic impedance
is a complex number.

So, the extended edge of the triangular center conductor
has characteristic admittance of ¥, = 0.0446-j0.36879. To get
the final dimension of 1.4 —1.6 GHz Y-junctions strip-line, the
initial dimensions has been optimized in HFSS simulation.
The final dimensions of the Y-junction center conductor are
shown in Table 9.

FIGURE 9. Y-junction strip-line for the 1.4-1.6 GHz circulator.

Figure 10 shows a comparison between a disk and a tri-
angular center conductor. The triangular conductor provides
an isolation (S31) of 20 dB and a return loss (S11) of 19 dB
at the upper and lower frequencies, which meets the design
requirements, while the circular conductor is only 1 dB lower.
Either of these two configurations can therefore be used, but
for this design, we select a triangular shape. The reason for
this is that the extended shape acts as a matching stub that

VOLUME 10, 2022



S. Khim et al.: Design and Synthesis of Ferrite Strip-Line Circulator

IEEE Access

TABLE 9. Parameters of the 1.4-1.6 GHz Y-junction strip-line.

Parameter Value

Center conductor altitutude ( 4 ) 8.5 mm
Inner width (1) 12 mm

First section width (w2 ) 6.02 mm
Second section width (73 ) 12 mm

Third section width (74 ) 3.01 mm
Inner section length ( L1 ) 10 mm

First section length ( L2) 8 mm

Second section length ( L3 ) 10.95 mm
Third section length ( 24 ) 2.25 mm
0 |t
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FIGURE 10. Results from a simulation of S-parameters response for
triangular and circular center conductors.

can cancel the imaginary part of the complex impedance of
the ferrite resonator. Finally, the circulation conditions of
the triangular and circular center conductors are depicted in
Fig. 11 (a) and (b) respectively, where the axial electric field
distributions for each case are plotted. It can be observed
that the field circulates from port 1 to port 2 in a clockwise
direction, while very little of the field penetrates to port 3. The
figure also shows that the maximum electric field distribution
for the triangular shape is less than for the circular shape by
0.23 x 10* V/m. These slight drops in the magnitude of the
electric field will increase the isolation at port 3 and improve
the power handling capability.

The difference between BR and AR circulator is the
amount of bias field that is applied. An AR circulator requires
a huge biasing field to avoid low loss. In this case, the
internal biasing field is found to be five times the saturation
magnetization (47 M), resulting an internal magnetic field is
(Hin) = 1996 Oe, using (19). Next, we substitute into (20) to
find the (Hp) that can be used to design a magnetic circuit.
The thickness and diameter of the applied external magnet
were derived as followed mentioned procedure in the BR
circulator. Using Maxwell3D simulation, the final magnet’s
dimension is obtained in Table 10. A rare earth magnet
(NdFeB-N35) from SMD magnetic is used [58]. In addi-
tion, the direction of the electromagnetic waves under biased
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FIGURE 11. Axial electric field at a center frequency of 1.5 GHz:
(a) triangular center conductor; (b) circular center conductor.

TABLE 10. Technical properties of neodymium-iron-boron grade N35 for
an AR circulator.

Parameter Value
Intrinsic coercive force ( H ;) 12 kOe
Residual induction ( B, ) 11.8 kG
Grade N35
Maximum energy product ( BH . ) 35 MGOe
Curie temperature (7, ) 350°C
Maximum operating tempearute ( 7, ) 80 °C
Magnet diameter ( D ) 34.54 mm
Magnet thickness (d ) 4 mm

scheme (clockwise or anti-clockwise) is observed. The pole
of a magnet is observed as depicted in Fig 12. The magnet’s
north pole always points up, in the clockwise direction. And
south pole always points down and vice versa if in the anti-
clockwise order.

In addition, external magnetic field biasing also contributes
to providing high isolation in the right frequency band. In this
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FIGURE 12. Direction of external biased of permanent magnets; (a)
clockwise biased; (b) anti-clockwise biased.
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FIGURE 13. Difference in the magnetic fields inside the ferrite due to
changes in the pole piece thickness for a 1.4-1.6 GHz strip-line circulator.

case, the magnetic field (B-field) in the ferrite is observed
using magnetostatic simulation, with the pole piece as the
changing variable. The maximum and minimum internal
fields in the ferrite with a pole piece of 1 mm, calculated as a
B-field from post-processing in Maxwell3D, were 250 and
330 mT, respectively, as shown in Fig. 13. These values
provided an isolation value of below 20 dB at a center fre-
quency of 1.5 GHz. Using a pole piece of thickness 2 mm, the
B-field dropped to 50 mT below that for the 1 mm pole piece.
When the pole piece was removed, the internal magnetic field
(B-field) was reversed, with a maximum at the center of the
ferrite and a minimum at the edge of the ferrite. The max-
imum and minimum internal magnetic fields also increased,
leading to a shift in the frequency band (1.6 to 2 GHz) outside
of our design requirements. However, in the simulation, this
issue can be solved by slightly decreasing the diameter of the
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permanent magnet or reducing the saturation of the ferrite.
In reality, the pole piece should be used to provide a ground
plan for the magnet and to offer the possibility of adjustment
during assembly and measurement.

IV. FABRICATION AND TESTING

Two prototype Y-junction strip-line circulators were fabri-
cated. A photograph and the performance of each circulator
are illustrated in Figs. 15 and 16. All circulators were mea-
sured with an Agilent Technologies E§363C PNA Network
Analyzer. Before the commencement of the measurement
process, the PNA Network Analyzer needs to be calibrated to
offset any systematic errors. The calibration process is con-
ducted with the full two ports calibration model through the
coaxial Short Open-Load-Thru (SOLT) calibration method,
using the Agilent 85052D Economy Mechanical Calibration
Kit. The circulator’s prototype measurement can be summa-
rized as shown in Fig. 14.

START

Switch on the Agilent E8363C PNA
Network Analyzer

v

Setting up the frequency sweep and step size for the
measurement

Y
Perform the coaxial Short-Open-Load-Thru (SOLT)
calibration

>
I Ll 4

Magnet fine
tuning/adjust pole pieces
A

Perform prototype measurement

No

Measurement
agreed?

Export Measurement Results

End

FIGURE 14. Flow chart of prototypes measurement.

Figures 15 (b) and 16 (b) depict a performance of each cir-
culator. These results are also compared to an EM simulation
using a 3-D model in HFSS. Figure 15(b) shows a comparison
between the simulated and measured S-parameter response
for the 1.4—1.6 GHz strip-line circulator. It shows a measured
isolation (S»1) of 19.4 dB and a return loss (S11) of 25.3 dB
at the 1.5 GHz center frequency, values that agree well with
those from the simulation. The performance of the narrow-
band circulator at the band edge compared to the simulated
results due to the use of a manual adjustment to the strength
of the permanent magnet to track for correct performance.
The measurement results for the wide-bandwidth circulator
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TABLE 11. Comparison of the proposed wide-bandwidth circulator with some previously published works.

Frequency

BW

IL

ISO

Ref (GHz) Fabrication technology (%) (dB) (dB) RL (dB)

This work 10-16 Strip-line 46.2 0.25 12.2 224
4.5-10.5 Strip-line 80 0.37 22 21

[59]

[34] 8-12.5 Strip-line 41.6 N/A 15 (Sim) 15 (Sim)

[12] 7.46-12.06 Microstrip line 47 0.6 25 24

[29] 7-15 Microstrip line 72.7 1 15 N/A

[35] 12-18 Ridge gap waveguide (RGW) 40 1.5 20 20
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FIGURE 15. (a) Photograph of the 1.4-1.6 GHz narrowband circulator;
(b) simulated and measured performance of the narrowband circulator
fOl’ S", 521, and S;I.

plotted in Fig. 16(b) show a wide range of operation from
6—18 GHz, with values for the isolation (S31) below 11 dB
in band of 6-18 GHz. The insertion loss (S21), isolation (S31)
and return loss (S11) are 0.25, 12.2 and 22.4 dB, respectively
at frequency 14 GHz. A fractional bandwidth of greater
than 46% and an isolation of 11 dB were obtained from
the experimental results for the wide-bandwidth circulator as
shown in Fig. 15 (b). We noticed a slight downwards drift in
the insertion loss (S»1) between the simulated and measured
performance both Fig. 15(b) and 16(b). For example, the
measured insertion loss (S71) for the narrowband circulator
is around 1 dB, and the insertion loss (S»>1) of the wideband
circulator fluctuates around a value 2.5 dB lower than the
simulated results. This is due to the overall losses arising from
the SMA connector, RF cable, and the magnetic loss.

V. POWER HANDLING CAPABILITY OF THE CIRCULATOR
The power handling capability of circulators is an essential
aspect of transmitter and receiver systems. Unlike other pas-
sive circuit devices, the power handling of circulators can be
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FIGURE 16. (a) Photograph of the 6-18 GHz wideband circulator;
(b) simulated and measured performance of the wideband circulator for
S11,S21. and Sy;.

divided into two modes: peak power and average power. Their
maximum power handling can be determined by the heating
in the materials (related to the conductor, dielectric, and mag-
netic losses), which limits the average power handling capa-
bility, and by the dielectric breakdown field strength (related
to the maximum peak voltage that the dielectric can withstand
under the worst conditions) which limits the peak power
handling capability [61], [62], [63], [64], [65], [66], [67].
Circulators destined for operation in space or other high-
vacuum applications may be susceptible to multipaction and
other problems, such as nonlinear effects in the material
[43], [44]. An excessive peak power leads to corona and
arcing, due to the high voltage that can be present. Factors
such as the conductor losses in the ferrite set a lower limit
on the specifications for the insertion loss of the circulator.
It can be seen that circulators designed to handle high power
levels will require a low insertion loss to minimize the amount
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TABLE 12. Comparison of the proposed narrow-bandwidth circulator with some previously published works.

Frequency L BW IL I1SO
Ref (GHz) Fabrication technology (%) (dB) (dB) RL (dB)
This work 1.4-1.6 Strip-line 13.4 1.5 19.4 253
[15] 10.5-13.5 Strip-line 25 2 24 23
[60] 1.643-2.027 Strip-line 20.9 N/A N/A N/A
[51] 3.3-43 Strip-line 26.3 0.36 23 20
[32] 4-4.8 Microstrip line 13.6 25 30 25
[30] 5.7-6.46 Microstrip line (3D printed) 12.5 0.76 15 21
[33] 10-14 Empty substrate integrated coaxial line ( ESICL) 333 1 10 10
[24] 11-13 Wave guide technology 16 N/A 30 (Sim) 26 (Sim)
of power dissipated in the circulator in the form of heat. The This gives:
power handling of a circulator cannot exceed the capacity of £
. . . . . BD’ k
the waveguides or connectors that .mterface.wuh it, bqt in Ppp = (&) JEP. (30)
many cases the basic structure of circulator itself will limit EMax norm. peak

the power handling. Waveguide circulators have high power
handling performance than strip-line circulators [68], [69].
Some strip-lines circulators from industrial specifications
have power handling around 10 W on average, and the peak
power is limited to the power of connector itself. Microstrip
lines and microstrip circulators have lower power handling
than their counterparts.

A. PEAK POWER HANDLING

Strip-line circulators have optimum power handling and are
easily integrated with other systems by means of various
connectors that are available on the market. Their power
handling characteristics can be derived from the strip-line cir-
cuit [62]. Properly designed strip-line circulators are capable
of handling reasonable power levels, although they will never
approach the capabilities of waveguides or even coaxial lines
of comparable cross-section. The failure mechanism at peak
power is arcing or ‘‘breakdown” . The conditions which cause
this vary widely, and include field concentrations as well as
airgaps and sharp edges, which serve as field concentrators.
The correlation between breakdown and peak power handling
for a microwave resonator [63] is also found to be applicable
to a ferrite circulator. A ferrite circulator can be considered
as a resonator and will resonate at some point when receiving
an applied magnetics biasing field. The breakdown power
(Ppp) of ferrite resonator can be predicted theoretically and
simulated of the prototype, which secures the power handling
capabilities after fabrication. Peak power is a power that is
below the breakdown (Ppp) power, otherwise breakdown
may occur. A method of normalization to 1 nJ of stored
energy in the cavity was proposed in [67]. In this approach,
the maximum normalized E-field strength (Epgax,norm,peak)
in the cavity (ferrite resonator) is used to find normalized
power, that is put in simulation to achieve 1 nJ stored energy.
Then, from [42] and [48], the breakdown power of the ferrite
resonator is derived as (31):

EBD,peak = EMax,norm,peak\/ PBDEP- (29)
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The calculation of the breakdown threshold (Egp) was
discussed in [65]. The author used a set of equations to
calculate the breakdown threshold semi-analytically. RF and
microwave engineers always use a semi-analytical approxi-
mation to calculate the breakdown threshold, since the geo-
metrical structure in the cavity is complicated in practice.
Usually, a rule of thumb is used by microwave engineers with
a threshold value of Egp = 2.28 MV/m (rms, root mean
square) or Egpp = 3.22 MV/m (peak) in an inhomogeneous
structure or Epp = 2.60 MV/m (rms) in a homogeneous
structure. Both are calculated under atmospheric conditions
(1 atm, 760 Torr). To calculate the breakdown power, the
maximum E-field strength (Ep,,) and group delay of the
circulator are needed; these values can be easily obtained
using EM simulation software (HFSS). In (30), the value
of the peak breakdown is calculated. This value indicates
the property of the ferrite resonator cavity, i.e., how much
power it can handle. If the power exceeds this value, there is
a high probability of activating breakdown or somehow lead
to ionization breakdown. The suggested procedure for calcu-
lating the peak power handling of a ferrite resonator, using the
correlation between HFSS and the concept of breakdown, can
be summarized as follows:

1) Identify the sensitive component that has a major
breakdown as a variable to study.

2) Use the field calculator in Ansys HFSS to calculate the
stored energy in the ferrite resonator.

3) Compute the edited source by normalizing the stored
energy found in step 2 based to 1 nJ.

4) Find the normalized value for the input of circulator and
repeat step 2 to ensure that this time the stored energy
is 1 nJ.

5) Plot the complex magnitude of the electric field in
the resonator (ComplexMag E-field) using the post-
processing tool in HFSS, where the highest value is
(EMax,nurm,peak)«

6) Normalize the 50 2 load to one port of the circulator
and plot the group delay of the circulator (i.e., the time
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taken by the applied RF signal to travel from the input
port to the output port of the circulator).

7) Find the breakdown power using (30). From simulated
and experimental results, air is found to have a lower
field strength than nickel-zinc ferrite. This is an indi-
cation that the air inside the circulator tends to cause
a major breakdown for the whole structure. The max-
imum values of the electric field for the breakdown of
air and nickel-ferrite are Egp = 2.28 MV/m (rms) [63]
and 163.79 MV/m (rms) [70], respectively.

8) Multiply the computed value found in step 7 by 1079
to get the final breakdown power.

9) Inject the found peak power to the input port of the
circulator and check the electric field (E-field) strength
of the ferrite resonator to verify the breakdown electric
field strength.

Using the guidelines summarized in above part and full

wave 3D, the post simulation results simulation of the

6—18 GHz strip-line circulator are calculated and summarized
in Table 13.

Output, Isolated,
Port 2 Port 3

E Field [Vim]

1.6803E+06
. 1.5683E+06
1.4562E+06
1.3442E406
1.2322E406
1.1202E+406

1.0082E+406
8.9615E405

7.8413E405
6.7211E+05
5.6010E+05
4.4808E405

3.3606E+05

2.2404E405

1.1202E405

1.6082E+00
C

0 10 20 (mm)

Input,
Port 1

FIGURE 17. Electric field distribution of the Y-junction strip-line circulator
at 870.23 W peak power.

TABLE 13. Post simulation results of breakdown calculations.

Parameter Value

Maximum normalized E-field strength in

i 2.37x10° v/m
cavity ( EMax,norm, peak )

Peak breakdown voltage of air ( EBD ) 3.22%10° v/m

Group delay ( EP ),simulated 0.2127 ns

From (30), the peak power of this strip-line circulator is
found to be Ppp = Ppear = 870.23 W. The results of
calculation and simulation show good agreement. The peak
power flow of the 6-18 GHz strip-line circulator is shown
in Fig. 17, where the injected power is 870.23 W. This peak
power will guarantee the breakdown power in air. It can be
seen that there is a high E-field strength at the place where
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air is present, which can cause a major breakdown. A well-
designed circulator with a higher peak power can be achieved
if the airgap is minimized or by using a dielectric material
with a high breakdown field strength. The figure also shows
that the simulated E-field strength is 1.68 Mv/m, which is
slightly higher than half of the breakdown voltage in air,
3.22 Mv/m.

B. AVERAGE POWER HANDLING

The average power handling of a passive circuit such as
a microstrip was first studied in [71]. The average power
handling of a strip-line was also studied in detail in [62]. The
average power handling capability of a planar transmission
line is determined by the temperature rises in the conduc-
tor and the supporting dielectric material. The losses in the
Y-junction strip-line and the microstrip ferrite circulator can
be categorized into three main types: dielectric, conductor,
and magnetic losses [72].

The procedure for calculating the average power handling
capability of most RF devices, including microstrip lines,
strip-lines, couplers, and circulators, is the same. Unlike other
RF components, the average power handling of a circulator
is a little more challenging due to the complex structure and
nonuniform behavior of the ferrite material. The calculation
for the ferrite circulator starts with the calculation of the
conductor and dielectric losses, which can be found in [62].
Normally, the magnetic loss is assumed to be constant, and
its value is derived from the material supplier’s datasheet.
The heat flow distribution over the circulator cross-section
is derived to obtain the temperature rise of each component
in the circulator except the metal housing. The free space
radiation occurs towards both sides of ground plane, while
the path length may be shorter toward strip-line or ferrite
and then, longer toward. A simple technique that makes use
of the concept of thermal resistance permits a reasonable
calculation of the temperature rise in the strip-line center con-
ductor. If we take each of the interfaces of the conventional
line and determine the temperature drop from interface to
interface, as shown in Fig. 18, then the thermal rise in the
center conductor can be calculated from (31). Finally, the
maximum average power for the strip-line circulator may be
calculated using (32).

(R)(L)(P)
A

where A is the cross-section of the heat flow path (m”2)

L is the path length (m)

R = 1/K is the thermal resistivity (°C.m/W)

P is the dissipated power (w)

ATy N+1) is the thermal rise from one structure to [72]
another (°C/W)

As shown in Fig. 19, each layer has its own dissipated
power and thermal rise. The power dissipation is the result of
the conductor loss («.), dielectric loss (4 ), and magnetic loss
(o), and has units of (dB/unit length) [61], [62], [72]. Once
the total thermal rise (AT) is known, the maximum average

ATN Nt = (3D
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FIGURE 18. Cross-section of line construction used for the thermal
analysis curves [62].

power (Pyax) is obtained using (33):
Pyax = (Tyax — Tamp)/ AT (32)

where Tyrax is the maximum operating temperature of the
proposed structure and is defined in the datasheet. Tapp is
a set of given constants, and 25°C is a typical value for
laboratory measurements. The procedure used to calculate the
average power of the strip-line circulator can be summarized
as follows:

1) Define all related strip-line circulator parameters under
study (operating frequency, dielectric constant, ferrite
thickness, width, and height, etc.).

2) Calculate the conductor, dielectric, and magnetic loss
of the circulator. The conductor and dielectric loss can
be found using the formula stated in [62] or can be read
from a graph. The magnetic loss is a constant, and its
value is available from the ferrite supplier’s datasheet.
In this step, a full-wave simulator can be used to find
these losses accurately.

3) Identify the heat flow field properties of each material,
i.e., the thermal conductivity, path length and cross-
section of the structure, as shown in Fig. 18.

4) Calculate the thermal rise in each part of the cir-
cuit using (31). The thermal conductivity of the metal
housing is higher than 100 W/m°C, which results in
lower thermal resistance, and its thermal rise may be
negligible. Three main components with huge thermal
rises are the ground plan, tracing conductor and ferrite
resonator.

5) Define the maximum operation and surrounding ambi-
ent temperature of the circulator under study. Based on
the total thermal rise found in step 4, the maximum
average power is found using (32).

For our analysis of the average power handling of this
circulator, we refer to [61], [62], [71]. The total thermal rise
in the structure is calculated as 3.90 °C/W. The maximum
operating temperature of the circulator should be such that
the electrical, magnetic, and physical characteristics remain
unchanged. For this calculation, maximum operation, and
surrounding temperatures of 85 °C and 20 °C are assumed.
The maximum average power is found to be 13.13 W using
equation (32).

To validate the proposed procedure, a power handling of
6—-18 GHz strip-line circulator was simulated using Icepak,
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FIGURE 19. Simulated thermal analysis of a strip-line junction circulator
at 13.13 W average power, using Ansys Icepak.

an electronic thermal management and thermal analysis soft-
ware package. The simulation was carried out using HFSS
in conjunction with Icepak, for an input power of 13.13 W
at port 1. Here, the maximum temperature was found to be
85.20 °C, indicating a good match between calculation and
simulation, as shown in Fig. 19. This verifies the value of
13.13 W of the maximum average power handling of the cir-
culator in calculation. The highest temperature occurs in the
Y-junction conductor, where there is the maximum electric
field, since at an operation frequency of 12 GHz the conductor
losses predominate over the dielectric and magnetic losses.
In the circulator, the power is transferred from the input
(portl) to the output (port 2), while isolating port 3. Most of
the power goes from port 1 and exist port 3, resulting in the
maximum temperature being located between ports 1 and 2.

The average power handling of the circulator depends upon
the thermal conductivity of the material, the transmission
line loss of the Y-junction, the magnetic loss of the ferrite,
and the ambient temperature, which determine the maximum
average power handling capability. In the view of the thermal
effect on the maximum average power handling capability,
the surrounding temperature may be higher than the ambient
temperature, leading to power handling that is much lower
than average. Fig. 20(a) and (b) show the downward drift in
temperature in the whole circulator as the external factors like
casing material and surrounding temperature varies. Increas-
ing the surrounding temperature results in lower power han-
dling while maintaining the temperature below the maximum
operation temperature, as shown in Fig. 20(a). An aluminum
metal housing is better for a high-power circulator due to its
high thermal conductivity (200 W/m°C), low cost, weight,
and high resistance to corrosion. External factors such as
the selection of a material with high thermal conductivity
and a proper cooling method also play an important role in
the power handling capability of a strip-line circulator. Cold-
rolled steel has a lower thermal conductivity (51.9 W/m°C)
and is often used as a metal casing due to its ability to confront
the magnetic shielding and sometime act as a return path
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FIGURE 20. Simulated thermal profile generated by adjusting external
factors: (a) surrounding temperature 25 °C; (b) using cold-rolled steel as
a casing material.

to complete magnetic circuit. Fig. 20(b) shows simulation
results for the temperature of a cold-rolled steel metal casing,
which is 12.05°C higher than for aluminum. In a practical
circulator, a combination of these two metals should be con-
sidered to minimize this effect. For example, aluminum may
be used for the bottom and top ground planes, and cold-
rolled steel for the upper and lower pole pieces, to improve
the magnetic shielding and ensure a good power handling
capability.

VI. CONCLUSION

In this work, the key design equations for a circulator are
addressed. Our analysis shows that the proposed enhanced
closed form expression can generate all the required circu-
lator parameters, which are sufficient for a complete EM
simulation. In addition, a semi-analytical approach provides
a satisfactory S-parameter response compared to the con-
ventional design approach and can be applied to the design
of a circulator operating in both BR and AR modes, with
a few modifications to the matching and biasing field. Two
prototypes of strip-line junction circulators were designed,

VOLUME 10, 2022

fabricated, and evaluated to validate the proposed concept.
It is expected that with suitable external biasing and prac-
tical assembly, the overall performance of these prototype
circulators can be improved. In addition, the power handling
capabilities of the circulators were analyzed and studied.
A completed EM simulation of the power handling capabili-
ties of ferrite circulator was conducted to validate theoretical
analysis. The selection of a suitable ferrite material and the
environmental surroundings play an important role in power
handling for realistic applications.
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