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Abstract—Octave bandwidth operation of Y-junction stripline and
microstrip circulators is predicted using Bosma’s Green’s function
analysis. The width of the coupling transmission lines is found to
be a significant design parameter. Theoretical and experimental
results are presented which show that wide lines and a smaller than
usual disk radius can be used to obtain wide-band operation. A
microstrip circulator is reported which operates from 7-15 GHz.

Also presented are an analysis of the input impedance and an
approximate equivalent circuit for the Y-junction circulator which
shows the relationship between Bosma’s equivalent circuit and that
of Fay and Comstock.

II. INPUT IMPEDANCE OF Y-JUNCTION
CIRCULATOR

Bosma’s Green’s function approach [ 1] gives the electric
field inside two perfectly conducting parallel disks, com-
pletely filled with a ferrite magnetized normal to the
disks, that is generated by a unit source Hy = 6(0 — ¢')
located at the edge of the disk. The Green’s funetion for
the wave equation satisfied by the electric field is

GroRe) = — M i Lot i (k/n) (ndo(SR)/(SR)) sin n(8 — 6’) — 4J.'(SR) cos n(§ — 6" Ta(SP) 1)
2nJo'(SR) = .o (J' (SR))? — [(«/u) (nJ(SR)/(SR)) I
I. INTRODUCTION where
HE DESIGN of stripline and microstrip Y-junction MK Polder tensor elements [8] of the ferrite;
circulators is generally based on the works of Bosma  J»(Sr) Bessel function of the first kind with order n;
[1] and Fay and Comstock [2]. The former uses a S = (@/c) (petrer)? = radial wave propagation
Green’s function approach to solve the boundary value constant;
problem of a ferrite loaded resonator coupled to three Mot = (u* — «*)/p = effective permeability of the
transmission lines. The latter gives a phenomenological ferrite;
explanation of circulator operation in terms of the rotation Zest (mouett/erer)/* = intrinsic wave impedance of
of the magnetic field pattern of the n = 1 mode of the ferrite;
resonant junction when it is magnetized in an external € relative dielectric constant of ferrite;
field. Experimental measurements [3]-[5]and an assumed ~ J.'(Sr) derivative of J,(Sr) with respect to its argu-
equivalent eircuit have been used to achieve broad-band ment;
operation of circulators by means of impedance matching 7 radial coordinate;
the junction [6], [7]. )1 disk radius.

Typical designs result in a specification of the center
frequency, the geometry, and the ferrite parameters, such
that the ratio «/g, which describes the anisotropic splitting
of the ferrite, is usually small. This leads to narrow band
operation of the junetion which must then be broad banded
using external tuning elements. In this paper octave band-
width operation of Y-junction circulators is predicated
using Bosma’s method and demonstrated experimentally.
The required junctions are smaller in diameter than usual
and the coupling (impedance) transformers are much
wider than usual. An explicit equivalent circuit is also
developed which shows the equivalence of the results of
Bosma and of Fay and Comstock.
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The magnetic field is derived from the electric field using
Mazxwell’s equations.

Boundary conditions must now be applied. In general,
it is very difficult to effect precise boundary conditions
for planar microwave integrated circuits. However, be-
cause there are no radial currents at the edge of the con-
ducting disks except at the ports (neglecting fringing),
Bosma, Davies and Cohen [97], and others suggest the
following boundary condition for the three-port ¥-junction

' circulator shown in Fig. 1:

T m
. o— 0 ——
a, 3 y<8< 3+¢

ra ks
Hy=4b, z-¥<0<3+9¢

¢, T—Y<I<m+y¢

L0,

where a, b, and ¢ are constants.

(2)

elsewhere
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Input
Junction geometry.

Fig. 1.

From the above boundary conditions and the Green’s
function, the total fields can be solved by applying the
superposition integral: ’

B.(r0) = f T Gr R Ho () dF. (3)

_T

Thus from E./Hs, one can derive the input wave im-
pedance Zi, and thereby the elements of the scattering
matrix for g three-port symmetrical junction:

ayﬁ

S=[8 a v|. (4)

The input impedance is

_ o, (12Zes\ (O + CF + CF — 3010203>
Zin = —La ( - )( C? = CCs ®

where Z; = 12Q1r/ (e2)V? @ and ¢; is the relative dielectric
constant of medium surrounding the ferrite disk. The
scattering matrix elements are

’ll'Zd(C12 - 0203)
=14 - 6
* + ]Zeff(013 + C9® + C — 3C1C:C5) (6)

[3 — 1I'Zd(022 - 0103)
JZess(C? + Co® + Cs* — 3C1CC5) 7

7Z4(Cg? — C1Cs)

= 7 8
Y JZes:(C® + Cof + O — 3C1C:C5) ®)
where
An = Jn’(SR)
B, = J.(SR)
yB, = (sin2 mp) A.B, w2y
C = —— 2 — —
1T 24, + 2 n ) A2 — (n/uSR)B2  §2Zens
(92)
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_¥B 2 (sin2 ngb)

n=l

'Aan cos (2nr/3) — (gnk/uSR)B,? sin (2nx/3)
A2 — (nk/uSR)2B,?

(9b)

_¥Bo & sin? ny
03_ 2Ao+,§1< nzlﬁ )

'Aan cos (2nw/3) + (jnk/uSR)B,2sin (2nw/3)
A2 — (nk/uSR)?B,2 ’

(9¢)

When the circulator is not perfectly matched one can
define the return loss, isolation, and insertion loss by

return loss = 20 logy | e | (10a)
isolation = 20 logw | 8] (10b)
insertion loss = 20 logy | v | (10¢)

The quantity ¢ is the half-angle subtended by the
coupling transmission lines where they meet the edge of
the disk. The resonator is uncoupled when ¢ = 0. If no
impedance transformers are used the circulator is said to
be directly coupled, with the input lines having a width
w = 2R sin . In this theory ¢ is a fundamental design
parameter.

Equation (5) contains the variables Ci, Cs, and Cj,
which, as indicated in (9), are infinite series. Davies and
Cohen [9] consider terms up to n = 6 and Whiting [10]
even more. In our opinion, since the actual field distribu-
tion is smoother than the assumed step function, retaining
too many terms does not fit the real situation. On the
other hand, retaining only the n = 1 mode is also erroneous
because the n = 0 and n = 2 terms play important roles,
especially in broad-band circulators [117].

The input wave impedance is calculated from (5),
retaining terms up through n = 3, and the results shown
in Fig. 2. In what follows, the ferrite is just saturated, the
applied bias field being approximately 4=, the value of
the saturation magnetization. In this case the elements of
the Polder tensor are found to be [12], [13]

w=1 (11a)
K= — (11b)
w
Wm = 2wy (4w ) (11e)
where vy = 2.8 MHz/0e and « is the microwave radian

frequency.

The input wave resistance, normalized to Z; was cal-
culated for several values of the coupling angle ¢ (in
radians). As shown in Fig. 2(a), it has two peaks, one
at 8.6 GHz and another at 11 GHz for a light coupling
angle ¢ = 0.1. However, when the coupling angle increases
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Fig. 2. (a) Normalized input wave resistance of a junction circu-
lator with 4rM, = 1000 G for various coupling angles. (b) Nor-
malized input wave reactance of a junction circulator with
4xM, = 1000 G for various coupling angles.

(tight coupling), the valley between these two peaks be-
comes flatter and rises. Finally, at ¢ = 0.3, the two peaks
overlap and coalesce to a single peak at f = 10 GHaz.

Fig. 2(b) shows the corresponding normalized input
wave reactances for the above circulators. For a light
coupling angle (¢ = 0.1), the input reactance is inductive
at low frequency ( f < 8.9 GHz), then capacitive between
8.9 and 9.6 GHz, again inductive for 9.6 < f < 10.9 GHz,
and finally becomes capacitive again at high frequency
<109 GHz. These results matched very well with
Salay and Peppiatt’s [4] and Simon’s [3] measurements.
The difference in sign of the input reactance of Fig. 2(b)
and that of Salay’s comes from the negative harmonic
exp (—jwt) used here. There are three resonances for
¥ = 0.1 in Fig. 2(b). The resonances at 8.9 and 11 GHz
appear as parallel resonances and the central resonance
at 10 GHz is a series resonance. As the coupling angle ¥
becomes larger, the two outer resonances move closer to
the central resonance. Finally, the reactance becomes that
of a parallel R~L-C resonator for tightly coupled circu-
lators.

The input impedance at the band center is of particular
importance since this impedance must be matched to the

851

(]
E
r
-
s
-10 F=
-
8 E
-15
R C
E -
g r
g -2 -
]
8 -
~25 [
T
t 47M_=1000 G
=30 = puo.100"
- Ed'ts=13
T]llllllll‘lllllllljI|||‘LIJJI|IllLlJllIlllIl]ll‘l” IlIIIIIl|III|I|lIIll||llIlIIIIIIlLI‘IIllLL]Jl
5 6 7 8 9 10 1 12 13 14 18
FREQUENCY IN GHz ’
0.7946 1,018  1.231 1.437 1.641 1.841  2.014 2.238 2.435 2.631 2,827
SR PRODUCT
(2)
° [
s
Ty N
o r
k-1 -
z -1s|~
L= -
- »
2 o
Q -
vy
= -
o =
3} r
& »
@ -2~ 47M_=1000 G
= - R=0.100"
L egme =13
o[ SaTcf
—lIIllIlllllLLLLLlIIIlJJ_LIJlllllLLLll'!llLll!llII)IJ_HIlIlllllllll“llnlLu_LLlelllu_LLl ISANRENVYS
5 6 7 8 9 10 11 12 13 14 15
FREQUENCY IN GHz
Fig. 3. (a) Calculated isolation for various coupling angles. (b)

Calculated insertion loss for various coupling angles.

coupling lines if perfect circulation (a = 8 =0,y = 1) is
required at band center. The center frequency impedance
normalized to Z; can be calculated from (5), retaining the

= 1 term only, by noticing that 4, = J,'(z) = 0 at the
band center. It is found to be

2

Tin = ——
L+ o)

(12)

where

vo= " L
© T V3(1.84) Zo

K

I

is the circulation angle derived by Bosma. Equation (12)
shows that the normalized input wave impedance is purely
resistive and increases from zero to two when the coupling
angle varies from zero to ¢ >> ¢.. When ¢ = ,, the circula-
tor is matched as predicted by Bosma. When ¢ # ¢, the
circulator can be matched by applying transformers (6).
However, the impedance ratio of the transformer must
take (12) into account.

The theoretical performance of the circulator can be
calculated from (10). Fig. 3(a) is the calculated isolation
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for magnetization 4rM, = 1000 G, radius B = 0.100 in,
and dielectric constant ¢; = ¢; = 13 for various coupling
angles. To get good circulation, the coupling angle should
neither be too narrow nor too wide. Here the best result
is obtained at ¥ = 0.3 which is the circulation angle ..
Fig. 3(b) is the insertion loss for various coupling angles.
The large insertion loss at low frequencies (f < 8 GHz)
and high frequencies (f < 11 GHz) is due to mismatch
(reflection) at the input junction.

III. EQUIVALENT CIRCUIT FOR JUNCTION
CIRCULATOR

In order to understand its input impedance and to have
an analytical basis for wide-band impedance matching,
it is useful to develop an equivalent circuit representation
for the junction circulator. For circulators working close
to the TMyy disk resonance the first order (n = 1) term
dominates. Thus we may consider this mode alone for the
calculation of input impedance as a first order approxima-
tion. In (5),

Ci = —2M + jQ (13a)
Cy =M+ jN (13b)
Cy =M — jN (13c)
¥ A:B;
= — - 13d
M = = e = (/uSE)BE (13d)
v  V3(x/uSR)Bg
= — = 13
N 2 4 — (x/uSR)*By (13¢)
1rZ,1
Q=g (13f)

Now, consider the input impedance of a series combination
of two parallel R—L—C circuits as shown in Fig. 4(a). The
input impedance, using exp (—jot), is [11]

1
"~ (1/Ro) = j(wCy — 1/wLy)

Zin

1
T WRY == /el

(14)

Equation (5) is the input impedance of a circulator
derived from field theory, while (14) is the impedance of
the series combination of two parallel B—L-C circuits.
By comparing the results given by the field and circuit
approximations, one can derive the following analytic
expression for the equivalent circuit elements:

z
R.=="F

2 (15)
_ @7 Heff _ L }i
S Uz TGzl w19
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Fig. 4. Equivalent circuit of a junction circulator showing the cor-
respondence between Fay and Comstock’s two-resonator model
(a) and Bosma’s single resonator model (b).

1 wgR1 1 f
Ce= 18 e 7~ OF m (17
where
n = 1207 @ = intrinsic impedance of free space;
R radius of ferrite disk;
¢ = 3 X 108 m/s = speed of light in vacuum;
2 21/2
8 = [(E) - (‘/&I,SR> ] = deviation factor;
2Q
(18)

F  geometric factor for the microstrip or stripline
characteristic impedance.

Equation (17) shows that the two capacitances are
equal and essentially independent of frequency. On the
other hand, the two inductances are not the same. For a
fixed deviation factor 8, L, < Ly, and this resonator will
have a higher resonance frequency than the L_C.. one.
Both inductances are proportional to the ferrite effective
permeability. It is the parallel capacitance which gives
bandwidth limitations for broad-band circulators.

For a lightly coupled circulator, ¢ approaches zero, so
the deviation factor tends to «/u, as seen in (18). Referring
to Figs. 2(a) and 4(a), the input resistance has two peaks
corresponding to the two parallel resonances at fi =
1/2x (L1Co)'2. The higher resonance corresponds to the
counterclockwise rotating wave resonance inside the ferrite
disk and the lower one corresponds to the clockwise
resonance. As the coupling becomes tighter, the deviation
factor decreases. Finally, as ¢ becomes large enough such
that «/u = V3¢.SE/2Q, which is the perfect circulation
condition ¢ = ¢,, the deviation factor vanishes. In this
case, we have L, = I._ = L, and the two resonators are
identical. Thus the final equivalent circuit for a circulator
at perfect circulation is simply a parallel R—L—C circuit
as shown in Fig. 4(b). This is the reason Bosma suggests
a single parallel R—L—C resonator for the equivalent circuit
of a circulator, while Fay and Comstock suggest Fig. 4(a).

When the coupling angle becomes too large, the devia-
tion factor becomes imaginary. Both the inductances L,
and L_ are now complex numbers and the equivalent cir-
cuit loses its physical meaning.
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IV. DESIGN OF A WIDE-BAND CIRCULATOR

To get perfect circulation, one of the three ports must
be completely isolated. Mathematically, this can be
achieved by setting 8 in the scattering matrix equal to
zero. From (7) we can write

C? = C1Cs.

Since C,, Cs, C; are complex numbers, (19) can be de-
composed into the following two conditional equations:

M (M? — 3N?)

(19)

W) P == (20)
(B) Q= %—Mﬁ)—) (21)
where
P =Re (€ = g‘% + ,é Si?;: ‘I,A,F - (iZZSR)ZBﬁ

A.B,, cos (2nxr/3)
A2 — (nk/uSR)2B,2

L] In2
M=Re(02)=g_i:+z<sm\0)

n==1 n2ll’

_ & (sin? mp\ (nk/uSR)B,?sin (2nx/3)
N=Im(G) - Z( iy ) A2 — (nx/uSR)*B,?

n=1

Equations (20) and (21) are the two conditions re-
quired for perfect circulation. They are essentially the
same conditions as derived by Davies and Cohen [97.
As shown earlier, the quantities P, M, and N are infinite
series with each term corresponding to a particular reso-
nator mode. These infinite terms are necessary for the
circulator to satisfy the particular boundary conditions.
However, not all terms are important in practical applica-
tion. Since most circulators operate close to the n = 1
resonance, many people consider only the n = 1 term
and the above two conditions reduce to

SE = 1.84 (22a)
T Zalk
V= V3(1.84) Zus: ’ (22b)

Fig. 5 shows the computed perfect circulation roots from
(20), retaining terms up to the third order. The roots
were sought from SE = 0 through SR = 3.0. There are two
sets of results. One, specified by mode 1+, is the mode
1A mentioned by Davies and Cohen. The other set is the
usual circulation root which is concentrated at SR = 1.84
for small values of | x/u |. Since the mode 1+ solutions
require a larger disk and also need a large impedance ratio
between the substrate and the disk [97], this mode is not
practically suitable. As shown by Davies and Cohen there
is a further set of roots between the 14 and 1— modes,
corresponding to the middle zero of the ¢y = 0.1 curve in
Fig. 2(b), at 9.6 GHz.
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Fig. 5. Perfect circulation roots of the first circulation condition for
various coupling angles (third order).

Therefore, we will pay special attention to the lower
solution. The dashed curves are the roots of the uncoupled
resonator. For lightly coupled circulators (¢ < 0.4), the
roots first increase with increasing | x/u | and then de-
crease. On the other hand, for tightly coupled (¢ > 0.5)
circulators, the roots start going down even for small
| ¥/ |. This phenomena is noticed by circulator designers
[137, [14], but is not predicted by Davies and Cohen and
Whiting. Massé [14] noticed that his broad-band cireu-
lator requires a radius about 7.5 percent less than the
predicted design. He suggests that this is eaused by fring-
ing fields. In addition to this, the calculations here show
that higher order modes (especially n = 2) have a sig-
nificant effect in shrinking the required circulator radius.

Fig. 6 is the second circulation condition which is found
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Fig. 6. Normalized junction impedance ratio as a function of
anisotropic splitting factor calculated from the second circulation
condition for various coupling angles.
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by substituting the roots obtained from (20) into (21).
The second condition gives the dielectric and disk wave
impedance ratio at the junction. Both circulation condi-
tions must be satisfied to get perfect circulation.

Since the two conditions for circulation are known, the
design of a direct coupled circulator becomes a simple
task. The first step is to choose the ferrite material and
the dielectric medium. This is easily achieved in stripline.
By using arc plasma spray (APS) [15] methods, or by
inserting a ferrite puck into a hole in the substrate these
choices can be made independently in microstrip. The
second step is to plot the impedance ratio curve as a
function of | x/u |. The third step is to choose the coupling
angle and get the intersection point of the impedance ratio
curve and the corresponding curves in Fig. 6. Then the
operating point | x/u | is specified (condition 2) from the
abscissa of the intersection point. The final step is to
determine the circulator radius from the corresponding
point found in Fig. 5 (condition 1).

In the design of a circulator, one tries to find the inter-
section of the following two curves.

a) The impedance ratio Zest/Zs of the chosen puck and
dielectric material.

b) The calculated impedance ratio of the second circu-
lation condition given in Fig. 6. .

However, the condition 2 curves shown in Fig. 6 have
a general property; all curves have positive slope with
increasing | x/u| when |x/u| < 0.5 and negative slope
when |x/u| > 0.5. For a weakly magnetized ferrite,
operated below resonance, the impedance ratio is approxi-
mately given by

Zeff € 1/2 K 1/2
=(Z) (1-(%)) .
2= 0-()

This impedance ratio is shown for ¢;/¢; = 1 in Fig. 7. As
indicated, this curve always has a negative slope. Thus
when | «/u | at the center frequency is less than 0.5, there
is only one intersection near | x/u | ~ 0.2 for ¢ = 0.2. In
this case a circulator with fixed radius works only in a
limited frequency range. Even with quarter-wave trans-
formers the bandwidth is still limited to about 25 percent
[2], [6]. However, when | «/u | is greater than 0.5, both
the impedance ratio curves and condition 2 curves have
the same negative slope. Thus there can be a continuous
solution if appropriate coupling angle and materials are
selected.

For example, a special case is also shown in Fig. 7. The
impedance ratio curve for ¢;/¢; = 1 is plotted as a funetion
of | k/u |, along with the condition 2 curve for ¢ = 0.51.
As shown in the figure, there is no intersection for | k/u | <
0.5. However, these two curves nearly overlap for 0.5 <
| k/u| < 1.0. This means that for this particular design,
the circulator not only works at | x/u | = 0.5, but all the
way from |«/u| = 0.5 to | x/u| = 1.0. Thus, as seen
from Fig. 8, it can be used, in principle, from SR = 0 up
to SR =~ 1.84. The importance of this phenomena is that
the regular single intersection circulator can be replaced

(23)
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Fig. 8. Operating range of a continuous tracking circulator.

by an inherently broad-band circulator whose operating
rangeisfrom | «/p | = | wn/w | = lorws = wato| x/u| =
| @m/w | = 0.5 or wg = 2wn. The bandwidth (wg — wy) is
approximately w,/27 = f, = y(4xM,). An octave band-
width circulator can be easily achieved according to this
theory.

Notice that SR = 0 does not mean zero frequency.
Since the radial wave propagation constant S is given by
S = (w/c) (teties) 2, the lower frequency which corre-
sponds to SE = 0 is the one which yields pest = 0. For a,
ferrite just saturated, this frequency is given by f =
v(4wM,). However, because of low field losses, the actual
operation band cannot reach pess = 0 or | x/u| = 1.

To prove the existence of such a broad-band circulator,
a microstrip device was fabricated using the structure
shown in Fig. 9. The circulator radius is 0.100 in and the
junction coupling angle is ¢ ~0.525 rad. The ferrite
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Fig. 9. Sample conductor pattern for a continuous tracking circu-
: lator.

- ®)

Fig. 10. Performance of an experimental continuous tracking circulator. (a) Isolation scale: 53 dB/div. (b) Insertion
loss: seale: 1 dB/div.

material was TT1-390 which has a saturation magnetiza-
“ tion of 2150 G ( fn = 6.02 GHz). The circulator is matched
by a linear transformer to each of three 50-Q microstrip
lines on the same ferrite substrate. This linear transformer
should be at least one wavelength long to get a good match.

Fig. 10(a) shows the experimental isolation for each of
the three input ports, measured sequentially. The fre-
quency range covered is from 5.5 to 15.0 GHz. The scale
is 5 dB/div with the top line as the reference, It is seen
that an average isolation of about 15 dB is obtained over
the range 7-12.4 GHz. The resonance loss and cutoff
region is obvious in the photograph below 6 GHz. The
operating Bessel function argument SE runs from 0 up
to 1.84. This follows, approximately, our prediction from
Fig. 8. The center frequency is located at 9 GHz
(SR = 1.2). '

Although the device operates with large | «/u |, the
insertion loss shown in Fig. 10(b) is less than 1.0 dB over
the range. The device was biased top and bottom with
0.2-in-diameter magnets, about 3/8 in tall. The large
absorption shown near 13.2 GHz is caused by radiation
from the top magnet. ‘

V. CONCLUSION

These experimental results suggest that microstrip
Y-junction circulators with bandwidth of the order of
(2.8 MHz/Oe) X (4wM,) can be readily fabricated simply
by choosing the appropriate (wide) coupling angle and
disk radius (SR = 1.2) and then suitably connecting to
the 50-Q input lines. Improved performance should be
obtained through the use of a thick substrate such that
the direct coupled 50-Q lines are already as wide as the
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required coupling junction width. When using thin sub-
strates, the isolation obtainable over the band will depend
on the impedance characteristics of the transformers
chosen. The quality of the terminations, connectors, and
homogeneity of the biasing magnets are also very impor-
tant as in any circulator design. This experiment gives
good evidence of the existence of such a broad-band
circulator.

The model presented here gives an improved under-
standing of the design and operation of circulators in the
following ways. The input impedance of a circulator is
analyzed rigorously using a Green’s function approach.
The equivalent circuit of the junction circulator is found
to be a series combination of two parallel ELC circuits
which reduce to a single resonator when the conditions
for perfect circulation are achieved. Thus the equivalence
between Bosma’s model and that of Fay and Comstock is
shown.

A continuous tracking technique is discovered which
makes the fabrication of octave bandwidth circulators
straightforward. This eirculator is recognized [16] by:
a) wide coupling angle ¢ ~ 0.5, and b) smaller than usual
circulator radius; center frequency of operating band is
found from SR =~ 1.2. ‘
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