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Circulators Using Planar Triangular Resonators
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Abstract—This paper gives the theoretical description of 3-port circula-
tors using planar triangular resonators. The standing-wave solution for this
circulator is obtained by taking a linear combination of two TM, o _,;
standing waves with one of them rotated through 120°. The loaded Q
factor for this junction is derived by forming the ratio of the energy stored
in the circuit to that dissipated in the termination. The bandwidth of
circulators using apex-coupled triangular resonators is three times that of
circulators using conventional disk resonators. In the case of circulators
using side-coupled triangular resohators, the bandwidth is one-third of that
of the conventional arrangement.

I. INTRODUCTION

TRIPLINE and waveguide junction circulators rely

on either disk or triangular resonators for their
operation. The theory of the waveguide circulator using
triangular resonators has been treated by a number of
authors [1]-[4], but no description of the stripline version
is available although it has been used commercially for a
number of years [5]. The purpose of this paper is to extend
the Fay and Comstock treatment of the stripline circula-
tor using a disk resonator [6] to that using a triangular
one. The properties of planar triangular resonators have
been described separately in [7]. One of its advantages is
that its radiation Q factor is somewhat larger than that of
a disk resonator. The theory of prism resonators has been
treated in [8], [9].

Since the planar resonator may be either coupled mid-
way along the sides of the triangle or at its corners, each
situation is treated separately (Figs. 1(a) and (b)). How-
ever, a single standing-wave solution is found to apply to
both arrangements. This standing-wave solution is ob-
tained by taking a linear combination of two TM,, _,
standing waves with one of them rotated through 120°
with respect to the other. A field plot of the electric field
distribution taken on an weakly coupled circulator con-
firms the adopted solution. The loaded Q factor for this
junction is obtained by forming the ratio of the energy
stored in the circuit to that dissipated in the termination.
The bandwidth of the apex-coupled resonator is three
times that of a single-disk one, while that coupled midway
along the side of the triangle is one-ninth that of a disk
resonator. The experimental and theoretical results are in
good agreement for both geometries.
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Schematic diagrams of circulators using planar triangular reso-
nators: (a) apex coupled, (b) sidewall coupled.

Fig. 1.

In formulating the boundary value problem of the
apex-coupled triangular resonator, it is not necessary to
partition it into an equivalent disk and tapered lines
arrangement. Indeed, while it is difficult to visualize rota-
tion of the field patterns in a planar triangular resonator,
this is done directly.

1I. TM FieLD PATTERNS OF TRIANGULAR
OPEN-DIELECTRIC RESONATOR

The TM-mode field patterns in a triangular-shaped
demagnetized ferrite or dielectric resonator with no varia-
tion of the field patterns along the thickness of the resona-
tor are given by [7]

E:-:Am,n.[T(x’.y) (1)
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Fig. 2. Coordinate system of planar triangular resonator.

with 4,, ,, an amplitude constant. Fig. 2 gives the sche-
matic diagram of the planar resonator discussed in this
text.

For magnetic boundary conditions, 7(x,y) may be ob-
tained by duality from that of the TE mode with electric
boundary conditions [10].

T(x.y)=cos 4l (E A ) cos[zw(mﬁ")(v—w)
Via\2 2v3 3V3 4

+cos AT (z L) cos{Zw(n—l)(u—w)
Vial2 2vi 3V3 4

+cos —dmn (z+i). cos{zw(l—mxv—w)
V32 2v3 3V3 4

where A is the side of the triangle, and

m+n+1=0 (6)
which satisfies the wave equation
2 2
(—8—2+§—+k;,,,)£z=o %
X &y’ ’
where
Kppni= 4—’”'\/m2+mn+n2 . (3)

34

It is observed that the interchange of the three digits m, n./
leaves the cutoff number &, ,, and field patterns un-
changed.

The complete standing-wave solution for m=1, n=0,
I=—1is

Ez =4 1,0, -1 T(x:))) (9)
o= —JA10. -1 {4_7 os( 27u _2_77) sin 2a(w—0)
wo e | 34 vVia 3 3V3 4
47 4a(w—v) }
+ —— sin ——~ 10
34 3V3 4 (19)
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Fig. 4. Theoretical and experimental electric field distribution at edge
of triangular resonator.

and
y o
Hvzi_m{ﬂsm(_ﬂtJrz_W)cosﬂw\,
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Fig. 3 gives the field patterns for the first mode in planar
triangular resonators, while Fig. 4 gives the experimental
electric field distribution for the TM, , _, mode, at the
edge of the resonator for a microstrip device.
The resonant frequency of the dominant TM;,
mode is given with the help of (8) by
4a

with
k=" Ve,
}\0 fu‘e

where ¢ is the relative dielectric constant of the ferrite
material and p, is its relative permeability.



II1. ELECTRIC FIELD PATTERN IN CIRCULATORS

USING TRIANGULAR RESONATOR

The geometry of a triangular resonator makes it dif-
ficult to visualize rotation of the TM, ;, _; mode in order
to satisfy the boundary conditions of an ideal circulator.
However, one way it is possible to construct the electric
field distribution is by taking a linear combination of two
TM, o, _, standing-wave solutions with one of them
rotated through 120° with respect to the other. The stand-
ing-wave pattern for the dominant mode is

_ 2qu | 2w 27(v—w)
T(x.y)=2 cos ( 73 A + T) cos '—_—3\/§A J
+cos iﬂ_(v_*ﬂ} (12)
V3 4

One field pattern is given with a=0, 8=120°, and y=
240°; this gives

u=x (13)

v=—%+§y (14)
x V3

w= —5 —Ty (15)

A second solution is obtained with a = 120°, 8=240°, and
vy=360°, giving

u—~—)2£+—\/2iy (16)
w=Xx. (18)

The third field pattern is obtained with a =240°, 8=2360°,
and y=120° but is not necessary for the present discus-
sion.

_x V3y
u——z— —‘—2 (19)
v=x (20)
w=g—+—\/%)i. (21)

The standing-wave solution for the circulator therefore,
is, given by

T'(x,y) = T(x,y)" 120.240 T(x,y)m’ 240, 360 22)
where
29X 27
T(x,y)o‘ 120,240 _ 5 o { + _}
Vigqg 3
27y 4qy
€Os - +C0s 5~ (23)
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Fig. 5. Equipotential lines of circulator using apex-coupled planar tri-
angular resonator in terms of linear combination of two TM, 4 _,
standing-wave solutions with one of them rotated through 120°.
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Fig. 6. Theoretical and experimental electric field distribution at edge
of loosely coupled circulator using triangular resonator.

120, 240, 360 _ 2n [ x_ V3y\, 27
T(x,p) —2cos[\/§A( 2+ > )+ 3
2q ( 3x \/§y)
- COS -+t
3Via\ 2 2
47 [ —3x \/§y)
+cos + .
3\F3A( 2 2 }
(24)

Fig. 5 illustrates the construction of the standing-wave
solution for the circulator using the equipotential diagram
of the demagnetized resonator defined in [7].

Fig. 6 shows the theoretical and experimental electric
field distribution at the edge of a loosely coupled circula-
tor. The standing-wave solution defined by (22) can also
be written as

T'(x,y)=T*(x.y)e+ T (x,y)e* (25)

where
, + 1
T (x,y)‘ 3 [T(x’y)(), 120, 240

+ T(x’y)lzo, 240, 360 exp (ij120)
+ T(x,y )"0 20 exp (= J240)].  (26)
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The result for the TM{", | mode is

. 1 _ .4
T_(X’Y)l,o,—1= 5 €Xp (*ﬂ%)

2ox | 2m ~j2'z7y)
+COS(\/§A + 3 )exp(+-——3A .
27
It 1s easily verified that
—A 3
Ti(———.O) = (28)
V3 10. -1 T2
A A 3
T ———, = = exp (F5120) (29)
(2\F3 2 )1,0,1 2
T ——,—— =3 exp (F,240).  (30)
(2\73 2 Jios 2°

The in-phase mode is given in a similar way in terms of
™, , _,as

120, 240, 360

1
T(xy)h1 2= 3 [ T(x’)’)o’ 120-290 4 T(x,p)
+ T(x,p)2 3% 120]'

(31)

1V. Loapep Q FACTOR

The approach utilized here to obtain the loaded Q
factor of the junction follows that employed by Fay and
Comstock [6]. The loaded Q factor is defined by

(32)

where U is the stored energy in the two disks and P, is the
power radiated out into the striplines. The stored energy is

given by
U=2-fffv %eoesz-dv.

E is the standing-wave solution given in (22) or (25) as
E=Ayo [ T*(x0)e™ 4+ T (x,p)e /]

(33)

and

T*(x,y)= —exp(ij%)+cos(j§2+2§)

2
-exp(i]%}).

Evaluating (25) and substituting into (33) yields
U= f fA/z\f (x/V3)+(4/3)
AJVE Y (—x/VI)=(A/3)
4ay 7 2ax 2
[COS(3A—€)+ZCOS(\/§A+T)

20y . m 2
*COS (?A—+€)

= 0.64€0€fA 1.0, — 1A2'd

€ EfAl.o, -1

dy-dx-dz

(34)
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where d is the thickness of each ferrite triangle. This result
has been verified using a conversational numerals multi-
ple-integration package available as a standard time-shar-
ing utility on a Burrough’s B5700 digital computer. The
computed answer is

U=0.649 519.
The total radiated power is given by

VZ
P0= 7{0-

=E2d*Y, (35)

Y, is the conductance at the output stripline and also that
looking into the resonator circuit, and E, is the electric
field amplitude at the output port.

From (25) at x=4/2V3 ,y=—A4/2

3V3
Ey= —2‘“141,0,—1- (36)
Thus P, becomes
27
Py= A% dY,y (37)
Forming Q, yields
0.095€OefwA2
QL= T Vd (38)

This may be compared with the value for a simple disk
given by Fay and Comstock.

1.48¢5¢,0R :
L Y d

Forming the ratio of the loaded Q factors given above
yields

(39)

2.(8)
2.(0)

indicating that the bandwidth for triangular resonators is
three times that for disk resonators.

=0.332 (40)

V. CIRCULATORS USING TRIANGULAR RESONATORS
CoUPLED MIDWAY ALONG ITS SIDE WALLS

The symmetry of triangular resonators indicates that an
alternative circulator solution to that of the apex-coupled
junction is one where the input transmission lines are
coupled midway along the side wall of the triangle. In-
spection of Fig. 7 indicates that a combination of
TM, . _, modes also satisfies this coupling arrangement.
Since this solution relies on the same field patterns as the
apex-coupled one, the operating frequency is that given by
(8).

The evaluation of the Q factor for this geometry pro-
ceeds as in the previous section. Since the field patterns
are identical to those of the apex-coupled arrangement,
the stored energy will be that previously evaluated in (34).
The electric field at one output port, i.e., at (4/2V3,0)
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will be modified from (36) to

V3

E0=—2—A1’0,_1. (41)

Forming the loaded @ as in the previous section yields
0.855 -eoeij2
Q=755 (42)

The Q factor of this geometry is therefore 9 times that of
the apex-coupled circulator and 3 times that of the con-
ventional disk arrangement.

VI

Once the loaded @ factor is given, the bandwidth is
defined by

BANDWIDTH AND GYRATOR ADMITTANCE

r—1
~ (43)
O~ 28,
where
_ Wy w
28,= 22 (44)

r is the VSWR, w,, are the band edges, and w, is the
center frequency.

It is also possible to make a statement about the gyrator
level [11] of the circulator by invoking the universal rela-
tion between the loaded Q factor and the split frequencies
w, of the magnetized junction.

1 W, —w_
1.z (___+ ) 45
oL Wo 45)
This relation can also be wriiten as
YO=\/§Bf(i"+__i’;) (46)
Wy
by noting that
z @7)
QL_ YO

where B’ is the susceptance slope parameter of the junc-
tion, and ¥, is the characteristic admittance of the trans-
mission lines

(48)

YO={3O7rln{ W”’J}A].

W+t

This last equation allows W to be calculated once b is set
by the loaded Q factor.

The approximate form for the split frequencies w,
based on circular variables often used in the case of disk
resonators (in terms of the elements of the tensor permea-
bility) will be adopted here also.

W, —w K

—~0.7—. 49
. (49)

Wo
This assumption has been verified by measuring the split
frequencies of both types of resonators [11]. The result is
given in Fig. 8.
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Fig. 7. Equipotential lines of circulator using sidewall-coupled planar
triangular resonator in terms of linear combination of two TM, ¢ _,
standing-wave solutions with one of them rotated through 120°.

359

3

circular
r=11-57m\

FREQUENCY GHz

3

20

15 v v -
N 3

CURRENT A,

Fig. 8. Experimental split frequencies for disk- and apex-coupled trian-
gular resonators.

VII. EXPERIMENTAL AND THEORETICAL ( FACTORS

FOR DIiSK AND TRIANGULAR RESONATORS

The Q factor of junction circulators may be evaluated
from their frequency characteristics in conjunction with
(43). A number of circulators with different ground plane
spacings were therefore constructed using disk-, side-, and
apex-coupled triangular resonators. The material used in
these circulators had a magnetization of 0.0400 Wb /m?
and a dielectric constant of ¢=15.3. The construction of
the circulators using the triangular resonators are depicted
in Fig, 1.

In the case of the triangular resonator, the 4 dimension
was held constant at 28 mm and the thickness was varied
between 1.27 and 3.175 mm. The center frequency for this
device was approximately 2.256 GHz. In the case of the
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Fig. 9. Experimental and theoretical Q factors for circulators using
disk and triangular planar resonators.

disk resonator, the radius was held constant at 9.9 mm
and its thickness was varied in the same range. The center
frequency for this arrangement was 2.8 GHz.

Fig. 9 summarizes the theoretical values of the Q factor
obtained using (38) and (39) with the experimental ones
obtained by measuring the 20-dB bandwidth of the circu-
lators in conjunction with (43). In the case of the disk
resonator, the Bosma expression for the Q factor is also
plotted [12]. Good agreement between theory and experi-
ment is found for all geometries showing that the theoreti-

193

cal loaded Q factor for disk and triangular resonators may
be calculated with reasonable accuracy.

Due to the relatively large values of loaded Q factor
associated with the side-coupled resonators, it was not
possible to obtain a reliable measurement of this parame-
ter except in the 3.175-mm thick case.

VIIL

This paper has developed the theory of planar circula-
tors using triangular instead of disk resonators to establish
the junction resonance. The experimental and theoretical
results indicate that the bandwidth of circulators using
apex-coupled resonators is three times that of the more
conventional devices using disk resonators, while the
bandwidth of junction circulators using side-coupled reso-
nators is a third that of conventional junctions.

CONCLUSIONS
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