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Abstract — A nonreciprocal traveling-wave resonator critically coupled to
a waveguide becomes an isolator with high isolation. The dielectric
image-line isolator with a magnetized ferrite pillbox as the nonreciprocal
traveling-wave resonator is described. The validity of the theory is verified
by experiments carried out at the 50-GHz range. The theoretical and
experimental estimations of the coupling coefficient between a pillbox
resonator and a straight dielectric waveguide are also included.

I. INTRODUCTION

IELECTRIC open waveguides are emerging as an

important vehicle for realizing integrated circuits in
the region from millimeter-wave to optical-wave, Many
passive and active millimeter-wave devices have been de-
veloped with dielectric open waveguides such as dielectric
image lines [1]. Nonreciprocal devices, e.g., circulators and
isolators, are highly useful building components in the
millimeter-wave integrated circuits. Several efforts have
been made to realize such devices on the dielectric open
waveguide—for example, the dielectric image lines [1]-[3],
the rectangular dielectric waveguides [3], and the dielectric
slab waveguides [4], [5]; their experimental results are not
sufficient, however. The difficulties on these structures are
caused by the radiation from the curved surface of the
device and reduced nonreciprocity owing mainly to the
weak energy confinement in ferrite.

This paper proposes a new configuration of isolator. The
device consists of a directional coupler and a nonreciprocal
phase shifter as shown in Fig. 1. The closed-loop structure
including the nonreciprocal phase shifter becomes a nonre-
ciprocal traveling-wave resonator because a traveling-wave
arises in the loop. In this circuit, the wave transmission
from port 2 to port 1 can be eliminated by properly
adjusting the coupling coefficient of the directional cou-
pler, while the wave transmission from port 1 to port 2 is
scarcely affected by the resonator at the same frequency.
Under this situation, all of the transmission power from
port 2 to port 1 is dissipated in the resonator by its losses
without any reflected power.
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Fig. 1.

The nonreciprocal traveling-wave resonator is actually
realized by a magnetized ferrite pillbox resonator distribu-
tionally coupled to a dielectric waveguide. The millimeter-
wave isolator using the ferrite pillbox resonator has a
number of attractive features: 1) the structure is very
simple; 2) the isolation is very high; 3) the insertion loss is
low; and 4) the operation frequency can easily be swept by
changing the applied magnetic field. The validity of the
theory is verified by experiments carried out at the 50-GHz
range.

The theoretical and experimental estimations of coupling
coefficient between a pillbox resonator and a straight di-
electric waveguide are also described.

II. Basic CONSIDERATIONS OF THE ISOLATOR USING
A TRAVELING-WAVE RESONATOR

Consider a traveling-wave resonator circuit as shown in
Fig. 1. The phase shifter can be realized by a waveguide of
proper length and the closed-loop structure consisting of
its waveguide becomes a resonator. When the waveguides
are image lines, microstrip lines, or metal rectangular wave-
guides, the circuits are called traveling-wave ring circuits.
They were used as waveguide traveling-wave power multi-
pliers [6], [7], where the phase shifters were reciprocal. A
nonreciprocal ring circuit was initially studied by Tischer
for the purpose of measuring the material constants of
ferrite [8]. However, it is not known that such a ring circuit
has a critical coupling condition just as in the case of a
one-port cavity resonator circuit.'

Let a, and b,, respectively, be the incident and reflected

'E.-G. Neumann et al., mentioned a critical coupling for a reciprocal
ring resonator to measure its radiation loss in [9].
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normalized wave amplitudes at the reference plane, where i
indicates the port number of the directional coupler. The
scattering-matrix equations of the directional coupler and
nonreciprocal phase shifter can, respectively, be expressed
as follows:

b, 0 S, Sz O a;
b, _ Sy 0 0 Sul|a (1)
b, S, 00 0 Syl
b, 0 S, S, 0 |L%

and

G-l S e

When port 2 is terminated with a matched load and the
circuit is fed at port 1, the following relation is obtained:

by S5 = (81855 — $xuSy) e (3)
a, 1—Sye™ %

“where a,=a;=0. It can easily be shown that, if the
directional coupler is perfect, there is no reflection for any
coupling conditions. Here we call |b,/a,|* the forward
transmission coefficient.

Similarly, when the port 1 is terminated with a matched
load and the circuit is fed at the port 2, the following
relation is obtained:

ﬁ= S12—(S12S43_Sl3s4z)e_¢b (4)

a 1—Sye %

where a, = a, = 0. We call |b, /a,|* the backward transmis-
sion coefficient.

In the case of the practical circuits, we can assume the
circuit parameters as follows:

S3=8;=83=8p= Jk

S12=S21=S43=S34=v1—k2

& =ay + jb
o, = a, + jb,
where k is the coupling coefficient of the directional cou-

pler.
The backward transmission coefficient is

p(6)=|2 P (1= k)t e —2/1-k%e " cosh,
P e 14 (1= k2) e — 21— k% e~ cosb,

(5)
If the following condition is satisfied:
0,=2nmw, n: positive integer

a resonance occurs in the resonator. At resonance the
backward transmission coefficient becomes minimum as in
a reaction type resonator:

\/T:F~ e % }2‘ (6)

P,(2nw)=
ot [l—x/l—kze“"b

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES VOL. 30, NO. 11, NOVEMBER 1982

Here, it should be noticed that the backward transmission
coefficient vanishes when V1—k? is equal to e . It
means that we can make the backward transmission vanish
by adjusting the coupling coefficient k.

On the other hand, the forward transmission coefficient
18
> (1-k?)+e 2 —2/1—k*e ¥cos

1+(1- k2)e 2% — 21— k2 e *cosf,
(7)

When this circuit is used as an isolator, P;(6,) and P,(8,)

correspond to the insertion loss and isolation, respectively.
Furthermore, when the following condition is satisfied:

0, =(2m— 1),

b
a,

P(6,)=

m: positive integer

the forward transmission coefficient becomes maximum.
Defining Q; = f,/2(f, — f;) =n=/8,, where f, and 6,
are values of the half-power point, we have from (5)

Pb(gl)=%[Pb((2”+1)77)+Pb(2”77)] (8)
where P,((2n + 1)7) and P,(2n7) correspond to the back-
ward transmission coefficient at the “antiresonance” and

“resonance”, respectively. If 6, is small, we may replace
cos 8, by (1— 6%/2) which yields

_nw nw \/1+(1—k2)e*2"‘b (_>\_g)2
01 1_]/1_ kZe—ab 2 >\0 ’

(©)

Furthermore, if «, is small, the loaded Q at V1 — kP=e"
is about one half of the unloaded Q which is defined by
nw/a, (A / Ao)?. This just corresponds to the critical cou-
pling condition in a one-port cavity resonator circuit. The
circuit which satisfies the critical coupling condition be-
comes the isolator with perfect isolation.

Qo
-
U

III. MAGNETIZED FERRITE PILLBOX AS THE
NONRECIPROCAL TRAVELING-WAVE RESONATOR

A nonreciprocal traveling-wave circuit is realized with a
magnetized ferrite pillbox resonator distributionally cou-
pled to a dielectric waveguide, as shown in Fig. 2.

As the pillbox is a closed-loop structure in itself, the
wave coupled through the coupling region once travels
along the @-direction and returns to the coupling region
again. The difficulty in solving the coupling problem on
this structure 1s caused by this feedback mechanism.

Consider the model as shown in Fig. 3, where axis # is a
hypothetical axis. Circular disks, which are cut as shown in
Fig. 3(a), are connected to each other in a spiral-like
manner in the hypothetical space as shown in Fig. 3(b),
where it is assumed that the boundary conditions on the
interface between the spiral region and the air region are
the same as those of the corresponding pillbox in real
space. The cut in Fig. 3(a) and each disk of the spiral
model in Fig. 3(b) can be regarded as a branch cut and a
Riemann surface, respectively. In addition, this spiral model
is regarded as a waveguide like the ordinary image lines.



MURAGUCHI et al.: ISOLATOR FOR MILLIMETER-WAVE INTEGRATED CIRCUITS

Dielectric
Image Line
¢ Teflon )

Ferrite Pilibox
Resonator

Metal- Image
Plane

Ferrite Pillbox
Resonator

Dielectric
Waveguide

Ferrite Material : Dielectric Material :

YIG (. TDK Y12 ) Teflon
4mMg : 1770 Gouss € : 2.0
€, 155

tan'g,: 5.4 x 1074

A4 ;70 Oe

i3

Fig. 2. Experimental image-line isolator, giving performance data of
Fig. 11 and Table II.
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Fig. 3.

The coupled wave through the coupling region can travel
in this spiral wavegunide toward the positive f-direction. In
this waveguide, we can exclude the physical requirement of
the pillbox where the field must be single-valued at any
point in the f-direction. Therefore, nonintegral values can
be assigned to » which is the order of Bessel function
J,(nr) that expresses the field £, in the spiral waveguide.
The coupling ‘coefficient between the spiral waveguide
and a straight waveguide corresponds to the coupling
coefficient k of the directional coupler in the previous
section. And now, we can evaluate the coupling coefficient
all over the frequency range because there is no restriction
in ». The circuit responses of the pillbox circuit in Fig. 2, P,
and Q,, are regarded as the total circuit response of the
closed-loop structure consisting of ‘the spiral waveguide
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Fig. 4. Coupling structure consisting of a spiral waveguide and a straight
waveguide.

including the coupling region and can be obtained from (5)
and (9). When » becomes integer, a resonance occurs in the
corresponding pillbox because the traveling waves are com-
bined in phase as in the case of the ring resonators [6]-[8].

A. Propagation Constants

Consider the coupling structure shown in Fig. 4 in order
that we may estimate the coupling coefficient. We assume
that the wavefronts are normal to the propagation direc-
tion and these fronts form cylindrical planes between the
spiral waveguide and the straight dielectric. waveguide.
Spacing S between the incremental coupling lengths of the
two waveguides corresponds to the length of the circular
arc S and is given by the following equations [10], [11]:

S=rd
Sy + R(1—cos8)
r=———
. sind ~

(10)
(11)

where S is the smallest spacing and 6 is the angle sub-
tended by the arc S.

First, we must know the propagation modes and their
propagation constants in the three structures, i.e., the spiral
waveguide, the straight dielectric waveguide, and the cou-
pling structure which consists of both of them.

Here, we reduce the three-dimensional model into the
slab model by using the effective dielectric constant method
[12]. The relative dielectric constant €, of the material is
replaced by the effective dielectric' constant which is given
as

=6 —(B,/ky)". (12)

The propagation constant in the z-direction is, in turn,
obtained by

B = ki-BL (13)
The eigenvalue equation for thek‘straight dielectric wave-
guide is ‘ ‘
1), Sin ;W — 95cOsNzw = 0 (14)
where
B2 = ki + M5 = €3k — m3.
Also, the eigenvalue equation for the spiral waveguide is
{noR—»}J,(mR)+nRJ,_;(mR)=0 (15)
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Fig. 5. Structure for analyzing x variations using concept of effective

dielectric constants. €,,; = 13.0 was determined by considering the small
gap between a ferrite pillbox and a metal image plane because of-using
an adhesive tape.

where

2 2
and ] = €.0:kG-

2 v\ 2 2

o= () =k

On the other hand, the eigenvalue equation for the

coupling structure as shown in Fig. § is
13{1c0s(1;w) — n;sin(n,w)}
'(Wo-’»("llR)"" mJJ(mR)'tanh(noS))
+no{mosin(mzw ) + nycos(nw))
-{nOJ,,("qu)-tanh(noS)+ 771-];("11R)} =0 (16)

where
p2_ (¥ 2_ 2 2 _ 2 2
B = R =k +mp= €3k —m3
and

2 2
m _erelkO'

Here, when the following relation is satisfied:

2 v \?
Ere3kO < (i)
we must change 1, into jn;.

In the preceding, 1y, 1,, and 75, are the x-direction
propagation constants (or the phase constants) in the air
region, the spiral waveguide, and the straight dielectric
waveguide, respectively. And, of course, » takes a nonin-
tegral value.

B. Theoretical and Experimental Estimations of the Cou-
pling Coefficient

We are interested in only one mode in the spiral wave-
guide because we consider the circuit response around a
resonance by which one mode is selected. Therefore, we
can estimate the coupling coefficient k by the perturbation
method as follows [13]:

1Sy = V1= [k ={1— (¢4,sin(KL))* (1)
1S,1] = [k| = £4olsin(KL)) (18)

where
KL= 2[”/23—(wma (19)
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and
B=8 \
AO=\/1——(~——"——:‘—) (20)
B:(0)— 5,(0)
where
A, maximum coupling coefficient,
¢ correction factor ( =1.0),
B, phase constant in the straight dielectric wave-
guide,
B; phase constant of the ith mode in the spiral
waveguide ( =»/R),
B, B, phase constants in the coupling structure which

consists of the straight waveguide and the spiral
waveguide,

and the modes in the straight dielectric waveguide are
restricted to the dominant one. Also, ,BJ and p; are related
as follows:

B.=,3A+ABA (j=1,2,-+-,n)

where AB; is assumed to be small and ,B is asymptotlc to B;
as the spacing .S approaches to 1nf1mty

The coupling coefficient & cannot be measured directly
because the pillbox resonator is a closed-loop structure in
itself. Therefore, the coupling coefficient must be de-
termined through the measured circuit responses, ie., P,
and @,. Here, by considering (6) and (9), we define an
evaluation function F for minimizing the difference be-
tween theoretical and measured values as follows:

n

F(A,T)=Y, {a

T — 4 \2]?
£ el 75)

ne (147242 (A N\
bi QLi_ 1—-T;A 2 (A_O (21)

where
T,=y1-k?2
A=e %
and
k; coupling coefficient,

P,;  measured P, at resonance,

measured Q,,

n number of measured points as a function of
the spacing, and

a;, b, weighting factors,

Y
and the weighting factors ¢; and b, must be introduced
when there are great differences in the order of magnitude
between P, and Q 1, The computer optimization is per-
formed by Powell’s minimizing method [14], where we can
find out the optimum values of e~ and k, which minimize
the evaluation function F.

Fig. 6 shows the frequency responses of the measured P,
at several spacings. The computer optimization yielded
e”* and k; from the measured P, and Q,, and they are
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Fig. 6. Frequency responses of the measured P, at several spacings for
the isolator of Fig, 2.

plotted in Fig. 7 with the theoretical circuit responses,
where ¢~ * was assumed to be 0.889. From this figure, we
knew the experimental circuit was in the under coupling
region at all the spacings.

The theoretical and experimental coupling coefficients
are shown in Fig. 8 as a function of the spacing. Although
there are three modes in the experimental circuit, we can
find out the coupled mode by the difference of a pair of
measured resonant frequencies as discussed in the next
section, where we can find that the coupled mode is mode
2. The correction factor £ is determined experimentally.
The theoretical values of the coupling coefficient are shown
to be in relatively good agreement with the experimental
values for £ =0.9.

C. Nonreciprocity of Ferrite Pillbox Resonators

When the external dc magnetic field is applied to a
ferrite pillbox resonator, a pair of degenerate modes split
into clockwise and counter-clockwise modes, as shown in
Fig. 9. If k /p is small, the difference of a pair of resonant
frequencies is determined by the following equations [3]:

' C, \2 2nx? K
fwz(%;}z). nr K (22)
€rel""fo(xn,j —n ) »
where
ZWfOVErelp‘eff
X, , = —Co— ‘R (23)
where
C, speed of light in free space,
fo  resonant frequency without dc magnetization,

n order of the resonant mode,

x, , Jjth solution of the nth order equation J;(x) =0, ‘

and p and « are diagonal and off-diagonal coefficients of
the permeability tensor for magnetization in the y-direc-
tion. The effective specific permeability . is given by

P = (0* — k%) /p. (24)
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TABLE I
RESONANT MODES IN THE FERRITE PILLBOX RESONATOR OF F1G. 2
AROUND 50 GHz

Xoi | fu C(GHZ )
™1,1,Mode 1) | 12,8 2.25
™ ;. s Mode 2) | 12,9 0.54
™ 4,3 (Mode 3) | 12,7 0.24
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Fig. 11. Measured characteristics of the isolator with one ferrite pillbox

of Fig. 2, where spacing S, = 0.
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Fig. 12. Measured characteristics of the isolator with two ferrite pill-
boxes, where spacing S, = 0.

TABLE II
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CHARACTERISTICS OF THE IMAGE-LINE ISOLATORS

One Pillbox Type

Two Pillbox Type

Center Frequency 50.61 GHz 50.58 GHz
Isolation 18 dB 17 dB
Insertion Loss 1.0 dB 1.8 @B

15dB Bandwidth 50 MHz 100 MHz
Biasing Field 5000 Oe 5000 Oe
Ferrite P1llbox YI6 (TDK Y12 ) YIG (TDK Y12)

radius = 3.6mm
thickness
= 1.4mm

radius = 3,6mm
thickness
= 1,4mm

In the estimation, by assuming a cylindrical surface
containing the circumference of the pillbox resonator as a
magnetic wall, there are three resonant modes in the pill-
box around the 50 GHz for R=3.6 mm, ¢, =15.5, and
p = 1.0. From Table I and Fig. 9, it can be determined that
the resonant mode in the experimental pillbox was TM, , 4
because the difference of a pair of resonant frequencies was
about 0.5 GHz in the case of saturation.

IV. ISOLATOR FOR MILLIMETER-WAVE INTEGRATED

CIRCUITS

The structure of the image-line isolator is quite simple,
as shown in Fig. 2. This consists of a ferrite pillbox and a
teflon image line.

Fig. 10 shows the block diagram of the experimental
setup. The EH tuner was adjusted to obtain the maximum
output power and to reduce the reflection at the output
port. The 0-dB reference was determined by removing the
ferrite pillbox resonator. The insertion loss and isolation
were measured by changing the direction of the dc mag-
netic field instead of changing the input port.

Fig. 11 shows the characteristics of the isolator with one
ferrite pillbox. Although the isolation is high, it is not
infinite. That is the reason why the critical coupling condi-
tion could not be satisfied in our experimental circuit in
spite of S, = 0 (see Fig. 7). To get the critical coupling, we
need the ferrite pillbox whose loss is lower than the present
one. The bandwidth or isolation can be improved if a
cascade connection of resonators is employed. Fig. 12
shows the characteristics of the isolator with two ferrite
pillboxes. In practice, however, the improvement by the
cascade connection has been achieved at the expense of the
insertion loss. A summary of the isolator performance
achieved is presented in Table II.

V. CONCLUSION

The nonreciprocal traveling-wave resonator critically
coupled to a waveguide has many interesting featurés. As
one of its applications, the image-line isolator using a
magnetized ferrite pillbox resonator was investigated ex-
perimentally and theoretically. Although the frequency
bandwidth of this isolator was very narrow, because of
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using the resonant phenomenon, it has many attractive
features: 1) the isolation is very high; 2) the insertion loss
is low; and 3) the operation frequency can be swept by
changing the applied magnetic field.

The theoretical and experimental estimations of the cou-
pling coefficient between a pillbox resonator and a straight
dielectric waveguide were also investigated. This analysis
has shown much better agreement with experimental result
in the case of the dominant mode resonator.
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