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VII. CONCLUSIONS

Complete design formulas have been obtained for wave-
guide single-sided filters where only one passband and one
stopband are required. It has been shown, that a significant
reduction in the number of cavities needed to meet this
type of specification ean be obtained over conventional
techniques. Furthermore, the structure is physically no
more complicated than the conventional waveguide band-
stop filter, the only difference being irregular spacings of
the stubs.

The three classes of filters which achieve quasi low-pass
or quasi high-pass responses have been discussed in detail
and simulated on a digital computer. Finally, experimental
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results on a fifth-degree X-band filter have been presented
for the three quarter wave coupled case with and without
compensating capacitive discontinuities showinhg very
close agreement to theoretical predictions.
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Temperature-Stabilized 1.7-GHz Broad-Band
Lumped-Element Circulator

HIDEHIKO KATOH

Abstract-—A new construction technique for broad-banding and
temperature stabilization of a lumped-element circulator is presented
to obtain a compact circulator for practical usage. By using a new
integrated wide-banding network consisting of three series resonant
circuits on the back of the junction substrate, 1.7-GHz double-
tuned and triple-tuned broad-band circulators have been successfully
developed. Fundamental junction parameters, such as an in-phase
eigeninductance, parasitic capacitance, and nonreciprocal filling
factor, have been investigated experimentally.

A design theory for temperature compensation of a lumped-ele-
ment circulator is also presented, and temperature compensation
with bias magnetic field of postitive temperature coefficient has been
applied to the 1.7-GHz broad-band circulators. As a result, 20-dB
isolation bandwidths of more than 600 MHz (double-tuned type)
and 950 MHz (triple-tuned type) have been obtained throughout the
temperature range of — 10 ~ +60°C,

I. INTRODUCTION

ECENT PROGRESS of thin-film lumped-element
microwave integrated circuits (IC) for lower micro-
wave frequencies has stimulated the need for miniaturized
nonreciprocal circuits which are well adapted to the
integrated circuits. By applying microwave IC technology,
Knerr [17] realized an L-band lumped-element circulator
[2], and afterwards achieved a 20-dB isolation relative
bandwidth of more than 30 percent by inserting a capacitor
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between the junction base conductor and ground [3].
This broad-banding technique was recognized later [4]
to be equivalent with the one proposed by Kornishi and
Hoshino [5], in which the in-phase eigenvalue is excited
by an explicit resonant circuit. It is expected from the
analysis by Konishi and Hoshino [5] that a broader
bandwidth can be obtained if the resonant ecircuit is
properly optimized. However, no experimental investiga-
tion in this respect has been made so far for frequency
bands above 1.0 GHz.

Therefore, the main purpose of this paper is to propose
a lumped-element circulator construction that uses a new
type of integrated wide-banding network which is optimally
adjusted and suitable for microwave frequencies. Experi-
mental results on circulator junction in regard to its
eigeninductances, parasitic reactances, and nonreciprocal
filling factor [67 are also described.

In addition to broad-banding, temperature stabilization
is important from the practical point of view. Konishi [2]
discussed temperature dependence of lumped-element
circulator characteristics, but the result is not applicable
at least to below resonance circulators. Thus another
purpose of this paper is to present a temperature stabiliza-
tion technique. A design theory for temperature compensa-
tion of a lumped-element circulator is derived, and a stabi-
lization method using a bias magnetic field of a positive
temperature coefficient is proposed.
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Based on the above results, 1.7-GHz-band temperature-~
stable wide-band lumped-element circulators have been
developed, which have 20-dB isolation bandwidths of
more than 600 MHz (double-tuned type) and 950 MHz
(triple-tuned type) throughout the temperature range
of —10°C ~ +60°C. These performances are superior to
those previously. reported [77].

II. BANDWIDTH BROADENING

A. Junction Parameters

An effective circuit for a double-tuned wide-band
lumped-element circulator is shown in Fig. 1. In advance
of the discussion on the wide-banding network, funda-
mental parameters of the junction part are specified. At
first, parasitic capacitance and coupling strength for the
usual junction structure will be discussed. Then, variation
of the eigenvalue in a magnetic field will be formulated.

As shown in Fig. 1, the circulator junction consists of
three short-circuited split microstrip inductors interwoven
with one another. In an ideal case, the eigeninductances
L; and L, for an in-phase and rotational excitation of the
junction, respectively, are given [2], [8] as

L; =0, L, = 3L, (1)

where L, is the inductance of a single split circulator.
However, it has been recognized by the present author
[97] that, in an actual circulator junction, there are gradual
increases  of L, and L, against the signal frequency and
a fairly large value of L;.

The increase seems to be originated from the distributed
parallel capacitance of junction inductors. Thus the values
of the parallel inductance and capacitance have been
separately obtained [107] by solving graphically several
equations which are expressed as follows:

(2)

where B; is eigensusceptance measured at angular fre-
quency w; and 7 is the number of frequencies.

As a result, the parasitic parallel capacitance has been
proved to be due to crossover capacitance C, and capac-
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itance C; distributed between the junction inductor and
the base conductor. The latter is the same as the parasitic
distributed capacitance of a single short-circuited micro-
strip inductor. Equivalent terminal capacitance C,’ for
rotational excitation, which is approximately estimated

" [10] according to

C,' = 3Ca+ 12C, (3)

serves as a part of the parallel capactance C, in Fig. 1.

Typical relations between the inductances (L,, Ly, and
L;) and the ferrite disk substrate thickness, thus obtained,
are shown in Fig. 2. Since the part (L, — L;) of the in-
ductance (L) participates in the coupling among split
junction inductors, excitation ratio r of the rotating
magnetic field should be expressed as follows:

L — L

LT (4)

r
From Fig. 2, r is found to be usually about one-half.

In the operation of the circulator, the junction is
loaded with ferrimagnetic material biased with an external
magnetic field. The eigenvalue for rotational excitation is
split into two for positive and negative excitation. Three
inductive eigenimpedances of the junction, exclusive of
parasitic capacitance, can be given as follows:

(5)
(6)

where u .t and u;.i are effective permeabilities which work
on an actual microstrip junction for the positive and
negative rotational excitation and for the in-phase excita-
tion, respectively.

In rotational excitation, only a rotating magnetic field
in the ferrite substrate is concerned with nonreciprocal
action of the circulator. Thus the nonreciprocal filling
factor ky is given as

Zy = joLrpgets

Z; = joLjues:

%

where ¢, is the magnetic filling factor of a microstrip
transmission line on a magnetic substrate [11]. The
permeability for this rotating magnetic field is us, which

ki = gur
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Fig. 2. Three junction inductances L, Li, and Lo versus a disk
substrate thickness. The disk is 8 mm in diameter.
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is given by the following prevalent formula:

P
= - 8
My 1+0':F]. ( )
47 M, i ;
P=LHJL_’ g:V”H (9)
w [53)
H; = Hy — N,-AxM, (10)

where v is the gyromagnetic ratio, 4xM, is a saturation
magnetization, H; is the internal magnetic field, Hex is
the external bias magnetic field, and N, is a demagnetiza-
tion factor of the substrate. Inductance L; seems to be
mainly a function of u, which is given as

p=tetie (1)
because p is the permeability for the wave on a stripline
in magnetic material magnetized perpendicularly to the
ground plane [127]. Thus three kinds of effective permeabil-
ity are expressed as follows:

(12)
(13)

Fig. 3 shows experimental results of effective permeabil-
ities piesr and pierr, which have been obtained as Z, /joL,
and Z./jwL,, respectively. Comparing the experimental
values with the caleulated value of uy in (8), it is con-
firmed that the nonreciprocal filling factor k,, which is
given directly by ratio of (uyerr — p—ett)/ (s — u=) [6],
is less than a half in actual microstrip junction, correspond-
ing to the presumed value by (4) and (7).

Usually, a bias magnetic field is applied so that ¢ should
be almost zero, i.e., u = 1. In that case p i becomes

pxoit = kg + gu(l — Mu+ 1 — g
Mieti = Qmp + 1 — Q.

Hieff — 1 + (14}

This is a Polder’s expression (8) with effective saturation
magnetization which is reduced by the factor k; from the
actual value. Therefore, the usual design procedure of a
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single-tuned circulator [2] is available, by introducing
the effective saturation magnetization.

B. Broad-Banding by Excitation of In-Phase Etgenvalue

Effective circuits for wide-banding, as shown in Fig. 1(a)
and: (b), have been proposed previously [3], [5]. In case
of the circuit in Fig. 1(a) [5], a series LC circuit is con-
nected between the outer conductor and ground, so that
the eigenvector of in-phase excitation exhibits the resonant
variation corresponding to those due to the other two
rotational excitations. It has also been shown by computer
calculation [5] that there is an optimum value of m, which
is given as

L,
CoZ?

(15)

m =

where Z, is the terminal impedance. In the actual construc-
tion of the circulator, connecting only one resonant circuit
is apt to break the symmetry of the circulator at high
frequencies such as microwave frequencies, unless a three-
dimensional configuration is taken. However, this con-
figuration is not appropriate for an MIC component.

In case of the circuit in Fig. 1(b) [3], & capacitor is
connected so as to make use of the resonant behavior
with the parasitic junction inductance L; of an in-phase
excitation [4]. However, it is impossible to optimize the
resonant circuit, because inductance L; is neither large
enough for this purpose nor independent of junction in- -
ductance L, for rotational excitation as was already shown
in Fig. 2.

In order to obtain an integrated broad-bsnding circuit
with good symmetry, a new wide-banding network is
proposed, which consists of three parallel circuits as
shown in Fig. 1(¢). In Fig. 4, construction of an IC
circulator using the wide-banding network of Fig. 1(c)
is shown. Fig. 4(a), (b), and (¢) show, respectively, the
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terminal and the junction circuit on the front side of the

ferrite substrate, the wide-banding network on the back
side, and a cross-sectional view of the mounted substrate.
Three ends of junction inductors have been shorted with
the outer conductor by through-hole plating.

It has been confirmed that even in the microwave
frequency range of 1-2 GHz, this wide-banding circuit
influences only the eigenvalue of the in-phase excitation,
giving it the desired resonant characteristics as shown
in Fig. 5. It is easy to optimize the parameter m by cutting
apart shunt conductors of strip inductors or fingers of
interdigital capacitors. Inductance L, is considered as a
part of the series resonant inductance L,. Fig. 6 shows an
actual variation of the input impedance of the circulator
whose bandwidth is being broadened by the optimum
adjustment.

An example of the 1.7-GHz band lumped-element
circulator is shown in Fig. 7. The circulator case size
(exclusive of connectors) is 18 mm by 19 mm, which is
much smaller than that of conventional distributed-
constant type in this frequency range. The ferrite substrate
used in & 14 mm by 14 mm Ca-V garnet [13] whose
saturation magnetization is about 400 G. Interdigital
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Fig.. 5. Influence of the broad-banding series resonant circuit on
circulator eigenvalues.

Fig. 6. Magnified Smith chart showing change of the input im-
pedance due to wide-band optimization.
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Fig. 7. Photograph of a broad-band lumped-element circulator
with a dummy at one port (right) and with the magnetic eircuit
removed (left).

capacitors and strip inductors are made of evaporated
Cr—Au and plated Au films prepared by means of conven-
tional microwave IC technology, which includes the air-
insulated beam-lead crossover process. The circulator has

.double-tuned  characteristics, as will be shown later in

Figs. 13 and 14. The best one showed, at room tempera-
ture, an isolation of more than 20 dB and an insertion loss
of less than 0.85 dB (minimum 0.55 dB) over the fre-
quency bandwidth of about 700 MHz centered at 1.67
GHz. The fractional bandwidth has been about 41 percent,
while that of the single-tuned circulator before being
wide-banded has been less than 10 percent.

~ C. Triple-Tuned Broad-Banding

It is seen from Fig. 6 that, at a proper standard plane,
the input impedance of a double-tuned circulator with an
in-phase eigenexcitation resonator is very similar to that
of a two-stage bandpass filter as shown in Fig. 8. In fact,
both input impedances have been proved to coincide
rigorously on the basis of the narrow-band approxima-~
tion [147]. Therefore, further broadening of bandwidth
can be achieved by using the ordinary band-pass network
synthesis theory.

Figs. 15 and 16 shown later are 1-GHz band charac-
teristics of a triple-tuned circulator obtained by adding
an appropriate one-stage series resonant circuit to each
terminal of the double-tuned circulator. Thin-film series
resonant circuits have been formed around the junction
part shown in Fig. 5(a). The 20-dB isolation fractional
bandwidth at room temperature has been widened to
about 58 percent, which is competitive with that of the
usual distributed constant circulators.

III. TEMPERATURE STABILIZATION

A. General Theory of Temperature Compensation

Temperature variation of saturation magnetization of
the ferrite substrate causes variation of ecirculator charac-
teristics. In this subsection, temperature compensation of
an ideal single-tuned eirculator is discussed.

There are five fundamental design parameters in a single-
tuned circulator, i.e., frequency or angular frequency f

‘or w, saturation magnetization of ferrite 4xlM,, external

bias magnetic field H.x, junction inductance for rotational
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Fig. 8. Equivalent eircuit of a two-stage band-pass filter.

excitation L,, and parallel capacitance Cp. The following
conditions apply to these parameters to realize & circulator

[21:
1 1

= =t 16
Y+ ]w(]p +jwp,+Lr :tjvgzo ( )
Y_ =30C, + = IF ——1— an
m I T e L, Bz,

where upper and lower signs are for the case of above- and
below-resonance circulator, respectively; the same ex-
pressions are used in the following. ¥, and ¥_ mean eigen-
admittances of the positive and negative excitation,
respectively.

Taking the sum and difference of (16) and (17), and
substituting (8)-(10) into them with the assumption
that the demagnetization factor N, equals unity, circulator
conditions become as follows:

V3z
= (|y|Ha)? = — |y |4aM, =0  (18)
| v | Hex 1
2 - =0. (19
=Bz, T Gl (19)

It is also well known that the fractional bandwidth where
backward transmission is kept within the amount of
| 8" | is shown in the following equation [2]:

2 l gl/ I
w = X 2
[(wCpZo)? + 312 (20)

The center frequency f of a circulator is set up at the
design frequency. Junction induetance L, does not change
with temperature. Thus when 4#xM, varies with tempera-
ture, design parameters H.. and C, should vary so as to
satisfy the conditions of a circulator. Keeping L. and «
constant, and taking variation of He, C, and w in (18)-
(20), the following relations are obtained:

dH V3P d(4zM,) (21)
He ~ 2 4zM,
dc, Ih dHe
C, WFV3 He (22)
dw 4c¢®  dC,
w o —4c2+1.0p (23)

where
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Hex LT
po e py oL ¢ = wCpZo. (24)
w Zo
From (18) and (19), ! and c are given as follows:
V3p
l=F7 5 (25)
Ph 41— h?
= - 2
c=F ip (26)

From the above expressions, the required quantity of H.,
and C, to compensate for temperature variation of 4zM,
can be obtained definitely in the following form:

_ dHe /d(4xM)

DH == [ (27
4r M,

po = % [d(4aM,) (28)

C» 4xM,

The change of fractional bandwidth caused by this tem-
perature compensation is also obtained in the following
form:

dw /d(4xM,)
w AxM,

The computed values of DH, DC, and DW sre shown in
Fig. 9, where the abscissa is the normalized internal
magnetic field ¢ before being compensated for. Saturation
magnetization usually decreases with an increase in tem-
perature. It is seen from Fig. 9 that the external magnetic
field should be adjusted toward the magnetic resonance
field and the parallel capacitance should be increased with
the rising temperature. ’

DW = (29)
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« tional bandwidth in case of temperature compensation by bias
magnetic field and parallel capacitance.
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However, it is complicated and not always practical at
present to use capacitors for compensation. Thus the shift
of the center frequency of a circulator that is temperature-
compensated only by He has been investigated, keeping
both L. and C, constant. If this shift is small enough,
a substantial temperature compensation can be achieved.

Taking variation of He, w, and w in (18)—(20) under
the condition of constant L, and C,, the following results
are obtained:

dH o« 3P, d(4nwM,)

Hee Ih(1 =+ 2V3ch) 4xM, (30)
dw df h dHex
_— = = —_—e 1
w f ¥ V3 He (31)
dw 4 df
— = - —. 2
w 4+ 1 f (32)

From the above relations and (24)-(26), the ratio DH
of the adjusted amount of H. to the variation of 47M,

is obtained. The change of center frequency DF, which is
defined by

_df fd(4xM,)

DF —
f 4rM

(33)
and the change of fractional bandwidth DW, can also be
computed easily. An example of the results is illustrated
in Fig. 10.

The results mentioned so far give us a general principle
for designing the temperature-stable circulator. In actual
application, a calculation should be carried out using
ot instead of the ideal uy, as represented in the previous
section. However, Figs. 9 and 10 are available in the usual
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Fig. 10. Required compensation quantity and variation of center
frequency and fractional bandwidth in case of temperature com-
pensation only by bias magnetic field.
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case where o is set to be nearly zero, by replacing the
parameter 4wM, with the effective 4w M, mentioned after
(14). Consideration of another important case and a
comparison with the previous theory [2] are discussed
in the Appendix.

B. Temperature-Stabilized 1.7-GHz Band Lumped-Element
Circulator

In the circulator discussed in Section II-B and C,
Ca-V garnet of saturation magnetization of about 400 G
has been used with an external bias magnetic field of
450 G. In this case, o is about 0.1. The effective saturation
magnetization seems to be about 200 G, assuming a
nonreciprocal filling factor k; of about 50 percent. As listed
in Table I, the temperature coefficient of 4rM, has been
reduced to about —0.2 percent/°C without any inerease
of AH and tan é. by improvement of the substrate material
[15]. Then, as seen from Fig. 10, the circulator can be
temperature-compensated by setting the temperature
coefficient of the external magnetic field to about 0.8
percent/°C. The shift of the center frequency of the single-
tuned circulator is predicted to be about 0.04 percent/°C.

A bias magnetic field with a positive temperature
coefficient has been provided by loading a magnetic
shunt alloy in parallel with a bias magnetic field, as shown
in Fig. 11. Although the temperature coefficient of the
magnetic field generated by a permanent magnet of
AINiCo alone is about —0.02 percent/°C, the magnetic
field thus composed increases with temperature from
—10°C to 60°C, as shown in Fig. 12. The value of the
temperature coefficient can be adjusted easily by varying

TABLE 1
TEMPERATURE-STABLE CA-V GARNET CHARACTERISTICS
PARAMETER MEASURED VALUE
41Ms 420G (25°C)
Temp.Coet.| —0.07%/°C (-20~20°C)
of 4wMs -0:16 ( 0~20)
=0-21 (20~40 )
=023 ( 20~60)
Tc 175°C
AH 40 Oe
3 12- 6
tan 3, 25x10°

PERMANENT MAGNET

077770

MAGNETIC
MAGNETIC SHUNT
CIRCUIT YOKE

IS

Py

| } FERRITE
SUBSTRATE

7 A

Magnetic circuit for temperature compensation.

Fig. 11.
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Fig. 12. Temperature variation on bias magnetic field.
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Fig. 13. Isolation, VSWR, and insertion loss of a temperature-
stabilized double-tuned lumped-element circulator.

the plane size and thickness of the magnetic shunt alloy.
A 1.7-GHz band lumped-element circulatot, tempera-
ture-stabilized with a bias magnetic field, has been suc-
cessfully developed. Temperature dependences of various
characteristics of the double-tuned circulator are shown in
Figs. 13 and 14. In the ambient temperature range from
—10°C to 60°C, a 20-dB isolation bandwidth of about
600 MHz (fractional bandwidth of about 35 percent),
insertion loss of less than 0.95 dB with a ripple of less
than 0.15 dB, and input/output VSWR of less than 1.22
have been obtained. It has been very difficult to get a
20-dB isolation bandwidth of more than 500 MHz at
60°C without the aid of a shunting alloy. The temperature
coefficient 0.25 percent/°C of the magnetic field used and
the frequency shift 0.04 percent/°C of the single-tuned
junction part (calculated from the reactance variation at
the center frequency shown in Fig. 14) correspond fairly
well with each theoretical value predicted already.
Temperature dependence of various characteristies of
the triple-tuned circulator temperature-stabilized in the
same way, are shown in Figs. 15 and 16. In the temperature
range from — 10°C to 60°C, a 20-dB isolation bandwidth
of more than 950 MHz is obtained. Figs. 14 and 16 make
it clear, in addition, that in a broad-band circulator, the
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Fig. 14, Temperature variation on input impedance of a double-
tuned circulator.
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Isolation and insertion loss of a temperature-stabilized
triple-tuned lumped-element circulator.
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Fig. 16. Temperature variation on input impedance of a triple-
tuned circulator.

discrepancy between center frequencies of the junction
part and the wide-banding network should further be
compensated for in order to achieve better temperature
stabilization.

IV. CONCLUSION

In order to obtain a practical microwave lumped-
element circulator, a design consideration for bandwidth
broadening and temperature stabilization has been pre-
sented. Based on the results, a 1.7-GHz lumped-element
circulator which is competitive with converntional distri-
bitted-constant circulators, has been developed.

By investigating eigeninductances of the circulator
junction, the residual inductance of the in-phase excita-
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tion and the distributed parallel capacitance have been
specified, together with an actual nonreciprocal filling
factor. A 1.7-GHz double-tuned and triple-tuned broad-
band lumped-element circulator with a new type of
integrated wide-banding network have been successfully
fabricated. The network consists of three series resonant
circuits which are formed on the back of the junction
substrate in three-fold rotational symmetry.

A design theory for teinperature compernsation of the
lumped-element circulator has been derived from circulator
conditions. The design diagram presents the required com-
pensating quantity of the bias magnetic fields, and the
resultant variation of both the center frequency and the
fractional bandwidth. Based on the results, temperature-
stable broad-band lumped-element circulators have been
developed, which guarantee 20-dB isolation bandwidths
of 600 MHz (double-tuned type) and 950 MHz (triple-
tuned type) throughout the temperature range of
—10°C ~ 60°C.

APPENDIX

In the above resonance range where it can be assumed
that ¢ 3> 1 and A >> 1, (30)—(32) are simplified by using
(25) and (26) as follows:

dH.: 1d(4xM,)

H. 2 4xM, (A-1)
df = p dHx
7 A= i ~0 (A-2)
dw ~ — 4 ~ 0. (A-3)
w

Thus, UHF or VHF circulators, which are usually
biased at 4 strong magnetic field, are expected to be easily
temperatire-compensated by setting up the temperature
coefficient of bias magnetic field to be one half of that of
saturation magnetization. This method differs from the
former [27], but (A-1) and (A-2) can be confirmed [15]
by obtaining corresponding absolute value for H., and
f against the variation of 4wM directly from the circulator
conditions (18) and (19).
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