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Fabrication of Very Weakly and Weakly
Magnetized Microstrip Circulators

Joseph Helszajnkellow, IEEE

Abstract—The synthesis of practical microstrip circulators in  resonator shape. A complete description of a circulator using
terms of a microwave specification remains in practice a difficult g very weakly magnetized regular hexagonal resonator is also
problem. If a very weakly magnetized model is adopted for its 5y aijaple [12]. Suffice it to note that its gyrator circuit is
gyrator circuit, this task should in principle be (once the quality . - ; . .
factor of the resonator is stipulated) a simple endeavor provided not very different from that associated with a s!mple d'Sk.
the substrate thickness can be varied. If it is not possible to resonator. Some possible resonator shapes met in the design
do so, it is necessary to either alter the resonator shape or the of three-port circulators are indicated in Fig. 1.
minimum ripple level of the microwave specification or vary  The sort of specification that can in practice be realized
both quantities. This paper demonstrates that the very weakly \ih this class of circulation solutions depends of course on

magnetized model of a junction circulator using either a side or hat i b K ved E
an end-coupled triangular resonator is more restricted than may What IS meant by a very weakly magnetized resonator. For

be at first supposed. A weakly magnetized solution for the design the purpose of this paper, a resonator is either very weakly
of such junction circulators which bridges the interval between magnetized, weakly magnetized, moderately magnetized, or

the very weakly and the moderately magnetized regimes is the strongly magnetized. The very weakly magnetized model of
main contribution of this paper. a junction circulator using a disk gyromagnetic resonator
Index Terms—Circulators, devices, ferrites, nonreciprocal. already shows significant deterioration at a gyrotropy (
equal to 0.25 and that of the weakly magnetized regime
breaks down atx = 0.30. This paper indicates that the
corresponding values for a triangular resonator ;are 0.25
T HE DESIGN of quarter-wave coupled microstrip circulagngo.35. The construction of a weakly magnetized model of
tors still depends on experimental cut-and-try procedurgg,unction circulator using a triangular resonator proceeds in
Some early experimental examples of this sort of hardwaige same fashion as that previously employed to describe that
using disk resonators are to be found in [1]-{7]. In order {Gsing a disk geometry. It amounts to expanding the quality
have a synthesis procedure, it is necessary to reconcile {hgior and the susceptance slope parameter about the very
physical details of the resonator, its gyrotropy, and the netwq%akw magnetized closed-form descriptions in terms of a
one. One class of circulatprs for which a solutio.n is possiblg,itable polynomial in the gyrotropy over the interval for
is that based on the classic very weakly magnetized model\@hich the gyrator conductance obeys the weakly magnetized
a disk resonator [8]-{10]. In this arrangement, the susceptanggdel. While the gain-bandwidth product of this class of
slope parameter of the gyrator circuit is dependent upon g tions is restricted by the gyrotropy of the problem region,
substrate thickness, the quality factor, or gain bandwidth on thestj|| provides practical commercial solutions. Of course,
gyrotropy. The gyrator conductance is in this sort of problegjferent conclusions are possible if a moderately or a strongly
the dependent quantity and is met once the other two qua”tmﬁégnetized resonator is utilized [23]-[26].
are specified. The descriptions of stripline circulators usingThe network problem for this class of device is separately
very weakly magnetized triangular resonators coupled midway|| ynderstood; it readily yields a relationship between the
alor_1g its sides_ or at its corners are separately availa_lble [LA&twork specificationg(rmin), S(max), and bandwidth)] and
While the quality factor of each of these resonators is of thge one-port description of the junction circulator (susceptance
same order, small differences in this quantity are relevarfone parameter and gyrator conductance, and by definition,
each, however, hgg a quite different value of susceptance Slﬂf}fdedQ factor) [9]-[17]. The use of the alternate line trans-
parameter. Specifically, the susceptance slope parameterpfier deserves special mention in the design of microstrip
the_S|de—c0_upIed triangular resonator is three times that Qf.,jators [16]. A feature of this sort of general network
a simple disk resonator, whereas that of the apex fed ofgpiem is that while its maximum ripple level in the passband
is one-third that of the disk resonator [11]. Each circuit igng its bandwidth specification are essentially fixed byche
therefore, associated VYIth a qw_te different ml_c_rowave SO'.Ut'Of?;rctor of the load, the value of its minimum ripple level may
Since the substrate thickness is often specified by equiPMBRY,seq 1o control the level of its susceptance slope parameter.
requirements rather than by the circulator design, any practieg},ce the equipment maker is seldom interested in this latter

design procedure must be based on the ability to vary gansity, it may in practice be used to absorb any uncertainty
in the precise characterization of the absolute value of the

I. INTRODUCTION
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Fig. 1. Schematic diagram of planar resonators for use in planar junction circulators.

coupled triangular resonator. It also reviews the design featusidewalls by an equivalent waveguide model, which is the
of two published arrangements. If an idealized template msethod adopted here [30]-[33]. Fig. 2(a)—(c) indicates pos-
superimposed on the frequency responses of these devie#isle equivalencies for microstrip circulators using planar
it should in principle be possible to deduce the element valugiscular and triangular resonators. The concepts entering into
of the corresponding complex gyrator circuits. Unfortunatelyhis sort of model are well established and need not be
while the specifications of each of these devices were @éalt with [30]. Once any design is complete in terms of
commercial quality, the detailed specifications were not, in thige equivalent parallel-plate waveguide approximation, it is
absence of Smith chart data, sufficiently robust to draw amgcessary to invoke the relationship between the actual and
firm conclusions other than to note that the calculated effectiggfective parameters of the problem region in [30]—[33].
@ factor was in every instance lower than that inferred by the The effective quantities entering into the description of a
experimented gain—-bandwidth product. planar triangular resonator with open walls are defined by
introducing an effective inscribed radiug) (n the calculation
of the equilateral triangular resonator. No justification is sought
Il. PARALLEL -PLATE WAVEGUIDE for this decision other that it permits some initial engineering
MODEL OF MICROSTRIP CIRCULATORS parts to be laid out on the basis of an equivalent waveguide
The usual approach to the design of microstrip passimeodel of the problem region. The agreement between this
circuits and circulators using weakly magnetized resonat@mpirical model and the graphical data in [11] and [32] is,
is to replace the problem region with imperfect magnetitowever, acceptable for design.
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Fig. 3. One-port complex gyrator circuit of three-port junction circulator.

TABLE |
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=/ 7We"(f) . . ! . . . er, e (f)
ke (f)Reri (f) = 1.84, 260 = (fo — f1)/ fo, (e = [ 252 7y (8]
EeglHere .
Network | Magnetic Variables Physical Frequency
Variables Variables Variables
B 0-740§0(ksff(f)Reff(f))2
ue,eff(f)kUH
y Wi () L ®, — O
G [42‘/5';2](1—< Ccffco% 3B (+T‘)
(ke (NR (D)) —1 K °

243 I Gite o1t (F)koH

Qe | (ko (DR (M) ~1 1| 0740C0 (Keir (R o)) { ﬁ(mﬁmf)r
[0

Q

Fig. 2. Equivalence between microstrip resonators and parallel waveguideone pOSSIbIe definition of the magnetic fllllng faCt@"l

circuits. entering into the description of the effective quantities is
defined by [33]

that if the fringing fields on a typical contour are excessive (3)
then it becomes difficult to preserve the definitions of the
coupling angle at the terminals of the resonator and its shapg. is the filling factor of a strip of thicknes& whose width
The effect on the resonator shape is particularly worrisonfg”) equals2r.
in that it may no longer have any resemblance to the actualA unique feature of a junction circulator using a very
one. This situation may be understood by recognizing thatakly or weakly magnetized resonator (upon which the
the effective sidewalls of a high-impedance strip are displacddsign procedure of this paper rests) is that its complex gyrator
further out from the physical ones than is the case of thosicuit is essentially independent of the coupling angle at its
of a low-impedance strip. This sort of effect would readilyports. This means that the design of the transformer circuit
distort the equilateral resonator in Fig. 1(c) or (d), say, intdoes not perturb the junction in any way and that its adjustment
something more like the irregular hexagonal resonator withay be dealt with by the appropriate parallel-plate model of
concave sidewalls illustrated in Fig. 1(k) or (I). It is alsa microstrip line on a demagnetized ferrite substrate [33].
necessary to ensure that fringing effects do not corrupt the
complex gyrator description of the circuit. One way to partially  |1I. V ERY WEAKLY MAGNETIZED PROBLEM REGION
avoid both difficulties is to impose a lower bound on the aspect : . . L

. The design of a very weakly magnetized microstrip circu-
ratio (r/H) of the resonator [21], [22]. Some separate remarll<s : ) . .

lator using a disk or a triangular resonator proceeds with the

about the influence of the aspect ratio of the resonator reglfcjl)gj of its equivalent waveguide model and a knowledge of

upon the uniformity of the magnetization has been describ . . o .
in [40]. While one arbitrary bound on this quantity has bee%e corresponding design procedure for stripline circulators. If

. . . : tge in-phase eigennetwork of the device may be idealized by
mentioned [22], a still more restrictive one is recommende : L .
a frequency-independent short-circuit boundary condition at

Two matters of concern in the design of such circuits are 1 5H179%
Qm & 1+ |1+ . .

here: its terminals then its complex gyrator circuit may be realized
LRSS (1) In the form indicated in Fig. 3. In this circuit(z is the
H = absolute conductance at the terminals of the junction and also
r either represents the inscribed radius defined by the triangudrthe output microstrip linep’ is the absolute susceptance
resonator slope parameter, an@ is the loaded? factor. Tables I-Ill
A summarizes some classic design equations for the realization
= (2a) of microstrip circulators using weakly magnetized disk and
2v3 triangular resonators [3], [8], [10], [11].
or the actual radius of the disk The first column in these tables gives the susceptance slope

parameter, gyrator conductance and loadgdactor at the
r = R. (2b) terminals of the device. The second column defines the ratio
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TABLE I of the resonator. One semiempirical formulation is
DEesiGN DATA FOR VERY WEAKLY MAGNETIZED TRIANGULAR RESONATOR
CoUPLED AT CORNERS (ko (f)Aerr (f) = 47/3, 280 = (f2 — 1)/ fo) [11] K N K (5)
Network | Magnetic Physical Frequency B/ e ~ dm ’
Variables | Variables Variables Variables
5 Tk AP The following effective permeability:.. g is separately given:
e err(f)koH 2 2
" - S (Qm"?)
3B W (f —0_ 7  \Nimr
G [T](E)eﬂ' Cestbo e}f;( ! 3B (9%) fre,off = I ©)
Qu(ef) g(ﬁ)c” 0.0475G (kege (DA 5 (1) { B0 )T whereg,, is the filling factor defined in (3). It is assumed here
0K GlLe o (T)koH Wg ) that (N)eff = uand(ﬁ)eﬂ = Gmk-

In order to have a trustworthy synthesis procedure for the

TABLE III design of these devices, it is necessary to place an upper bound
DESIGN DATA FOR VERY WEAKLY MAGNETIZED TRIANGULAR on the magnetic variables (splitting) over which the entries
RESONATOR COUPLED MIDWAY ALONG SIDE DIMENSIONS in Tables I-11l may be used with confidence. A very weakly

(Kett (f)Aefr (f) = 47/3, 260 = (f2 — f1)/fo) [11] magnetized junction is defined for the purpose of this paper

Network | Magnetic Physical Frequency as one for which the split counter-rotating eigennetworks or
Variables | Variables Variables Variables i K R x
= ; eigenvalues may be described by single split poles and for
0427560 (Ketr (DAcr (1) which the in-phase one may be represented by a frequency-
Werr(f)kgH . - )
s W o independent electric wall at the terminals of the resonator [26].
1 €l u + - . . . . . .
G e Corbo = 38 (—(00 ) One definition of a weakly magnetized junction is, therefore,
Qe | T ATk (DA NN th_e vgrlflcauon of this condmpn. Another, yvhlch isin keepm_g
3 @ B——) with its very weakly magnetized model, is to ensure that its
Gl (f)koH W,

Q factor is independent of the coupling angle at the resonator
terminals. Still another test is to ensure that the susceptance
of the entries of the tensor permeabilityy. of the magnetized Slope parameter is independent of both its gyrotropy and
resonator in terms of the loadegl factor (or in terms of the itS coupling angle. An investigation of this problem in the
gyrator Conductance) and Susceptance S|ope parameter Ofcﬁf@ Of a Circulator Using a dISk resonator indicates that |tS
device. very weakly magnetized model already displays significant
Once the magnetic variables of the resonator are fixed, #gterioration in the closed-form description of its complex
linear dimensions may be calculated using the entries in tgrator circuit when the value of its gyrotropy:)(is as
third column in Tables I-lIl. The radius of the circular disk reslitle as 0.25. [9]. The gyrotropy in the case of a junction
onator or the side dimension of the triangular one is obtain&ging a side-coupled triangle is also restricted to about 0.25
from the respective cutoff numbers. The substrate thicknd$¢]- While such values of gyrotropy places some restriction
H is then obtained from the specification of the susceptan@B the gain—bandwidth product of this sort of solution, it is
slope parameter. The calculation #f.g(f) completes the nevertheless adequate in the design of practical specifications.
design and ensures that the network, magnetic, and physiE8f moderately magnetized region actually produces a more
variables in Tables |-l are compatible. If the specificationdttractive gain-bandwidth product, but at the cost of a more
of the device are incompatible with the substrate thickrgss difficult adjustment procedure.
or the widthW.g(f) of the connecting lines is incompatible
with the resonator area, the design must be repeated with a

less severe specification. h that has b di d d th
The last column in these tables gives the description qf One approach that has been used in order to extend the

the gyrator conductance and loadell factor in terms of description of the very weakly magnetized description of a
the split frequencies of the two counter-rotating modes &mction circulator using a disk resonator has been to introduce
the magnetized resonator. It is of note that the quantities eritabIe correction terms based on some exact calculations [9].

IV. WEAKLY MAGNETIZED PROBLEM REGION

Tables I-Ill are related through the following relationship [g]'t Will now be extended to the description of a junction using
[9], [34]: a weakly magnetlzed trlgngular resoqator by making use of
some calculations on a side-coupled triangular resonator based
G =3B <w+ - w_> @) on the contour integral method [37]. Scrutiny of this solution
- wo ) indicates that its) factor and susceptance slope parameter

deteriorate more rapidly than its gyrator conductance. This
This equation indicates thét is proportional to the product feature has been separately observed in [35]. One means
of the difference between the two split frequencies of thsf dealing with this problem is to write the actual absolute
counter-rotating modes of the magnetized junction and tBgsceptance slope paramef#i(x/y) in terms of a modified

susceptance slope parameter of the junction. This is a geneyahctorQ,(r/1:) and the very weakly magnetized description
result for any very weakly magnetized junction circulator. of the gyrator conductanc€’ as

Strictly speaking, it is also necessary to introduce the notion
of an effective gyrotropy in the description of the quality factor B'(k/n) =Qr(k/1)G, 0< k<035 @)
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or A separate scrutiny of the first circulation condition suggests
B0 ) e X .
B'(k/n) :QL(K/N){ ( )} 0< k<035 (8) that it also needs some maodification. One possible explanation

Q1 of this sort of discrepancy is that, strictly speaking, the
_ resonant frequency displayed by a junction circulator coincides

G is the absolute valu_e Qf the gyrator conductance | that at which the reflection eigenvalues of the in-phase
Tables I-Il andQ(x/p) is given by [10] and degenerate counter-rotating eigennetworks are out of
N Iz phase rather than with that of the counter-rotating ones. This
@ (eff) N0'689(E> means that the actual boundary condition that needs to be

K )\ 2 satisfied is
+ 10.046 — 2.632 <ﬁ> + 3.551 <ﬁ> Xy =0 (14)
A instead of
0< <—> <0.30 0.10 < Veg(f) < 0.50.
M X;=0. (15)

One suitable polynomial expansion for the quality factoXin represents the imaginary part of the impedance of the
QL (eff) of a weakly magnetized microstrip circulator using &omplex gyrator circuit for the case for which the reactance of
disk resonator is obtained by introducing the filling factgr the in-phase eigennetwork is different from zekg, represent

in the stripline relationship the same quantity when it is equal to zero.
The solution to the former so-called first circulation con-
Qp(eff) z0.689<i> (H) dition has, in the case of a triangular resonator, in fact been
Om ) \K solved using the contour integral method [37]. It suggests in
K g\ 2 keeping with the experimental data achieved here that
4 10.046 — 2.632 ¢, <—> +3.551¢2, <—> ir
z (A5 < () (16)
0 <Gm <E> <030 0.10 < Veg(f) £0.50. (10) where
7
The one obtained here in the case of a triangular one based ke (f) = kO\/Ef, et (f)pte, et (f). 17

on the data in [37] is

1371 The equivalent result for a disk is also readily available in the
Qp(eff) = T <L) (ﬁ) literature. If these considerations are embodied in the design,
3\qm /) \K then the agreement between design and practice is good.

The second circulation condition is met by satisfying the

2
+ [1.486 — 12.71%(%) + 19-74q,2n<5> ] appropriate entries specified by (7) and (8).
0 gqm<5> <035 0.52< VUg(f) <120 (11) V. EXPERIMENTAL EVALUATION
H OF COMPLEX GYRATOR CIRCUITS
where The split frequencies of one microstrip junction using a tri-
. Weg(f) angular resonator with one value of magnetization is indicated
sin Veg(f) = 2R—(f) (12) in Fig. 4. Its( factor and also those of a similar resonator, but
and ot with a dif.ferent.value of mag.netization coupled_ at eqch pf its
_ Wea(f) two possible triplets of terminals, are summarized in Fig. 5.
sin Weg(f) = m (13) The relationship between th@ factor of this sort of circuit
Teft and the gyrotropy of the resonator is self evident. Fig. 6 shows
respectively. some results for a disk resonator for three different materials

The values of@) factor bracketed by the above two rewhich may be used to verify the relationships between the
lationships are valid for both the very weakly and weaklynagnetic and frequency variables tabulated in columns two
magnetized resonators specified in this paper. Since it is uand four in Tables I-lIl. Fig. 7 indicates that tiiefactor of a
ally desirable in any design to maximize the gain—bandwidtlisk resonator is for a given gyrotropy lower than that of the
product of the load, the only values of gyrotropy that are aborresponding triangular geometry in keeping with theory.
any interest are those associated with the upper bounds definetihe correlation between theory and experiment in the case
by these intervals. The corresponding lower bounds orttheof the loaded@ factor of the disk geometry has been dealt
factors of the two arrangements are 1.86 and 2.42, respectivelith previously and will not be discussed further. That of a
These results suggest (other factors being equal) that thangular resonator is addressed here. To cater for saturation
gain—bandwidth product of a junction circulator employingffects in a magnetized substrate, an initial value of loaged
a circular disk resonator is more attractive for the desidactor is defined [9]. This quantity is constructed by extending
of commercial devices than one using a triangular one. Otiee angle suspended by the split frequencies at the origin to
feature of this solution is that th@ factor is independent of the value of applied direct magnetic field at saturation. This
the coupling angle. field coincides with that for which the internal direct magnetic
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Fig. 4. Split frequencies versus applied direct magnetic field for loosetgsonator on a different garnet substraes=(0.090, 0.174, and 0.388).
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Fig. 7. Comparison betweef factors of disk and triangular resonators.

Fig. 5. @ factor versus applied direct magnetic field for loosely coupled

triangular resonator on different garnet substrages-(0.190 and 0.533).

field (H;) is equal to zero
H;,=0

H;, = H, —NZ<%>.
Ho

My is the saturation magnetization (F),is the gyromagnetic

(18)
where

(19)

(rad/s), uig is the free-space permeabilityr{ x 10~7 H/m),
N is the demagnetizing factor along the axis of the resonator,
and H, is the direct magnetic field (A/m).

If the material is not saturated then it is necessary to replace
¢m in the description o) (eff) by

M

(31,

(20)

ratio [2.21 x 105 (rad/s)/(A/m)],w is the radian frequency where A is the actual magnetization.
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method and experimental values of a triangular resonator versus gyrotrafigk, apex, and sidewall coupled triangular resonators on garnet substrate
(r/H = 2.73). (p = 0.388).

The relationship between the gyrotropy and effectiye
factor Qr(eff) of a microstrip resonator using a triangular
resonator is illustrated in Fig. 8 fay,, = 0.80 and1.0. Some
experimental results which rely on a definition@f (eff) are
separately superimposed on this illustration. While th@se
factor curves appear at first sight well behaved, this is not ir--
itself sufficient since it is also necessary to ensure that thi
susceptance slope parameter is independent of the gyrotroj
over the same interval.

Fig. 9 depicts some experimental data at about 9 GHz on th
gyrator conductance of junction circulators using disk, side,
and apex coupled triangular resonators printed on a 0.63%
mm substrate with a saturation magnetizatidd,) equal to
0.1200 T. This sort of data is obtained by making use of the
relationship between the midband return loss of a magnetizggl 10. pPhotograph of microstrip circuits.
junction and its gyrator conductance with the two output
ports terminated by 560 loads [34]. It is evident from this
result that the gyrator conductance of the three arrangements
under consideration are not in the ratio 1:3:9 of the respective
values of the susceptance slope parameters in Tables I-11l. On&he synthesis of quarter-wave coupled microstrip circulators
obvious reason for these discrepancies is that the values ofithéerms of a microwave specification is a classic result [8],
() factor of disk and triangular resonators are slightly differenfl3]-[17].! Standard tables for the design of this type of
Another is that the values of the aspect ratios of the resonatoirsuit are given in [14] in the case whei®(min) equals
employed to obtain this datér/H ~ 2.73) were somewhat unity and in [15] for the more general case wh&(min)
lower than that stipulated earlier in order to adequately repr"@- different from unity. Once the circulator specifications are
duce the resonator shape of the problem region. specified, the loaded) factor is evaluated and its value is

A scrutiny of the network problem readily indicates thatsed to check whether it is compatible with the very weakly or
none of the complex gyrator circuits displayed by these geoneakly magnetized models employed in this paper. If it is, the
tries are (at first sight) appropriate at 9 GHz for the design @Frator conductance and modified susceptance slope parameter
quartgr-wave coupled dewqes on a 0'6.35-mm gul?strate. SO'rTl?t is further assumed that the network variables apply provided —
experimental hardware fabricated in this paper is illustrated in )/, '> (., — w))/wo, wi.» andwo specify the band edges and center
Fig. 10. frequencies.

VI. SYNTHESIS OF QUARTER-WAVE
COUPLED-JUNCTION CIRCULATORS
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VSWR ‘ Once these two independent quantities are fixed, the nor-
: | malized conductanceg) is given in the usual way by

25 | i ‘1)/':19342 v
' -~ j . =—. 22
! 20%BW 7.0 QL g (22)

2 N e [

One possible adjustment technique for this class of device
may be obtained by recognizing that the gyrator conductance
at the midband frequency in a quarter-wave coupled device
can be written as

2
% _ ﬁb<u> (23)
S(max) wo
Scrutiny of this relationship suggests that in order to establish
| the required gyrotropy of the problem region, care must be
— — — taken to accurately realize both the admittangg ©f the
0.9¢ Lt transformer and the susceptance slope param&der (

Frequency Another feature which explains the sometimes unexpected
Fig. 11. Frequency responses of quarter-wave coupled circulators showsuccess of commercial workers in this area is that while the
effect of varying susceptance slope parameté:. ( frequency response of this class of circuit is akin to that of
a degree-two filter circuit, no precise lower bound is usually

may be evaluated. The design procedure then continuesi%)ﬁhis instance imposed on itg factor. An assurance that its
selecting the resonator shape and evaluating the substtRBer bound is not violated is, therefore, sufficient for design.
thickness and width of the connecting lines. In this design |f @ normalized value of 8 is taken for the susceptance slope
problem, ther factor and the susceptance slope parameter &drameter by way of example, and if the substrate thickness is
the independent variables and the gyrator conductance is #en as 0.635 mm, then an end-fed triangular resonator is best
dependent one. The factor is fixed by the gyrotropy of the at about 1.5 GHz, a disk one at 4.5 GHz, and a side-coupled
gyromagnetic resonator, and the susceptance slope parami@@igular resonator at 13.5 GHz.

by the resonator shape and substrate thickness and, to some

extent, the gyrotropy. A feature of this sort of problem is that VIl. SYNTHESIS PROCEDURE

varying the value of the minimum ripple level or VSWR in |t the sybstrate thickness forms part of the specification then

the passband leaves the maximum ripple level or VSWR afig initial synthesis procedure adopted in this paper starts by
the passband specification unchanged, but produces relaiygyating the susceptance slope parameter of disk and triangu-
large variations in the absolute value of the susceptance sloR€rasonators based on the modified weakly magnetized model

parameter of the load. Fig. 11 shows a typical situation. fiom 4 statement of the frequency and substrate thickness and
detailed scrutiny of the network problem indicates that a widg, gielectric constant. In the example studied here
family of practical specifications may in fact be realized by

staying within these arbitrary bounds. The exact values of the fo = 3950 MHz

elements entering into the description of the complex gyrator H =0.635mm.

circuit must, in any particular situation, be determined by the

actual gain—bandwidth specification. It is, of course, separatelySince both the susceptance slope parameter andithe
necessary to satisfy the lower bound imposed on the asp@gtor of the complex gyrator circuit are in the modified

ratio of the resonator. weakly magnetized model of the junction dependent upon the
One engineering decision is to suppose that effective gyrotropy, the latter quantity must be fixed before
proceeding with design. As the gain—bandwidth product of

VSWR(min) = /VSWR(max). (21) the specification is the paramount quantity, it determines in

) , practice the gyrotropy The value for the triangular geometry
If for engineering purposes thé& factor ;) of the is adopted here

complex gyrator circuit is assumed approximately bounded by

K)est = 0.35.
1.9 < Qp(eff) < 2.4 (R)et 7

) ) It is separately recalled that the gyrotropy necessary to
and if VSWRmax) is taken as establish a given gain—bandwidth product is somewhat lower
VSWR(max) = 1.15 in the case of a junction using a disk geometry than in that
employing a triangular one.
then the network problem indicates that the bounds on itsThe effective permeabilities associated with the effective
normalized susceptance slope paramét@afe approximately gyrotropy of the circuit are

bracketed by 1o (f) = 0.88
8< ¥ <16. pe, et () =0.90.
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Since the effective constitutive parameter cannot be caldhickness of 0.345 mm is employed. The required effective
lated until»/H or R/H is available, a trial calculation basedgyrotropy is
on the ideal magnetic-wall model of the problem region must
be employed, in the first instance, to obtain (K)ex = 0.28.

gm = 0.87. This calculation as well as that of the previous example

. also suggests that small variations in the factor of the
In order to be able to compare the values of the normalizgfeifications can produces large variations in the overall

susceptance slope parameter of the three weakly magnetizgdlency response and in the details of the complex gyrator
resonator shapes under consideration, it is assumed in the, it

first place that all three designs are based on the same
gyrotropy. The required values are then obtained by scaling
the susceptance slope parameters obtained in Tables I-Ill by
having recourse to (7) and (8) The purpose of this section is to review the design and
, , performance of one commercial design using a triangular
pe,ent(f)U = 1.90 apex coupled triangular resonator resonator at 5 GHz and two designs in the open literature
fre, et (V' =5.71 disk resonator using disk ones at 4 and 9 GHz, respectively. While the
pe, e (f)V =17.11 side coupled triangular resonator details of each adjustment (in the absence of a Smith Chart
] o ] o . display) are not sufficiently robust to draw firm conclusions
A realizable specification wh_|ch coincides with each resgout any agreement between design and practice, it does draw
onator shape may now be obtained oncedhtactor of each attention to the wide disparities met in the choices of the design
junction is evaluated in terms of its gyrotropy. The eﬁECtiVEarameters of practical circulators.
calculated value for the triangular resonator is The frequency response of one 5-GHz quarter-wave coupled
Qr(eff) = 2.42. commercie_ll o_lev_ice usir_19 a_side-coupled triangle ona 1.907r_nm
substrate is indicated in Fig. 12. Its performance is specified
The network problem now indicates that the side-couplésy S(max) ~ 1.16, S(min) ~ 1.04, and 26, ~ 0.21.
triangular resonator is perhaps the most practical solutionlfitan idealized template is superimposed on this data, then
this frequency. One possibility which is compatible with thi¢és normalized gyrator circuit is defined by = 23.98,
calculated value ot’ is g = 9.137, and Qr(eff) = 2.625. The physical gyrotropy
S(min) = 1.075 x employed in this assembly is equal to 0.56, the magnetic
’ filling factor ¢, is equal to 0.73, and the normalized direct
S(max) =1.15 magnetic fielduoHy /M, is of the order of 1.20. Its effective
260 = 0.22. gyrotropy is, therefore, outside that of the weakly magnetized
) o . L model considered here. This arrangement may, therefore, be
_ The equivalent gyrator circuit for this specification is dedescribed as a moderately rather than a very weakly or weakly
fined by magnetized arrangement. Its aspect ratjoH = 1.44) is also
B =17.22 somewhat outside the value necessary to accurately reproduce
g =712 the boundary conditions of the problem region. It is also of
note that the value of susceptance slope parameter associated
Yyr =2.86. with this result is not at first sight compatible with the

If there is no restriction on the thickness of the substratglculations undertaken here. _ , _
then the design can proceed on the basis of a specificatiod® duarter-wave coupled 4-GHz circulator using a disk
as long as the gain—bandwidth product can be realized by %omagnetlc resonator on a 0.625—-mm substrate, which was

gyrator model under consideration. One possible specificatibifially designed on the basis of a weakly magnetized solution,
has also been separately described in [7]. Its performance is

VIIl. COMMERCIAL PRACTICE

is given b
¢ y defined byS(max) ~ 1.20, S(min) ~ 1.15, and 26y ~ 0.29.
S(min) =1.05 If an idealized template is superimposed on this data then
S(max) =1.15 its complex gyrator circuit may be described by= 5.97,

g = 3.39, and Q(eff) = 1.76. The nominal gyrotropy «)

of the material used in this design was equal to 0.53, its
for which the equivalent gyrator circuit is described by effective gyrotropy(x)es IS again estimated at about 0.40.
The normalized direct magnetic fielgdHo/Mo) was equal

260 =0.26

/

b =12.0 to about 1.0. The aspect ratio of the resonator is estimated

g=06.0 as R/H =~ 6.0. Notwithstanding that the gyrotropy used
Qr(eff) =2.0 here is about the same as that employed in connection with

Y = 2.63. the description of the side-coupled triangular resonator, its

gain—bandwidth product, in keeping with the use of a disk
This specification cannot be realized by a side-coupledther than a triangular resonator, is larger. It again goes to
triangular resonator, but it can if a disk one on a substrasbow that small differences in tligfactor of this sort of circuit
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Frequency response of quarter-wave coupled junction circulator using side-coupled triangular resgithtor (1.44) (Courtesy W. T.

can produce significant differences in the gain—bandwidth bére is the only one possible at frequencies above about 50
the specification. While the design of this circulator initiallyGHz.

assumed a very weakly magnetized model for its resonator,
its gyrator circuit suggests that it is actually moderately
magnetized. An empirical factor of two in the definition of its
characteristic impedance was introduced in order to reconcil@!
theory and experiment [7]. 2]
Another quarter-wave device using a disk resonator printed
on a 0.635-mm substrate which has been described in thd
open literature at 9 GHz [40] is also worthy of review. Its 4]
performance is defined by (max) a 1.15, S(min) =~ 1.10,
and 26y ~ 0.26. If an idealized template is superimposed on
this data thent’ = 7.80, ¢ = 4.24, and Qr(eff) = 1.84.
The nominal gyrotropy of the material in this design is 0.54 /6]
its effective value is about 0.438. The direct magnetic field

[5]

(oHo/My) is 1.43. The aspect ratio of the resonaté/ )  [7]
is R/H ~ 3.0.
(8]
IX. CONCLUSIONS
E]

One family of solutions that is fairly attractive for use
in the construction of microstrip devices is one based on[¥!
weakly magnetized resonator in which the resonator shape is
used in the synthesis problem. Some tradeoffs between thg
resonator shape, substrate thickness, maximum and minimum
ripple levels of the network problem and the gyrotropy ofio)
the problem region have been examined in this paper. The
details of a commercial version using a triangular resonator
and two in the open literature employing disk ones, whichiz]
may be deemed outside the weakly magnetized model outlined
here, have been separately reviewed. While this paper d
not presume to fully solve all aspects entering into the design
procedure of this class of device, it does suggest that where
possible, a design based on a weakly rather than a very werj}
magnetized model has merit. The family of solutions outlined
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