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Abstract—We have calculated theS-parameters and losses in loss of 1.34 dB [1]. Improvements in the magnetic biasing
ferrite—film-junction circulators using a new effective-field theory  circuit, network matching structure, and ground-plane and
assuming TEM-like propagation. Conductivity loss dominates the - qytarna| connections are needed. We project that déar
dielectric and magnetic losses in Y-junction circulators fabricated band, the insertion loss for an optimized thin-film circulator
on ferrite films with thicknesses less than 20@m. It is plausible to M . )
fabricate Y-junction thin-film circulator at X -band with insertion ~ Will be less than 1 dB for wide-band operation, and less than
loss less than 0.5 dB if the film thickness is larger than 10o0m. 0.5 dB for narrow-band operation.

The quality of the conductor plane is important in reducing the  There is now a strong need to theoretically analyze the
overall insertion loss of the thin-film-junction circulator. performance of a thin-film junction circulator. The existing
theory [2] is inadequate for film devices since its derivation im-
|. INTRODUCTION posed the following unrealistic assumption: the eddy—current-
'g]duced—electromagnetic fields within a ferrite junction is
independent, where denotes the coordinate normal to the
ction’s conductor plane [2]. In this paper, we develop
effective field theory to describe the operation of a thin-
i Ep_—ferrite-junction circulator. The effective field theory was
rived rigorously for a guiding structure supporting TEM-like
mit/receive (T/R) modules are costly and bulky. The dé)_ropqgatiqn modes, as occurs for the two-dimensional ferrite-
velopment of monolithic planar ferrite/semiconductor circuit%"nc'[Ion circulator assumed by' Bosma [3] and by Fay and
mstock [4]. Our new theoretical model takes full account

is in great demand. Over the past year, we have appli tonlv the effecti | f the iuncti ¢
transferred film technology to the fabrication of monolithic?' MOt ONty € eliective values ot In€ junction geometry, per-

. . S92 . . meability, and permittivity, but also of the dielectric, magnetic,
microwave  integrated-circuit (MMIC) devices [1]. This ap- nd con)::iuctorplosses V)\//e find that@tband, the condgctor

proach avoids the problem intrinsic to the direct film dep X . . . ; .
ss dominates in a Y-junction circulator fabricated on a

sition technique by separating the film growth process fro eérite film with thickness less than 20@m. Our calculated

the ferrite/semiconductor integration process. In practice, t i loselv with : tal it
transferred film approach uses commercially purchased sin %parame_ers compare closely with experimental resufts on a
04:m-thick YIG circulator.

crystal yttrium—iron—garnet (YIG) films on nonmagnetic garn
substrates [usually gadolinium—gallium garnet (GGG)], that
are then transferred to MMIC semiconductor substrates at Il. FORMULATION
temperatures compatible with semiconductor technology.

We have recently transferred single-crystal 306- A. Effective-Field Theory

thick YIG films to metallized silicon substrates and fab- \we first calculate the eddy—current induced electromagnetic

ricated Y-junction circulators with an integrated twofields within a parallel-plate waveguide structure supporting

section microstrip impedance-matching structure [1]. TheggM propagation waves (see Fig. 1). In Fig. 1, the two

prototype single-crystal-YIG-film-on-silicon circulators haveyarallel plates are located at= +d/2 and the waveguide is

a bandwidth of 8-12 GHz with a minimum circuit insertiorfilled with a medium of permittivitye and permeability:. In
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Fig. 1. TEM mode in a parallel-plate waveguide. T

Fig. 2. A circulator junction described as a three-layer structure.
whereo denotes the electrical conductivity of the metal plates.
In the waveguide region bounded by the plates, ¢hield
satisfies the following Helmholtz equation:

Therefore, in the presence of conductor loss, the wave
impedance of a parallel-plate waveguide will change according
to (11), which implies the following geometric interpretation.
VZe +k?e =0 (4) The effective permeability of the structure is the average value
of that containing one layer of the waveguide material of

o 5 5 thicknessd and two layers of air of thickness However, in
(0°e/927) = 0. (5) addition to the inductor current, the air layers shall be equipped
This implies with an equal amount of conductor current responsible for the
eddy—current effect. That is, the air layers are described by a
e(w,z) = (—2u/d)(pow /8r0) (1 — i) H, exp(ik,2)z, permeability
for |z| < d/2. (6) po(1 +12).

Note that the eddy—current induced electric field is thuf, s the conductor loss can be effectively accounted for
linearly dependent on the vertical distangen contrast to the by withdrawing the metal boundary a distanéeinto the

earlier theory [2]. The eddy—current induced magnetic field jSierior of the metal with the recessed volume to be filled
hiz,z) = (—ic/wp)V x e(z, z) with an equal amount of conductor and inductor currents.

- _ NI g . Note that the above picture is analogous to that underlying
= —(1+ )@/ d) (/) Ho exp(ikoz)y () Wheeler's incremental impedance [6]. We emphasize here that

whereé denotes the skin depth of the metal plates both the effective permeability given by (11) and Wheeler’s
incremental impedance were derived for a guiding structure
§=c/y/2nwpe0 (8) supporting TEM-like propagation waves. In addition, the de-

with ¢ and 1, (= 1) being the speed of light and the value ofived effective permeability now shows an explicit dependence

permeability in air, respectively. The total field is, thereforeOn d, the thickness of the waveguide, in contrast to the
Neidert's assumption [2].

H,(z,7) = H(z,7) + h(z, ?) The effective permeability theory suggests that the parallel-
=[1-14+)(6/d)(po/p)H(z,2). (9) plate waveguide can be described by a composite structure
- W}th skindepth layers being filled with air. As such, the
In the presence of conductor loss, the guiding structurg iftlusion of skindepth layers will also affect the other electro-
parallel plates can no longer support_ pl_Jre-TEM waves S'nﬁ’ﬁ‘algnetic parameters of the waveguide: the dielectric constant,
the_eddy cur_rent V\."" induce an electric field along the ProPdi,g the (saturation) magnetization, if a magnetic substance is
gat|0n_ direction, given by (6). F_urtherm_ore, the conve_nt|on Qed as the waveguide medium. This is shown in Fig. 2, where
wave |mpedance. of .the waveguide, defined as the_ ratio of the, top and bottom layers are created by the skindepth effect
transver's.e electric field to the transverse magnetic field, W(J:‘| d are described by thicknesspermittivity ¢,, permeability
be modified as follows: wo(1 4 %), and magnetizatiod/ = 0. The intermediate layer
Zior = B, /Hyoy = [1—(1+49)(8/d)(po/1)] L (n/e)*/? (10) s the ordinary waveguide material possessing the following
parameters of: 1) thicknegs 2) permittivity ¢; 3) permeability
i; and 4) magnetizationi/. To be valid in first order, we
frest = f1 + (26/d)(1 +14) . (11) expect that the overall electromagnetic parameters of the
) . . ] structure can be described as geometric averages of their
By using the effective permeability, the wave impedance géspective values, as suggested by the effective permeability

which gives rise to an effective permeability of the medium

the waveguide can now be written as theory
Zior = (per/€)"/? (12) cen = (ed + 2¢,6)/(d + 26) (13)
as is done for a conventional medium in the absence of pret = [pud + 240 (1 +1)6]/(d + 26) (14)

conductor loss. Mg = Md/(d + 26). (15)
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Note that (14) reduces to (11) éf > 6. Thus, this effective- However, for single-crystal thin-film materials, the direction
field theory, or mean-field theory, will dictate appreciablaormal to the film can be an easy direction, for example, YIG
difference in the electromagnetic properties when the wawgrown in a(111) direction. As such, magnetization of domains
guide thicknesd has a magnitude of the order of the skindeptim the demagnetized state shall be all parallel/antiparallel to the
6, as opposed to large waveguide spacings. We note that in thaxis, wherexz denotes the direction normal to the film plane.
above derivation, we have assumed the skindepth thickniess For this case, we anticipate the following expression for the
much smaller than the thickness of metal conductors, denofstmeability:
ast. In reality, 6 can be in the same order 6fand, as such,

. . drMs(—ifAH/2f, + 47 M,)
the effective value ob should be used, which is relateddo =1+ - .
andt as follows [7]: —(fAH/2f,)? + dnM(—ifAH/2fr) = (f /)

(24)
Ser = Stanh(d/s). (16)

Furthermore, the other loss mechanisms can be readffyth® Past, we have fabricated a Y-junction circulator con-
included in the above effective-field theory. The dielectric lod¥écted to microstrip feeder lines on a single-crystal YIG-film

can be included in (13) if the waveguide medium is describ&§fostrate [1]. The YIG film was of a 1Q0m thickness grown
by a complex permittivity value [8] along the(111) direction. While the formulation of a lossy

ferrite junction is presented in Section 1I-B, we have used
€ =cre(l+itandy) (17) (24) in describing the lossy behavior of the transmission lines

. ) . . _feeding the junction, as will be discussed shortly.
wheree, is the dielectric constant of the waveguide material

andtan é4 is its dielectric loss tangent. The magnetic loss iB
a saturated ferrite medium can be accounted for if the internal

Lossy-Ferrite Circulator Junction

dc bias magnetic fieldd; is modified to We expect that the aforementioned effective-field theory can
) . be applied to a circulator junction since the circulator operation
H; =H, — (iAH/2)(f/ ) (18) has been explained by Bosma [3] and by Fay and Comstock

rL4], as resulting from TEM-like precessional modes possessing

where AH is the ferromagnetic resonance (FMR) linewidt ; o
a \oigt permeability

measured at frequency.. The ferrite medium is then de-

scribed by the Polder permeability tensor [8] fo =t — K2/ (25)
poow 0 wherey, and are Polder tensor elements given by (20). That
p=|—ik p 0 (19) s, the circulation modes coincide with Voigt modes, which
0 01 are guided between the two conductor planes of the junction,
where ;. and » are given as forming standing modes for clockwise and counterclockwise
rotations. Therefore, by using (13)—(15) with the dielectric
p=1+ Jofm o= [ (20) constant given by (17) and internal field by (18), not only
f2=1? 3= conductor loss, dielectric loss, and magnetic loss can be taken
and f is the frequency andi,,, and f, are defined as into account, but also the effective saturation magnetization of
the junction can be adequately addressed.
Jm = dmyM; (21) The other two parameters of a circulator junction worth
f. =~H.. (22) mentioning are the effective junction diameter and its aspect

ratio for demagnetization. A ferrite junction is normally formu-
Here,~ is the gyromagnetic ratioy(= 2800 GHz/Oe),4wM; |ated by using a cavity model with a magnetic-wall boundary
is the saturation magnetization and, in expressing (18), Wppearing at the periphery of the junction [3], [4]. To properly
have assumed the magnetic field to be applied alongztheaccount for the fringing/stray fields at the junction boundary,

axis normal to the junction plane. For a single-crystal materialis necessary to increase the junction radiuto an effective
the internal field shall also include the anisotropy field alongalue [11] of

the z-direction assumed to be coincided with a crystalline

symmetry axis. R.= R+ (d/n)In(xR/2d) + 1.7726] (26)

For a demagnetized ferrite medium, magnetic loss mgered denotes the thickness of the ferrite medium in the

be distinguished in two cases. For a polycrystalline samp hction. For a ferrite puck, one may relate the internal field

magnetic dor'_‘a'”s are ra_ndomly orlented.As_ such,f[h_e medi . with the externally imposed fieldd, by the following
can be described by an isotropic permeabilityas originally .

. . eguation:
proposed by Schloemann [10]. When magnetic loss is present,

we have modified Schloemann’s permeability value as follows: H, =H,— N, 4w M, (27)
o= 1 + E{ [1 + 4myM, } where N, denotes the axial demagnetization factor of the
33 f(1—ivAH/2f,) ferrite puck, which, when approximated as an ellipsoid, yields

—dry M, 1/2 the following expression [8]:
y (
)”

) [1—'_ Sl +ivAH/2f, N.=(1+eH)(e—tan"te)/c. (28)
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Here, ¢ denotes the eccentricity of the ellipsoid given by
e=(4R* — d*)/d. (29)

However, if the same ferrite is used as the dielectric filling ma-
terial for the circulator junction, e.g., in Wu and Rosenbaum’s
design [12],N. = 1.

To complete the formulation of this paper, we summarize
in the following the expressions required for solving3&'-
port circulator junction [8]. For @ N-port circulator junction,
we denote port 1 as the incident port; partt N and port
1+ 2N are through ports connected with matched loads, and
the other ports are open-circuit ports (tuning ports). Ttie
port1 < 5 < 3N is centered atp = ¢, with a suspension
angle26,. In order for circulation action to occur, the junction

must exhibit threefold symmetry. The interport Impedance efg 3. Acirculator junction fed by three three-section impedance-matching

the circulator is transformers.
) 6; = [n K Jpgr(z)]7t
Gij = ﬂZf(#) Z [; <1 + ﬁ) - 3 (x) Before ending this section, we would like to mention a
n=—co " very important numerical technique in solving the junction

X<sinn91‘> <Sin“9j>em(¢i_¢j) (30) interport impedance, shown in (30). In (30), we have pur-
nb; nt; posely arranged Bessel functions appearing in ratios involving
successive orders. In a lossless case, one can easily evaluate
Bessel functions using conventional routines incorporating
t=k,R Z;= (u,”uo/cfco)lﬂ (31) (Chebyshev) polynomial interpolation and iteration. However,
for a lossy junction, Bessel functions having complex argu-
andk, is the wave propagation constant of Voigt modes givanents must be evaluated, and, hence, the conventional routines
by are not applicable. Instead, we suggest a method to evaluate
ratios of Bessel functions by using the following algorithm

wherex and Z; are defined as

. 1/2
by = (eppn) w/e (32) jnvolving continued fractions [13]:
and p,, is the Voigt permeability defined in (25). Let the J,(z) 1 3 1
incident RF magnetic field at port 1 Uéqf). We denote the J,_i(z) 2(v+1Dz"! 2(v+1)z"1L
amplitude ofh in portj asa;, 1 < 5 < 3N. We then have 1 (37)
3N 2(v+2)z"1
Z(Ziéij + Gij)a; = 2Zdhg’)6i1 (33) wherez can be a complex number anda real number (not
j=1 necessarily an integer). Equation (37) converges very rapidly

and the radii of convergence in theplane ands-axis are both
infinite. For positive integen no larger than 20, and for a
Z; = Zg, if j=1,14+N,1+2N real positivez smaller than 100, the above expression, which
evaluates/,,(z)/.J,,1(x) to an accuracy of 10, requires
less than 25 terms. For larger more terms are needed, and for
Here,z; is the length of the open-circuited pgitZ, is defined nf: éOlq about 45 terms are required to achieve an accuracy
as of 10~+°,

where Z; denote the wave impedance of pgrand

= iZycot(xzjw/ee)/C, otherwise (34)

Za = (po/eaco)’? (35) C. Feeder-Line Network Transformer

ande, is the dielectric constant of the feeder-line material. In Fig. 3 shows a circulator junction with RF magnetic lines
(34), ¢, denotes the effective relative dielectric constant ghown on the junction responding to circulation operation. A
the jth port. For stripline ports.. = ¢4, and for microstrip top view of the microstrip impedance-matching network is also
portse,. = 1+ q(eq — 1), whereq denotes the filling factor of shown in Fig. 3, consisting of three three-section transformers.
the dielectric in the microstrip transmission lines. The equivalent circuit model of Fig. 3 is shown in Fig. 4.
Thus, the RF field at the through ports can be solved fro Fig. 4, the junction is represented by ax33 scattering

(33), which give rise to the following scattering parametersimatrix (8)sxs, and each of the transformers is represented by
a 2 x 2 scattering matriXT)2». The scattering matri$ can

S =1- al/hf;) be calculated using (34), and has the following form:
Sa+mn = —a1+N/h550) g g St Sl(§+2N) 51(1+N) 39)
— (o) 2= 1(1+N) 11 1(1+2N) |-

Sayenyt = _a1+2N/h¢ . (36) Siagany  S1aen Sy,
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Fig. 4. Equivalent circuit of Fig. 3 showing the scattering matriSeand
T together with propagation waves. - Fig. 5. The scattering matrix corresponding to the impedance-matching
- transform shown in Fig. 4.

From Fig. 4, we have . .
{aexplika(¢1 + £2)] — Bexp[—ika(f1 + £2)]}/Z2

=Sd .
€ g_ (39) = Tgl exp[zkg(ﬁl + EQ)]/Zg (47)
b="Ta+1c (40)
d = Tra+ The. (41) Therefore,77; and7,; are solved as (48) and (49), shown

at the bottom of this page. Similar formulas can be derived
for T1» and T3, provided that indexes 1 and 3 in (48) and

b=Wa (42) (49) are interchanged, respectively. We note that in the above

' - derivation, the propagation constariis, 1 < j < 3 can be
which can then be solved as a complex number to account for a lossy feeder line. For a
W = T3,I + T35 T S(I - T22§)71' (43) lossy microstrip line fabricated on a dielectric substrate, the

attenuation constant can be found in [14]. For a microstrip
The remaining task is to formulate the scattering maftix line fabricated on a demagnetized substrate, the necessary
corresponding to a three-section transformer, as shown fimmulas can be found in [15], where the duality relationships
Fig. 5. In Fig. 5, we denote the length, propagation constabgtween electric and magnetic behaviors have been utilized.
and impedance of thgth section as/;, k;, and Z;, where For a demagnetized ferrite substrate, the permeability value
1 < 5 <€ 3. We assume TEM waves are propagating in thesmas been given in (23) and (24).

feeder line elements. In Section I, we assume the total RF

electric field is
I1l. CALCULATIONAL RESULTS

exp(tk12) + 111 exp(—ikyz). In order to explore the insertion-loss limit of using a

In Section Il, the total RF electric field is thin-film-junction circulator, we have considered theband
. . circulator design proposed by Wu and Rosenbaum [12]. We
aexp(ikzz) + [ exp(—ikzz) assume a single-crystal YIG thin-film @¢i.11) orientation is

used as the junction material, which is fed by the three three-
section transformers shown in Fig. 3. The YIG film possesses
Ty exp(tksz). the following parameters:

The boundary conditions require the tangential componentsl) dielectric constants = ¢; = 14.5;

of the RF electric and magnetic fields to be continuous across?) dielectric loss-tangentn § = 0'000%;
the section boundaries. This implies 3) saturation magnetizatior/, = 1750 G;

4) FMR linewidthAH = 1 Oe measured af. = 10 GHz.

and, in Section lll, the total RF electric field is

exp(ikify) + 111 exp(—iki 1) The junction is of a radius 2.76 mm, which results in maximal
= avexp(ikaly) + B exp(—ikaty) (44) transmission atf,,.x = 9.3 GHz (see Fig. 6). We consider
avexplika(by + )] + Bexp[—ika(l1 + £3)] the junction has only three ports (Y-junction) with the port
= Ty expliks(£1 + £2)] (45) suspension anglgf = 1.0 rf_zld. The junction is locally biased
21 XPLERatEL T £ by a permanent magnet to just saturate the jundiipe= 0 Oe.
[exp(iki1£1) — Th1 exp(—tkil1)] /2 Copper is used as the material for the metal circuit and for the
= [wexp(ikaty) — Bexp(—ikal1)|/ 7 (46) ground plane whose thickness isp2n.

(ZQ + Zl)(ZQ — Zg) eXp(ikgfg) — (ZQ — Zl)(ZQ + Zg) exp(—ikg&)
(Z2 — Zl)(Z2 — Zg) exp(ikgﬁg) — (Z2 — Zl)(ZQ + Zg) eXp(—i/{JQKQ)
—4Z2Z3 exp(iklﬁl) exp(ikQKQ)

(ZQ — Zl)(ZQ — Zg) eXp(ikQKQ) — (ZQ — Zl)(ZQ + Zg) eXp(—ikQKQ)

Tll = exp(Ziklfl) (48)

To = (49)
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Fig. 6. Calculated scattering parameters of a thin-film Y-junction circulat@#ig. 7. Calculated insertion loss as a function of the ferrite substrate thick-
at X-band. The circulator is adopted from Wu and Rosenbaum’s design, ameks for a circulator junction (solid line) and for a circulator junction plus a
the film thickness is 10Q:m. network transformer (dashed line).

We consider the network transformer to consist of three
sections. The first section requires the microstrip line to
have an impedance&; = 50 €. The impedance of the
third microstrip section is fixed by the suspension angle of
the junction ports and the thickness of the substrate. The
second section serves as\Al transform, which requires the
impedanceZ, = (Z,Z3)'/?. The length of each microstrip
section is referred to the wavelength at maximal transmission
Smax = 9.3 GHz. The length of the second section is required

Scattering Paraneters (dB)

to be one quarter-wavelength #t... Although there is no " d=100um .
restriction on the length of the first and third microstrip o 5 10 15
sections, we have assumed that they are also of one quarter- Frequency (GHz)

wavelength atf...., even though the insertion loss can b;. : . . —

; . . ig. 8. Calculated scattering parameters of an ideal circulator junction fed
further reduced if shorter lines are used. A general discussi§N /4 transformers. The ferrite thickness is 106n.
on broad-band matching can be found in [16].

Fig. 6 shows the calculated-parameters of the junction | ) on ¢ h h ) ¢
circulator, including the three-sectioxy4 matching network _C|rcu| at_orJlIJnctlo_n ed by three t _ref_e-_secglondtrggiorr_nhers. AN
transformer, and assuming the single-crystal YIG substrate!qga _C|rc|u ator Jléqc?_orj mea}ns_ in |n|rt]e an }M th wit Zg“?l
of a thickness 10:m. The calculated insertion loss #t,.. !nsertmt? 0SS ar; 1;)” |n|teh_|s|(() ation. Tde traﬂs ormers ared lrj]'t
is —0.797 dB, of which—0.208 dB is due to the junction In a sul st.rate.o @m thickness, an We have assume the
ansmission lines are all lossless. Thus, Fig. 8 directly reveals

loss, and the remainder is the loss in matching transforme bandwidth inf i h loved t :
Magnetic and dielectric losses in the junction are, respective&,e anawi information on: the empioyed translormers.

~0.00991 and—0.00682 dB, both negligibly small with "'oM Fig. 8, we conclude that for a thin-film substrate with

respect to conductor loss in the junction. For comparisoW,'CkniS?db:_ 100b“n:’ﬂ? A/{ldtratmsforn_wer_ ne'g/vorgfls tnot f
the method of Neidert and Phillips [2] predicts a conductivit hough to bring abou , € wide fransmission-band leature o
loss of —0.09 dB in the junction. We note that the overal Wu and Rosenbaum’s circulator design. More transformer

insertion loss of the junction plus the network transformeisecuons are apparently needed to enlarge the transmission

can be lowered te-0.433 dB if the length of the first and third andwidth. Fig. 8 should be compared with Fig. 6 to infer the

microstrip sections are reduced to one-tenth of the wavelenéi?ﬁsy behavior of the circulator junction plus the transformer

at fons. _etworks. A discussion on the loss characteristics of thin-film
Fig. 7 plots the calculated insertion loss as a function of mCércuIators can be found in [17].

ferrite substrate thickness. The solid line represent the insertion

loss due to the junction alone, whereas the dashed line refers

to the total loss of the junction, plus the transformer network. IV. MEASUREMENTS

We note that when the substrate thickness decreases belowe have implemented the transferred-film method to pro-

100 #m, not only does the insertion loss increase drasticallgiuce a single-crystal YIG film circulator [1]. The transferred-

as shown in Fig. 7, but also the bandwidth of transmissidim method involves bonding, at low temperature, thick

narrows rapidly as a result of matching the lower junctiosingle-crystal ferrite films to metallized semiconductor dice,

impedance value to that of 30-feeder lines. removing the ferrite native substrate, and then fabricating
In order to isolate the transformer functions, we have plottéde passive microwave circuit using standard semiconduc-

in Fig. 8 the scattering parameters associated with an idéal metallization, photolithography, and etching techniques.
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Fig. 9. Measureds;; and Sy, data reported in [1]. Fig. 10. Calculated scattering parameters of the circulator whose measured

S11 and S2; data are shown in Fig. 9.

This method appears to be fully compatible with current
wafer—scale batch processing practices.

An X-band Y-junction circulator was fabricated using this
technique [1]. The ferrite source material was }08-thick
single-crystal (111) YIG film, grown by liquid phase epitaxy
onto a GGG substrate. Working at a 0.5 in 0.4 in die
level, chips of YIG/GGG had a gm-thick copper microwave
ground plane deposited onto them, and were then bonded at
temperatures below 200C to a metallized silicon chip. The
GGG native substrate was then removed from the bonded
chip by mechanical grinding. The exposed YIG surface was . N
polished, and then metallized by g-thick copper film. The 01 02 Tz
circulator circuit was then fabricated using photolithography O/Ggy
and etching of the copper film. Fig. 11. Calculated insertion loss of the thin-film circulator as a function of

The circulator circuit was based on a standard Wu amtktal conductivity.

Rosenbaum design [12] with some modifications. One modi-
fication was the use of a two-section transformer to match th%ne conductivity during the bondina process. In Fid. 10
resonator input impedance to the 80SMA!-to-microstrip b Y 9 9p ' g. =5

: o . o e calculated insertion loss is0.97 dB, which is about
connectors. This d?s'gn 'S. 'def‘“ca' _to that shoyvn |r_1 Fig. 3 dB lower than the measured value. We attribute from 0.2
except that the third section is omitted. The junction ar{% 0.3 dB of this difference to loss or reflections from the

transfo.rmers.are characterized by the following parammers{:onnectors. Finally, we would like to mention that the insertion
1) dielectric constanty = ¢y = 14.5;

X X loss heavily depends on the metal conductivity. This is shown
2) dielectric loss-tangertian § = 0.0002; in Fig. 11, where the calculated insertion loss is plotted as a
3) satura_tlon _magnetlzatlomMs = 1750 G; function of the metal conductivity (hormalized with respect to
4) FMR linewidthAH = 1 Oe measured af. =10 GHz. 0 1k value of 5.5« 107 mho/m for copper). From Fig. 11,
The junction is of a radius of 2.49 mm. The length and widtfhe calculated insertion loss is0.74 dB whens — oy, and
of the first microstrip section in the transformer network i jncreases to-1.85 dB whenos — 0.10¢y,. Therefore, it is
£1 = 2.54 mm andw, = 0.2 mm, respectively, and those ofqf crucial importance to produce high-quality metal patches
the second sections afg = 2.14 mm andw; = 1.02 MM, anq ground planes in the fabrication of thick-film electronic
respectively. The internal magnetic field in the resonator wagmiconductor/ferrite circuits.

of order 300 Oe. _ We should also note that larger insertion losses were mea-
Fig. 9 shows the measured scattering parameters for $igeq or calculated in Figs. 9 and 10 than for the design

fabricated circuit and connectors using a vector network agr Fig 6. The reason for this is that the circulator circuit
alyzer [1]. The lowest measured insertion loss (1.34 dB) ap@sign used during device fabrication does not operate at the
highest isolation {20 dB) occur in a 1-GHz band centeredyyact circulation condition even if all of the loss mechanisms
at 9.0 GHz. The calculated circulator performance, including. tumed off. Due to the omission of the third section in
both effects from the ferrite junction and from the networlg,« network transformer. the port suspension anglegis=
transformer, is shown in Fig. 10. In deriving Fig. 10, we havg 404 rad, which is quite different from that required by the
assumed the electric conductivity of the metal circuit ang,.yation condition(26 = 1.0). Comparing Fig. 10 with

the ground plane is half that of copper = 0.50cu. ThiS Fig 9. we notice the calculated scattering parameters exhibit
accounts for the possible degradation of the copper grouRgyer handwidth, and differences outside of the transmission

1M/A-COM Omni Spectra, Inc., Lowell, MA. band are also observed. We attribute this discrepancy to

Insertion Loss (dB)
nNo
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the nonuniform magnetic bias field applied to the circulatgLi] L. C. Shen, “Resonant frequency of a circular disc printed-circuit board,”
i i i ic bi i IEEE Trans. Antenna Propagat/ol. AP-25, pp. 596596, July 1977.
Junctlo_n. The nqnunn‘orm mag_net'|c bias flelc.i hasa prono.uncT&] Y. S. Wu and F. J. Rosenbaum, “Wide-band operation of microstrip
effec_t in shrinking the transmission bandwidth, as Previously = circulators,” IEEE Trans. Microwave Theory Teghzol. MTT-22, pp.
detailed by Schloemann and Blight [18], who have pointed 849-856, Oct. 1974. ‘
out that the original 1:2 bandwidth of Wu and Rosenbaum[§3] M. Abramowitz and |. A. Stegun, EdsHandbook of Mathematical

. . ) . . . _. Functions with Formulas, Graphs, and Mathematical Tablagplied
circulator design [12] can be increased to a 1:3 bandwidth if mMathematics Series 55). Washington, D.C.: NBS, 1964, p. 363.
the bias field can be made uniform by applying two semil4] R. A. Pucel, D. J. Mags and C. P. Hartwig, “Losses in microstrip,”
spherical ferrite radomes [18]. We have investigated this '1'59%5 Trans. Microwave Theory Tegivol. MTT-16, pp. 342-350, June
nonuniform field effect by numerically integrated Maxwel[15] D. J. Mass and R. A. Pucel, “Microstrip propagation on magnetic
equations within the ferrite junction using the implicit fourth- Sulbsmt?sz;"aﬂ 'gogxgigm&mﬂiggans- Microwave Theory Tech.

. vol. -20, pp. —315, May .

Order_ Runge_KUtta method [19], assuming the same bounq%@ E. Schloemann and R. E. Blight, “A compact broad-band microstrip cir-
conditions proposed by Bosma [3]. Our calculations clearly in- ~ culator for phased array antenna modules,IEEE MTT-S Microwave

i iti , Symp. Dig. vol. 3, Albuquerque, NM, 1992, pp. 1389-1392.
dicate the transition from Wl,.l and Rosenbaum’s measuremeﬁ_tﬁ 37D Adam. H. Buhay M. R. Daniel. M. C. Driver. G. W. Eldridge,
to S'Chk?em?mn and Bl_'QhFS measurements as th? NONUNI= M. H. Hanes, and R. L. Messham, “Monolithic integration of An
formity in bias magnetic field at the edge of the junction band circulator with GaAs MMIC's,TEEE MTT-S Microwave Symp.
- it Dig., vol. 1, Orlando, FL, May 14-19, 1995, pp. 97-98.
!ncrefa_ses beyo_nd a threshold Va‘_lue _[19]' In addition, we haﬁ%] E. Schloemann and R. E. Blight, “Broad-band stripline circulators based
identified the glitches measured in Fig. 9. They are associated on vIG and Li-ferrite single crystals[EEE Trans. Microwave Theory
with excitation of a spin—-wave manifold in the presence of  Tech, vol. MTT-34, pp. 1394-1400, Dec. 1986.

. . P -19] H. How, S. W. McKnight, S. A. Oliver, P. M. Zavracky, N. E. McGruer,
a nonuniform bias magnetic field at the edge of the ferm[é and C. Vittoria, "Influence of non-uniform magnetic field on a ferrite

junction [19]. junction circulator,” to be published.

V. CONCLUSION

We have formulated the operation of a thin-film-junction cir-
culator together with a network transformer. This formulation
was based on an effective-field theory, which not only readily
accounts for the dielectric loss, magnetic loss, and conduct@iHow, photograph and biography not available at the time of publication.
loss, but also addresses the effective magnetization value of
the junction. The theory has been applied to an existing thin-
film circulator design to investigate the dependence on the film
thickness and metal conductivity. At-band, it is plausible
to fabricate a thin-film circulator with insertion loss less than
0.5 dB, provided the film thickness is larger than 100.
This critical film-thickness value scales inversely with thé&: kﬁ: Oliver (M'97), photograph and biography not available at the time of
square root of the frequency. It is also of crucial importané)el:J eation.
to fabricate high-quality metal surfaces to ensure low insertion
loss. Our calculations closely compared with measurements.
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