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  The transmi ssion chalacteri stics of a low-hei ght

cilculator that we designed were simulated， using high-

frequenCy electromagnetic analysis based on the finite

el ement method.  To reduoe the height of the circul ator， we

dralna廿calIV reduced the thickness of the iron Voke and the

fenite magnet while maintaining the reqUired magnetic bias

field strength.  The circulator has a hexagona. 1 platelet shape

with a diagonal line length of 715 m;m and a height of O. 85

mm.  It is composed of a O. 2-mm-thick ferrite magnet， a

O. 3-mm-thick YIG ferrite platelet， a O」7-mm-thick iK)n

yoke、 and a microstrip Yづunction. . The simulatjon results

exhibited  a㏄eptable . nonr㏄ipmcal  transmi ssion
chaiacteristics with an in3ertioh loss of O. 67 dB and a
                                    ラ
爬1加mn loss and ari.  isQiatiQn.  bo廿l greater than 20 dB. 

Key wo rd s: ci rculato r， microwave， miero strip l ine，

insenion loss.  ・YIG ferrite
         '

1.  lntroduction

  The height and size of electronic devices used in mobile

equipment must be deereased to meet the need fo r

mini aturization and multi-functional ization of mierowave

communication systems such as oellular phones and

wireless LANs.  Although the height of most electronic

devioes has now been reduoed to about 1 mm， that of

ci rculators and i solators， which are noirreciprocal elements

using the grTromagnetic effect of magnetic materials， i s still

more than 1. 6 mm.  k is neoessary to design circulators

opeiation in the low GHz iange， because circulators

opeiating in the C band will become important
co mponents of applications such as wireless LANs and

wireless connecting systems in the home. 

  Lumped-el ement ci iculators (LEC s) are used in current

mobile communication devioes.  However， it is diffi cult to

achieve a drastic reduction in height of LECs， because they

need many parts such as inductors and capacitors in order

to provide the lequired electric properties， and consequeI血y

血ey have a complex stucture.  Another reason i s that LECs

cannot easily operate.  at frequencies above 2 GHzi)，， because

a11 of their comPonents should be sufficiently sma11 in

relation to a quarter of a wavelengh. 

    Many reseaichers have studied the transmi ssion

characteri stics of disnibutod£lement circulators using

snipline Y:junctions (SL-YJCs) since Bosma's work in the

1960s2-3).  Although much effort has been devoted to

incieasing the bandwidth”'6)， there are feNv reports of

succes sfu1 miniaturization of S L-YJC s.  These aie

Oompo sed of only a few parts and have a simple structure. 

They are also suitable for' 盾垂?奄≠狽奄盾?at high frequenci es in

the S一， C一， and Xbands').  S inoe a circulator with a

micmstrip line Yjunction(MSレYJC)has an advantage

over an LEC in terms of reduced height， we focused on the

former with the aim of realizing a low-height circulator. 

  The magnetic bias field play s an iMportant role in

nQnreciprocal operation.  A uniform and opti mal magnetic

bias field needs to be applied to soft magnetic material;. 

thus， it is essential to optimize the magnetic circuit for the

magnetic bias field.  Unfortunately， few studies' of

circulators have discussed such optimization. 

  ln this study， an extremely loW-height MSL-YJC
including a magnetic circuit for the magnetic bias'field was

designed using high-frequency electromagnetic simulation. 

       2.  Design of a low-height circulator

2.  1 Circulator model

  The stmcture of our low-height MSL-YJCi) is shown in

Fig.  1.  The circulator has a hexagonal shape and consists of

a soft magnetic ferrite platelet， a Y-j unction transmi ssion

line， and a magnetic circuit co mposed of a fenite magnet

and an iron yoke.  Doped yttrium iron gamet (YIG) fenite

with a saturation magnetization of 90 mT is considered as a

soft magnetic materi al.  A fenite magnet and an iron yoke

are used to apply magneti c b ias fields to the YIG ferrite

platglet.  The iron yoke， whose thi ckness is denoted as

ty. k，， has thiee windows for ports in its side wall.  The

thi ckness of the ferrite magnet platelet and the YIG fenite

platelet are tMAG and tyiG， respectively.  The Y:j unction

transmission line is constituted by a central circle of radius

r and a microstrip line with line width 1. 5 mm (see Fig. 

1(c)).  As shown in Fig.  1(d)， the Y:j unction tmnsmission

line is sandwiched by the ferrite magnet platelet and a YIG

fenite platelet i n o rder to separate it from the yoke， which

is electrically grounded.  The thickness of the line is 10 pm. 

As suming that ty. k，， tMAG， and tyiG are each O. 25 mm，.  the

total height of the circulator i s 1. 01 mm.  Thi s means that

for a circulator with a total height of less than 1 mm， tyoke，

tMAG， and t”G need to be reduced to less than O. 25 mm each. 

In designing a low-height circulator， care血l optimization

Of tyoke， tMAG，， and tyiG i s very important， because excessive

ieduction of the thi ckness of ty. k， and tNtAG i s l ikely to

seriously reduce the magnetic bias field. 
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Fig.  1 S tructure of the low-height circul ator: (a) i ron yoke.  (b) fenite magnet platel et or YIG ferrite platelet，

microsnip Y一. junction， and (d) cross-sectional stmcture of MSL-YJC. 
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2.  2 FEM an alysis

  The followings phy sical paiameters were as sumed: (1)

for YIG ferrite， the dielecnic constant ratio £ ＝ 15 (typical

value at 10 GHz)， the saturation magnetizationM， ＝ 90 mT，

the l o ss tangent tan6， ＝＝ O. OOO2 (typical value at 9 GHz)，

and the FMR l inewidth AH ＝＝ 3. 98 kA/m (typical value at

2 GHz)， (2) for a fenite magnet， s ＝＝ 12 (typical value at 10

GHz)， tan6，.  ＝ O. 02 (typical value at 9 GHz)， (3) for a

micro strip line of Ag， conductivity u＝ 6. 1 x 107 S/m， and

(4) for ap iron yoke， o ＝ 1. 0 x 10' S/m.  The tiansmission

characteristios of the MSL-YJC were calculated by using a

high-frequency electromagnetic analy sis software tool，

HF S S Ver.  8. 5 (Ansoft Corpoiation)， which is based on

the three-dimensioma1 finite element method (FEM).  ln this

analy sis血e permeability tensor of so餓lnite is given as

        隣  一1κ， O

    L‘＝liKr L”r Ol (1)
         O  O  I

where

三一1＋

i(COb ＋ iCtCO)CO.                 (2(ob ＋ iato)2 .  (02)

             (o(o

    Kr＝twt＋iaco”)i2一. w2 (3)

and to b ＝ y Hb， (D.  ＝ V M，， and a(o ＝ y AH12.  Here， to is

出eangular丘equency，μo i s血e permeability ・of vacuum， Hb

is the magnetic bias field (intemal field)， and y is the

gyromagnettc ratlo. 

3.  Results and Discussion

  The transmission chaiacteristics of the MLS・一YJC，

shown in Fig.  1， were simulated with r ＝ 1 mm as a

function of the magnetic bias field Hb.  tyiG and tMAG vv'eie

fixed at O. 2 mm and O. 3 mm， respectively.  S i noe the

circUlator has a 120 degrees rotational symnietry around血e

z-axi s， the values of Si i， S2 i， and S3 i ale suffi cient for a

discussion of the transmi ssion chaiacteristics of this

ci rculator.  The dependenoe of the i nsertion loss on the

magnetic bias field is shown in Fig.  2.  The insertion loss，

S2 i， reaches a minimum at Hb ＝ 64 kA/m. 
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Fig.  4 Dependence of the magnetic bias field， Hb， on the

thickness of the iron yoke. 

  To optimirc the magnetic ci rcuit， the dependence on

ty. k， of the magnetic b ias field applied to the nG ferrite

platelet was analyzed.  The fenite magnet YB M-9B E，

produoed by Hitachi Metals， Ltd. ， was as sumed to have

residual magnetic induction B， ＝＝ O. 44 T and coercive foroe

H， ＝ 340 kA/m i n this analy sis.  A static magnetic field

analysis “fenite option” of HF S S was usod in our

numerical analysis of the magnetic bias fields.  The B-H

curves of the YIG ferrite and an iron yoke are shown in Fig. 

3.  The magnetic bias field i ncreases lineariy with
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Fig.  5 Distribution of the magnetic bias field in a YIG

fenite platelet with ty. k， ＝ O. 17 mm. 

increasing ty. k， as shown in F ig.  4.  When ty. k， ＝ O. 3 mm，

magnetic bias field of about 110 kA/m i s obtained.  An

optimum magnetic field of 64 kA/m at whi ch gives

minimum insenion loss is obtained when ty. k， ＝ O.  17 mm. 

  Distribution of the Magnetic bias field in x， y， and z-

directions with p as a parameter are shown in F ig.  5.  The
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Fig.  6 Tiansmission characteri stics of a O. 85-mm-height

MSレYJC. 

magnetic fields for x and . wdirection are almost O up to p ＝

2. 5 mm， and 64 kA/m of zdirection retai ns up to p＝ 2. 5

mm from the center.  in thi s situation， the phy sical

configuration of tMAG ＝ O. 3 mm， tyiG ＝ O. 2 mm， and ty. k， ＝

O. 17 mm corresponds to O. 85 mm in total hei ght.  This

height is approximately two thirds of that of the current

circulato r product， which is the lowest one and is operating

at 1. 95 GHz. 

  The trmsmission chaiacteri stics of an MSL-YJC with a

height of O. 85 mm were simulated， using the results of

static magnetic analy sis， and are shown in F ig.  6.  A small

insenion loss， S2i :0. 67 dB， a 1arge isolation， S3i ＝ 30

dB， a 1arge retum loss， S i i ＝ 27 dB， and a 200-MHz

bandwidth at 20 dB were obmined at 7 GHz.  Thi s

transmi ssion characteristic is acceptal)le for actual circulator

applications， although the insenion loss is slightly higher

than that of circulators currently on the maiket， who se

typical insertion loss is O. 4 to O. 6 dB. 

  Dependence of the operation frequency at which

nonreciprocal trmsmission characteristics were ob served in

simulated results on the value of r for the Y:j unction is

shown in F ig.  7， where the other parameters are fixed.  The

operation frequency incieases with i ncreasing radius r of

the cential circle i n the Y-j unction. .  Thi s can be explai ned

as follows: when the radius r increases， the micro strip line

(the strai ght part) of the Y-j unction becomes shorter， and. 

impedance matching i s established at a higher frequency

under the constrained size i n the x-y plane.  ln other words，

it is suggested that the size of the circulator can be reduced

in the x:y plane by decreasing the radius r， when the

opeiation frequency' ＠is fixod.  ' 撃撃窒奄?implies 'that

miniat面2蜘on of MSレYJC is possible at high operation

frequencies. 

  On the basis of the sj mulation results described above， a

MSレYJC with a height of l mm and an operating
frequency of 5 GHz was designed and fabricated in a trial'). 

The trmsmi ssion chaiacteri stics of the fal)ri cated circul ator

were almost identical to the results obtained by computer

simulation. 
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central circle in the Y-junction. 

4.  Conclusion

  A O. 85-mm-high circulator， who se height .  is

approximately two thi rds of the cunent lowest circulator

products (thi s circul ator operate at 1. 95 GHz)， was

succes sfully designed.  The circulator has a hexagonal

platelet shape with a diagonal l ine length of 7. 5 mm and a

height of O. 85 mm， and i s composed of a O. 2-mm-thi ck

ferrite magnet， a O. 3-mm-thick YIG ferrite platelet， a O.  17-

mm-thick iron yoke， and a microsuip Y-junction.  The

simulation results exhibited aoceptable nomeciprocal

tiansmission characteri stios with an insertion loss of O. 67

dB， and a return loss and isolation both greater than 20 dB. 
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