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Abstract— In this paper a study of the phase shift and

characteristic impedance of a coplanar waveguide with a di-

electric substrate and a ferrite superstrata is carried out

using a finite element method. The results show that select-

ing an appropriate ratio of the ferrite layer thickness to slot

width and the width of the central strip to slot width can

result in larger nonreciprocity and characteristic impedance

values of 40 – 60fl.

1. INTRODUCTION

Coplanar waveguides ( CPW ) m coupled slotlincs Ioacled

with transversely-magnetised ferrite layers have received

considerable attention because of their nonreciprocal prop-

erties. Previous experimental and theoretical work has

shown that they can be used as phase shifters, forward [Ii-

rwctional couplers, isolators and circulators[l-3]. In order to

drwclop further this kind of component it is necessary to in-

vestigate the relationships between parameters such as the

phase constant and characteristic impedance and the mag-

netic bias field and geometry parameters. There have been

several papers on the analysis of this kind of cornprrnent

based on various methods. T. Kitazawa analysed propa-

gation characteristics of coplanar-type transrnission lines

with ferrite and dielectric layers based on a combination

of the spectral domain approach (SDA) and perturbation

method, but did not calculate characteristic impedance[4].

Kitazawa and Itoh included characteristic impedance, but

just for dielectric layers[5]. Slade and Webb applied the

finite element methocl (nodal elements) to calculate the

phase constants and impedance of rmrlticonductor wavcg-

aide (including slot line and microstrips)with dielectric lay-

ers. [6]. Zhoo and Davis analysed and compared properties

of CPW with fet rite magnetised in the axial and transverse

direction, but did not discuss impedance[7].

In this paper a study of the phase shift and character-

istic impedance of a coplanar waveguide with a dielectric

substrate and a ferrite superstrata (Fig. 1) is carried out
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using a finite element method (FEhl) for the first time.

The results show that selecting appropriate values of the

ratio of the ferrite layer thickness to slot width and the

width of the central strip to slot width can result in larger

nonreciprocity.

II. FORMULATIONS

A, Formulations of the Fwzate Element Method (FEM)

The formulations and procedures of the FEM with edge

elements for the direct calculation of phase constants for

general iuhomogeneously -loaded ferrite wavegnides with

arbitrary directions of magnetisation have been presented

in [8], and therefore the details are not repeated here. It is

sufficient to say that for this work an electric field ( instead

of magnetic field ) formulation was used, and expanded to

calculate the phase constants and modal impedance for the

transversely-mag .netised lossless ferrite CPW.

The definitions of the characteristic impedance are not

unique[5,6,10,1 1]. Generally, three definitions may be con-

sidered ( i.e. power-current type, power-voltage type and

voltage-current type) and the resulting values are differ-

ent. Which definition is the most suitable depends upon

the structure and the application as well as the excitation

and the matching conditions. For CPW with ferrite, we

calculate the modal characteristic impedance only for the

even mode and odd mode, and wc choose the power-voltage

clefiaition. The reasons for the choice are: In most cases,

only one mode ( e.g. even mode , for CPW phase shifters

) or , at most two modes ( e.g. even and odd modes , for

coupled-slot couplers or circulators ) are expected to prop-

agate; in both cases, the electromagnetic fields are con-

centrated in the area around the central strip and slots,

and therefore calculation of the voltage between the central

strip and ground planes is straightforward. Based on the

above consideration, the formulation for the m-th modal

charactel istic impedance used in this paper is
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where 20 = 377 Q is the free-space wave impe[iauce , f’,,,:

is the average power propagating in the u-tb mode and is

given by.

1E’,,lz=(l/2)Re{ (E~,, XH,J,)zds} =(l/ujLo)Pn,: (1.1)
(s)

with

JPnlZ=(l/2)Re{ [E~,Lx(~[p-l~x E,n)]Zds}. (1.2)
(s)

The integrals arc carriwl ollt over the cross-section of the

entire structure; in fact they can be carried out analyti-

cally in each element by using the expressions of the shape

functions andsummed ovelall the the elements. ~,, is the

maximum value of voltage of the m-th mode between the

central strip and ground f&me, i.e.

theintegral is carried out along thesbortcst path between

the centlal strip and,ground plane.

III. NUtVI~RtCAL R~S(Ji,TS ~N[J DISCUSSION

A, Comparison wtththe Prevaous Work

ferrite
air

c+h~

c-hd
dielectric air

al2 (1 al lx
Pig 1 C1oss-section of a coplanar waveguide with dielectric sub-

strate and ferrite lay layer

Coplanar waveguide structures Ioadcd with a dielectric

sulrstrate andaferrite superst,rates hownin Fig.1 have been

simulated and analysed. In the calculation refined meshes

with 150-180 nodal variables and 450-540 edge variables are

used. The parameters, a, b,c, w,s)hd and hf arc change-

able and in Figs.4-6, a = c = h~ = b/2 = 2mm. The

dielectric material is GaAs (c,/ = 10.8) and the ferrite

is YIC+ (~f = 13.0,4nAI. = 1780 C), TT2-350() (tf =

12.8,4n11, = 3500G) or TT2-111 (sf = 12.5,4 rrAf, =

5000 G)[12]. Ameasnr co ft,henonreciprocit yoftheCPWis

theclifferential phase shift, clefirledby~=~+ -p- (forthc

same HO) , which is the difference in phase shift pm I]nit

length fora wave travellingin the positive and negativez

directions. Previous work[7,8] has proved the accuracy
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Flg.2. Comparison ofcalc\llated (solid lines) andprevious-p1lblished

theoretical results (dot-dashed hnes for Ff3M and dashed line for

Sf)A):a) Characteristic impcdancevs, frequency ;b)EfTectivedi-

electric constantvs. frequency Parameters arc a= O.l mm, b=

[].u41x2 mm, c = hd = 0.0202 mm, s = 0.02 mm, w/s =

o,5, hj -= o,&,~ = 130.
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Fig. 3. Comparison of calculated and measured results. Parameters

are: a = c = bJ2 = 2 mm, s = 0.125 mm, w = 0.3 mm, hd =

0.25 v~m, hf = O, Ed = 10.8

and effectiveness of this F13M for the calculation of prop-

agation constants. In order to validate the calculation of

imperlancc, the CPW structures shown in Fig. 1, but with-

out the ferrite ( hf = O) have been analysed and the results

arc shown in Figs.2 and 3. Fig.2(a,b) present comparison

of our results (solid lines) with previously-published theo-

retical values[l 1] for an MMIC stmrcture, using the same

impedance definition, up to 200 GHz Fig.3 shows a mea-

sured valnc[13] and values calculated by us for a Iargcr

strvlct,rlre. Good agreement between our results and other

theoretical and measured values is evident. The small dif-

ferences between may be due to the assumption of zero

conductor thickness in these calculations.
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Fig 4. Effects of magnetic pwamctels 011 nonreclprmuty. s =

0.125 mm, Iu/s = 2.4, hf/s = 0.875, for these values of 4mAJf,:

A-1780 G; B-3500 G; C-5000 G.

(a) Diffrrent,ial p},ase shift per unit length agmnst frequency

(b) Characteristic impedance against freq!lency. Fm ward wave

—, Revrwse wave - - -

B. Anulysis of Nonrectproctty of CP W wzth a Transversely

Magnetwed Ferrite

Figs.4(a,b) illustrate rfiffcrcntial phase shift ancl charac-

ter~stic impedance against, frequency with three materials

(47rM, = 1780,3500 and 5000 G) and two bias magnetic

field (HO = O and 1000 Oe). It can bc seen that:

1) Differential phase shift per unit Icngth increases when

the frequency is increased for the same mat,criai and same

bias field.

2) For the same material the differential shift increases

slightly when the bias field is increased from O Oe (just

saturated) to 1000 Oe, and the higher the saturation mag-

netisation, the larger the effect of increasing HO.

3) For the same bias , the material of higher saturation

magnetisation provides higher rmnreciprocity; for example

when 4nAf, is increased from 1780 G to .5000 G, the differ-

ential phase shift is approximately tripled.

4) The characteristic impedance also exhibits nonreciproc-

ity, hccallsc the forward and reverse waves have different

field and power distributions. For the same frequency , and

with 47rflf~ = 1780 G, the difference of impedance for the

forward and [evel se waves is approximately 1 Q. This dif-

ference increases to 3 fl with 4rrJf, = 5000 G. Thus , the

variation of itnpedanm from reciprocal to nonreciprocal is

small, which means that the impedance of CPW structures

is mainly decided by the geometry parameters (s, w, hf

azld }Ld ) and dielectric parameters (Cd and &f) , not, by the

magnetic parameters (!7rAJ. ;**Ic1 M,,). Figs.5(a,h) sho.v

the variation of differential phase shift and cbaractcrlstic

impedance of the even (CPW) mode with the thickness of

Fig. 5. fltTects of the thickness of the ferrite layer on nrmreciprocity,

Frequenc~ = 24 GHz and 4rrAls = 1780 Ue, Ho = O, w/s = 2.4,

A s = 0.18 mm, B: s = 0.125 7rLrr2

(a) f)iZTelent,ial phase shift of the even mode against hf/s;

(b) Characteristic impedance of the even mode aga,nst hf/s For-

waI d wave —, Reverse wave - - -
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Fig 6. Effects of w]dth of the central strip on nonreciprocity,

Frequencv = 24GHz, 4nLf, = 1780 Oe, ffo = O, hJ/s = 1,

A, s = O 24 17Lnt, B: s = 0.18 mm, C ,s = fl 125 mm )

(a) Differential phase shift of the even mode agaiusl (w/s) ,

(b) Charactel ist,c impedance of the even mode and odd mode

against (w/s) Forwwd wave -—, Reve[se wave - - -.

the ferrite layer, hf /s. It can be seen from Fig.5a that

the phase shift leaches a maximum when thickness of the

ferrite layer, hf is approximately equal to the width of the

slot, s. Fig.5b shows that the characteristic impedance of

the CPW is decreased slightly if the thickness of the fer-

rite layer is increased. Figs.6(a,b) present differential phase

shift and characteristic impedance against, the width of the

rcntral strip relati~w to the width of the slot It can be seen

that the ciiffe: ential phase shift per unit length iucxeases as

the ratio w/s is incrcascrf, and the impedance values of
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Thickness of the Dielectric Layer (hd/s)

Fig. 7. Effects of thickaess of the d]electnc substrate ON aonreciprrrc-

t t y Fr-eguerrcy = 24GHz, H. = O ancf A s = hj = w/2 =

0.5 rnrn and cr = c = b/2 = 4rnrn, Bs = frf = w = 0.24 mm and

a = c = 6/2 = 2mm, 1: 4rrflf$ = 5000 Oe, 2 4TAI, = 1780 Oe.

(a) Differeat,al phase sh,ft of the even mode agaiast (hd/s) ,

(b) Characteristic imperlaace of the even mode agaimt (h(l/s).

Forward wave —, Reverse wave - - -

the even mode and odd mode approach each other. There-

fore, it is clear that when choosing the ratio w/s , struc-

t,lmal compromises are necessary in order to maximise the

d@erential phase shift while maintaining an appropriate

impedance value.

Figs.7(a,b) present differential phase shift ancl charac-

teristic impedance against the thickness of the clielectric

substrate layer (hd/.s) It can be seen that, the differential

phase shift and characteristic impedance vary sharply with

hd/s less than about 2 and vary only slightly with Itd/s

Iargcr than about 3. It is noteworthy that the phase shift

approaches a larger, stable value when h,l/s is incleasecl

above 2; while impedance approaches a value close to 450

when hd/s is clecreased below 2 with 4rriW~ = 1780 G for

this specific structure. Being similar to Fi.g.4, a larger

saturation magnetisation causes a bigger differential phase

shift and a larger variation of impedance from the isotropic

value. Similar to Figs.5-6, a larger slot width may provide

a bigger differential phase shift.

In summary, it can bc seen from Figs.5-7 that a larger

differential phase shift is obtained with a set of geometry

parameters consisting of a largel w/s, hd/s, s and an al>-

propriate hf /s (= 1). But a reasonable value of impedance

(- 50 Q) is obtainecl with smaller values of w/s and hd/s.

Therefore m order to maximise the differential phase shift

ancl maintain an impedance value close to 50 0) cornprw

mises are required.

Based on the above analysis a differential phase shifter

operating at j = 24 GHz with parameter-s s = hd = hj =

w/2 ~ 0.5 mm, Ed = 10.8, Ed = 12.5, 4nAf,, = 50(IOG,” and

HO = O can provide 4 Degree/mm with a characteristic

impedance of 40 – 47 Q.

IV. CONCLUSIONS

In this paper a study of the phase shift and characteristic

impedance of a coplanar waveguide with a dielectric sttb-

st~ate and a ferrite superstrata has been carried out using a

finite element method. The results show that an appropri-

ate ratio choice of ratio of the ferrite layer thickness to slot

width and the width of the central strip to slot width can

result in larger nonreciprocity and reasonable impedance.
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