IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 12, DECEMBER 1995

2991

Normal-Mode Analysis of Ferrite-Coupled
Lines Using Microstrips or Slotlines

Chin Soon Teoh, Student Member, IEEE, and Lionel E. Davis, Fellow, IEEE

Abstract— A normal-mode analysis of .a pair of axially-
magnetized ferrite-coupled lines (FCL) is presented for the first
time. This normal-mode method, as opposed to the coupled-mode
method, will permit optimization of propagation characteristics
and impedance-matching. Also, the finite element solution of the
normal modes can be used to obtain the field distribution to assist
suitable placement of ferrite for device applications. Potential
applications include a novel 4-port distributed microstrip
circulator which- may have advantages over junction devices at
millimetric wavelengths. Optimum normal-mode conditions for
the use of the FCL as a component in the distributed circulator
are derived, and the design procedure for microstrip FCL is
presented for the first time,

I. INTRODUCTION

T MILLIMETRIC wavelengths, the “drop-in” technol-

ogy used to fabricate the classical junction circulator in
microstrip becomes very demanding and expensive due to the
dependence of the circulator’s diameter on the wavelength.
Moreover, the limitation in available saturation magnetization
values and the strong bias field required to overcome the large
demagnetization factor of the thin ferrite disk in the direction
perpendicular to the plane of the disk present some difficulties.
A possible economic solution is to use a completely new
type of (4-port) distributed circulator [1]-[3] which has the
advantage that it does not suffer the size-constraints of the
junction circulator and requires only a weak biasing field due
to its in-plane magnetization. This device consists of a pair
of axially-magnetized Ferrite-Coupled Lines (FCL) in cascade
with a 180° hybrid coupler. A possible implementation of
this device in planar, microstrip form is proposed in Fig. 1,
together with a summary of its operation.

This novel circulator has arisen out of the experimental

work of Davis and Sillars [1], and the theoretical work of
Mazur and Mrozowski [4], [7]: Early experimental work by
Davis and Sillars showed nonreciprocal behavior for a variety
of structures employing a pair of lines loaded with axially-
magnetized ferrite, including a 4-port device which exhibits
circulator behavior [1]. Mazur and Mrozowski (MM) later
showed that the operation of the device could be explained in
terms of the cascade of a reciprocal 4-port component such
as a 180° hybrid coupler with a section of ferrite-coupled
lines (FCL) [4]. MM also used the coupled-mode method of
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Distributed Clrculator:

Fig. 1. Schematic diagram of the proposed 4-port distributed microstrip
circulator and its signal behavior. The direction of circulation, which has
been chosen arbitrarily for the schematic, can be reversed by reversing Ho.

Marcuse [5] and Awai and Itoh [6] to show that the behavior
of the FCL section was due to coupling between the even- and
odd-modes of the pair of symmetrical lines when the ferrite
was magnetized longitudinally [7]. Subsequent experimental
results [2], [3] confirmed this coupled-mode understanding.

However, satisfactory optimization of this novel circulator
has yet to be achieved. This is because:

1) As yet there is no analysis of the impedance(s) of the
FCL, without which the matching tapers in Fig. 1 cannot
be designed ‘

2) The coupled-mode method is accurate only for weak
coupling [8], i.e., for weakly-magnetized ferrite. It will
be desirable to shorten the length of the FCL for which
stronger coupling is required, and hence a more accurate

- method of analysis will be needed

3) Suitable geometry and positioning of the ferrite mate-
rial for different waveguiding structures are not yet well
understood.

Hence, the purpose of this study is to present, for the first
time [9], an alternative and complementary viewpoint on the
behavior of the FCL: as the superposition of two circularly- or
elliptically-polarized normal modes of the magnetized struc-
ture. This normal-mode approach can be used to_solve the
above difficulties, as indicated below:

1) It is the impedances of the two normal modes that are re-
quired. Recent developments in the finite element method
[10] enable the F- and H-field vectors of structures
containing axially-magnetized ferrite to be calculated, from
which the normal-mode impedances can be obtained

2) This approach should give better accuracy as no assump-
tions about coupling strength are made. The finite element
method of [10] also enables the propagation characteristics
of the FCL to be calculated
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3) Lastly, effectiveness and positioning of the ferrite mate-
rial can be estimated from the circularly- or elliptically-
polarized field plots of the normal modes, and also from
their power-density plots. The computed field solutions of
initial structures can give an insight into suitable placement
of the ferrite material so that modifications can be made to
these structures for further computation. Results of these
computations will give further insight which can be used
for further modification, and so on, in an iterative design
loop.

The normal-mode approach, therefore, must be employed
in order to achieve satisfactory optimization of the FCL
and its matching tapers so that the distributed circulator,
implemented either as in Fig. 1 or using other structures,
might be competitive with the junction circulator at the higher
microwave frequencies.

II. THEORY

This section relates the normal-mode viewpoint to the
coupled-mode viewpoint of the FCL, and introduces opti-
mal normal-mode conditions that are complementary to the
coupled-mode conditions.

A. Optimum Coupled-Mode Conditions

MM have shown that the even- and odd-modes of the
unmagnetized FCL or “basis guide” become coupled when
longitudinal magnetization is applied to the ferrite [7]. By
assuming weakly-magnetized ferrite (u,y =~ 1 in the per-
meability tensor), conditions for correct operation of the
magnetized FCL are [7]: equal propagation constants for the
“basis guide”

/Beven = /Bodd (1)

for which the required FCL length L is given by

T onw
CL_Z+7' n=20,1,2,.... )
where the coupling coefficient C' caused by the gyrotropy of
the ferrite can be calculated from

1
C = 5]{:07]0/4,/ (H;"‘HZ - H;*H;) dQg 3
)

for which Qg is the cross-section of the ferrite material,
H*° are the even- and odd-mode magnetic field vectors of
the unmagnetized FCL, ko and 7y are the wavenumber and
intrinsic impedance of free space, respectively, and « is the
off-diagonal element of the permeability tensor. Due to the x
term, the sign of C will depend on the parallel or antiparallel
direction of magnetization, and this will in turn determine the
direction of circulation of the 4-port circulator containing the
FCL. Note that, for consistency with the rest of this paper, a
few symbols have been changed from the ones used in [7],
without any change to the meaning of the equations.
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B. From Coupled Modes to Normal Modes

Consider first a pair of symmetrical isotropic lines which
are brought close together such that when a signal is fed
into one line, there is a periodic transfer of signal power
to-and-fro from one line to the other as it propagates down
the lines. This periodic transfer of power can be explained
either as the coupling which occurs between the individual
lines when they are brought together, using the coupled-
mode theory [8], or as the superposition of the (normal)
even- and odd-modes which are supported by the structure
due to the presence of two parallel lines. Hence there exists
two consistent and complementary viewpoints on the same
phenomenon. Similarly, for the FCL section there should exist
two normal modes of the magnetized structure resulting from
the gyrotropic coupling between the even- and odd-modes of
the “basis guide,” whose superposition defines the behavior of
the FCL.

The normal modes of the symmetrical FCL can be extracted
from its coupled-mode equations in [7] by taking advantage of
the orthogonality property of the normal modes, which states
that the average power of each normal mode is distinct and de-
coupled from that of other normal modes of the same structure,
and is therefore constant. Hence by forcing the average power
Piine(2) on each line of the FCL to be constant, i.e.,

aPline (Z)
Oz

solutions for the voltages on each line would then represent
the normal modes of the structure.

Let /Vime,mode(2) represent the phase of the voltage on
each line for each of the two normal modes of the magne-
tized FCL. Continuing from the coupled-mode equations for
weakly-magnetized symmetrical FCL in [7], it can be shown
that the phase difference ¢,0q. between lines 1 and 2 for the
normal modes are

=0 @

b1 = LVi1(2) — LVar(2) = =2 arctan(r _CM> (5)

o = LV12(2) — (Vaa(z) = +2 arctan(r +0Aﬁ) (6)
where

['=AG+|C]? (N

A/B — /Beven 2_ ﬁodd (8)

and C is the coupling coefficient caused by the gyrotropy of
the ferrite, given in (3). Subtracting (5) from (6), it can be
shown that

lp2 — ¢1] = 180° 9

independent of AS and C. However, (5) and (6) show that
individually, ¢1 and ¢2 do depend on AfB and C. It is
interesting that the phase difference between lines for each
mode of the magnetized FCL is frequency-dependent, unlike
isotropic lines with dispersionless materials which always have
a 0° (even) and 180° (odd) phase difference.
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TABLE I
EXPRESSIONS FOR THE VOLTAGES AND CURRENTS OF EACH LINE AND MODE

” mode 1 mode 2
line 1 Va1(2) = Vpye iz Vig(z) = Vppge~tPaxtd)
In(z) = ﬁe-iﬁﬂ Ia(z) = Yiue-](aezw)
line 2 || Vax(z) = Vopre ?Bz481) | Vo (2) = V,gpe=1(Fe240442)

In(2) = _"fﬂe—a(ﬂxzwl)

Ipa(2) = _‘Z’Tﬁe—](ﬂzl+9+¢2)

For optimum operation of the magnetized FCL, the normal-
mode equivalent to the Beven = Bodd condition in (1) is given
by

¢ = —90°, $o = 490°

by substituting (1) into (5)—(8). These phase relations can also
be derived by starting from a normal-mode viewpoint.

(10)

C. Normal-Mode Analysis of General Coupled Lines

We begin by considering the most general case of a pair
of parallel lines in an inhomogeneous and anisotropic struc-
ture which supports, in the frequency range of interest, two
dominant modes with propagation constants 5y and (32 and
phase difference between lines ¢; and ¢, for modes 1 and
2, respectively. Let us define an arbitrary phase difference
8 between modes 1 and 2. With e/t understood, we can
define for each line and mode a voltage Viinemode(2) With
peak voltage V; line,modes CUrrent Jiine mode(2) and impedance
Ziine,mode. BXpressions for the voltages and currents of each
line and mode are given in Table I

Applying superposition of the voltages and currents for
modes 1 and 2, the total average power Pune(z) on each line
given by

1
Pine(#) = 5Re[Viine(2) ine ()] (11
can be shown to be
1({ VA, ‘/;;12 1
Pi(z) = (Zn + = 70a + EV};HVPH
x(1+1) S(Boz — Prz +6) 12)
— —— ] CO z— z
VAV VAT ? !
1 Vp221 Vp222 1
PQ(Z) = 5(7"“2‘;2“ +'2“‘/p21‘/1122
1 1
X (— + —) cos(fB2z — P12z + 0 + ¢p2 — é1).
Zo1  Za

13)

For conservation of power of bounded modes in lossless lines,
[P1(#z) + P2(2)] must be constant. This imposes, simultane-
ously, BOTH of the following conditions

1 1 1
V};nV}nz(Zn + E) = Vpa1Vp22 (Z
|¢2 — ¢1| = 180°.

1
—) 4
+ZZZ)< )
(15)
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The above |¢2 — ¢1| = 180° equation (also from (9)) is there-
fore a general condition which must hold in all cases where
the two modes are bounded and lossless. All these equations
are applied to the more specific case of the symmetrical FCL
in the mext part.

D. Normal-Mode Analysis of Symmetrical FCL

If the lines are symmetrical as in the FCL, for each mode
we can make Vp11 = Vo1 = Vi, Vo2 = V22 = Vima,
Z11 = Z21 = Zmly and Z12 = Z22 = Zmz, where “ml”
stands for “mode 1” and “m2” stands for “mode 2”. Let us
introduce a quantity k& to represent the ratio of peak-voltages,
given by k = Vppma/Vpm1. Substituting these quantities into
(12) and (13), the average powers simplify to

1 k2
Pi(z) = 5V2 (7‘; + Z;‘) melk

X (-Z}——- + ———) (,822 -Gz + 9) (16)
ml

1 k2
Py(2) = ‘2‘Vp2m1( —) V;;Zmlk

m2
1 1
X (Z—ml + Z—mz) COS(,BQZ - ,Blz -+ 9) (17)

Conditions that must be imposed for correct operation of the
FCL section of length L are: (i) all the power is fed into line
latz=0,ie, P,(0) = 0 and (ii) the voltages at z = L
are either even or odd, ie., Vi(L) = £Va(L), with equal
power division P;(L) = P2(L) between the lines. Implicit in
condition (i) is the condition 3P82z(0) = 0 as well, which when
applied to (17) gives § = 0.

Applying P2(0) = 0 to (17) with 8 = 0, it can be shown
that there exist two solutions for &

7z
k:l,ﬁ

ml

(18)

which can be understood to be either the V,m1 = Vpma or the
Ipm1 = Ipma case. Let us use the former case for condition (ii).
When P (L) = P,(L), we obtain the normal-mode expression
for L which is equivalent to (2)

(B — Bo)L = g fnrrad, n=01,2.. (19

With these values, the total voltage Vj;,.(L) at the end of each

line of the FCL can be written from Table I as

Vi(L) = ‘/pmle_JﬂlL[l + e—j(ﬂz—ﬁl)L]
‘/2(_[,) = mele—](ﬁ1L+¢1)[1 _ e*](ﬂZAﬁﬂL]

(20)
21
from which it can be shown that for the n integer in (19), the

phase difference between lines at z = L depends only on ¢
(which also defines ¢ according to (15))

formn=0,24,...
¢1+7/2, forn=1,35,..."

If we have, say, the “odd-mode,” Vi(L) = —Va(L) at the
output of the FCL, then the values of ¢ and ¢2 will be

$1 = —90°, ¢2 = +90°

(VI(L) = LVa(L) = {451 =7/ (22)

(23)
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Fig. 2. Normalized powers Pi(z), P»(z) and phase difference

[£Vi(7) — £Va(z)] of symmetrical FCL when ¢ = ~90°, ¢ = +90°.

ferrite
dielectric

b

Fig. 3. Cross section of FCL using coupled slotlines. Dimensions in mil-
limeters are: ¢'= 7.2, b = 3.4, w = 5 = 0.5, by = 0.127, hy = 0.5. The
permittivities are: finline substrate g = 2.22, ferrite slab ey = 13.5, and
saturation magnetization M, = 340 kA/m. Ferrite is just saturated (Ho = 0
Qe) (data follows that of Mazur [11]).

which, as in (10), is the normal-mode equivalent to the
coupled-mode condition Seven = [Bodd. The expressions in
(22) can also be applied to symmetrical isotropic lines, for
which ZVi(L) — LVa(L) = £90°.

The graphs of Py(z), Py(z) and [£V1(2) — £Va(2)] under
these conditions are shown in Fig. 2, where it is seen that the
phase difference between lines 1 and 2 is always either 0° or
180°, so that when they have equal power either the “even-”
or “odd-mode” is seen. The effect of reversing the direction of
magnetization of the FCL must be obtained from a numerical
field solution, but the same kind of nonreciprocal effects as in
[7] should be observed.

III. CoUuPLED SLOTLINES ON FERRITE

The coupled slotline structure in Fig. 3 was analyzed by
Mazur for its “basis guide” even- and odd-modes [11], from
which the magnetized FCL section of a 3-port distributed
circulator was designed using the coupled-mode conditions
in (1)-(3). We have solved for both the magnetized (gy-
rotropic) and unmagnetized (isotropic) normal modes of the
structure, using an E-field formulation of the finite element
method (FEM) in [10] for the magnetized case. Our numerical
results are shown in Figs. 4-7. The dispersion diagram for
the coupled-slots in Fig. 4 indicates that coupling is present.
However, the RHCP-mode curve is closer to the even- and
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Fig. 4. Coupled slotlines—Dispersion diagram of the FCL with and without
magnetization, where (3 is the propagation constant. The ferrite is just saturated
for the magnetized case (Hp = 0 Oe).
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Fig. 5. Coupled slotlines—Variation of A8 = (Beven — Podd)/2 of the
unmagnetized structure with frequency. Zero crossovers are at 24 GHz (Teoh
and Davis) and 27.3 GHz (Mazur).

odd-mode curves compared to the LHCP-mode, contrary to the
symmetrical curves that would be obtained using the coupled-
mode theory due to the form of the equations for Sgpcp and
Frucp (from [7] with some change in symbols)

ﬂeven + IBOdd
IBRHCP’ﬂLHCP = _T_

+/AFTICE (24
where AG and C are defined in (8) and (3), respectively.

In Fig. 5, a comparison is made between our values of AJ
with Mazur’s for the unmagnetized structure, and it can be
seen that our curve is higher by =20 rad/m, giving Ag =0 at
24 GHz compared with Mazur’s value of 27.3 GHz. This may
be attributed to the high sensitivity of the crossover frequency
to errors in Beven and Godd.

Fig. 6(a)—(c) show the transverse F-field of the first, RHCP
mode of the magnetized structure at 23 GHz, at successive
values of z which are A/8 apart. The minima of the slots
are ~ \/4 apart, hence giving ¢; =~ —90°. Values of
¢1,2, obtained from observation of the field vectors in this
fashion, are plotted in Fig. 7, with the normal-mode condition
¢$12 = £90° occurring at ~23 GHz, close to the value of
24 GHz when Af = 0. Mazur’s values of ¢; » were calculated
indirectly by substituting his values of Ag and C from Fig. 4
in [11] into (5) and (6). Note that our values of ¢; 2, obtained
independently from the fields of each mode, confirm (15).

IV. COUPLED MICROSTRIP ON FERRITE

So far there has not been any discussion on the implemen-
tation of the distributed 4-port circulator in microstrip, which



TEOH AND DAVIS: NORMAL-MODE ANALYSIS OF FERRITE-COUPLED LINES USING MICROSTRIPS OR SLOTLINES

v 1

Fe - “una
. r*—»\\\\ Yo

‘l/-».»:’:_\j& ,",r ~

Ll rr%MMM%W\. ; St T

..—,,
- z’f

- e

@

yg—)
zZ
X

Z=z,+\/8
. A t
N S L P
R vty PR s
- ‘-\\\ ‘X")';’,,w - N
. ’/:’,-r- &ﬂ‘ 1t fft ~TTN b ,
A Y \’ "l d \‘ -} ' ’

®

vA
=z, + ). /4 . L ox

1 ’
. -
Ll ~ 0~

ot ‘ -

'v!,lf/ -~ ~
v ! (AR »

" >. “n IR E ee TN
R o AN a

\\"‘
\s\

-

s
~ nd

©

Fig. 6. Coupled slotlines—Transverse E-field of mode 1 of the magnetized
structure at 23 GHz, (a) at a plane z = z1, (b) at z = 2z + A/8, and (c)
at z = z1 + A/ 4.

must be considered in view of its widespread use and the
possibility of compatibility with MMIC’s. Questions that need
to be answered are: i) How can the condition. Beven = Bodd
be achieved in microstrip? ii) Is the resulting microstrip FCL
of a reasonable length?

A. Design Procedure for the FCL

The procedure for the design of the FCL section is:
1) Use the FEM to obtain the dispersion diagram of the even-

and odd-modes, to determine the crossover frequency of

the two modes
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Fig. 7. Coupled slotlines—Variation with frequency of the phase difference
between lines, ¢,ode, for each normal mode of the magnetized structure.

2) At this frequency, use the FEM to solve for the field distri-
butions (eigenvectors) of the circularly-polarized normal-
modes when magnetization is applied, to check that the
£90° condition is fulfilled. Their corresponding propaga-
tion constants (eigenvalues) will then give us the required
length L of the FCL at this frequency using (19).

For the first step of determining the optimum frequency,
it is easier to try to achieve [even Boaa instead of
$1,2 = £90° as the frequency-dependence of Beven/ko
and B.ad/ko can be understood from the point of view of
the frequency-dependence of their effective permittivities,
whereas the frequency-dependence of ¢ 2 is not yet well
understood. For the second step of determining the length L,
the normal-mode analysis should be used to obtain L because
of its greater accuracy especially for strong coupling, when
the coupled-mode method is inaccurate because of its weak
coupling assumption. '

As we are considering the propagation characteristics of

- microstrip lines on ferrite, an important quantity is the effective

relative permeability, p.g, of the ferrite when magnetized
longitudinally. It varies with frequency according to [12]

2 _ 2

M

where p and & are elements in the relative permeability
tensor, and are defined in [13]. Fig. 8 shows that p.g falls
as frequency is reduced and as |x/ | increases. The coupled-
mode method of MM assumes weak coupling of the even-
and odd-modes, so that it has the inherent assumption that
Uest = 1, i.e., operation of the FCL is at frequencies far above
resonance. When considering propagation characteristics for
larger values of |«/u| nearer resonance, this assumption is no
longer valid, and the coupled-mode method in [7] needs to
be modified accordingly. The above design procedure for the
FCL is still applicable, but using these modified coupled-mode
equations. The handling of the effect of .z on the propagation
characteristics of coupled microstrip lines on ferrite is best
shown through the following design.

pen = s)

B. Numerical Results

The cross section of the coupled microstrip structure under
consideration is shown in Fig. 9. The decision to place the
ferrite below the strips rather than above them is because it
has been found that coupling of the even- and odd-modes is
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Fig. 8. Coupled microstrips— Variation of effective permeability (pes) and

gyrotropy ratio («/u) with frequency for 4w M, = 1800 Gauss and Ho = 0
Oe. The value of g greduces the value of 8/ko at lower frequencies.

Fig. 9. Cross section of coupled microstrip lines on an axially-magnetized
ferrite substrate with dielectric overlay. Dimensions in millimeters are:
w=s5=f=10,d =05, a = 11 and b = a/2. Overlay has a
dielectric constant €4 = 10. Ferrite substrate is Trans-Tech TT 2-4097 Nickel
ferrite with saturation magnetization 47wM, = 1800 Gauss and dielectric
constant €5 = 10,

weak when the ferrite is above the strips. The stronger coupling
in the former case is expected as the fields are concentrated
in the region beneath the strips. '

The normalized propagation characteristics of the structure
are shown in Fig. 10, where § is the propagation constant and
ko = 27 f./mo€o for frequency f. The normalized dispersion
diagram was obtained by using the finite element method
of [10], solving for the F-field, with 214 lowest-order edge
elements, and 126 axial and 341 tangential nodes. After
applying constraints at the F-walls, the S and T matrices
of the eigenvalue problem were of order 387-by-387. The
propagation characteristics are shown for three cases: 1) with
the ferrite unmagnetized and isotropic, 2) with u.g used in the
modified relative permeability tensor [p]egr, for 4mM,s = 1800
Gauss and Hy = 0 Oe, so that [u|es i anisotropic but
not gyrotropic, and 3) using the gyrotropic tensor [i]gyro for
longitudinal magnetization with Hy = 0 Qe. In case 2), the
relative permeability tensor is changed from [u]gyro = [U]er
as in (26)

124 +j5 0 Heft 0 0
=gk p 0 =10 pg O (26)
0 0 1 0 0 1

Fig. 10 shows that as frequency reduces, the difference
between the propagation constants of the RHCP and LHCP
modes of the magnetized structure and the even- and odd-
modes of the unmagnetized structure becomes very large due
to the fall in the value of u.s at lower frequencies (Fig. 8).
The coupled-mode method of MM {7] needs to be modified
to accommodate this effect if it is to be used at frequencies
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Fig. 10. Coupled microstrips—Normalized propagation constant 3/ko ver-
sus frequency for three cases: 1) unmagnetized (isotropic), 2) using [p]es
which has zero off-diagonals and diagonal elements pur = py = feg
(anisotropic), and 3) magnetized, with 477, = 1800 Gauss and Hg = 0
Oe (gyrotropic, hence RHCP and LHCP). The crossover of the effective-even
and effective-odd modes occurs at &~ 9.5 GHz.

nearer to cut-off, especially for microstrip. Although the use
of e gives good results for single ferrite lines, for ferrite-
coupled lines the absence of gyrotropy in [u]eg forces the two
dominant modes to remain even and odd so that coupling does
not occur. The LHCP and RHCP modes when []gyro is used
will then be perturbations of the modes when [u]es is used,
as shown clearly in the dispersion diagram. Hence it is to
these two effective-even and effective-odd modes when [u]og
is used that the coupled-mode method should be applied, and
the coupled-mode condition we are seeking can be rewritten as

eff __ peff v
even — Modd-

@7

Equalization of the effective-3’s has been achieved firstly
by adding a dielectric overlay which has the same dielectric
constant as the ferrite (see Fig. 9), thereby bringing the even-
and odd-modes of the unmagnetized structure close together,
but with the even-mode always having a slightly higher 5/ko
due to its having more field concentration in the ferrite region.
However, this also means that for the dispersion curves of
the effective-even and effective-odd modes, the fall in s
as frequency decreases has a greater effect on the effective-
even mode, so that at some frequency the effective-even and
effective-odd modes must cross. In Fig. 10, this occurs at
= 9.5 GHz.

The phase difference ¢ o between lines for each mode
is plotted in Fig. 11, where it is shown that the optimum
normal-mode condition ¢; 2 = £90° occurs at ~ 9.8 GHz,
close to the previous value of 9.5 GHz and justifying the
use of the modified coupled-mode condition of (27). The
value of |¢2 — ¢1| remains always =180°, confirming (15)
again. The values of ¢; 2 were obtained by comparing the
phase of the vertical-component of the E-field vectors in the
region immediately beneath each strip, which are the field
vectors most closely associated with each strip. Inspection of
Fig. 12(a)—(c) at a mid-point in the ferrite layer shows that
mode 1 is an RHCP mode, and that at 9.8 GHz the strips have a
phase difference of ~90°. These field vector distributions help
to show that the phase difference between the lines supports

_ the circular-polarization of the transverse-field vectors in the

region of the ferrite between the strips.
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— Mode 1 (RHCP)

. Mode 2 (LHCP)
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Fig. 11. Coupled microstrips-——Phase difference between lines, ¢1 and ¢,
for modes 1 (RHCP) and 2 (LHCP), respectively, when Hyp = 0 Oe. The
RHCP and LHCP modes have ¢1,2 = £90° at 9.8 GHz.

The next matter of concern is the required length of the mi-
crostrip FCL. At 9.8 GHz, [Srucp — Srucp] = 30.05 rad/m
from the dispersion diagram. Applying (19) with n = 0, this
gives'a FCL length L = 52.3 mm. The value of [Brucp —
Brucp] remains within 29.8-31.5 rad/m over the frequency
range 7.5-11 GHz, but the bandwidth of the FCL is limited
by ¢1,2, which varies at a rate of ~11°/GHz, from Fig. 11.

Last, the structure of Fig. 9 may be used at higher frequen-
cies by increasing Hy, which will shift the dispersion curves
of the effective-even, effective-odd, RHCP and LHCP modes
up to higher frequencies.

V. CONCLUSION

In this paper we have shown, for the first time [9], that
in addition to the explanation of the behavior of the mag-
netized FCL as the gyrotropic coupling between the even-
and odd-modes of its “basis guide” [7], there also exists an
alternative and complementary normal-mode viewpoint which
describes the behavior of the FCL as the superposition of
two circularly- or elliptically-polarized normal modes of the
magnetized structure. This normal-mode method of analyzing
structures containing ferrite has become possible due to recent
developments in the finite element method [10], and has
several advantages over the coupled-mode method, such as
the potential to calculate the impedance(s) of the FCL and the
optimum placement of ferrite material.

We have shown that the normal modes can be derived from
the coupled-mode equations in [7] through the use of the
orthogonality property of normal modes to give expressions for
the phase difference ¢1 2 between lines for each normal mode.
These expressions show that ¢ 2 is frequency-dependent for
the magnetized FCL structure, whereas for isotropic lines it
would always remain constant at 0°/180°. Observation of the
E-field distributions of these normal modes for microstrip FCL
shows that this unusual phase lead/lag of the lines is necessary
in order to support the circular/elliptical polarization of the
transverse-field vectors in the region between the lines, which
themselves are a result of the interaction between the field
and the ferrite. -

A theoretical normal-mode analysis of a general pair of
coupled lines has produced the general condition [¢s — ¢1| =
180° which is always true for a pair of bounded and lossless
modes. This normal-mode analysis has also been applied to
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(a) Coupled microstrips—Transverse FE-field of mode 1 of the
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Fig. 12.
magnetized structure at 9.8 GHz, (a) at a plane z ==
and (c) at z = 21 + A/4.

symmetrical FCL, and the followirig normal-mode conditions
for optimum operation of symmetrical FCL of length L, from
(19) and (23), have been obtained

(61 n=0,1,2,...

— f2)L = Zrz. + nrrad,

b1.2 = £90°,

The ¢1.2 = £90° condition is presented for the first time {9].

A general procedure has been outlined for the design of
the FCL, which takes advantage of the availability of both
coupled-mode and normal-mode approaches: the first step is to
achieve feven = Bodd at the frequency of interest, followed by
a normal-mode calculation of the dispersion diagram to obtain
the FCL length L and a normal-mode field vector solution at
the design frequency to check that ¢19 = +90° is fulfilled
at that frequency.

Also, for the first time, it has been shown that it is possible
to implement the FCL in microstrip, using the above procedure
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for the design, but with a modification in the coupled-mode
condition that is sought. This is because the effective relative
permeability peg of longitudinally-magnetized ferrite used in
microstrip, given by peg = (u? — x2)/u, has been shown
to have a large influence on the dispersion diagram of the
microstrip FCL, such that the concept of effective-even and
effective-odd modes has to be introduced in order to aid the
design of the microstrip FCL. These modes can be solved
for using a modified relative permeability tensor [ues for
which py = iy beft, Mz = 1, and the off-diagonal
elements are made zero. This modified tensor is not gyrotropic,
therefore forcing the modes to remain even and odd so that
coupling does not occur, although the general trend of the
dispersion curves should follow quite closely to that of the
magnetized FCL which is solved using the actual gyrotropic
tensor [u] gyro» €specially when far away from regions of strong
coupling. The use of [u].g effects a kind of “de-coupling”
of the magnetized structure. Hence, the optimal normal-mode
conditions are fulfilled at the frequency at which the effective-
even and effective-odd modes cross over, so the modified
coupled-mode condition that should be sought initially in the
design is, from (27), & = 3%, The dispersion diagrams
of the microstrip FCL verify the validity of this proposal.

even
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