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Slot and Microstrip Guiding Structures Using
Magnetoplasmons for Nonreciprocal
Millimeter-Wave Propagation

CLIFFORD M. KROWNE, SENIOR MEMBER, IEEE, AYMAN A. MOSTAFA, STUDENT MEMBER, IEEE,
AND KAWTHAR A. ZAKI, SENIOR MEMBER, IEEE

Abstract — A full-wave spectral-domain approach for general anisotropy
is used to determine the nonreciprocal phase and attenuation properties of
slot and microstrip line structures. Dominant mode dispersive behavior is
controlled by the semiconductor substrate characteristics, geometric di-
mensions, and magnetic field bias magnitude and angle in the Voigt
configuration. Numerical results are presented to establish the nonrecipro-
cal properties up to 85 GHz.

1. INTRODUCTION

H ERE WE PROVIDE a study of nonreciprocity in
slot and microstrip planar structures compatible with
millimeter-wave integrated circuit technology. The ap-
proach uses a semiconductor to provide a carrier plasma
which is then subjected to a static magnetic field B,. The
resulting nondiagonalized form of the semiconductor
macroscopic tensor € and the field displacement effect [1]
lead to different propagation constants y in the forward
y* and reverse y~ directions. These unequal y’s may
contain unequal phase propagation constants (8* and
B7) and attenuation constants (a* and « ). Therefore,
both 8°s and a’s are studied to find their absolute values
and differences Aa=a*—a~ and AB=8"— 8" as func-
tions of ¢, By, T, and geometric dimensions. Here ¢ and T
are, respectively, the angle of the field in relation to the
planar interfaces (inclination angle) and the ambient lat-
tice temperature.

In contrast to the large number of studies done in the
past using the Faraday configuration, which requires po-
larizers to obtain isolator action based upon Aa =0, here
the focus is entirely on the use of the Voigt configuration,
where B, is perpendicular to the direction of propagation.
Several recent theoretical investigations [2]-[5] employing
the Voigt configuration have examined open, infinite-in-
extent layered structures propagating surface waves guided
by the dielectric—semiconductor interfaces. The frequency
range was from several hundred GHz up to a maximum of
between 700 and 1100 GHz. The semiconductor material
utilized was GaAs at 77 K and 10 cm ™3 n-type doping,
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implying a particular scattering momentum relaxation time
7, Many branches were found for the structures with B,
in one orientation, namely parallel to the planar layers
(¢=0°): B, had been set to = 3800 G. An attempt to
direct attention toward the millimeter-wave frequency
regime was made more recently by another study which
treated a semiconductor-loaded waveguide structure [6].
This work considered Si and GaAs semiconductors, B,
fields up to 10 kG, and several doping densitics. Again the
Voigt configuration was considered (with ¢ =0°). The
theoretical analysis used a few waveguide modes. Both
theory and experiment had been done at 92 GHz.

JI. MAGNETOPLASMA PERMITTIVITY TENSOR

In this paper the issue of nonreciprocal guided wave
propagation in slot and microstrip structures for MMIC’s
is addressed. The structures are covered and have electric
side walls normal to the layers. All conductors are assumed
perfect. A full-wave analysis is used which can handle very
general linear macroscopic tensors for the layers [7], [8].
Here the anisotropy is restricted to the semiconductor (¢).
A Drude model [9] is employed to describe the individual
electron motion in the semiconductor by

dv m*p
m*5=q(E+v><B)— . (1)
»

where ¢, m*, and 7, are, respectively, the electron charge,
the effective mass, and the momentum relaxation time.
Electron velocity v and fields E and B include dc and RF
components. Flectron particle current density is

(2)
with n being the electron density and g the electronic
charge.

Particle current density J and » also contain dc and RF
components. Decomposition of the variables into dc and
RF parts is expressed as [10]

J=gnv

E=E,+ Egpe/* " (3a)
B =B+ Bype/ Y (3b)
J=Jy+ Jypel' ™7 (3c)
v=1, + vgpe/ Y (3d)
n=ng+ ngpe’ Y (3e)
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where w and y are, respectively, the electromagnetic ra-
dian frequency and the propagation constant in the z
direction. For the case under study, with no electric field,
current, or voltage dc biases, E,=0, J;=0, and v,=0.
However, there is an applied dc magnetic field B, given by
B, = B,[cos(&),sin(¢),0]”

= B,B,. 4)

Inserting (3) into (1) and (2), extracting out the zeroth-
and first-order perturbations, and dropping all higher or-
der nonlinear terms yields

*

m*u,
0=gE,+ qu, X B,— (5a)
T
p
Jo = qnqvy (5b)
and
1
m*| jo + — | vgp = gEgp + qope X By (6a)
T
[

Jre = ‘I(”OURF + ”RP”O) = gnoORF- (6b)

Equations (5) are trivially satisfied by the chosen d¢ bias
conditions, while the RF current Jpp in (6b) is simply
related by a dc electron proportionality constant to vgp.
Eliminating vge from (6a) using (6b), and defining the
plasma w, and cyclotron w, radian frequencies as

2
91y
w; pl— (7a)
4B,
0 =" (7b)

where ¢ is the static semiconductor permittivity, allows a
single governing field equation to be written:

1
Jw+ —
T

»

— ew? P
Jrp = €w,Egp + 0 Jgp X By

(8)

The dc magnetic field unit vector I§O is defined by (4).
Governing equation (8) is recast as

Egp=pJgr (9)

so that the macroscopic resistivity tensor p is determined
as

Jo+r 0 w, sing
p= 0 je+r !l —w.cos¢ |—5. (10)
€W,
~w,sing w,c08¢  jo-+ 'rp_l

The requirement of a sourceless field problem and a
single 6 X 6 constitutive tensor M relating Egxp, Dpyp, Hyp,
and By [7] leads to permeability i = Iu, (p,= vacuum
value), optical activities p, = p, = 0, and permittivity deter-
mined as follows. Maxwell’s curl H equation is

aD

VXH=—+]

3 (11)
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where D is the electric displacement vector field. Here
D=¢E N (1211)
H=p;'B. (12b)

Placing (9) and (12) into (11), utilizing (3), and retaining
the first-order perturbation gives

V X Hgp= (jwe—i—ﬁ“l)ERF (13)
leading to the permittivity (in what comes below, the RF
subscripts will be understood and so dropped in the equa-
tions):

A

(o)

em el —, 14
E=¢ o (14)

For GaAs, T electron valley effective masses are appro-
priate to use so that

§=pL.

w,=2.63x10"B,(10% kG) (15a)
@, =1.93x10%yn(10"/cc) . (15b)

Attenuation arises from the finite value of the momentum
relaxation time 7, in (10). The off-diagonal § elements
cause Aa and AB to be nonzero for finite B,. Relaxation

time 7, can be estimated by a single formula:
7, =3.80487° *![20.133 —log (N, )] (ps)  (15¢)

which takes into account ionized impurity scattering (N, =
ionized density) and phonon scattering. Equation (15¢) is
based upon experimental and theoretical results for GaAs
[11], [12] at lattice temperatures between 77 and 300 K.
Numerical calculations done in this paper under different
physical parameter conditions are roughly consistent with
(15¢) for 7, if the semconductor is envisioned as GaAs.
For full ionization, n,= N, (donor doping) = N,.

III.

An admittance-type anisotropic dyadic Green’s func-
tion, in the spectral domain, is used to relate surface
current J to tangential electric field E at the conductor—
slot interface. The one-dimensional finite Fourier trans-
form of an arbitrary two-dimensional spatial function

flx, ) is

SLOT ADMITTANCE ANISOTROPIC DYADIC

f~((xn, y) = f_bZ;f(x’ y)e %> dx (16)

where y = interface and «,= (2n—1)7/b or 2nw/b for
even or odd modes, respectively, with n= any integer.
Thus

J(n) =Gli(v,n) E.(n) + Giy(v.n) E(n) (172)
Jz(n) = Gél(Y? n)Ex(n) + G2’2(Ya n)Ez(n)' (17b)
Dyadic G’=G™!, G being the impedance anisotropic
dyadic [8]. Slot electric field components are expanded in
terms of complete trigonometric basis function sets satisfy-

ing the edge condition. For single slot even and odd modes
with respect to E,, we use, respectively, the basis functions

Eup() = () = R sin | 2m=1) 2| (18)

E. (x)=£, (x) = R-cos [(Zm —1)%’5] (18b)
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and
() = 1000 = B eos [ (m =1 22| (152
E (x)=¢,(x)= R‘lsin{zﬂjm] (19b)
for |x| < w/2 with m=1,2,---, and R = [1—(2x/w)*]/?,

and the right-hand-sides of (18) and (19) are zero other-
wise.
The finite Fourier transforms of (18) and (19) are

Eop(n) = i () = "’””

'[Jo(anj +(2m ~1)g)

- Jo(ang —(2m 4)%)] (200)

Eop() = () =
~lJ0(an +(m~1)77)
+JO( (m—l)w)] (21a)

} 3

Em(x) =~

.[Jo(an;w)_%(an;*mw)]

(21b)

..ﬂl(n

for the odd mode. J, is the Bessel function of the first kind
and zeroth order. Total slot spectral fields are then

E(n) = L puFon(n) (222
= % 4B () (220)

Inserting (22) into (17), applying Parseval’s theorem,
and using a Galerkin approach, a determinantal equation
for the propagation constant can be written based on the
fact that the slot electric field expansion coefficients are
not a trivial null set. Numerical results below are found by
setting maximum x and z field expansion indices n, and
n, to 1 with maximum n =~10% (larger n, and n_ values
have been tested to ensure solution convergence). Con-
struction of coupled slot electric fields is covered in Ap-
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Fig. 1. Cross section of a single suspended slot line structure. Magnetic

field bias B, is at inclination angle ¢ to the planar surfaces.

pendix 1. Derivation of the coupled slot anisotropic deter-
minantal equation is given in Appendix II.

IV. NUMERICAL RESULTS

Fig. 1 shows a sketch of a suspended single slot line

structure. Flectromagnetic propagation is either in the z
direction, out of the paper (“+” or forward direction), or
into the paper (“—" or reverse direction). The suspended
single slot line rests on two substrates, a dielectric with
relative permittivity ¢, =12.5 and the semiconductor with
¢, = ¢, Regions of thickness h; and h, are air (relative
permittivity e,, =¢,, =1, relative permeability p,=1). Slot
width w =1.0 mm, and the other geometric dimensions are
b=235mm, h;=h,=21 mm, and %, = 0.25 mm. Thick-
ness /4, is varied. Numerical results are first presented for
¢=0°, with ©,=3.14x10" rad/s (B,=12 kG), o,
6.28 X 1012 rad/s (ny=10"/cc), and 7,=10"" s (room—
temperature operation). Only the domlnant mode is calcu-
lated and discussed here. This mode is odd with respect to
E. and even with respect to E,. In the B, — 0 limit, the
regular dominant slot line mode is obtained.

Fig. 2 shows a(dB/mm) (with a=a™ or a™) versus
frequency f (GHz) between 45 and 85 GHz for h;=10.25
mm. At the a peaks, Aa/a =15 percent. The normalized
phase propagation constant B = B/By with =% or 8-,
B, = free-space value, is shown in Fig. 3(a) and (b) for,
respectlvely, hy;=0.25 mm and 4,=0 mm. It is evident
that AB increases with decreasing h; by comparing Fig.
3(a) and (b) (and this is particularly apparent in Fig. 5 to
follow). Such behavior is physically understandable since
hs reduction places the magnetoplasma layer in closer
proximity to the slot. Here AB/8 ~1.3 percent across the
45 through 80 GHz frequency range displayed (4;=0).
Figs. 4 and 5 plot, respectively, Aa and AB versus f
between 45 and 75 GHz for h; parameterized, h,=0,
0.01, 0.1, and 0.25 mm. Attenuation difference Aa in-
creases with f, but is insensitive to s, variation (Fig. 4).
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Fig. 2. Dispersion behavior of a* and ™ for the odd mode of single
suspended slot line. By =12 kG, ¢=0° n, =1016/cc, T, = 0.1 ps,
w=10mm, b =hy=21mm, hy=h;=025 mm, ¢, =¢,=12.5.
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Fig. 3. (a) Dispersion behavior of 8* and B~. Parameters are the same
as in Fig. 2. (b) Dispersion behavior of B and B~. Parameters are as
in Fig. 3(a) except hy =0 mm.
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Fig. 5. Dispersion behavior of AB, with b, parameterized.

For f=75 GHz, Figs. 6 and 7 show « and B under
varying ¢. Notice the monotonic decrease of Aa and AS
with increasing ¢, and a*>a~ and B*>pB". For the
choice of parameters selected, Ae, AB, a~, B* and B~
are all roughly constant up to 15° inclination angle. The
attenuation constant a* hardly varies (compared to a™)
up to ¢ =60°. As ¢->90° both Aa and AB approach
zero. An explanation for such a limiting characteristic is
the creation of cyclotron electron orbits which are perpen-
dicular to the B, direction and parallel to the planar
interfaces. With ¢ =0°, Fig. 8(a) and (b) provides « and
B, respectively, for varying B, up to 16 kG.

Four other planar structures in Fig. 9 are now examined
for their dominant mode behavior with ¢ = 0°, two slot
and two microstrip (see [8] for the forms of the single and
coupled microstrips surface currents used in the anisotropic
determinantal equation for vy solution). First the even
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mode of the suspended coupled slot structure in Fig. 9(a)
is studied for the same geometrical and physical parame-
ters as in Fig. 8 except w=w, =0.2 mm (h;=0 mm and
f=75 GHz). Fig. 10(a) and (b) shows the « and B
variation versus By Aa/a=14.2 percent and AB/B =1.6
percent at B, =10 kG. Secondly the odd mode of the
sandwiched suspended single slot structure in Fig. 9(b) was
studied under a varying B, ficld for the same paramecters
as in Fig. 10 except s, = h,=025 mm and w=1.0 mm.
One finds that «(0 kG) = 3.196 dB/mm, B (0 kG) = 3.173,
a~ (12 kG)=2.965 dB/mm, B (12 kG)=3.155, and
Aa/a=152 percent and AB/B=1.1 percent at 12 kG.
Intermediate y(B,) values are easily found due to the
linearity of the curves and the ordering property a™ >
a~,B* > B~. The ordering property occurs for most of our
results and associates greater slowing with higher attenua-
tion. Comparison to the normalized attenuation constant
a=a/f, in Fig. 8(a) indicates about a 40 percent reduc-
tion in «, suggesting that the addition of a dielectric cover
of this thickness removes much of the field intensity from
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the semiconductor. On the other hand, thinning 4, to
h,=0.10 mm increases a by about 25 percent, an effect
which may be attributed to pulling the fields into closer
proximity to the slot region. One has a (0 kG)=
6.77 dB/mm, a~ (14 kG) =6.502 dB/mm, and Aa/a=
8.2 percent. Fig. 11(a) and (b) shows the behavior of a and
B as h, is varied from about 0.07 mm to 1.2 mm at
By, =12 kG with #;=0.10 mm and w =1.0 mm (Fig. 9(b)
structure; other parameters the same as in Fig. 10). Here
at ™ first rises (as expected since a=0 at &, =0), then
monotonically decreases—similar behavior is observed for
B. The precipitous, then gradual decrease of vy~ with 2,
is related to the reduction of fields located in the slot
vicinity. Thirdly the even mode of the suspended single
microstrip structure in Fig. 9(c) is analyzed under a vary-
ing B, field for the same parameters as in Fig. 10 except
hy=0 mm and w;=0.2 mm. It is found that y depends
linearly on B, and that a(0 kG) =4.021 dB/mm, a (10
kG) =3.832 dB/mm, and Aa/a=9.8 percent at 10 kG.
Shrinking w; to 0.0125 mm causes « reduction (a(0 kG) =
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Fig. 9. Cross sections of planar structures possessing a semiconductor(s)
under dc magnetic field bias B, and inclination angle ¢ =0°. The
gyroelectric effect is studied 1n (a) suspended coupled slot line, (b)
sandwiched suspended single slot line, (c) suspended single microstrip,
and (d) covered single microstrip.

2.835 dB/mm, a~ (12 kG) = 2.631 dB/mm) but Aa/a=
15.8 percent at 12 kG.

The last structure examined is the dielectric-covered
single microstrip over a doped semiconductor layer of
thickness h,=0.25 mm and an undoped substrate of
thickness s, =2.1 mm (= h,). It is shown in Fig. 9(d).
Here the cover has h;=0.1 mm, w;=0.2 mm, and €, =
€4 =¢€,, =125 Fig. 12(a) and (b) gives a« and B versus
B, up to nearly 35 kG at f =50 GHz with w, = 6.28 X 10"
rad/ s (nO =10"/cc). The even mode results are parame-
terized in terms of 7,=(1,5,10)x10" Bs. At low By, a
increases as T, increases, an effect not seen beyond 5 kG.
As 1,00, a— 0 (not shown), as expected for no carrier
scattering. The quantity A« first increases then decreases
with rising B,. Maximum Aa=1.4 dB/mm and occurs for
3<B,<7 kG with 7,=10""%s. This corresponds to a
Aa/a = 47 percent at 5 kG. One notices that these curves
are extremely nonlinear for B, <20 kG and 7, #10 .
Highly nonlinear behavior is mimicked in the B versus By
curves for By <20 kG and 7, #10™ 35 (Fig. 12(b)). Beyond
20 kG, AR is approx1mately constant and B behaves
linearly. Attenuation dependence of a on 7, at B, =20 kG
is presented in Figs. 13(a) and (b) for different n,=10"
10", and 10™/cc. As 7,107 '4s, both @ and A« decrease
Also as expected, a and Aa tend to decrease as T, gets
large (beyond 7,=107"s for ny=10"/cc). However
Aa/a =130 percent near ’TP-—62X1O 125, When n, in-
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Fig. 10. (a) Variation of a® and @~ with magnetic- field B, for the

even mode of the suspended coupled slot structure (Fig. 9(a)). Same
parameters as used in Fig, 2 except /; =0 mm, w=w; = 0.2 mm, and
f =175 GHz. (b) Variation of 8% and B~ with magnetic field B, for
the Fig. 10(a) case.

creases, the absolute & maxima move to the left (or smaller
7,)- Fig. 14 presents the corresponding B versus 7, depen-
dence AP increases with increasing n,. For n,=10"/cc,
AB = constant up to 7,=2.5x10""%s, beyond which it
monotonically increases to AB/,B’~11 percent. Fig. 15(a)
and (b) provides a and B against h, for B,=10 kG,
7,=10""s, and w; = 0.2 mm with parameterized hs.

V. CONCLUSION

A full-wave matrix spectral-domain approach for com-
plex anisotropy is used to find the propagation constants
in the forward and reverse directions for suspended single
slot line layered structures. A dc bias magnetic field B, is
employed to generate permittivity anisotropy in the semi-
conductor layer. The B, field is normal to the propagation
direction, and its inclination angle ¢ to the interface is
varied. Numerical results between 45 and 85 GHz for a
GaAs semiconductor layer are obtained. Differences be-
tween forward and reverse attenuation constants (dB/A,)
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Fig 11. (a) Variation of a® and «~ against %, for the even mode of
the sandwiched suspended single slot structure (Fig. 9(b)). Same pa-
rameters as in Fig. 10 except h; = 0.10 mm, w=1.0 mm, and B, =12
kG. (b) Variation of 8% and B~ agamnst 4, for the Fig. 11(a) case.

and phase constants (degrees/A,) show increases with
increasing frequency. These differences apear to be largest,
though, for small ¢ < 20°.

Numerical results are also found for other slot line
structures (sandwich suspended single slot and suspended
coupled slot) and single microstrip structures (covered
microstrip and suspended microstrip) for ¢ = 0°. Physical
parameters of the doped semiconductor such as n, and T,
as well as B, and geometric parameters are varied to
characterize nonreciprocal effects.

APPENDIX I

Coupled slot electric field (only within the slots, zero
otherwise) are expressed as

E()= ¥

{amlnem(x + S) + bmlnom(x + S)}

x

+ 2 {@pMen(x=5)+ byom,,(x—5)} (A

x

ni
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Fig. 12. (a) Variation of a* and «~ with magnetic field B, for the
even mode of the covered single microstrip structure (Fig. 9(d)).
Parameters same as in Fig. 11 except that here 4, = 0.25 mm, h; = 0.10
mm, €, =¢; =¢, =125, n;=10"/cc, and f=750 GHz. Results are
parameterized m 7,. (b) Variation of 87 and B~ with magnetic field
B, for the Fig. 12(a) case.

E(x)= T {confom(x+5)+dpnt,(x+5))
m=1

b Y (embn(x—8)+ dbon(x—5)}. (A2

m=1

Here the first summed term in (A1) and (A2) accounts for
the slot located at x = —s, s=(w+ w;)/2, whereas the
second term accounts for the slot located at x = + 5. Basis
functions 1,,,,, Mopms Eom» Eom are even and odd single slot
functions provided in (18) and (19).

For the coupled slot even mode case,

E.(x)=E(-x) (A3a)

E(x)=—E,(-x). (A3b)
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Placing (A2) into (A3a) yields, for the mth term,
Cotbem(x+5)+d 8, (x+5)+c, 06, (x—5)
+ dppbom(x —5)
= Cbom( =X +5)+d,y8,,(—x+5)
+ Cppbem(— X = 5)+d,pk,,(—x~s)
= Conbem(x = 8) = dpé (X = 5)
+ ¢ (x+5)—d €, (x+5)
or
(o= Cma)éem(x+5)+(dy+d,0)é,.(x +5)
+(Cma = Cpn) Eom(x —5)
+(d,pn+d, )€, (x—5)=0
or, more compactly,
(o= Cm2) [Eem(x +5) = Eo(x = )]+ (dyn + d,3)
A€m(x+5)+£,.(x—5)] =0. (A4)
Equation (A4) will only hold if

Ay == dpny (A3)

€1 ™ Cm2

Inserting (AS5) into (A2) gives the spatial E, dependence,

E.(x) = fl{cml[sem(x+s>+sem<x—s)1+d,,,1

[eom(x+5)=&,u(x=5)]}. (A6)
Following a similar procedure for E (x) produces
Q1= ~ A bml = bm2 (A7)
and
E (.X)— Z {aml[nem(x+s) nem S)]+b
[om(x +5)+m,m(x=5)]}. " (A8)
By employing the Fourier shifting relationships
€ om(xts)=e g, (n) (A9a)
fe,om(x £5) =€/, . (n) (A9b)

where the arguments of the left-hand side variables are
present to identify the spatial variables transformed, the
final forms of spectral slot electric fields are stated, using
(A6) and (ASB), as

Ex(n)= Z {ailfnlSin(anS)ﬁem-Fbrialcos(ans)ﬁom}
m=1
(A10a)
Ez(n) = {cr/nlcos(ans)éem+dr’nl Sin(ans)éom}‘
m=1 )

(A10b)

Here the primed coefficients are related to the old coeffi-
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Fig. 13. (a) Variation of «* and «~ against 7, for the Fig. 12(a) case

with By =20 kG. Parameterized curves for ny =10 and 104 /cc. (b)
Variation of a* and o™ against 7, for the Fig. 13(a) case. n, =10/cc.

cients as follows:

4y =2ja,, by = 2bml
Cr/nl = 2le dr;zl d ml’ (All)

For the coupled slot odd mode case,
E(x)=-E,(-x) E(x)=E/(-x). (Al2)
Using the same reasoning process as for the even mode
case,

nX
Ex(n)= E {ar/n,lcos(ans)ﬁem+br:l/1Sin(anS)ﬁom}
m=1

(A13a)
.
S (n)= Y {c,’,glsin(ans)g +d’1cos(ans)£om}
m=1
(A13b)
where
a,=2a,, bh=2jb,,
o= 21ch dyi=2d, (A14)
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APPENDIX II

The coupled slot anisotropic determinantal equation is
derived as follows. First find a Parseval theorem. At the
interface of interest, we drop y in (10) to obtain

o0
T Amer

1
A(x) = E)—
/ A(x) e,

(A15)
(A16)
Letting A= g or f,

> fmem= ¥

n=—0o

g(n) [ f(x)e~ox dx
~b/2

H=—00

-/ f(—X’)[
=_bf f

If one considers g = J; or Jz as in (17), and f equal to the
¢, (or w,,) or £, (or 1m,,) parts (indicate parts by
£le.0ym OF Mo oym) Of E, or E, in (A6) or (AB), noting that
f(—x)= = f(x) depending on symmetry, the assumption
of perfect conductors leading to complementary current
and field parts makes the right-hand side of (A17) zero.
Now examine (17) relating coupled slot fields and sur-
face currents by the anisotropic G dyadic. Multiply (17a)
by #%,, i}, and (17b) by éej, ,j» then the spectral sum (we
can employ n=1,2, -+ due to symmetry if desired) is

n=—00

(x) dx. (A17)

L a,Gh(v,n)E(n)+ Y Gy, n)

e s n=—oo
XE (n)=0, j=1,2,---,n_ (Al8a)
n_iiwﬁ;jéﬁ(%n)éx(n)% _i G (v, n)
XE (n)=0,  j=1,2,---,n, (A18b)
T &6 mEm+ T &Gt
X E (n)=0, j=1,2,---,n, (AlSc)
niiwﬁ Gzl(Y>")E( )+nZ_w$ Gzz Y, n )
XE,(n)=0, j=1,2,---,n,. (A18d)

Treat the even-mode coupled slot situation by placing
(A10) into (A18) grouping spectrally summed terms using
ey = S, ), iy = C08(a,8) Ty £, = cos(a,nE, .
S«/v =sin(a,s)§,;, and defining

o0

Xirt= Y sin*(a,5)9,,Glyiom (A19a)
H=—00
. o0 : -~
lelmlz = Z Sin ('ans ) COS (ans ) ﬁele/l’ﬁom (Algb)

n=-o0

Y. g(n) ej”‘""} dx’

NORMALIZED. PHASE PROPAGATION CONSTANT 8
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jm2l
Xll

jm22
Xll

jmll _
X12

jml2 _
Xt

Xt =
X 1j2r’r122 —
Xy =
X4 =
it =
Xj =
X =
Xpp =

jm2l
X22

m22
X22

ny=10",10", and 1014/cc

[

Z cos(ans) Sin(ans)ﬁojélllﬁem (AlgC)
Z COSZ (ans ) ﬁojdilﬁom (Algd)
Y sin(a,s)cos (@), Cht., (A1%)
@ ~ ~
S sint (a,9), Glob (A191)
Z cos (a S)'F] jG~{2'§em (Algg)
ns -0
Z COS(anS)Sin(ans)ﬁojéfléom (A]‘gh)
Y, cos(a,s)sin(a,s)£, G (A191)
Z COS2 (ans)gejéélﬁom (A19J)
Z Sinz (ans ) gojéélﬁem (A19k)
® ~ ~
> sin (a,s)cos(a,s)¢,,G5fl,, (A19)
Z COSZ (ans ) s’.’ejG~£2§em (Algm)
Y. cos(a,s)sin(a,s)E, Ght,, (Al9n)
Y, sin(a,s)cos(a,s)€,,Ght,,, (Al9%)
Z sin2 ( a,s ) éojG~£2£om (A19p)
n=-—o0
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Fig. 15. (a) Variation of a® and a~ against 4, for the Fig. 12(a) case.
Here By;=10 kG and w=02 mm with s;=0.1 or 0.5 mm. (b)
Variation of B* and B8~ against h, for the Fig. 15(a) case.

one obtains
n, (a/ 7 n, W
N ml . ml
Sljlm ’ + Z Sljgn 4 =07 J=1727 7nx
m=1 L “ml | m=1 L ml ]
(A20a)
n, T’ ] n, e/ ]
: ml : ml .
Siml U1+ Y osirl 1 =0, j=1,2,---,n,
m=1 L “ml ] m=1 L % ml ]
(A20b)
jm fm im :
where S/, S/r, S2jl_’ and .Szfz are n Xn,, n,Xn,
n,Xn,, and n, X n, sized matrices, and
ijll ijIZ
; ki
S = (A21)
ki ;
jm2l jm22
X Xl

Consequently, the anisotropic determinantal equation can
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be expressed in compact form as

S S AT
[ S, S, [y, -- v wwyeew, [ =0 (A22)
where -
@] o
sz[ ,1 Wm=[d’1] (A23)
ml | mi .

or, in the most abbreviated form, as

NHE (A24)

Tt is the solution to detS(y)=0 which we seek, y ==

Y +,y —. For the odd-mode coupled slot situation, use of
(A13) leads to the (A24) form if all sin(«,s) and cos(a,s)
factors are interchanged in (A19) and double primed nota-
tion is adopted in (A23).
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