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Fig. 3. Distribution of electric field for coupled slots.
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is consistent with the decreasing effect of the enclosing conductor.

Computing time is about 2 s for each point, and shows the
high efficiency of the spectral domain method. There is a clear
advantage in the analysis accounting for the enclosing conduct-
ing walls, to model the inevitable packaging in practice.

Dispersion characteristics of another type of structure,
a shielded coupled slot line, was also investigated. The field
distribution within the slots for even and odd modes is shown in
Fig. 3, using the dependence (x* — w?)~%2 of [5] and [7].
Fig. 4 shows our results ; again a comparison with results of Knorr
and Kuchler [5] for open slot lines is given. Computing time for
this case is about 6 s per point.

CONCLUSION

In spite of the increasing interest in suspended substrate trans-
mission line, previous theories have ignored either dispersion,
or the presence of the (inevitable) enclosure. The work described
here—an extension of the spectral domain approach—allows for
efficient computation of slot line, coplanar guide, microstrip, or
similar structures (including couplers) with adjacent conductors
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on the one substrate surface. One computer program deals with
an arbitrary number of regions under the coplanar conductors,
with simple modifications for different conductors. CPU time
on an IBM 360/65 is about 1 s per region for a single slot or
strip, at one frequency.
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Application of MIC Formulas to a Class of Integrated-Optics
Modulator Analyses: A Simple Transformation

EIKICHI YAMASHITA, MEMBER, IEEE,
KAZUHIKO ATSUKI, ano TETSURO MORI

Abstract—Modulation electric fields in a class of planar, lumped-
parameter circuit or traveling-wave-type electrooptic modulators in
integrated optics are analyzed by applying a simple transformation of
variables to presently available formulas on microwave integrated
circuits (MIC’s). Example calculations are shown.

I. INTRODUCTION

It has already been shown that the microwave theory is useful
in designing a discrete broad-band electrooptic modulator [1].
Electrooptic modulators in integrated optics are inherently of
the planar structure fabricated by microelectronic technology
[2]-[6]. While modulators with coplanar electrodes of a narrow
gap are expected to have high values of energy efficiency, the
nonuniform modulation electric field distribution in the cross
section of an optical beam is also apparent.

1t is necessary to develop a theory to estimate the electric field
distribution in these structures, but such a theory has not been
reported. Though there is a structural similarity between such
modulators in integrated optics and striplines in microwave
integrated circuits (MIC’s), the electric field theory of the latter
cannot be directly applied to the former since the electrooptic
crystal is anisotropic.

This short paper describes a simple transformation of a co-
ordinate and dielectric constants which enables us to apply
available formulas and computer programs on MIC’s to a class
of integrated-optics modulator analyses. Numerical examples
based on this method are shown.
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Fig. 2. Multilayer anisotropic structure model for integrated-optics
modulators.

II. MODULATOR STRUCTURES

A typical modulator structure which would be used in inte-
grated optics is shown in Fig. 1. Usually, strip electrodes are
deposited on an electrooptic crystal such as LiNbQ;. An optical
waveguide is made on the surface of the crystal by adding a small
variation of the index of refraction [2], [6]. The principal axes
of the crystal are set in the direction parallel and perpendicular
to the crystal surface in many cases.

Basic equations for analyzing the electric field distribution
in the crystal are derived from the charge-free condition in the
dielectric region. Because the variation of the index of refraction
in optical waveguides is small, it can be neglected for the cal-
culation of the modulation electric field. When the electrode is
long enough and the principal axes are in the x and y directions,
the potential in the crystal is governed approximately by the two-
dimensional Laplace’s equation

¢

o%¢
& ox?

+ &‘y"a—y—z = 0. (1)

The electric field distribution and the distributed capacitance are
obtained by solving this equation.
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III. TRANSFORMATION FROM ANISOTROPIC TO EQUIVALENT
ISOTROPIC STRUCTURES

We consider a multilayer structure as shown in Fig. 2 as a
model to analyze electrooptic modulators in integrated optics.
Any layer in it can be anisotropic or isotropic by imposing a
condition, &, # &, or &, = &, respectively. The principal axes of
each uniaxial crystal are assumed to be in the direction of the
two coordinates. The strip electrodes are assumed to be negligibly
thin and they are inserted between these layers. Side walls are
not assumed in this case for simplicity. However, if the side walls
are present, the essential points of discussion will not be changed.

Laplace’s equations for these layers are given by

3¢ ?¢
8"16_3:2+8"1—a}_2=0’ O<y=<h (2a)
32¢ o2
axz—a? + &y 55 =0, hy <y<h +h, (2b)
a? 22
Ex3 axf+8y3 ayf=0, h1+h2$y_<_h1+h2+h3.
(2¢)

When the charge distribution functions on the strip electrodes
are denoted by f(x), then the boundary conditions are given by

0 0
o 22 =5, % (3a)
ay y=hy—0 ay y=h{+0
f a
o 22 =5, 22 —f® (b
O |yeny+h-0 0¥ |y=ny+ha+o
0% |y=n;-0 OX|y=ni+0
24 _ o .
OX|y=py+n,-0 OX|ymny4nr+0
¢‘y=0 =0 (3e)
¢|}’=h1+h2+h3 = 0' (3f)

Because of the anisotropic nature of this structure, various
methods used in the MIC analyses cannot be directly applied
to these equations, Therefore, we newly define a transformation
of the variable y in Laplace’s equations (an affine transformation)
and the dielectric constants in the following form:

n=\/""—‘y, 0<yxh (42)
\/“ By + \/8— (v = hy),
< hy +h, (4b)
\/ﬂc—lhl \/ic'z'hz \/’x—s(J""H"hz),
h1+h2$ysh1+h2+h3 (4¢)
& = \/leeyl (5a)
&2 = Véxa8yy (5b)
&3 = \/8x38y3- o)
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Fig. 3. Equivalent multilayer isotropic structure transformed from the
anisotropic structure in Fig. 2 by the relations in (5) and (8).

As a result of these transformations, Laplace’s equations in
(2) and the boundary conditions in (3) are modified as follows:

¢ , %4
—Z 4+ —= =0, O<n=<h'+h'+hi (6
ox? on? n 1 2 s (6
é
&y % = & —¢ (7a)
M| y=ny—0 ON|n=hy' +0
1] d
e 22 — 520 —f® (b
M| y=ny* +hy -0 M|y=ny +hy'+0
a_¢ = % (T¢)
a'] #=hy’'—0 aﬂ n=hy’+0
a_‘é = _a_é (7d)
on n=hy’+hy’—0 on n=hy’+hy’+0
¢In=0 =0 (7e)
Bly=ny' +ny 40y = 0 (71)
where
hy = \/ﬁ‘_l. hy (8a)
Ey1
hzl = Zx2 hz (8]3)-
8y2
hy' = | %2, 80)
8,,3

The isotropic multilayer structure, as shown in Fig. 3, corre-
sponds to (6) and the boundary conditions (7).

The electric field distribution in this type of structure has been
well analyzed by the variational method [7], the integral equation
method [8], the generalized Wiener-Hopf method [9], the finite
difference method [10], the conformal mapping [11], etc. There-
fore, many formulas and computation programs based on these
methods are readily applicable to the present case.
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f{x)

Fig. 4. Possible charge distribution function on electrodes.
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Fig. 5. Capacitance per unit length C plotted as a function of k and x;.

IV. DiSTRIBUTED CAPACITANCE OF THREE-LAVER STRUCTURE

We show a formula for the distributed capacitance of the
three-layer structure in Fig. 2, for example. Since a stationary
value expression of the capacitance per unit length in the Fourier
transform domain has been given in [7], we apply the trans-
formations in (5) and (8) to that expression and readily obtain

+oo
- ZﬂIQZ f FBIReB) dp ©)
where
+ o
7B = f F()e* dp (10)

©
i

f f(x) dx  (the total charge on one electrode) (11)



SHORT PAPERS

Fig. 6. Potential distribution ne¢ar ¢lectrodes.

and

&p) =

Ve, coth ( ill Iﬂlhl) + Vg8, coth (
‘ .
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where k and x, are chosen so as to maximize C. Then, Q and
F(B) are given by

Q= (xy — xp) + m {(xo — x)* + (x5 — x0)*}
(15)
7® =j§sin {g (s — xl)} sin {g s + xl)} + jzlei—xl)
- (;—4 sin (Bxo) + {;f— (o — x)? — ;—f} sin (x,)

+ {%(xo - x)® — ;—i(xo - xl)}‘cos (Bxy)

N {ﬁ% s — x0)? — %ﬁ} sin (Bx,)

- {%, Cea — x0)* — /-lg—é(xz - xo)} cos (ﬁxz)) . a6

&2 th)
8y2

(12

Iﬂl {Vexlsyl coth (

&y1 &y3

V. COPLANAR ELECTRODE STRUCTURE

Let us investigate numerical values of modulation fields
between the two electrodes of the structure in Fig. 1. This struc-
ture is a special case of the structure in Fig. 2. Therefore, the
distributed capacitance is derived from the formula (9) and

% ]ﬁlhl) [\/;36,,; coth ( \/ffé [ﬂlhs) + Veyae,, coth (

Sx2 ‘ﬁ]hz)] + ‘/-8:;"; [‘/3x28y2

6,,2

el

Fig. 5 shows computed results of C as a function of k and x,
where structural constants are given as g,* = 28, g* = 43,
h=2mm, W =gs =40 ym, x;, = 20 um, x, = 60 um. Con-
sequently, the maximum value of C is 2.44 pF/cm for k = 27
and xo = 42 ym.

The potential distribution ¢(x, y) is given by the inverse Fourier

%2 Iﬁlhz) coth (
£

+ &35 coth (
y2

o wven b a
£(B) given by - — transform of ¢(B,y) as
g + \/axa,, coth (\/E’-‘ |,B|h)
. e
£ (B) = > = * (13) 1 + o
18] {802 + 88 + Zeox/exs,, coth (\/8—" B|h|)} #(x,y) = sz (ﬁ(/;’y)e-fﬂx dp a7n
&y —®
The trial function f(x) is selected so as to maximize the capaci-
tance C in (9). Since the charge density near conductor edges where
7% &g sinh (\/f’-‘ ]ﬂly) + \/;;a; cosh (\/%’f [Bly)
- &
¢(ﬁ»y) = 4 z (18)

should be very high, as shown in Fig. 4, f(x) is approximated by

3
- x
G =1+ k| Z=Xo |, X, € X< %X,
Xy — X1
X+ x |3
X2 — X1
= 0, otherwise 149

& Iﬂ]h) + 2e9V/25e, cosh ( \/ﬁ |ﬂ|h)
g &

4 (60 + &x8y) sinh ( \/

Fig. 6 shows the computed results of the potential distribution
near the electrodes. It is noted that the potential values are less
accurate than the capacitance values because of the variational
method. Fig. 7 shows the electric field distribution based on Fig.
6. The nonuniformity of electric fields seen in Fig. 7 also suggests
irregular modulation effects in the cross section of an optical
beam passing between the electrodes.

When such an electrooptical modulator of length L is in-
corporated in a circuit as a lumped element, the bandwidth of
this modulator is given by (zCRL)~! where R is the parallel
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Fig. 7. Electric field distribution near electrodes.

resistance connected between the electrodes [5]. Since the
dimensions of the electrodes can be made extremely small by
microelectronics techniques, the modulation bandwidth Af can
be large and the required modulation power P can be small.
Therefore, effective modulators with a low value of P/Af can be
expected for a thin optical beam.

When the uniform electrooptic effects in the cross section of a
passing optical beam are required, however, the electrode spacing
has to be increased. As a result, the increase of P/Afis inevitable.

VI. TRAVELING-WAVE STRUCTURES

When the modulation frequency is high so that the wavelength
becomes comparable to the electrode length, the modulator can
be treated as a transmission line. The two important quantities
of traveling-wave modulators are the modulation wave velocity
v and the characteristic impedance Z, These are, within the TEM
wave approximation, obtained from the preceding capacitance
and the formulas [7]

C
v = \/—C—f’ Yo 19
1
Z = —— 20)
2oV CCq

where v, is the velocity of light in vacuum, C is the capacitance
per unit length of the transmission line, and the C, is the capaci-
tance per unit length for the same transmission line conductors
in vacuum. The velocity of modulation waves is designed to
match that of light in the crystal for the traveling-wave modula-
tion.
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If the two matching conditions on the velocity and impedance
[1] are satisfied by selecting the dimensions of the modulator, the
coplanar electrode modulator with a very narrow gap is expected
to be of high efficiency and broad bandwidth.
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Central Metal Post in Stripline Circulators

ALI M. HUSSEIN, STUDENT MEMBER, IEEE,
MAGDY M. IBRAHIM, MEMBER, IEEE, AND
SAAD E. YOUSSEF

Abstract—A central metal post of a suitable radius increases the
bandwidth of a 3-port stripline circulator considerably. It helps to
realize a compact circulator and gives more flexibility in the design.

INTRODUCTION

The insertion of a central metal post was considered in the
design of broad-band 3-port waveguide circulators [1]-[4].
In the case of stripline circulators, the efforts were mainly con-
centrated to obtain broader bandwidth using external matching
elements [S}-[9].

We prove here that the insertion of a central metal post, in
the case of 3-port stripline circulators, can increase up to three
times the bandwidth of the simple junction. The radius of the
ferrite disk can be reduced. Generally, a central metal post gives
more flexibility in the design.

FIELD ANALYSIS AND COMPUTATIONAL RESULTS

Consider a metal post of radius @ placed at the center of a
ferrite disk of radius R. The z component of the electric field
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