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Vectorial Wave Analysis of Dielectric Waveguides
for Optical-Integrated Circuits Using Equivalent
Network Approach

MASANORI KOSHIBA, SENIOR MEMBER, IEEE, AND MICHIO SUZUKI, SENIOR MEMBER, IEEE

Abstract—A vectorial wave analysis of the propagation characteris-
tics of open dielectric waveguides for optical-integrated circuits using
an equivalent network approach is presented. In this approach, all of
the contributions from the discrete and continuous parts of the spec-
trum and from the TE-TM coupling, which are neglected in the earlier
equivalent network approach, are taken into account. To show the va-
lidity and usefulness of this formulation, examples are computed for
optical strip waveguides, rib waveguides, rectangular dielectric wave-
guides, embossed waveguides, and embedded waveguides.

I. INTRODUCTION

PEN DIELECTRIC WAVEGUIDES for optical-in-
\_Jtegrated circuits as shown in Fig. 1, where nj(.') G =
1, 2 and j = 1, 2, 3, 4) is the refractive index and
ng) = nf{), are very difficult to analyze rigorously. Some
analyses of optical strip waveguides, rib waveguides,
rectangular dielectric waveguides, embossed waveguides,
and embedded waveguides obtained from the somewhat
generalized waveguide structure in Fig. 1 have been at-
tempted through the following approaches [1]: the ap-
proximate analytical approach [2]-[4]; and the numerical
approach [5]-[8]. Although the calculation procedure of
the former approach is relatively simple, its accuracy is
practically insufficient. On the other hand, the latter ap-
proach is more effective for precise investigation. How-
ever, the numerical approach is, in general, time consum-
ing and expensive. Recently, the equivalent network
approach has been developed for open dielectric wave-
guides [9]-[16]. The calculation procedure of this ap-
proach is relatively simple, and application of the so-
called transverse resonance technique yields approximate
but fairly accurate analytical expressions for the disper-
sion relations for the propagation wavenumber k, in the z-
direction. However, since the continuous spectrum con-
tributions at the sides of the waveguide are neglected, the
equivalent network representation cannot be derived for
the waveguides having no discrete modes in region 2 in
Fig. 1, such as the rectangular dielectric waveguide, the
embossed waveguide, and the embedded waveguide [14].
For the analysis of a dielectric waveguide on a ground
plane, Koshiba et al. [17], [18] have presented an im-
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Fig. 1. Dielectric waveguide for optical-integrated circuits.

proved equivalent network approach in which the contin-
uous spectrum contributions are taken into account. How-
ever, this approach is based on the scalar wave
approximation, in which the coupling produced between
TE (E, = 0) and TM (H, = 0) modes [8], [12], [13] at
the sides of the waveguidé is neglected. In [12] and [13],
the TE-TM coupling is taken into account, but the ap-
proximate bounded approach, in which the open dielectric
waveguide is enclosed by perfect electric conductors, is
used.

This paper presents a more rigorous method of the vec-
torial wave analysis of open dielectric waveguides for op-
tical-integrated circuits using an equivalent network ap-
proach. In this analysis, all of the contributions from the
discrete and continuous parts of the spectrum and from
the TE-TM coupling are taken into account. To show the
validity and usefulness of this formulation, examples are
computed for optical strip waveguides, rib waveguides,
rectangular dielectric waveguides, embossed waveguides,
and embedded waveguides.

II. TrRaNsMISSION LINE EQUATIONS

For the purpose of the analysis, the waveguide is di-
vided into two regions (regions 1 and 2) as shown in Fig.
1, and then, with respect to the x direction, we express
the transverse fields [12], [13] in terms of all TE (E, =

0733-8724/86/0600-0656$01.00 © 1986 IEEE
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0) and TM (H, = 0) modes [8], [12], [13], as follows:

Eii) s [EEI)ES)]T
2
= exp (—jk2) 2 {Z Ve £
B= q
3 -nif)
+ % Sfmvg’(x, P) [ (3, 0) de (n)
H:i) — {HS)HS‘)]T

2
exp (—jk,z) 2

r=1

(2190 ¢80

2 Ms . .
+ 2 S TG 0) 8,y 0) dp}

(2)
50

where the superscripts { = 1 and 2 denote quantities for
regions 1 and 2; respectively, the subscripts » = 1 and 2
denote quantities for the TE and TM modes, respectively,
T denotes a transpose, the summation I, extends over the
discrete modes, p is the wavenumber in the y-direction of
the continuous spectrum inside the medium with the re-

fractive index ny’, and £ and 5" are given by

£ [ e g (3a)
kN@Y — 0, s=1,2
; kXL = Gl s=0
i,;=[0 (3) (4) (3b)
oo, s=1,2.

Here k, is the wavenumber of a vacuum. The radiation

mode indicated by s = 0 decays exponentially in the re-

gion of refractive index nf,:) (t, = y), since ng') = nﬁf) [19].
For

kN @) = () < p

there are two independent types of radiation modes [19].
These radiation modes indicated by s = 1 and s = 2 con-
sist of standing waves above and below the core region
(-n =y=n9. _

The mode functions f (:q) (y) and gqu (y) for discrete modes
and the mode functions 'y, p) and g\(, p) for contin-
uous spectrum can be normalized in accordance with the
orthonormality statement

S_m {ic X flONY* + g10.(9) dy

P (i) : (i) e
§ iy S_w {g,-q(y) X lx}* ' fr'q'(y) dy = 6rr"5qq'

(4a)
S_w {ix X Fra(ys O)}* + ga(y, 0') dy
= Sm {80 p) X id* - f1(y. p) dy
ik (4b)
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where the asterisk denotes complex conjugate, i, is the
unit vector in the x-direction, and 8,,- and 6(p — p') are
the Kronecker 6 and the Dirac é function, respectively.
The modal voltage qu)(x) and current / fq)(x) for discrete
modes satisfy the following transmission line equations:

~dvOldx = IZO19) (5a)
—dl)@)dx = ji Y,V () (5b)
by = V&P~ K (6a)
i)y ()

: : Ky lwe) ., ¥ =
gl =y = E N (6b)

WhylKags T =
€1 = eolkylko)” (6)
pay = polksylko)’ (6d)

where w is the angular frequency, €y and pg are the per-
mittivity and the permeability of a vacuum, respectively,
and ki'q is the wavenumber of discrete modes for the
equivalent layered structure that is uniform along x and z.

On the other hand, the modal voltage Vﬁ;)(x, p) and cur-

rent If’)(x, o) for continuous spectrum satisfy the follow-

5
ing transmission line equations:

4 . (i) (i) r(i)
__de’(x, p)ldx = jk. (p) Z,/(p) Iri‘ (x, p) (7a)
@ ;) @)y o )
! Irs X, p)/dx = ]Krs(p) Yrs(p) V:S (JC, p) (7b)
o) = Vi — k2 - p? 34)
5 (i @)
i ; ki (@we(p), r=1
Z(e) = 1Y Xp) = { ]s(:‘) l(i
wpy (p)/ Ky (P),  r =2
(8b)
en(p) = (k) — p*Helpg (8c)
(o) = {k§(n3)?* — p*}ole. (8d)

A summary of the mode functions for discrete modes and
continuous spectrum is given in the Appendix.

III. EQUIVALENT NETWORK FOR STEP JUNCTION

The dielectric waveguide as shown in Fig. 1 will sup-
port the propagation of waves having two possible field
configurations, classified as the E,, and E;, modes [2]
that can be represented by a linear combination of the TE
(Ey, = 0) and TM (H, = 0) modes [8]. The main field
components of the members of the first family are £, and
H,, while those of the second are E, and H,.. The sub-
scripts p and g indicate the number of extrema of the elec-
tric or magnetic field in the x and y directions, respec-
tively.

A. E;q Modes

The boundary conditions at each junction plane (x =
+ W/2) are that both E, and H, are continuous across it.
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Fig. 2. Step junction between two regions.

Let us assume the unknown magnetic field in the junction
plane x = x' as shown in Fig. 2 to be h,. From (2), the
boundary condition for H, gives

MN

h, =

[Z 106" g, ()

r=1

(1)
s

n
S 1, p) g0, 0) dp}
£(l)

12 g2(y)

2
2
r=1 q
2

&0

s=0

,’(‘2)

5 ) 19, p) 87, ) dp]- ©
Applying (4) to (9), we obtain

B = | tox oo hay 00

I p) = S lic X £y, )}* - hidy. (10b)

From (1), the boundary condition E, gives

2
% {E Vo lx') £ )

2 £
+ 2 S Ak ) i D )dpz

s=0

2
= 2542 VRe) Do
r=1 q

—~——

2
22

SE; VW, p) £, 0) dp}. (11)

+
i

If we multiply {i, X (11)} by A, and integrate over the
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cross section, we obtain

2 o
- (Z Vi;)(x') g gk
q —oo

r=1

X £} dy

(1

2 74 =
1)
+ 2 SE [Vﬁﬁ(x', p) L h

i X f, o)} dy} dp)

2 ¥ 00
=3 (Z Vo) S
r=1 q -
(2)

2 ¥ oo
* s§0 S;m l:Vg)(x’, p) S—oo B

iy X (,?(y, )} dy} dp)-

The impedances to the —x and +x directions from the
junction plane may be expressed as

VOR') = 2, 1)) (13a)
FZ, () I5(x', p) (13b)

where Z,,= and Z, z(p) are the impedances of discrete
modes and continuous spectrum to the Fx direction from
the junction plane, respectively, and the upper sign (—)
refers to i = 1 and the lower sign (+) to i = 2.

Defining the input impedance Z;, ,(x') of the TE, mode
(gth TE mode) at x = x’ — 0 to the right-hand side in
Fig. 2 as

i X f2)} dy

(12)

Vil B). =

Z, "y = Ve ") (14)

and using (10), (13), and (14), we obtain the following
stationary expression:

Zivid0' Yy = N Zigy .2 (15)
Nig = Hw {ic X FI{ON}* - 1) dy/
S_ {ic X FigM}* - h(y) a'yl (162)

2 2
[22

i=1r=1

H_m k()

[E Z- Al RO s %L O S
2 g

b .
+ 2 SE(,)Zm(p) {ic X f0, 0}

- iy X fOO, o)} dp] * h(y') dy dy'}/

Hl {ie X fla}* - 2

h(y) dy| . (16b)
In (16b), ¢" # gforr = 1.
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Fig. 3. Equivalent network for the step junction in Fig. 2. (a) E}, modes.
(b) E;,, modes.

Relation (15) can be interpreted in terms of a simple
equivalent network as shown in Fig. 3(a). In the scalar
wave approximation, the summation L;_, in (16b) is re-
moved and r is replaced by 1.

B. E,, Modes
Referring to (9)-(16), we obtain

Yin o) = N3, Yopu + ¥ (17)
Ny = Sw {85,(3) X i}* * e(y) dy/
Lﬂ {85() X ig}* - ely) dy‘ (18a)

2 2 ©
e {;1 EI Sg o

(5 Tt x 0 148207 x 3¢
2 ,-'.(‘f)
* s§0 SEU)Y’T;(‘)) {gi‘\)(ya P) X fx}

g, o) X ig* dp] ce(y') dy d)“}/

*e(y) dy (18b)

S_m {85 () X i}*

where ¢, is the unknown electric field in the junction plane
x = x" in Fig. 2, Y;; ,(x") is the input admittance of the
TM, mode (gth TM mode) at x = x" — 0 to the right-hand
side in Fig. 2, and Y, and Y, +(p) are the admittances
of discrete modes and continuous spectrum to the Fx di-
rection from the junction plane, respectively. In (18b), ¢
# g forr =12,

Relation (17) can be interpreted in terms of a simple
equivalent network, as shown in Fig. 3(b). In the scalar
wave approximation, the summation I;_, in (18b) is re-
moved and r is replaced by 2.
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Fig. 4. Equivalent network for the dielectric waveguide in Fig. 1. (a)
E7, modes. (b) E}, modes.

IV. DISPERSION RELATIONS

Taking all of the contributions from the discrete and
continuous parts of the spectrum and from the TE-TM
coupling into account, we obtain the final equivalent net-
works as shown in Figs. 4(a) and (b) for the E}, and E},
modes in the original structure (Fig. 1), respectively. To
evaluate the turns ratio N, (r = 1, 2) of the transformer,
the series impedance Z, and the shunt admittance Y ex-
plicitly, we assume the form for the field 4, or ¢, in the
junction plane as

h, = a(lgg(,;)(y) + a(,zq) g(lzq)( y), Ep,modes (19a)
e, = a(zlq’ glq)(y) + a(zz; fq)(y), E}, modes. (19b)

Using the Rayleigh-Ritz technique and (4), the ratio of

variational parameters in (19), namely af_q)/a (nlf) = a"r?, is
calculated by the following condition:
0Zip (x')/9ay) = 0,  Ej, modes (20a)
3, (0')/da5 =0,  Ej, modes. (20b)

The value of Ef; allows the determination of the turns
ratio, the series impedance, and the shunt admittance in
Fig. 4.

For the waveguide having no discrete modes in region
2. we assume the form for the field h, or ¢, to be h, =
ggz)(y) ore, = f;'q)(y), respectively. In this case, N,, =
N,, = 0, and Zand Y can be calculated directly from (16b)
and (18b) without using (20), respectively.

A. E,, Modes

From the symmetry of the structure (Fig. 1), we rec-
ognize that two classes of solutions are possible: those (p
=1,3,5, -+ ) for which the main field components of
the E;, modes, namely E, and H,, are symmetric about
the midplane (x = 0) and those (p = 2,4, 6, - - +) for
which they are antisymmetric. The symmetric and anti-
symmetric modes then correspond to the free resonances
of the short-circuit and open-circuit bisections of the
equivalent network, respectively [14].

From the transverse resonance condition [9]-[18], we
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find the dispersion relation for the wavenumber k, to be

Z+Z=0 21
where Z and Z are the input impedances seen looking in
opposite directions at x = W/2 — 0 in the equivalent net-
work.

B. E f,'q Modes

For the Ej}, modes, the symmetric and antisymmetric
modes correspond to the free resonances of the open-cir-
cuit and short-circuit bisections of the equivalent net-
work, respectively [14].

The dispersion relation is given by

Y+7=0 22)
where Y and Y are the input admittances seen looking in
opposite directions at x = W/2 — 0 in the equivalent net-
work.

V. CoMPUTED RESULTS

Fig. 5 shows dispersion characteristics for the Ej,
modes of the rib waveguide. Solid lines are the results of
the vectorial wave analysis. Dashed lines are the results
of the scalar wave analysis in [14]. Our results indicated
by solid lines agree well with the results of the vectorial
wave analysis using the mode-matching method [8]. The
accuracy of the scalar wave analysis [14] becomes poorer
for the higher-order modes.

Figs. 6(a) and (b) show dispersion characteristics for
the E,, and E;, modes of the rectangular dielectric wave-
guide, respectively, where the normalized frequency v and
the normalized guide index b are given by

v = kgtvVni — n3/w (23)
b = {(k/ko)* — m3}/(ni — n3). (24)

Solid lines are the results of the vectorial wave analysis.
Dashed lines are the results of the scalar wave analysis in
[17] and [18]. Effects of the TE-TM coupling are larger
for the higher-order modes (E3; and E3; modes) than for
the fundamental modes (E7, and E{; modes). Our results
indicated by solid lines agree well with the results of the
vectorial wave analysis using the collocation method [5].

Figs. 7 and 8 show dispersion characteristics of the em-
bossed waveguide and of the embedded waveguide, re-
spectively (vectorial wave analysis). Solid and dashed
lines are for the E;, and Ej, modes, respectively. Com-
parison of our results with the results of the vectorial wave
analysis using the finite-element method [7] shows good
agreement.

Table I shows the numerical results for the E,, modes
of the optical strip waveguide, where n(l" = n(lz’ =n; =

V2.5, n;” = n(}z) = n(z” = n, = v2.375, na”
n({) = 1.0, W = 8, and t; = t, = 2¢. In Table I, the
results of Marcatili’s method [4], the effective index

method [3], the variational method [6], and the finite-ele-

RS ) (A
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Fig. 5. Dispersion characteristics of the rib waveguide (vectorial wave
analysis, solid lines; scalar wave analysis [14], dashed lines).
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Fig. 6. Dispersion characteristics of the rectangular dielectric waveguide
(vectorial wave analysis, solid lines; scalar wave analysis [17], [18];
dashed lines). (a) £, modes. (b) £, modes.

P9 g

ment method [7] are also presented. Our results agree well
with the results of the vectorial wave analyses using the
variational method and the finite-element method. Our re-
sults obtained by neglecting the TE-TM coupling (scalar
wave approximation) are given in the parentheses. Effects
of the TE-TM coupling on the dispersion characteristics
of this waveguide are very small, because the optical strip
waveguide is formed by the dielectric strip that perturbs
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Fig. 7. Dispersion characteristics of the embossed waveguide (E,, modes,

solid lines; E;, modes, dashed lines). (a) W = 4r. (b) W = 2t. (c) W =
B

the planar dielectric waveguide in which TE and TM
modes are uncoupled.

VI. CONCLUSIONS

Vectorial wave analysis of propagation characteristics
of open dielectric waveguides for optical-integrated cir-
cuits has been performed by using an equivalent network
approach. In this approach, all of the contributions from
the discrete and continuous spectrum and from the TE-
TM coupling, which are neglected in the earlier equiva-
lent network approach, are taken into account, and there-

1.0

® Yeh, Ha,K Dong, Brown

0.5

05+

Fig. 8. Dispersion characteristics of the embedded waveguide (E}, modes,
solid lines; E},, modes, dashed lines). (a) W = 41. (b) W = 21. (c) W =
b

fore the present equivalent network approach can give
more accurate results for the various dielectric wave-
guides over a wide range of frequencies.

APPENDIX
The mode functions for discrete modes are

[0 ¢, r=1

Jrg(¥) = [ )
! [im(y) $a(y) m(y) dh(y) kJk3 )T,  r=2
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TABLE I
DiSPERSION CHARACTERISTICS FOR THE E,, MODES OF THE OPTICAL STRIP
WAVEGUIDE
Normalized guide index b
Mod r:f’rmaHZEd Effecti F
age requency arcatili’s ECEive ariationa inite 5
v i meghu]d ';Qf:;d L mer_thnd ! E;::;n:c:wdt Present analysis
X 0.25 0.167 0.278 0.2590 0.270 0.2676 (0.2674)
T 0.63 0.716 0.725 0.7226 0.724 0.7242 (0.7242)
X 0.25 0.042 0.178 0.1313 0.1476 (0.1470)
a 0.63 0.695 0.706 0.6995 0.7036 {0.7035)
[_(bl (J’) _](i); (}’) kz[k% ]T, = 1 i Cr =1 (mlkr ,]/m3ar ,3)Sr o |
£ = [ - " ! 5 (A2) "B, = — . 2 A (A7)
[0 J¢2q(y)] ’ 5= (mlqu,l"’m.’narq,fi) er,l + Srq,l
where for simplicity the superscript i is abpreviated, brg(¥) E Cryz — (Mykpy 2/msctrg 4) Spy 2 i
= d¢,,(y)/dy, and m(y) and ¢,,(y) are given by rg,2 (Makrg /M0ty 3) Crpz + Srp )
ms, ¥ = =4
m, L 0 qu,3 = er,l = qu,lSrq‘l (Ag)
m(y) = (A3) =
s, 0= y = tz Arq,4 = er,2 + qu,ZSrq,Z (AIO)
My, =<y Oy j = k2 — k3n?, ji=34 (Al
(B & ¢
.3 €XP {2g 5(Y ity ks = W’ j=1,2 (AlD)
y= -
cos k1Y + By, sin ko, 1y, Srg = SI0 kg 15, J=112 (Al3)
B L —n=y=0 (ag)  Cras = 008 kg it j=1,2. (Al4)
Dig | 008 keysy + Byp 8101 Keg o), The dispersion relation for the wavenumber &,, is given
0=<y=<y by
A, exp { =l — &} ks 1Bt — Pk Biio =0, (A15)
= y.
. 4= The mode functions for continuous spectrum are
[O ¢1s()’= p)]T’ r=1
Jis(¥, p) =E , , T (Al6)
Lim(y) éx(y, 0) m(y) P2y, p) kS kpns — )]s, r =2
- [[ b1y, p) JbL(3, P) kS kons — pH]T,  r =1 (&L
8y, p) =
[0 Jjéa(y. o), r=
where
Here ®.(y, p) = do,(y, p)/dy.
1% = When s = 0 (0 < p < kgvns — n3), ¢,(y, p) is given
m; = _— F=1,2,3.4 i (A5) by
B

+ E j{t g I00 G SR
2
+ By it = $14.jCryjlkig;) + 2By "GU/kFG'J}]

(A6)

1
by, p) = D,
A ycosp(y + 1) + By ysinp(y + 1), y= —t
cos o1y + B, sin oy, -Hh=y=20
cos o,y + By, sin 0py, O0=y=n
A 4 €Xp {_Z(J’ — )k hH=y
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Here R o (R
D, = my(n/2) (A% 5 + B2 a19)  Bua= {X SR el (A38)
B, = (my02/myo)B,; 5 (A20) X = X\/Xp (A40)
Biz = —{C — (moyymA) S} Xy = ms[(m,01/m3p)* {(my03/my0))> CT — ST}
{(my02imyA) C; + S5} (A21) — C} + (myoy/my0y)* 87
B3 = (mo\/msp) (S, + B, C)) (A22) + my(Alp) [{(myos/msAY — 1} (C3 — §3)]
A3 = G — By 1S (A23) (A41)
Asa = G + Bi2S, (A24) Xp = 2[my(myoslmyoy) {(myo1/msp)’ — 1} §,C
A = Vg3 — m3) — p° (A25) + my(Alp) {1 — (moa/m A} S, G (A42)
o= vk —m) +p5, j=1,2 (A26) forn, <n,.
§; = sin g;1;, j=1L2 (A2)) ACKNOWLEDGMENT
C; = ool a1y, J=1,2. (A28 The authors wish to thank H. Ishii and T. Hayashi for
Wttt s ‘=1 andl 2 ks ,f—ng T < Y, s p) s miven their assistance in numerical computations.
by
Ai3cos p(y + 1) + By s sin p(y + 1), y= -
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