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Abstract

Description of integrated mode profile by determine of x, y, & parameters as
functions of the propagation constant () and effective refractive index (neg). The
profile can be seen from E(x) formula for each guide TE (Transverse Electric)
modes. Assumptions given in this slab waveguide is used for wavelength (A) 1.55
um, the thickness (d) of the core is 0.9 pm with a type of symmetric step-index
slab waveguide, refractive index of n; is 3.5 and refractive index of n; is 3, also
n3= n;. The results of analysis are presented in graphical form by combining TE,
mode, TE; mode and TE, mode..

Keywords: Propagation constant, effective refractive index, slab waveguide,
symmetric waveguide.

1 Introduction

The analysis of TE modes are started with the electric field polarized along
y direction for a symmetric step index slab waveguide. This calculation is
performed to determine the profile mode slab waveguides, and prove the
characteristics of the TE mode that n,>n,, n =n, and the number of

frequency normalization. A schematic diagram of a model for an symmetric slab
waveguide is shown in Fig 1. The refractive index indices of the guiding layer,
substrate and cover are ng, ns and n. respectively. It’s assumed that the refractive
index of the substrate is greater than the cover.

Z
‘X
i Ne = N4
=] ng=n2 nzzna
p » N1=N3
ns=n3 Y

Fig 1. A schematic of a symmetric step-index slab waveguide[1].

Depending on whether a total internal reflection occurs at the core-substrate
or/and core-cover interfaces, there are at least three types of modes that may be
supported by waveguide. They are guided modes, substrate radiation modes and
superstrate-cover radiation modes as indicated in Fig 2 below.
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Fig 2. The ray picture of mode on an-symmetric step index slab waveguide
(a) ¢ <6, non-internal reflection condition, (b) ¢ <6, non-internal

reflection condition(c). ¢ > 6, internal reflection condition.

In Fig 2(a) shows that the light beams coming from substrate layer to guiding
layer will occur light beams that came out on the cover layer, this incident is
known as radiation modes [1]. In Fig 2(b) equal to 2(a), for this case, the incident
light angle vanishingly small, or better known as leaky modes. In Fig 2 (c) shows
that the light beam total internal reflection occurs.Text of section 1.

2 Basic Theory

From Fig 1 and Fig 3, there are electric field (E) and magnetic field (H). Two
field of type can performed into two Equations [2],

E =iE, + JE, +kE, (1)
and
H=iH, + jH, +kH, )
From Maxwell Equation, that;
— oH
VxE=—yu— 3
Ho 3)

Equation (3) can be expanded into [2],
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ik
0 0 O Ofn, +TH, +kH]
ox oy oz ot
E, E, E
| B, oE, _i[aEz ~ aEX}+E ok, OE,
oy oz ox o0z ox oz
then, 4
—i[_ aHx}] L +E[— 5Hz}
Ha Ha Ha
Condition for slab waveguide is 9 =0 ; therefore Equation (4) becomes [3],
oE oH
Y X 5
a ©)
OE, OE oH,
z _ X 6
ox 0z “ ot ©)
oE oH
—y z 7
x  at ()
As explained in Equation (3), by using Maxwell Equation below;
VxH =25 2 g5 ®)
ot ot
from Equation (8) above, it is expanded into,
Pk
00 0 e +TE, +kE,
oXx oy oz
X H y H z
—[GH _aHy}_—[aHz _aHX}EFHy _aHX}
0 oz ox 0z OX oz
Y - ©)
- i{gonz %, } + j{gon2 —y} +E{gon2 o, }
ot ot
then, it shows that,
oH oE
——L =gn* = 10
oz " ot (10)
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aHX_aHZ:(anE (11)
oz ox 0 ot
oH OE
Y=gt —= 12
o &) ot (12)

3 TE (Transverse Electric) Mode
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Fig 3. TE mode polarization [3].

3

Assume that is based on physical condition [1-4]

E, = E, e/ (13)
H, = onej(wt—&) (14)
H,=H, el (15)

From Equations (13), (14) and (15). They can be performed using differential
Equation,

oE, . d ok, i

—=jo and —=-

ot : oz :

oH

X

= Jo and oH,, =—]f,also
oz

oH . oH ]
z _ d z _ _
ot Jo an . 1B

Main fields that worked in TE mode are E,, H,, and H, field. Therefore,
Equation (5), (7) and (11) can be simplified into,

—JPE, = jouH, (16)
oE, .
v —JouH, (17)
. oH .
- JﬂHx - 8XZ = Ja)goany (18)

If Equations (16) and (17) are substituted into Equation (18), they can
performed [3],
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0’E

x>

10 @
where, k=—= VA = W\ 1y,
c
\/ Hoéo
k 1s free space wave number.
B 1s called the propagation constant.

n is called material refractive index.
Solution of differential Equation orde-2 of Equation (19) is

'+ (k*n* - BE, =0 (19)

i k2= |x il Y Kk2n2-5% )x
E,=E,e® ( ) +E,€e ( ) (20)
or
E, = Acos(\/kzn2 —ﬂ2>>< o1
+ Bcos( k’n® - g )x
i. For arean, =n, or cladding (superstrate) [4-9]:
Equation (20) can be changed to be:
i VK*n2-p Ix if Jk2n2-p )x
Ey = Eyoue ( ) + Ey012e ( )
from physical behavior is known that E, -0 ; for x—>o . So,
k’n’ - %<0
Solution of Equation can be
E, = Eyme"sX (22)

where,
EyO = EyOll + Ey012

5=+p*-k*n} (23)
0 is a positive real number.

ii. For area ng =n, or guiding (core) [4-9] :
Equation (20) can be changed to be:

i N et
€

Ey = Ey021

E, = Acos(xwlkznz2 -p )-i- Bsin(x1/k2n22 —ﬁzj
Solution of Equation above to be,
E, = E 00" + E e ™ (24)

+ Ey022e
or

or
E, = Acos(xx) + Bsin(xx) (25)
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where
Kk =4k’ - g (26)
K 1s a real number.

iii. For area ny =n,or substrate [4-9]:

€

Equation (20) can changed to be:

j( k2ny2-p2 ]x j( k2n32-p2 )X

Ey =Eyo31€ +Eyo326 (27)
from physical behavior is known that E, —»0; for x— . So,
k’n,> — g% <0
Solution of Equation to be
E, =E,¢" (28)

Where,

y=~p*-Kkn; (29)

y 1is a real number.

4 Calculation and Results

The assumption of this case is the wavelength (A) 1.55 pm. Refractive index
of guided layer (ny) is 3.5 and refractive index of substrate layer (n3) and cover
layer (n;) are 3.00. In the Fig 4 shows that the frequency of normalization or
V-parameter obtained is [7-11]

V= 27{%] n’-n,’ (30)
V =3.289

The value above is obtained from d = 0.45. In Fig 4 below, V - value of is shown
on the dashed line.
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kd-tan(kd) !

00511522533544555566577588599510
kd

Fig 4. Characteristic Equation diagram TE Modes.

In the Fig 4 above showed that the solid line represent the graph of the even -
TE modes and the dash-dot line represent the graph of the odd - TE modes [12].
Based on the Fig 4, the first confined mode is identified to be at the value of
xd <1.198 while the second confined mode is identified to be in the range of
2.34693 < xd <3.26396.

Basically at the specific value of confined mode (xd), the parameters of the
equation could be defined by with the value below using the above.

Table 1. Confined mode calculation.

xd 1.19800 2.34693 3.26396
V-parameter 3.06300 2.30400 0.40100
even TE modes 3.06300 -2.39100 0.40100

odd TE modes -0.46900 2.30400 -26.53200
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Fig 5. Mode profile for TEy, TE; dan TE,.

In the Fig 5 shows the mode profile in the slab waveguide. Profile is obtained
from the Equation Ey(x) on the ordinate axis and the waveguide layer x
(substrate), x, (guided) and x3 (cover) on the abscissa axis. TEy values that must
be met are:

tan(xd, )= Y—> (31)

where d,is 1.3, then the angle of «d, is 1.1980".

K, =%= 2.662.

The results above will be used to determine the propagation constants, namely:

27 ? 2 Kdo 2
sy (%) “2)
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Yo = Jﬂoz —[27”} n,’ (33)

Equation (32) and (33) will yield a value of g,=13.936 and y,=6.806. From
Equation (34), will get the value of effective refractive index (g o),

A
Nt o = By 7~ (34)

27

N o = 3.438

For TE, values that must be met are:
V? —«d

cot(xd, )= —~——L 35
(d)=—"—1 (33)

Same as the above case &d, =2.00, then the angle of &d, is 2.347°. For the
value k =5215, B =13.195, y,=5119and ny , =3.255. For TE; values

that must be met are :
JV? —kd
tan(kd, )= —+— 2 36
an( 2) kd, (36)

for for xd,=3.00 , then the angle of &xd,=3.264" . Therefore
k,=7253,8,=12.194,y,=0.892 and ny , =3.008.

5 Conclusion

We found that the mode profiles is shown by TE, TE; and TE,. V-parameter or
normalized frequency is 3.289. Boundary condition of mode value on the each
layer are -0.9 < x; < -0.45 for substrate layer, -0.45 < x; < 0.45 for guided layer
and 0.45 <x3<0.9 for cover layer. TEO TE1 and TE2 as the mode profile that
was calculated. Simulated quantization value is 0.01. Effective refraction index of
material on substrate layer (N ,) is 3.438 for TE,, effective refractive index on

guided layer (ng ;) is 3.255 for TE; and effective refractive index on cover layer
(Ng ,) s 3.008 for TE,.
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Appendix
A. 1. Slab — Waveguide Analysis

/]

X1 4

We assumed that cladding >> 2a, with x; and x3 is the width and length of the
slab-waveguide. The two conditions for wave to propagate are :
1. »*>0 shows that wave propagate through the core.

2. y*<0 shows that there is no wave propagation through the cladding.
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Continuity boundary condition,

AxE, = AxE, (a. 1)
AxH, =fAxH, (a.2)
with the time and x; dependence
pllat=5x) (a. 3)
The component E, is obtained as solution of the reduce wave equation [13]
o*E
Y 1a’=0 a. 4
" (a.4)
where,
a>0, E,=Acos(ax)+ Bsin(ax) (a.5)
a<0, E,=Ae* (a. 6)

For TE mode can be written wave equation,
E(x,%,%,t) = JE(x, X, )e[J(wt_ﬂXB)] (a.7)

E in direction of x, is unlimited uniform value, Eis only vary with x and is
expressed as;

(iﬂ/sz(x )=0 (a. 8)
ox? '
therefore the solution of Eigen value can be written as ;
core :
E,(x )= Acos(, )+ Bsin(x,), —a<x <a (a.9)

cladding:

E, (x,)=cel") X >a (a. 10)

E, (x, )= det) X <-a (a. 11)
with,
core : 7=k’ - p* =0’ ue - B =n’k,’ - B2 (a. 12)
Cladding: a’ = B —k,” = B — 0’ e, = B —n, 7k, (a. 13)

Boundary condition x=a
Continuity equation is E,(x,) = E, () , then

Acos(ya)+ Bsin(ja) = ¢ el-a2) (a. 14)
if OB, (x) _ 9Ey(X) (a. 15)
X X
then
—jAsin(ya)+ yBcos(ra) = —a ¢ el-a2) (a. 16)

Boundary condition x=-a
Continuity equation is E;(x) = E, (X)), then
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Acos(ya)- Bsin(ya)=d el-2) (a. 17)
if OE,; (%) _ OE, (%)
X X
then
Asin(ja)+ B cos(ja) = —a d el-ca) (a. 18)

Substitute eq (a. 14) and (a. 17),
Acos(ya)+ Bsin(ya)=c e(
Acos(a)- Bsin(ja) = d e(—aa)

)

Adding above equation,
2Acos(a)=(c+d )e(_“a) (a. 19)
Substitute eq (a. 16) and (a. 18),
—jAsin(ya)+ yBcos(ra) = —a ¢ el-ca)
AAsin(ya)+ B cos(ya) = —a d e(—aa)

Subtracting above equation,

27Asin(7/a) =a(c+d) e(—aa) (a. 20)
We can divide eq (a. 20) and (a.19)
2/Asin(ja) @ (c+d) el-) 71
2Acos(ja)  (c+d )e(_“a) (a-21)
then,
tan(ya) =< (a. 22)
v
where a=1
2

In complete equation can be written,

2 2 et K" =Ky
tan[(nl o>~ K, H (nfko e J ~0 (a.23)
using the numerical method of the equation above, the effective value of
refractive index could be determined.
A. 2. MATLAB Programming.
%%0%%%%%%%%%0%6%%%%%%%%%%%%
%Bisection program
function bisect(f,h,a,b)
tol = 0.0000000001;
fa = feval (f, h, a);
fb = feval (f, h, b);
if (tol <= 0)
fprintf(“tol should be positive number\n’);
return
end
%%0%%%%%%%%%%0%%%%%%
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if (fa*fb > 0)
fprintf(‘Input a and b are out of interval\n’);
else
while 1
if (abs (b-a) <= tol)
break
end
c = (atb)/2;
fc = feval(f,h,c);
%%0%%%%%%%%%%0%0%%%%%

If (c==a| c==b)
fprintf (‘maximum possible precission achieved\n’);
break
end
%%0%0%%%%%%%%%0%6%%%%%
if (fa*fc > 0)
a=c;
fa = fc;
else
b=c;
fb = fc;
end
end
fprintf (‘Neffective value = %18.9f\n’, b);
end

%%0%0%%%%%%%%%6%6%%%%%%%% %%

%Execution program

function y=f(h/x)

y=tan((h*pi/1.55)*sqrt(1.468"2-x."2)) —
sqri(x.”2-1.458"2))/(sqrt(1.468"2-x."2));

%%%%6%0%0%%%%% %% %% %% %% %% %% %
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