Chapter 7 Dielectric Waveguides and Some Selected Topics for
Photonics
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7-1 Introduction to Integrated Optics

Optoelectronics on chips

Optical switch: It is a combination of waveguide devices and electrodes to control
the intensity of light.

KTN switch constructed using KTN and silica waveguides,
Optical ports can be switched by applying voltage 1o elecirode.

Low dnving woltage: only 13 V
Polanzation indspandent operation

Output 2

< Silica waveguide


http://faculty.pccu.edu.tw/%7Emeng/Integrated%20Optics%20(Wang).mht

7-2 Basic Integrated Optoelectronic Devices

Mach-Zender interferometer:

Material with Constant Index of Refraction
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Input Optical Signal

Output Optical Signal
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Phase Interference of Two
Half-Signals
V = Applied Switching Signal

Material with Variable Index of Refraction

Eg. Application of Mach-Zehnder interferometer: An electro-optic switch in

optical fiber communications.

Tion On: T Off:
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Coupled mode equations: The E-fields of two identical waveguides 4 and B fulfill

dE ) .

e~ PP (E(0)=1

dE? " E,(0)=0 where x is the coupling coefficient. The
=B, -k, O

solutions of the coupled mode equations are E, (z)=cos(xz)e” and
E,(z) = —jsin(kz)e ”, respectively. And the coupling length is L.=n/2x. While the
waveguiding mode traverses a distance of odd multiple of the coupling length (L.,
3L., 5L, ..., etc), the optical power is completely transferred into the other
waveguide. But it is back after a distance of even multiple of the coupling lengths
(2L, 4L, 6L, ..., etc). If the waveguiding mode traverses a distance of odd
multiple of the half coupling length (L./2, 3L./2, SL./2, ..., etc), the optical power

is equally distributed in the two guides,

Eg. A 3-dB optical power splitter based on directional coupler by the setting the
length of coupling region=L /2.

Eg. A wavelength multiplexer/demultiplexer using photonic crystal waveguides.
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wavelength A/e | extinetion ratio [dB] | insertion loss [dB] | output

2.66 =206 641077 Port 1
2.58 =20.5 3.8x1072 Port 2
2.72 =17.9 8.1=10-7 Port 3
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X-type switch: Utilize the voltage to control the refractive index of the cross region

and vary the reflectance of light in this region.




Integrated-optical microwave spectrum analyzer: It enables the pilot of a military
aircraft to obtain an instantaneous spectral analysis of an incoming radar beam to
determine whether or not his plane is being tracked by the enemy’s ground station,

air-to-air missile, and so on. It is an Example of SAW (Surface acoustic wave) Device.

SAW (surface acoustic wave)

lens

Detector array

EM-wave-to-2A%W
transducer

e
:

input EM waves

P ER
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Another application of the above SAW device—Laser beam alignment Controller
of the CD/VCD/DVD/CD-ROM R/W head: If one change the frequency of the
incoming EM wave to the SAW transducer, the output direction of the laser beam can

be varied.
MMI (Multi-mode interference) waveguide devices: A section of wide waveguide

for exciting multi-modes. It is usually utilized an optical splitter, an optical combiner,

an optical filter, and an all-optical logic gate, etc.
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Eg. An example of all-optical logic gate with an MMI waveguide:

492 pm 4980 um
A - . o a1 y
C | s B Rl Si.Gey -
= =
6500 pm | Si-substrate

{ch

QR Logic Gate
A i 1 4 0 1 1 0 1
Inpuu sigmal B 0 0 1 0 1 g 1 1
C i 4] 0 1 ] 1 1 1
Comiparison Fiz 18] () {c) [y (el 0 (=
Chrrpat siznal inport 2 i 1 1 1 1 1 1 1
WAND Logic Gats
Lot 52l A 1 1 1 1
c 1 il B [1] 1 1] 1
HEoE s C [ [ 1 1
Comgarison Fig, (A} i) {g] ()
Ot sizmal o port 3 1 1 1 [




NOT Logic Gate

Coafrol pulse A 0 1
Iopnit sizmal B 1 1
Comparison Fiz bD  (d),(=)
Chatpuf sigmnal in port 1 1 0

Table NOT Logic Gate

Coraol pulse C i

Towpaar siEmal B 1 1
Comparison Fig. eLidy (B
Oratpnst signal in port 3 1 0

Table NOT Logic Gate

Conmol pulse A a 1
Tmput siemal L 1 1
Conparisea Fig (C){E (2.2
Chatpur sigmal in part 1 1 0

Table NOT Logic Gate

Corgol pulse B 0 1

Tput sizmal C 1 1

Connparizon Fig. ey Bz

Oxirpast signal in port 3 1 0

Table MOF Logic Gars
[opas 51l A 1 1 1 1
: B 0 1 0 1

Conirol palss r 2 0 1 1
Comparison Fig, LA £} {g) ')
Crnanou siznal moopont 1 1 1] 4] i




Eg. Propagation along periodical dielectric waveguides. (by Dr. G. D. Chang, IR
ﬁﬁﬁﬁﬁﬂ)
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ia) The snapshot of E-field pattern i(the real part of the complex amplitude) for the
mode with frequency @ = 0.25(21c/a) and Bloch wavevector k = 0.4({2m/a)x. (b) The
field pattem in (a), when multiplied by the factor (—1)" and evaluated at the center of the
nth cvlinder, fits to a sinuscidal wave. The wavelength is about 10a.

(a1) (a2) (a3)

s 000,
T I-1-1- 0 &

®
o
-
-
o
L]
o
o
L
o
-
@
o
L

Three types of bent waveguides, (al) A strmght waveguide without any bend. (a2)
An S-shaped waveguide formed by combining taro 437 -bent waveguides, (ad) A U-shaped
wavegmide formed by combining two 90°-bent waveguides, Transmission in these waveg-
uides is higher than 0% when the working frequency is chogen as @ = 0.25(21c/a)



Micro-diffractive device (by Dr. J. -R. Sze, % 3 4 £ 4):

(a)
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7-3 Dielectric—Slab Waveguides in the Free Space
Case 1 TM modes: H,=0

d? E
TEWD L 250 () =0, i=p+otus, 75
dy?
d b= Ui
Ce v 2), yZ% €0, K0

k 2 :a)2 &, — 2 :h2
=>Ef(y)= Eosinkyy+Eecoskyy, y|gi Y € — P y
2 2: 2_ 2 :_h2
d a ﬂ a)/uogo 0
a(y+-) d
Ce 2, y<——
e y )

At cutoff: a—0, f—w’uoeo, waves are no longer bound to the waveguide

Above cutoff: @1 6, < B <o\ 1,€,

EO
Surface impedance of TM mode: Z =—-——= i (TM)
s Ho

x a)gO

And E f (¥) iscontinuous at y = i% = Relationship among E,, E., C,, and C-..
0Odd TM mode (E,#0, E.=0):
(1) |y<d/2: (2) y>d/2: (3) y<—-d/2:

k,d 0 _k,d d/2
0 — B e —a(y-d/2) E - _ E y a(y+ )
E'(y)=E,sink,y E (y)=(E,sin 5 Je C()=—( »sin =2 Ye

d d a(y+i
E;)(y)——ﬁE cosk,y {E}(y)=- jﬂ(E sin—2— 5 2 ye 0 JE)(y)=— ]'B(E sin —2— 5 e D)

y

kd e, k.d
0\ JOE, H° _Jg E sin 2y @04 | [0y = Jwg, E sin2yeatr+di2)
H}(y) == =% E, cosk,y () == (E, sin—=m) () ==~ (E,sin—r)

X
X

y

: . d
H!(y) iscontinuous at y=—= & _
2 ko

a’ +hy2 = 0" (U8, ~ Ho&y) = [0 (1,8, _,Uogo)_kyz]l/2 =

€y



Even TM mode (E,=0, E #0):

(1) |y<d/2:

E}(y)=E, cosk,y
B
k

¥y

E)(y)=

E,sin kyy

y

2) y>d/2:

k.d
E? (»)=(E, Cos%)e*a(yfd/z)

j k. d
E0) =L (5 cos =5y 0
24

(3) y<-d/2:

k.d
E}(»)=(E, Cos?)e“@*dﬂ)
] k.d
E;) = ﬁ(Ee COS%)ea(wd/z)
a

we,

i k.d k.d
0y _JYa o HY(9) =225 (B cos2)e 4D | g0 (y) == L9500 (£ cos2Dyeatrnr
H (y)= k. E, sink,y -(») o (E, ) ) =) p (E, cos 2 Ye

k. d
H!(y) iscontinuous at y = % = kﬁ = —g—ocot% (Even TM)

y &y
Odd TM Modes Even TM Modes
mcod = w{:cd
tan 5 VHa€s — Ho€o | =0 cot 5 VHa€a — Ho€o | =0
ool Ha€a — Ho€o = (n — D), ool Ha€a — Ho€o = (n — ),
el 2 o3 =82 3.0
—1 ok
oy WSE) Gl Whiaantg) oot d®5BDicndes (g
d~/g€q — Moo d~/ 1i€q — Ho€o




Case 2 TE modes: E,=0

d"H
JH@H "(»)=0, K’ =y’ +a’ue, y=jp
dy’
d
' _0‘(,\’—5) >£
u e b y— 2
H!(y)=4H,sink y+H,cosk,y, |y|$%
a(+d d
C,’ 2, y<——
e € y >
E° i)
Surface impedance of TE mode: Z =—-= Ot

0dd TE mode (H,#0, H.=0):

(1) |y<d/2: (2) y=d/2:

k. d
! i Hf(y) =(H, sin—2—)e “0~4/2
H (y)=H,sink,y 5
JB i Jjp . kd i)
H)0) = =22 H,cosk,y  HI(0) == " (H,sin= e

y

j k. d j kd
; jou, . - __Jjou .
EN(y) = —717:#" H,cosk,y E}(y)=- p “(H, smyT)e U EN(v) =~ o “(H, s1ny7
g
. . d «a k.d
E(y) is continuous at y = By = & oy T (Odd TE)
Hy
y

Even TE mode (H,=0, H#0):

(1) |y<d/2: (2) y=d/2:

(TE)

(3) y<—-d/2:

0 : kyd
H(y)=—(H, SmT

)ea(y+d/2)

b
HB(J/)=—]'B(H sin k )0!(}+d/2)
o 2

)ea(y+d/2)

(3) y<-d/2:

o kd
H'(y)=H,cosk,y H?(y) = (H, cos==)e " ""? H(3)= (H, cos==)e
' . » kd .
HS(y):;c—'BHe sink,y  {H'(»)=-22#, cos yz Je 0 Hj?(y)— IB (1 cos"20yputrmir
¥ a 2
. i k.d k.d
0 _jou, . E° =_Jwﬂo H cos—2")e-at=d/2) E 2 H., cos a(y+d/2)
Ex(y)—k—Hesmkyy < (») Y (H, > ) = ( e
y
. . d «a k,d
E’(y) is continuous at y=—=>—= Mo o 2T (Even TE)
* 2 k 2
¥ Ha
Ch R for Dielectric-Slab Waveguide' ]
Mode Characteristic Relation Cutoffl Frequency
Odd (a/k,) = (€q/€,) tan (kd/2) foo = (1 — 1)jd/pgeq — jigts
™
Even (oefk,) = —(eg/e ) cot (kd/2) Sow = (n — )/d e, — figka
Odd (k) = (pio/pg) tan (kyd/2) oo = (n — 1)/d~Juses — poea
TE
Even (et/k,) = —(po/p,) cot (kd/2) Soe = (n — 1dpges — fafa




Eg. A dielectric-slab waveguide with uq=u( and £4=2.5¢, is situated in free space.
Determine the minimum thickness of the slab so that a TM or TE wave of the
even type at a frequency 20GHz may propagate along the guide.

(Sol.) The lowest TM and TE waves of even type have the same cutoff frequency:
n—(1/2)

fc =
Ay 1484 = Ho&,
Forn=1, f. = < . < =6.12x10" m.

2d\(1,6, 1 1e80)~1 2 (a0 1080) —1
Eg. A waveguide consists of an infinite dielectric slab (u4,64) of thickness d that is sitting
on a perfect conductor. (a) What are the propagating modes and what are their cutoff
frequencies? (b) Obtain the phasor expressions for the surface current and surface

charge densities on the conducting base for the propagating modes.
n—1

2d\ a8, = Ho&o

(Sol.) (a) Odd TM and Odd TE modes exist. (f.),u_r =

n—1
(fc)odd—TE =
2d\ 84 = Mo,

(b) Odd TM: ES(J’):—%}EO cosk,y J. =_)A’XH(0)=—§J.§:7%EO

y

=
0, . e
H?(y) =5 £, COSkyy P=y: ngv(O) = _j'/fid £

k,
Eg. Find the solution of with ad/2 versus for d=1cm and ¢,=3.25 if (a) f~200MHz,
and (b) /~500MHz. Determine £ and a for the lowest-order odd TM modes at the

two frequencies.

a’ +ky2 =" (U8, — Ho&o)

(Sol.) Solve 1 4 £,
— =—tan

k, &,

k.d by numerical methods.

(a) f=200x10°Hz, 0=4110°=> a=0.061Np/m, k,=6.28rad/m, ﬂ;/a%%—kj =4.19rad/m,

f=200%10°Hz
(b) /=500x10°Hz, o=n10° = 0=0.38Np/m, f=10.48 rad/m



7-4 Optical Fibers

n, r<a
, where n; and n, (n1>n,.)

Consider a z-directional optical fiber with n(r)=
n,, r>a

are the refractive indices of the core and the cladding regions, respectively. In the

optical frequency band, n;=,/¢,, and n,=,/¢,, .

rl

Classification of optical fibers:

Index  Index  Qutput
Prafile  Pulse  Pulse

n2

mMultimode Step Index

multimode Graded Index

Singler ade Step Indes

Case 1 Step-index fiber: n and n, are constants.

WHE dadding (%-43)

\m(ﬁ-:s)
. 1 ,, P
nE | B0 WS L

In this case, no pure TE and TM modes exist. The waveguiding modes become the

hybrid eigenmodes (the EHj, and the HE,, modes). The field components are

10 0E . 10,

obtained by solving (V.> + h*)E. = ——(r—=) + +h’E. =0,
y Vg(t )z r@r( 87') }"26¢2 z
2
(V> +h*)H, =13(;»‘3H2)+i2a HZ +h’H_ =0,
¥y or or re 0
E oot gt oult., @0k ol

T2 r T 72
and h or r og¢ h™ r 0¢ or .

p :%[_ﬁa&_’_wﬂal{z ], H¢ :—Lz a)gai_FﬁaHz]
h r O¢ or h or r O0¢




The soluti E. AJ, (hr)e’""™  r<a o {BJ, (hr)e’"™  r<a
e solutions are L=

CKI (hr)e’ ™ r>a’ DK, (hr)e’ "™ r>a

J,B

J;‘UZBJ (hr)]- e’ r<a

1S
Il
/—j_\

]’B[CqK '(q )+]ﬂ'UIDK( M- rsa
q

Jf I AT ()= PE BRI ()] r < a
h™ " r p

4[]—ICK1'(W) —w—ﬂﬂDqK, (qr)]-e’, r>a
q r

=
Il
f—/%

_hjzﬂ ]a)gl AJ, (hr)]- e’ ﬁ") r<a
H, = 3 ) l

I gk, (gr) - L2 CK ()] /), r>a

q

Jﬂ BJ )+ 250 Ang (hr)]- e/ r<a
ﬂ 1

f—/_\

Jﬂ[—DK (gr)+ ,6’2 CqgK,'(gr)]-e’""™ | r>a
q

where h=4/n, k —ﬂ2 g=~p —nzzko2 , 1 is an integer, and /4 is the m"™ roots of

B,

)]( )

J\'(ha) | K'(qa) | (1) (ha) n'K['(ga)| _ 15
hal,(ha) "~ qaK,(ga)) \ haJ,(ha) ~ qaK,(ga)

The constants 4, B, C, and D satisfy the boundary conditions that the tangential field
components are continuous at 7=a. This leads to A4J,(ha)—CK,(qa) =0,

e DO v TTOH e N
A-[5 S (ha)]+ B[ W J,'(ha)]+C [qzaK,<qa)]+D [ > K,'(ga)]=0

AL Sha))+ B 125 g (hay)+ € 1222 K, (qay) + D[ K (qa)) =
hp h”a qp q°a

Note: Other approximate solutions of the eigenmodes are called LP;; modes. Their

expressions are omitted in this course.

Single-mode operation of the step-index fiber:



Eg. A step-index fiber with n,=1.45 and n,=1.44, has a core radius a=2.5um. Find

the minimum free-space wavelength for single-mode operation.

27-2.5-4/1.45% —1.44°
A

0

(Sol.) <2.405, A,>1.11033um

Case 2 Graded-index fiber: the core region has a parabolic refractive index profile

n 2 (e)=n1 2 (r)= nio (1-a°17)= nio [ 1-a°(x*+ %)

AT

%3 ( Graded index Fibne)

it

Srimbies
fEs

Ray tracing in the z-directional graded-index medium: Assume initial angle 6y from

the vertical.

. . . dz n, sin @
Snell’s law=> n, sin@, = n,sinf, =n,sind, =--- = — = . .

2 2 -2
dx \/n —n, sin” 6,

Eg. For a medium with n*(x)=ny*(1-a*x?), find the trajectory of a ray making an

initial angle g, with the z-axis in case of a*x’<<1.

n, sin g, _ cosd, N 1 e @, sin(az)
1

\/nz —n,’ sin” 6, \/Sin2 do—a’x® [4," —a’x*]? “
o

dz
Sol.) —=
(Sol.) T

A7 o, 1 . . .
WKB method: Tﬂjo \/nz(x) —n*(x,)dx =(m +E)7r , where x, is the turning point
0

of the m"-order-mode ray.

Xa 4 X,
For n*(x)=no’(1-a’x%) , 1—”[0 V)= (e == | w/xaz—xzde(m+%)7z
0

A
2m+1)4,
= xa2 = @m+D4, and x=x,sin(az) = @mt DA, sin(az)
2mgo 2m o

1.32um and 1.55um are commonly-used wavelengths for fiber communications.



Fiber Systems:

(A ES720.002 i $EEHIS123k
F0.01 %42/ GRS ey
(S48 28 2K)

COMMUNICATION REQUIRES ENERGY AND POWER

Power Requirements

Typical receivers need: E, > ~4 x 10-2° Joules/bit

Power received [W]: P = My,E;, (M, is data rate, bits/sec)
e.g. 10 Watts permits Myps = ~1094 x 1020 = 2.5 x 10'0 bps
This can send 2.5 x 10'%(8 x 7 x 108 bits/CD) = 4.5 CD’s/second!)

WAVELENGTH DIVISION MULTIPLEXING (WDM):

* Multiple wavelengths combined onto one fiber

+ All wavelengths amplified simultaneously and
independently in each optical amplifier (OAMP)

CAMP  OAMP OAMP
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A 16-wavelength DWDM fiber system (by Dr. J. -R. Sze, % 3 3 £ L):
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7-5 Planar Optical Waveguides

Consider a z-directional planar (slab) waveguide with the refractive index profile

n, xzd

x| <d }, its eigenmodes are

x<-d

nx)=qn,,
n

s

Case 1 TE modes: E = JE (x)

Ee " x>d

¥<d , where q:\/ﬂz—nczkz ,

E, {cos(2hd) + %sin(Zhd)]} Py <

2 2,2 2,2 2 pt+q
= -n"k*, h=4n,k°—p° ,and tan(2hd)=——— = Solve p=?
p=+p" —n, N B (2hd) P p

h

E,(x)= Eo{cos[h(x—d)]—%sin[h(x—d)]},

Case 2 TM modes: H = yH (x)

—Hoﬁ'e’qy(x’d), x>d
qh n,
H,(x)= HO{—;cos[h(x—d)]+sin[h(x—d)]},

x<d n. n

-H, [ﬁv cos(2hd) +sin(2hd)]- ", x < —d
q

and tan(2hd)=% = Solve f=?

L]

h—t1
h

Condition of single-mode waveguide: f has exactly only one value.



Eg. Let n.=n,=n,, the ray paths and optical field distributions are depicted as

follows:

Mo trapped
solutions ¢ >0

kxd

Mo trapped
solutions ok 0

= ka +a’ =o' (e - p1y&,)

B> +k.’ =’ ue, inside the slab
B’ —a’ =’ u,e,,outside the slab

Transcendental equation: k dtan(k d) = ud \/ @ (e — pyey) — k> 1ty

Eg. Determine f for an optical planar waveguide with 2d=r~=1uym and
n.=n;=1.49=ny, n/~=1.5=n, by numerical methods. Is it single-mode? And sketch

the E-field profile. (Assume A=1um.)



7-6 Rectangular Optical Waveguides Surrounding by a Uniform Medium

Consider a z-directional rectangular optical waveguide surrounding by a uniform

y|£d

n,, elsewhere

n, x|£a,

material with the refractive index distribution n(x,y)z{ . Its

eigenmodes cannot be solved by analytic methods. Therefore, some approximate

methods were proposed.

Marecatili’s approximation:
Divide the transverse section into nine regions. The fields

7 7
% % within the four corner regions are neglected and the

sinusoidal-sinusoidal field exists within the core region. The

@ % sinusoidal-exponential fields exist within the upper, lower,
ﬁ a

left, and right regions. According to Marcatili’s theory, a

rectangular waveguide supports E;, and E), modes.

Case 1 E;, mode (p and ¢q are integers): H,=0

Acos(k,x —p)cos(k,y —y), |x| < a,|y| <d
Acos(k,a —gp)cos(k,y — w)e 0 v s, y| <d
H, =1 Acos(k,x —¢)cos(k,d - w)e ", X<a,y>d
Acos(—k,a — g)cos(k,y —y)e" ", x <—a,|y|<d
Acos(k,x — @) cos(—k d — p)e” " x| <a,y<-d

where phase parameters ¢=(p-1)x/2, y=(g-Drx/2,

2 2 2 2 2
k' +k, + B =k, x| <a,
2 2 2
and J—y " +k, +p=k’n,",x>aorx<-a,

k 2 _}/yz +ﬂ2 :k2n22’

P

y| <d
y| <d . Transverse wavenumbers

x|£a, y>dory<-d

are 7x2:k2(n12_n22)_kx2 and 7y2:k2(n12_n22)_ky2'

The other field components can be obtained by

0’H 0’H
Ex:a)luo y 12 7 E, = 12 -
B wen” fOx wen” P Oxoy

£ —-j OH, ___jaHy

2 > Hz_
wen”  Ox f Oy



E, and H, are continuous at x=ta and y=1td

2
= k.a= (p—1)£+tan‘1 (nlzl) and k. d=(q _1)£+ tan—l(y_y)
2 n, 'k, g 2 k,

Case2 E> mode: H,=0

Bcos(k,x —¢g)cos(k,y —w), |x| <a, |y| <d
Bcos(k,a—¢)cos(k,y - p)e ", x> a, y| <d
H, =1 Bcos(k,x — ¢)cos(k,d — w)e O, x| <a,y>d
Bcos(—k,a —p)cos(k,y —y)e" " x < —a,|y| < d

Bcos(k,x — ¢)cos(—k ,d — p)e " x| <a,y<-d
O°H o0’'H
Ey:_a)_%Hx_ 12 _zx’ Ex: 12 X
The other field components: B wgn”f oy wéyn”§ Oxdy
j aHx _j aHx
E = S H, =—~
wgn~ Ox g oy

E, and H, are continuous at x=*a and y=1td

2
n
= ka=(p-)Z+tan (L) and kd =(g-DZ +tan” (L2
2 k g 2 n, k

X 2 ¥y

Examples of rectangular waveguides (by Dr. J. -R. Sze, 3% I 3 £ X)—Light pipe

(multimode rectangular ridge waveguide) array.

KA ARMLERALFHERMUERE (—)
(a)sim % - (0)—Mdhal -

FHEERGETHER LT FFRMAMERR (=) -
() A o (D) di o -



Helmholtz’s equation: Vt2¢(x, V) +[k*n° (x,y)— B714(x,y) = 0, where p(x.p) is the
scalar field.

(Proof)  Scalar wave equation: V>W(x, y,z) + k*n’ (x, y,z)¥(x, y,z) = 0

For a z-directional waveguide: n(x,y,z)=n(x,y). Let ¥(x,y,z)=@(x,y)e ", we

obtain V,’(x,») +[k’n’(x,y) - B1p(x,») =0

Variational principle: Seek a trial function ¢(x,y) to maximize
I I s L G B
- 00 00 2
[ [ #e.v) dvay

(Proof)

VP, ) + K20 (x,3) = B2 1p(x, ) = 0
V. 0x, )+ K77 (x, n)P(x, v) = B P(x, ¥)
$* (X, )V, P(x, ) + K70 (x, )P(x, 1) * (x, ) = B2 (%, ¥)$* (x,7)
[ %)V 2 dxe, )+ 62n (e, p)d(x, )| Yedy = B2 [ |, ) dedy
For fx sy —>49=0, [ [ ¢*(e.)V, dxy)dxdy == [ |V g(x.y)f dvdy

e g I =9, g0x, ) Ny
[ [ |#e.yf dxdy

= f’

Utilizing the variational principle, two common trial modal functions for a rectangular

optical waveguide are
2

X
2 x>y /4(6—1) exp(—?)
X,y) = cexp(———— and X, V) =4 .
¢1( y) Wnyﬂ' p( sz Wyz) ¢2( J’) a2727z3 1+(€—1) .yz/}/z

Some simulation results of a multimode rectangular optical waveguide are

depicted as follows:




7-7 Diffused Waveguides
Waveguides were fabricated by diffusing a strip of metal, width W, into a chip. Let the

y-axis be downward, and the origin is set on the surface of the chip, then the refractive

L, y<0

5 5 ) , where
n, +n —n")f(»gkx), y=0

index profile becomes n’(x,y)= {

w(l+ 2x/W) v a0 2x/W)
2D 2D,

X

f(y)—eXP(— 2) glx)=— {f[ 1}

ny 1s the refractive index of the bulk, and n, is the refractive index on the surface for a
sufficient wide metal strip. The quantities Dy and Dy are respectively the diffusion
width and depth.

| ntagrated Thi-pass potarizer | ek, e,

Ti ddfvaed

The approximate fundamental modal functions of diffused waveguide is

normalized as

4 X (y=b). . {2, y<b
xX,y)= |[————- -exp[-——5— , 1=
#(x,y) ,/al(a2+a3)ﬂ s S PR

where a; is the horizontal e half width of the modal field. Both parameters a; and a3

are the vertical ¢ half widths toward the air and the substrate, respectively. The other
parameter b denotes the distance between the peak of the modal field and the top

surface of the core region.

For a general 3D optical waveguide, its waveguiding modes and propagating field
can be solved by BPM in case of ignoring reflection. If the structure is very

complicated, FDTD method is employed.



7-8 Introductions to Finite-difference Beam Propagation Method (FDBPM)
Consider a source-free region and set E = XE', +yE' +ZE'. .

E-formulation (by Dr. Wei-Ping Huang):
Dr. Wei-Ping Huang was born in Beijing. He graduated from

ﬁ MIT and got his PhD degree. Now he is a professor in the ECE
- = ‘ Department at the University of Waterloo, Canada. His

research group is one of the leading groups internationally in

-
P

photonics and computer aided design. Dr. Huang is creating
new design tools to help develop the cost-efficient photonics

I systems required for large-scale broadband communication.
Gk KR L 1979 ¢ £ 4B Sraids g praritz Bar 0 (5 5 1989 # 4

r—f.‘]tifiJ TEMRESEES DRI kY & M‘:gfﬁ-&'ﬁxp}ﬁ&)
FALE AP r R REFER GEFF
A FEAET A EAek RETIHRE XAGPH
Aok Btk AR ER RfrREUERLY § AP G R
A Ao B2 R S FEE AR
FHFRAER ARk GEEARRE A IET L%
b EEH B2 RER LRI RERG AP HNHE

¥

VXVXE—-n*k*E=V(V-E)-=V*E —n*k*E =0 = V*E+n*k*E =V(V-E)

OE'  OF' E'
= V2(RE' +YE' +2E' )+ n’k* (RE' +JE' +ZE'. ) = V(—* + v 9 ‘)
ox oy 0z
= . 2E')y O(n’°E' 2 '
" No source, .'.V~(£E)=V~(n2E)=():>a(n x)+ ( y)_,_a” E'Z+n2 oF', -0
ox oy oz oz
If the refractive index profile varies slowly along the z-axis, on’ /82 may be
' ’E' o(n’E'
neglected. :>£z 12 o’k ) ( )]
0z n ox oy

VX (XE'+yE' +ZE' )+ n’k* (XE' ,+YE' +ZE',)
o0 .0 .08 0F, +8E'y_L[a(an'x)Jra(an'y)

=(X=+y—+2
0T %% Ty el A Y

D

E' aE' 2p o(n’E'
:>V2E'x+n2k2E'x: a {a y _Lz[a(n x)+ ( y)])
Ox Ox 8y n ox oy

E' aE' 2p o(n’E'
and VZEvy+n2k2Evy: a {a y _Lz[a(n x)+ ( y)])
oy Ox 6y n Ox oy

9
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Assume that E' =E.e™ and E',=E,e”™", where f is the vacuum wave

number and 7y is the effective refractive index. With the assumption that the guided

lightwave has a slow-varying envelop and is paraxially propagating; i.e.,

’E, E.| [O°E OF O’E| O°E
0 X << 2n, ka . = << 2n0k| y| :>| zx and | . | are neglected.
oz 0z oz ‘82‘ ‘82‘ ‘z‘

And then we have the following coupled equations

OFE,

o =A. E+AE,
OE,
Jj % =A,E+A, E,

where

AxxEx ( j +_E + l’loz)'szx
2n0 6x n ox
1 e 0|10 )
Ak, = W{@Ey ShalreJben )"‘zEy}
2
AE, = L2 izi(anyj 9 E,
2n,k | Ox oy Ox0y
2
AE - 1 Ja 1a(nExj_a E
2nyk 6y n- ox 0yox

These coupled equations are the basic formulas of the full-vector BPM. If we neglect

the terms of 4., and Ay, then the equations are reduced to the formulas of the

semi-vector BPM. In case the transverse variation of the refractive index is very small,
oF 1 OF,

= and —i n’E pE

> oy dy

The formulas of the semi-vector BPM can be simplified into the following Fresnel

and that is, izi(anx)z
n- Ox

equation, which is the formula of the scalar BPM.

* & F1~
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Application of BPM:

Eg. A laser beam passes an MMI waveguide device. (by K. Huang, § & 4F)

'.I| T ] b
1l H - -
. - :ni : _:.\_ 4 ._..:_. o _;_ e H
e g R e - 2 - T . o= ¥
- __'_ = . :u| TR —— = :
S e e = T
]_ —= 1 £ . i —
EleF1 - B == ==
i : 1 : : :
sty Mo [ | — - —
— e wm T} BT e e ) = - W
t Bt :.._:_...__
-] |- w, L e )
l S T - I | T T T T TR
Eg. The fundamental modal field of a single-mode ridge waveguide.
") Lumerical MODE Solutions - Analysis y =0 x|
File
Physical Inputs | Calculate modes | Data analysls‘Data expur‘t‘
[ Fletapuans Component [ -
@ (inear scale
O |og scale

W superimpase structure

Mode effective indices

1) 1.71

[ ELE =, 2% ThY)
2)1.55347 (8% TE, 98% TM)

y (microns)

0.5

0.5

-00
x {microns)




7-9 Direct Coupling from Laser-to-Waveguide

Direct coupling efficiency:

2

v e e
[ 1 oo dvdy- [ [ |t ) dvay

Optimal Direct Coupling
from Single-Mode Fibers
to Ti:LiNbO, Channel Waveguides

KEH-YI LEE
CHYI-JIEH HSIEH
JYH-ROU SZE
GWO-JIUNN JAW

Department of Electrical Engineering
Chinese Culture University
Taipei Taiwan, Republic of China

We investigate the optimal direct coupling from single-mode fibers to Ti:LiNbO;
channel waveguides using a very general formula and a heuristic optimization
technique in this article. The coupling efficiency of the optical power depends on
both the fiber positions and the modal sizes of the incident fields. From our
numerical simulation, it is found that the optimal positions of the fiber axes are not
in alignment with the peaks of the waveguiding modal fields and that the coupling
efficiency can be improved by microlenses.

Keywords coupling efficiency, optimization

Eg. Obtain the optimal direct coupling efficiency between an optical fiber and a
diffused waveguide. (by K. Y. Lee, J. —R. Sze, et al.)

(Sol.) Waveguide mode: qo(x, y) =C, o, (x)(oy (y), where ¢, (x) = exp(_ ?% 2)
1

d — —(y—b)2 P 23 ySb
and ¢, (y) eXp[ 1 R AR

Fiber mode: ¢(x,y) =C,- exp{_ [x2 - (y B c)j/z}
: w

Utilize the following formulae: J‘OA e dt = gerf (A), erf(-0)=-1, erf(0)=0,

Jr Jr
2B a’

erf (@) =1, erf(-C)=—erf (C), [ e dit="Terf(4VB), [ e dx=



fw e dt = %[l +erf(A)], j“w e gr = g[l —erf(A4)], and

J': o A gy — \/;[1 +erf(4)]

2
L o’ b oo et
2 b

[ [ denptenddy=c,C. [ e ael e T ape[e T ay)

—o0

11,
—(—5+—5)x
® 7,1 wa, N7
j e WAl gy AN
- [ 2 2
w +a1

—M—(yib)z [”’(C’b)]z u® (C*b)2 ct22+w2 ruftlzz (L'—b)]z
2

- L
J-b € " . dy = J.Oe v @’ du=e (@ +w") -Ioe wla,’ a’ +w? du
o B K

A WN T { (c-b) } a,(c—b)
=——F———-&xXp| 75— |\ —ef| —F——=— >
2-\a; +w’ as, +w W ,a22+w2

Similarly,

_omo’ by lu—(c=b)* _u’ (c=b)* a’+w?  at(c=b),

[u
2a,? a32 +w?
dl/l

b 0 b

A;WN 7 (c—b) } ay(c—b)
I i Y Sl terf| —————=—
2- 6132+w2 { Cl3z-|-w2 " /a32+wz
2 a,(a, +ay)rw

[ [ 8 st = 2 F and [ [ g7 ppanay =, 00T,




Simulation:




7-10 Theory of Crystals

Lattice: A periodical structure of atoms. Due to the periodicity of the lattice, we have
e(r + E) = g(7) . Furthermore, &(—7)=&(¥) and there exist several axes and planes

of symmetry.

Primitive vectors: a, =a, a,=b, a,=¢

Translation vector: R =a,a, + a,a, + a,a,, where o, o, 03=0, £1, +2, +3,.. ..

E=0a-+2b+1c

[021]
e Real
space

Primitive cell: The parallel hexagonal region composed of a,, a,, and a,.

Wigner-Seitz cell: The region bounded by bisecting line of two adjacent atoms.




Reciprocal lattice: The Fourier domain of original lattice by optical diffraction or

electron beam diffraction.

Reciprocal lattice primitive vectors: b, = a*, b, =b*, and , =c*.

Translation vector in the reciprocal lattice: G = ﬂIZ;I + ﬁzgz + [5’353 , where B, B2,

B3=0, 1, £2, £3,....
L eFR=ar), .e(F) =Y 8(G)e = e(F +R) =Y E(G)e T
G G

— Bragg’s diffraction law: G- R =2nrx . It implies I;j -a; =210y .

- - = 2 ~  2n(a,xa
Let bl :k(az xa3), bl - a =2r ikZijl :#
a,-(a, x dy) a,-(a, x ay)
- a,xd a, xa
Similarly, b, =27———"— and b, =27——%
a, -(ayxa) as-(a, xa,)
a L]
- B - f‘é .
o .
. o= X i
I - - ., E
e
a /h:-. ]
Square lattice and its reciprocal lattice Hexagonal(triangular) lattice and its reciprocal lattice
Square lattice a1 = ai b =27 /ai
g = aif Eg =2 fag
Triangular lattice | @ = ad by = 2w fa(F — v3/3 4)
iy = (& 4+ v3j) | ba = 2n/a 24/3/3 4

Table Definition of @ and b vectors for square and triangular {or hexagonal) lattice.

Brillouin Zones: Wigner-Seitz cells in the reciprocal lattice.



K, E
%
;
First Brillouin % 4
oy [ "
5=t Second o R
Brilouin "-\ £ Allowed
e #i2 . f 7 Alow
E= it Taics
3 x T ~ &
5oy e i - P
. #

)
Forbidden
£ -'cr;; energies
il

e frst and second Bllaum zones of a two-dimensional square lattice. rystal

Band diagram: Describe the relation between the energy and the momentum.

In quantum mechanics, the energy of n photons 1s Epnoton=nhv=nh@ (ocw orv),
the energy of n phonons is Epponon=(n+1/2)hv=(n+1/2)hw, where h is the Plank’s
constant, v is the frequency, % =h/2x, and w=2znv. The downward transition of an
electron between energy levels or bands may emit photons or phonons. The upward
transition between energy levels or bands can absorb photons or phonons.

On the other hand, quantum mechanics shows that the momentum of an electron
is p=mv=h/A= hk o k , where k=2mn/\ is the wavenumber of matter wave.

We can depict the relation of the energy E (or w) of electrons in a crystal versus

k (or p). It is called E-k diagram or band diagram.

Eg. Two examples of band diagrams.
Direct bandgap: Eg. III-V compounds such as GaAs, Ga,Al; As.
Energy The downward transition of an electron in a crystal of

A
w"’f‘l’/ the direct bandgap can emit photons. ("." Ak=/A\p=0,
[

3 . T .
bendgas . no variation in lattice momentum. All loss of energy

) due to downward transition must become radiation of
/1;: i photons).

k

Indirect bandgap: Eg. Crystalline Si.

Brergy The downward transition of an electron in a crystal of
/ I :“d’/ the indirect bandgap can not emit photons, but it can
] cause lattice vibration and then generate heat or
- acoustic waves, etc. ("."/A\k#0< /\p#0, There exists

\
/'/‘I“““N variation in lattice momentum. The loss of energy due
k

to downward transition can become phonon

radiation).
Note: Usually, crystalline Si can not emit photons. But porous Si and nano-structure

cluster Si in SiO, can emit photons.



Lattice defects of crystals:
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7-11 Theory of Photonic Crystals

Define the Fourier coefficients of periodical permittivity as follows.

S -1 1 SO
e(F)=> (G |, &(G)=—| e(F)e " dr ——=>» (e , and
(7)=2#0) (@) =5, ORI

~ikF

g (é) = é.[o %d? , where Q denotes the surface of the elementary cell. Note that
e(r

e(F)=¢e(-F) and &(G)=&(-G) for a crystal.

H-formulation: V x —
e(r

2 2 g e
! ) V x H(F)J =2 HF) . where H(F)=Ya H (k)™
c =

and u, is the unit vector of the /™ coordinate basis (u,-u; =0, for the orthogonal

coordinate system).

" Periodicities of the lattice and the reciprocal lattice, .. H(7) =H (F+R) and

k-7 7N i(k+G)F rr= 2~ 7 (kG F s ~ i(k+G)F
H (k)" =H ,(k +G)e'™ " = H(r):ZZujHG’j(k+G)e(k 9 Ezzl:u H e
G Jj= G Jj=

g — 2 TN =
Substitute L z g(G)e " and HF)= ZzﬁjHé je‘('”G)" into
G G j-l |

e(F)

Vx( lq VXF](?)JZCO—;FI(F)D
&(r) c

—e"T Y (G (K +G+G)X[(k+G)H y, T xi 1= e Y H e,

G.G\j ¢ G,j

iGr

Multiply e~ and divide e*” at the both sides of the above equation, we have

e 2 T e
- Y &G (k+G+G)x[(k+G)H,, " xii,]= LS H, AR
G.G.j | c G,

And integrate each term all over the whole cell. Utilizing

2 ()#0.G=6G

J‘ drzei(é+6"—é')~f -4 and J‘ dr;ei(é—é").f _ { 0

& 0, else
we have —zs_l(é"—é) (k +G")x[(k + G)H@vj Xu;]= _ZHG',ﬁ
G'.j , J ’

And then replace G" by G' at the left side and replace G' by G inthe right side.



2

‘ S

Itis obtained: — > &™(G'-G) (k +G")x[(k + G)Hé,j xu,]=
G'Jj '

ZHG,]‘MJ'
J

We take the inner products of the above equation with u, and u,, respectively. By

2
C

Ax(BxC)=(A4-C)B-(A-B)C, [Ax(BxC)]-D=(4-C)B-D-(4-B)C-D =

Eigenvalue problems: Given a plane wave e **97 e can obtain the eigenvalue
@ and depict the band diagram.
2

N e (G-G)k +G)-(k+G)H,, =“_H_, (TE wave)
2 o

2871(6 - é’)‘lg + C:’Hl; + C:"‘HG-,,2 =2 g (TM wave)
5

2 G2

Eg. Photonic crystals with (a) a square lattice, (b) a triangular lattice. Other
parameters are &,=1, &,=12, R./a=0.35.

i ]
. I . *

{a) Square lattice {fr = IB.48%), {b) Triangular lattice (fe = 44.43%).

Reciprocal lattices:

e
s
o <1 Q o
A
PN Y
- bt “ .
- / b
- W M a " '\‘. ~
. R s
- s . ; N !
by 4 L r
S / K ‘\. £
h
B 2 x R Y
. v / r SN
. -~ s K /- k%
¢
A -~ e @
A D
R \\ i
=} ] a i
P @
(a) Square lattice, (b) Triangular lattice.
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For a 2D photonic crystal made of circular cylinders,

&), +&,(-1), G=0

2J, (‘G‘RC) ,where f. ={ ¢ .
(e,—¢€)f. ‘é—, eleswhere 27R,  hexagonal lattice
R

c 3a?’

7R,

C
2 °  square lattice

£(G) =

Eg. The band structures of the 2D square-lattice photonic crystal with the lattice
constant is a=0.5um. The radius of the pillar is R.=225nm. And the refractive
index of the pillar is 3.16227766.
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Comparison between the conventional optical waveguide devices and the photonic

crystal waveguide devices:

1. The conventional optical waveguides made of dielectrics are weakly guided.
There exist large power losses in the wide-angle bends/branches. However, the
same structures made of line-defect photonic crystals give little losses because the
lights were trapped by the defects of the photonic crystals.

2. Most of the conventional optical waveguide devices can be easily modulated by
E-O effect, A-O effect, and so on. But only a few photonic crystal waveguide
devices can be modulated.

Eg. A laser beam passes a 7T-junction of a photonic crystal. (by C. -C. Tsai & i &,

T. —C. Wengs¥ 7 3%, Y. —L. Kuox® 2 g, C. —-W. Kao® A &, K. Y. Chenf#t £ =, et

al.)

a=1lpm, 2r =0.45um, n ,=3.16227766, a/A=0.4081632 (A=2.45um)

e ¢ l"@ii

L ]
L ]
®
®
®
®
®
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e ¢ & & ¢ ¢ @

Eg. Simulation of light propagating along 90°-bent photonic crystal waveguides.
(by C. -C. Tsai, T. —-C. Weng, K. —Y. Kuo, C. -W. Kao, K. —Y. Chen, et al.)

The photonic crystal devices can be simulated by FDTD method.


http://faculty.pccu.edu.tw/~meng/90%A2X Bent PCWG.pdf�

7-12 FDTD Method

3D Full-vector FDTD method (by Kane S. Yee)

o : - . OE . H
Maxwell’s equations in the source-free region: V x H = oF + 888_ , VXE = ,ué—
t

ot

OE, 0H_ OH, OE, OH, oH.

= oF +e— , of +¢ )
ot oy 0z ’ ot 0z  Ox
OH
aEZ+gaEZ: y_aHx,
ot ox oy
oH, OE, OE, ©OH, OE 0E, 0H, OE, 6 OE,
‘[I = — ’L[ = —_ — —

a & o e & & la o o

E, Z (Yee’s FDTD cell, 1966)

According to Yee’s algorithm, define the following notations: E(i/\x,j/\y,k/\z,l/\f)
=E(i,j,k,) =E'(i,j,k) and H(i/\x,j/\y,k/\z,1/\t)= H(i j k,])=H'i,j,k). We have

R 1
oF, . Ex(z+5,],k,l+1)—Ex(l+5,],k,1)

~

ot At ’

| |
5Ey N Ey(l,]+5,k,l+l)_Ey(l,]+5,k,l)

ot At ’

.. 1 .. 1
oE. . Ez(z,],k+5,l+1)—Ez(z,],k+5,l)

~

ot At ’


http://faculty.pccu.edu.tw/%7Emeng/FDTD%20C%20source%20code.doc

A 1
OF. N Ex(1+5,],k,l)—Ex(l+5,]—l,k,l)
oy Ay

R N
OF. Ex(l-l-E,],k,l)—Ex(l+E,_],k—1,l)
oz Az

OF E(z]+ J,D)—E (- 1]+ k1)
y

9

b

~

2

ox Ax
E, E(U+ D) - E(11+ ke —1,0)
Oz = Az ’
. 1
OF, E_(i, ],k+ ) —E (i — 1,],k+5,l)
ox Ax ’
1
8EZ E_(i, ],k+ ND—E_(i,j— 1,k+5,l)
ay Ay ’
But
oH. H(z]+ k+ A+ ) H(z;+ k+ l——)
o At
1 1
oH, H, i+ ,],k+ A+ ) H (z+2,],k+ l——)
ot At ’
1 1 1 1
H_(i+— kl+ H (i+—,j+—,k,l——
o, M5t ) (gt ki)
ot At ’
H_(i '+1 k+ l——) H (i, ! k+l l—l)
oH, "7, A
y Ay
H (i, + k+ l——) H (i, +1 k—l l—l)
or, AR
Oz Az
H (i+l 'k+1l—1)—H (- ! k+ I——)
or, MUty Rty i) T

ax

Ax

b

9

2

2



1 1 1 1 1 1
H (i+—,jk+—-,1-)-H (i+—,jk——,1——
o, MUt Pk I )Gy R )
0z Az ’
A 1
oH. ~HZ(ZWLE,]WL —) H_(i- 2 kl )
Ox Ax ’

1 1 1 1 1 1

H(+—,j+—kl-—)-H (i+—,j——,k,]——

aszz( AR HH+5, 75 5)
oy Ay

=

E;+‘(i+;,j,k)=ca(i+1,j,k)E§(i+1,j,k)+Cb(i+l,j,k)-

1

2(er; k) H. 2(l+; k) H, 2(l+1,j,k+ ) H 2(z+2,],k——) ’

Ay Az

E"(, J+ k) =C, (i, J+ K)E, (i, J+; k)+C, (i, J+ ,k)-

ST T LAY L SR N P B k) LI k) ’
"’12’2"’]2’2_22 2

Az Ax

Ej“(i,j,k+1)=ca(i,j,k+1)Ej(i,j,k+1)+c,,(i,j,k+1)-

1
l2(z+%,],k+ S)-H, 2(1 1,] k+ ) H 2(1,+l K+ ) H 2(11—1 k+ )

Ax Ay

1
2(l]+ k+;) H. 2(1]+% k+ )+D (z]+ Jk+ )

E'j+Lk+ =B jk+ ) E’(i,j+1,k+1)—E’(i,j+1,k) :
_ 2 2 + Y 2 Y 2
Ay Az




HH%(Hl '/’c+l)—Hl_%(i+l 'k+l)+D(i+l ’k+l)
2:]: 2 y 27]> 2 b 25]: 2

y

EitLjok+ =BG jk+D) ElG+ kD —E G+t b |
2 2 2 2
Ax Az
2(z+l k) H 2(z+l k)+D(z+1 k)
2 2 2

Ei(i+;,j+1,k)—Ei(i+;,j,k) E' (z+1]+1 k)—E' (1]+ k) |

Ay Ax
where  C. (i, j,k) = 2¢(, j,k)—o(i, j,k)At O ) = 2At ,
2¢(i, j,k)+o(i, j,k)At 2¢(, j,k)+o(i, j,k)At
and l)b(l"lak):L
u(, j, k)

-2
Power distribution oc ‘E‘ =(E’ + Ey2 +E.)

3D Scalar FDTD method (by Dr. Wei-Ping Huang)

n’ 'Y oY oY oY n’o'VY

) St ot s T e T

¢ ot ox oy 0z- ¢ ot

Y _ Wi+l k) -2¥ G,/ )+ (-1 k)

Wave equation: V*¥ —

Notation: WA, jAy, kAz,IN) =W (i, ], k),

a2 A
. 0, +5 +5 .
=YY", k) =2[1- 1-W'G, k)Y, j,k)
n’(i, j,k)
2 2
Y+l ,k)+Y (-1 )] +—2— PG, j+ L)+ Y (G, - Lk
nz(l.’j’k)[ i+, +¥ (-1, j,k)] nz(i’j’k)[ (G, j+LEk)+¥ (G, j-Lk)]
52
+——F— [W'G, j,k+ D)+ G, j,k—1)]
n’(i, j,k)
where §X:&At, ) =c_At, §Z:C—At, At < 1
Ax YAy Az 1 1 1
4 2+ 2+ 2
Ax? A Az

2cl At

For the z-propagational initial sinusoidal field: ¥’ (i, ,0) = @ (i, j,0)sin( )


http://faculty.pccu.edu.tw/%7Emeng/FDTD3.FOR

Mur’s First-Order Absorbing Boundary Conditions:

=0, W0, j,k) =P (1, j,k)+ CAL=Ax [ (1, j, k)= (0, j, k)]
+ Ax
cAt — Ax

x=I/\x, YU, j,k)y=Y"(I-1,jk)+ TP -1, k)= (U, ], k)]
cAt + Ax

=0, WHL0,k) = P (11K) + Z—jﬁ [ (L k) — P (1,0,K)]

V=T W) = (T~ LR+ Y e T Lk - (6, )]

cAt + Ay
0, Wi, j,0) =¥ (i, /,0) + M[\P’“@;l) W' (i, 0]
cAt+ Az
=K/\z, ", j,K)y=Y"@j,K-1)+ A [‘Pl“(z J,K-1)=-VY'3,j,K)]

3D Semi-vector FDTD method (by Dr. Wei-Ping Huang)

[2_T(l+L]’k)+T(Z_LJ’k)]‘5x2 +5y2 +522

El+1"k=2-1— 2 'El"k—EH"k
. g k) =2 G VEC ) -E (), k)
5.7 . Lo
+ [T(l—l_ljak) E (l+ljak)+T(l lajak)'Ex (l_lajak)]

n*(i, j, k)
2 2
" [E G j+Lh)+E, G, j~10)] + B G, jk+D+E, G j.k—1)]
nO,,) n(hh@

TG j+ LTG0 52 o

5+[2-

. . * 2 Y ‘ .. “1,. .
B\ k) =241 (i, j,k) VES )R~ E, 7K
52 2
+(— [E (l+1]7k)+E (l 17jak)]+ B - '[Eyl(iajak+l)+Eyl(iaj9k_1)]
nii,j, ni,j,

+5— [TG,j+Lk)-E, G, j+Lk)+ TG, j—1k)-E,' (i, j—1k)]
n*(i, j, k)

2 P . 2/ P
: 2n (l_l,],zk) and T(,j+Lk)=— 2n (l,]_l,zk)
n (£l j,k)+n"(0, j,k) n (i, j £Lk)+n" (@i, j,k)

where T(ixl,j,k)=


http://faculty.pccu.edu.tw/%7Emeng/FDTD3X.FOR

Perfectly matched layer (PML) boundary condition for the scalar and the
semi-vector FDTD methods: (by Dr. Wei-Ping Huang)
In the x-direction:

2 2

o o
‘P’“(i,j,k)z—‘I’H(i,j,k)+2{1— , To. }‘Pl(i,j,k)

n’(i, j,k)

5’ Ao NP 5, . .
+ nz(i,j,k)l:Dz’“l 2(1,],k)—D2x’ 2(1,],]()} +m[kpl(l,] +l,k)+ \111(1,] —l,k)]
52

e W,k 1)+ W (i, — 1)),
n (i,j,k)

cAt _ oAt 5_C_At
YA T Az

o At

gon’(i+1,7,k)
o At

X

gon’(i+1,7,k)

1 ) ) ..
* o k) )
ax+ 2(- .
Eon (z+1,],k)

a,. —

D.(i+1,j,k)= -D.7(i+1, j,k)

a, +

o At

gon’(i+1,7,k)
oAt

X

gon’(i+1,j,k)

1 +1 (. . +1 (. .
+ o Al -[Dlxl Wi+1,j,k)-D, " (i-1,7.k)
ax +2—
Eon (1+1,],k)

D, (i ). k)

=D, i+ 1, k) + D (-1, k)|

o (x)= [1)'" oo = _(ijm n.’g,c(m+1)n(R,)

d 2d

d =n _Ax : Thickness of PML, m: order
Ry: Reflection from PML at normal incidence
ny=8, Ry=107, m=4



In the y-direction:

(s =1 5 +5) I -
v (l,],k):—‘l’ (l,],k)+2 1-— = |V (l,],k)
n’(i, j,k)

52 5, ' Bl

x lP[. 1’ .,k “Pl'—l, .,k y [D I+ .’ .,k -D i .’ ,k:|

+n2(i,j,k)[ (H' J )+ (l J )]+n2(i,j,k) 2y 2(’] ) 2y 2(’] )
5.’ - .

+m[‘{]l(l,j,k+1)+\Pl(l,j,k—l)]

bt et

YA T Az

4 ay~At

Y g n’(i, j+1,k)

. Gy-Al‘

Y g (i, j+ 1L,k)

1 I(: - (. -

+ -, Y, [‘P (l,]+l,k)—‘P (z,],k)]
+—

e+ 1k)

4 O'y-Af

Y g n(i, j+ 1L,k)

. Gy-Al‘

Y g (i, j+ 1L,k)

1 . - +Hf. .
* o'y At .[Dlyl l(l’j+19k)_D1yl l(l,j—l,k)

ot

where O, = , 0

D" (i,j+1k)= D, (i, j +1,k)

D, k)= Dy, (i 7:K)

O i+ LK)

-D,," (i, j+1Lk)+ D, (i, j - 1,k)]

2d

( yj'" o _( v j’” n, g,c(m+1)In(R,)

d =n Ay : Thickness of PML, m: order

Ro: Reflection from PML at normal incidence

ny=8, Ry=10", m=4



In the z-direction:
2 2
o0 +0 )

Wi, j k)= -, j k) + 2{1 —’;—]‘I”(i, jik)
n’(i, j,k)

2

)
52 l-*—l .o [_l L.
+m|:Dzz 2(l9J7k)_D22 Z(Z,J,k):l
where 5X:C—At, ) :C_At, 5Z:c_At
Ax YAy Az
qa - B
z 2(. .
D" (i, juk +1) = —20 o(‘l’-],Alj-’_l) -D."(i, j.k+1)
b k)W)

z

etk )

AN H PR EA L

1 +fi. . +l(. .
+ o At '[Dlzl l(l’]’k+1)_Dlzl l(lajak_l)

z

_DIZFI (l’ -]’k + 1)+ Dlel (l,],k - 1)]

2d

o.(z)= (ijmo_zm _ _(ijm n. g,c(m+1)In(R,)

d =n_Az: Thickness of PML, m: order
Ro: Reflection from PML at normal incidence

n,=8, Ro=107, m=4

2
o

0, [‘I’l(i+l,j,k)+‘Pl(i—l,j,k)]+ﬁ[‘l’l(i,j+1,k)+‘Pl(i,j—1,k)]
nii,j,



Application of FDTD Method:

Eg. Invisible cloak. (by Dr. G. D. Chang, E‘ﬁﬁfj @]‘ﬁﬂ )

Eg. A laser beam passes a Fresnel’s lens with Ry=,/kAf , k: integer, An=n,-n1=1.5.

(by J. —B. Huang, et al.)
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http://faculty.pccu.edu.tw/~meng/InvisibleCloak.wmv�

Eg. A laser beam passes a Fresnel’s lens with n=1.57, A=0.6um. (by Y. —J. Lin)
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Eg. 3D Gaussian beams of wo=2pm through a conventional lens. (by K. —Y. Lee)
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Appendix I-Diffractive Optics and Fresnel Lenses
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