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 to electrode,

Low driving voltage: onby 1 3 WV
Polanzation independent operation

Qutput 2

Silica waveguide

KTN arystal waveguide

Z Silica waveguide


http://faculty.pccu.edu.tw/~meng/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

IMaterial with Variable Index of Refraction

Eg. Application of Mach-Zehnder interferometer: An electro-optic switch in
optical fiber communications.
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Optical directional coupler:

Interaction -length L
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Coupled mode equations: The E-fields of two identical waveguides A and B fulfill

dE,

A=—JfEA-ixEs  (E.(0)=1
ddEZ ’ : {EA((()J)—O’ where & is the coupling coefficient. The
dZB =—JPEs — JKE, =(0) =

solutions of the coupled mode equations are E,(z)=cos(xz)e”” and
Eg (z) = —jsin(xz)e ", respectively. And the coupling length is Lc=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, 3Lc/2, 5L¢/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 /e | extinetion ratio [dB] | insertion loss [dB] | output

266 =206 6.4107° Fort 1
LE =205 381077 Fort 2
T2 =17.0 81x10—2 Fort 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.
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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

EM-wave-to-SAW
transducer Detector array

input EM waves

SR
2

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.



Eg. An example of all-optical logic gate with an MMI waveguide:

492 um 4980 um

A
B

W
N
‘ S|1.xGex n:
| Si-substrate s

W N =

A 0 1 0 0 1 1 0 1
Taput signal B 0 0 1 0 1 0 1 1
C 0 0 0 1 0 1 1 1
Comparison Fiz. @ ® @ @@ @@ @& &
Output signal in port 2 0 1 1 1 1 1 1 1
NAND Logic Gate
Topus signal A 1 1 1 1
. 0 1 0 1
Countrol pulse C 0 0 1 1
Comparison Fig. (a) (d ® 64
Oumut siznal o port 3 1 1 1 0




NOT Logic Gate

Couanrol pulse A 0 1
Input siznal B 1 1
Comparison Fiz. G0 @
Ourput signal m port 1 1 0

Table  NOT Logc Gate

Conaol pulse C 0 1
Input signal B 1 1
Comparison Fig. [OXYC GG
Otz sigmal in port 3 1 0
Table NOT Logc Gate

Courrol pulse A 0 1
Input sizmal C 1 1
Conparison Fig. L) (.2
Curput signal in port 1 1 0

Table  NOT Logic Gate

Congol pulse B 0 1
Inpur signal | & 1 1
Comparison Fig. e (.2
Curpiz signal in port 3 1 0

Table NOR Logic Gate

Inpuz signal A 1 1 1 1

B 0 1 0 1
Sl TG 0 0 1 1
Conparison Fiz. (a) (@ (&) &
Output siznal i port 1 1 0 0 0




Eg. Propagation along periodical dielectric waveguides. (by Dr. G. D. Chang, 7&
S =)
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(a) The snapshot of E-ficld pattern (the real part of the complex amplitude) for the
mode with frequency @ = 0.25(21¢/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 cylinder, fits to a sinusoidal wave. The wavelength is about 10a.

(a1) (a2) (a3)

*00 20 DO 08" »0n»

Three types of bent waveguides. (al) A straight waveguide without any bend. (a2)
An S-shaped waveguide formed by combining two 43°-bent waveguides. (a3) A U-shaped
waveguide formed by combining two 90°-bent waveguides. Transmission in these waveg-
uides is higher than 90% when the working frequency is chosen as @ = 0.25(27¢/a)



Micro-diffractive device (by Dr. J. -R. Sze, % 3 3 £ 4):
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7-3 Dielectric-Slab Waveguides in the Free Space
Case 1 TM modes: H,=0

d’E; '
?(y) +h?EQ(Y) =0, W=+, y=jf

€05 KO

~a(y-9)

c.e , yz9

2
= E(y) =4E,sink,y + E, cosk,y, |y|§% ,

d
a(y+) d
Ce 2, y<——
e y >

ky2 =0’ pye, —f* =hg

a’ =B -0’ ue, =N

At cutoff: a—0, f2—w2uoco, waves are no longer bound to the waveguide
Above cutoff: wyue, < < oJuge,

E? .«

0 J— (TM)

X aBO

Surface impedance of TM mode: Z, =-

And E?(y) iscontinuousat y= i% = Relationship among E,, Ee, Co, and Ce.

Odd TM mode (Eq#0, E.=0):
(1) |y|<d/2: (2) y>d/2: (38) y<-d/2:

i —k d 0 i kyd a(y+d/2
0 — y —a(y-d/2) E — E sin e y )
EJ(y)=E,sink,y E.(y)=(E;sin—-)e () =—(E, > )

0 __j_ﬂ 0 __j_ﬂ B ky_d —a(y-d/2) EO :_j_ﬁ E Sln@ ea(y+d/2)
Ey(y)_ k Eo COSkyy Ey(y)_ a (Eosm 2 )e y(y) a ( 0 2 )

y

; i k,d jae . k.d
_ Jee HO(y) = 10 (E, sin 2" )e =042 | H2(y) = 1% (£ sin ~L)ee+9/2
H2(y) ==~ E; coskyy () ==~ (Esin—n) (V) === (E;sin—-)

y

k.d
H(y) iscontinuous at y= d — % _ %02 (0dd T™)
2k, & 2

&
o +h5 = 0" (g4 — Ho&o) = [0 (1484 _,uof"o)_kj]ll2 :g_ohy tanyT
d



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

1) |y|<d/2:

E7(y)=E,cos k,y

E?(Y)=|J(£Eesin K,y
y
Hf(y)=—Jk&Eesin K,y

y

(2) y=>d/2:

k.d
Ef(y) =(E, COSVT)e*a(y—dIZ)

j k. d
ES (y) = _ﬁ(Ee C0s—L—)g -4/
o 2

Jawe,

k.d
H?(y) = —2(E, cos D ygraty-d/2)
a 2

(3) y<-d/2:

k,d
E;(y) = (E. cos VT)ea(ymu)
j k.d
E?(y) = ﬂ(Ee coSL)ea(yﬂuz)
a 2

H? :_ngo
2 (Y) »

(E, cos m)ea(ymu)
T2

k. d
H?(y) iscontinuousat y= % = kﬁ = —icotyT (Even TM)

y

&y

Odd TM Modes

Even TM Modes

2

W, d
an (% i = oo =0
/e — oo = (n — D),

n=1,23,...

(n—1)

.ﬂo=_
d~/aes = po<o

(10-264)

wced
cot (4 Vit = o) =0

2

s = g = (1 — b

n=123,...

Joe =

(-3

N

(10-265)




Case 2 TE modes: E,=0

dZHO H
T(y)msz(y):o, W=y’ +o'pe, y=jp
v d
C,'e ,y22

H7(y) =<H,sink,y+H,cosk,y, |y|§%

aly+d) d
Ce 2, y<——
ee ’ y< 2
= au
Surface impedance of TE mode: Z, = —% =—j—~2 (TE)
* H? a
Odd TE mode (Ho#0, He=0):
(1) |y|<d/2: (2) y>d/2: (38) y<—-d/2:
0 _ H kyd —a(y-d/2 0 _ H kyd a(y+d/2
H2(y) = H,sink,y He(y) = (Hosin =) 0 Hz(y)_f(H"s'nT)e( "

ip 0 :_Jﬁ : M —a(y-d/2) , 0 __LB ; m a(y+d/2)
HS(y):—k—Hocoskyy Hy(y) o (H,sin > )e Hy(y) = a(Hosm 5 )e

y

i 0 __jCWo f m —a(y-d/2) 0 __j@uo ; M a(y+d/2)
Eg(y):—JkﬂHocoskyy Ex(y)_ o (Hosm 2 )e Ex(y)_ o (Hosm 2 )e

k.d
EJ(y) iscontinuousat y= d =% _Hopn" (0dd TE)
2k, uy 2
Even TE mode (Ho=0, He#0):
(1) |y|<d/2: (2) y=>d/2: (3) y<-d/2:
HO( )—(H cos kyd)efa(ydeZ) 0 kyd a(y+d/2)
H?(y) =H,cosk,y : (¥)={H, COS—— H, (y) = (H cos—-)e

j . i k,d j k,d
HS(y) :i—ﬁHESIn k,y HY(y) = _%(He COSVT)e—a()’—dIZ) H(y) :%(HecosyT)e“(y*d’z)

y

; i k.d i e k., d
0,y Joug . EO(v) = — Jap, H cos—)e -4/ | g0y = %0 c0s Y )e(y+d/2)
Ex (Y)—THQSIH kyy x(y) a ( e 2 ) x(y) a ( e 2 )

y
0 : : d a Ho k y d
E, (y) iscontinuousat y=—=—=—--—cot—— (EvenTE)
2k, Uy 2
Characteristic Relations for Dielectric-Slab Waveguide'

Mode Characteristic Relation Cutoff Frequency
Odd (a/k,) = (€p/€,) tan (k,d/2) Sio = (n — 1)/d/j1€2 — Hota
™ ——
Even (a/ky) = —(€o/€,) cot (k,d/2) foe = (n — 3)/d14€q — po€o
Odd (at/ky) = (po/ ) tan (kyd/2) fro = (n — 1)/d~/ps€q — pofa
TE - =
Even (a/ky) = —(po/1a) cot (kyd/2) Joe = (n — D/d /1464 — oko

' = [@ (e — Hoco) — K3V



Eg. A dielectric-slab waveguide with ud=po and &4=2.5¢o 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:

c__n-@
: dyugeq = to&0
Forn=1, f = ¢ ¢ =6.12x10°m.

c min

2d (a4 | to,) ~1 2f\(ugq | Ho8) -1
Eg. A waveguide consists of an infinite dielectric slab (uq,q4) 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.

(Sol.) (@ Odd TM and Odd TE modes exist. (f.),gtm = n-1

2d\ 1484 — Ho&0 |

n-1
(fc)odd—TE =
2d\ g4 — Moo
(b) Odd TM: [EX0=-Lescosky [ =-gxR@ -1,
. / = . y
HI(y) = ]fgd E coskyy |, zy.gdgy(o):_std E,

y Yy

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

a’ +ky2 = @ (Uy&q — toEo)

(Sol.) Solve a & tanM by numerical methods.

k, & 2

y

(a) f=200x10°Hz, ©=41108=> a=0.061Np/m, ky=6.28rad/m, f=o'u,c, - ; =4.19rad/m,

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



7-4 Optical Fibers

n, r<a
Consider a z-directional optical fiber with n(r):{ ! fea’ where n1 and nz (n1>ny.)
21

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

optical frequency band, n1=,/e,, and n=,/¢,, .

Classification of optical fibers:

Indey Index  Output

Profile  Pulze  Pulze
] n2

=t

Multimode Step Index

mUItim o Graded Index

Singlem o Step Indes

Case 1 Step-index fiber: n1 and n; are constants.

45 cladding (71 3)

5

\

core (3% -3
. , : B
b L wm | e
AR R A F8% (Step index fihre)

{chdding) | (core) !{chddirg)

In this case, no pure TE and TM modes exist. The waveguiding modes become the
hybrid eigenmodes (the EHim and the HEm modes). The field components are

i i 0? E,
obtained by solving (V12+h2)Ez ZE 6( z) 1 +h2EZ 0,
ror a¢
2
(Vt2+h2)Hz=li(r6HZ)+%%+h2Hz=0,
ror or r° o¢
Er=—%[ﬂaEz+%6Hz CH. = 12 we OE, ,BaHZ]
and h®™ or r 0f h2"r a¢ or
i OE oH oH,
¢=lz[_£ -+ou—=], H, = [ B



The solutions are E —{A‘]'(hr)ej(w_m’ r=a H _{BJl(hr)ej('¢_ﬂz), r<a

CK, (hr)e!® ™ r>a’ DK, (hr)e’™ ™ r>a

jz'B[Ath'(hr)Jr%BJl(hr)]-ej('¢‘ﬁz’, r<a

m
Il
K—J%\

J’f [CaK,*(ar) +% DK, (qr)]-e'™*, r>a

h’f a3,y - “;‘ BhJ,"(hN)] e/, r<a
r

J’B JICK "(qr) - 5 DqK (qn]-e' ™ r>a

m
S
Il
f—_/;_'\
.Q

Jﬂ[BhJ (hr) = 3% A3 (e r<a
H, = o
. r>a
q?
h‘f Jr' BJ, (hr) + &2 ; L AR, '(hr)] /™ r<a
H, =
¢ .
LRIDK (0 + TECaK @], s
q°

where h=4/n"k,” =%, q=+8%-nk,”, |l is an integer, and h is the m™" roots of

J'(ha) | K/'(qa) | (nd,'(ha)  n,°K,'(qa)
haJ (ha) gak, (qa) haJ,(ha) qak, (qa)

—1( e (Ayep- By
}—[(ha) +(qa) ] (ko) :

The constants A, B, C, and D satisfy the boundary conditions that the tangential field
components are continuous at r=a. This leads to AJ, (ha) -CK (qa) =0,

A[ J  (ha)]+ B[ ,B 23, (ha)]+C- [—K (qa)]+D-[—= ,B 2K, (ga)] =0,
%1 g Pl %2k Ak -
A [hﬂ 3" (ha)] + B[ 5 J,(ha)] +C [qﬂ K,'(qa)]+ D [qza K,(qa)]=0.

Note: Other approximate solutions of the eigenmodes are called LPi; modes. Their
expressions are omitted in this course.

Single-mode operation of the step-index fiber: <2.405




Eg. A step-index fiber with n1=1.45 and ny=1.44, has a core radius a=2.5um. Find
the minimum free-space wavelength for single-mode operation.
27m-2.5-4/1.45% —1.44°

(Sol.) - <2.405, 1,>1.11033um
0

Case 2 Graded-index fiber: the core region has a parabolic refractive index profile
N12(X,y)=n1%(r)= n1o?(1-a2r?)= nio’[1-a2(x*+ y?)]

AN TN

Fo i ( Graded index fibre )

M E

L mAtis

0 fEn

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

dz n, sin 6,

= dx 2
dx \/nz—no sin? g,

Snell’s law= n,sin g, =n,sin @, =n,sin g, =---

Eg. For a medium with n?(x)=no?(1-a?x?), find the trajectory of a ray making an
initial angle po with the z-axis in case of a?x?<<1.

3 n, sin 6, N COS ¢, 1 oy @, sin(ez)
= - —_ - ~ 1 =
\/nz—nozsmzeo Jsin? g —a*x? (4.2 — a?X?]?

0

dz
Sol.) —
(O)dx a

WKB method: i—”an\/nz(x)—nz(xa)dx: (m+%)7z, where Xa is the turning point
0

of the m™-order-mode ray.

Xa 4 Xa
For n*(x)=no*(1-°x?) i—”jo n?(x) - n?(x,)dx = ”20“ [ \/Xaz—xzdx=(m+%)7r
0 0

xa2 :M and x=x,sin(oz) = Msin(az)
2, 2mnga

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




Fiber Systems:
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COMMUNICATION REQUIRES ENERGY AND POWER

Power Requirements

Typical receivers need: E, > ~4 x 10-?% Joules/bit

Power received [W]: P = My,.Ep, (M, is data rate, bits/sec)
e.g. 10° Watts permits Myps = ~10%4 % 1020 = 2.5 x 10'0 bps
This can send 2.5 x 101%(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 CAMP
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A 16-wavelength DWDM fiber system (by Dr. J. -R. Sze, % 3 3 ## 1):

HEAAT NBEN) AR ST 20 THRBL



7-5 Planar Optical Waveguides
Consider a z-directional planar (slab) waveguide with the refractive index profile

n, x>d

c!
n(x)=<n, |[{<d ¢, its eigenmodes are

n., x<-d

Case 1 TE modes: E = yE, ()

E,e 09, x>d

E,()= Eo{cos[h(x—d)]—%Sin[h(x—d)]}, X<d | where q= B2 —n k7,

E,{cos(2hd) +%sin( 2hd)]}- e x < —d

p:\/ﬂz_nszkzy h:\/nfzkz—ﬂz,and tan(Zhd):p;pcl1 = Solve p=?
h_ P4

h
Case 2 TM modes: H = yH (x)
—Hoﬁe’q"*"”, x>d
' 2 nf2
S L .
H,(x)= HO{—SIcos[h(x—d)]+sin[h(x—d)]}, X <d , where q'= n52 g, p nc2 P,
- Ho[gcos(Zhd) +sin(2hd)]-e? ™ x < —d

p*‘?' - = Solve p=?
h_Pd

and tan(2hd) =

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



Eg. Let nc=ns=no, the ray paths and optical field distributions are depicted as
follows:

(=)
— > %!

Z _%2d
Slabe>e, '

No trapped
solutions o > 0

ki«d

No trapped
solutions o & 0

2 +k.? = w?ue, inside the slab
{’B The s =k +a® =0’ (us - 1ys,)

B’ —a? = w®u,e,,0utside the slab

Transcendental equation: k. d tan(k,d) = zd \/a)2 (ue — 1yg,) — kx2 ! 1,

Eg. Determine g for an optical planar waveguide with 2d=t=1gm and
Ne=ns=1.49=np, N=1.5=ng 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

n, [x|<a, |y <d

Its
n,, elsewhere

material with the refractive index distribution n(x,y):{

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

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

[ b [
% % within the four corner regions are neglected and the

sinusoidal-sinusoidal field exists within the core region. The

v % x sinusoidal-exponential fields exist within the upper, lower
m p ran e

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): Hx=0

Acos(k,x—g)cos(k,y —w),  |x|<aly|<d
Acos(k,a—g)cos(k,y —p)e ", x>ay|<d
H, ={ Acos(k,x — g)cos(k,d —y)e "™, |x|<a,y>d
Acos(—k,a — g) cos(k,y —y)e” " x < —a,|y|<d
Acos(k,x — ¢) cos(—k,d —y)e”" ¥ |x| <a,y < —d

where phase parameters ¢ =(p-1)z/2, w=(q-1Drz/2,
k,” +k,” + B =k’n?, X <a, |y|<d

and J—y %+ ky2 + A% =k’n,%, x>aorx<-a, ly|<d . Transverse wavenumbers
k' =7, + 8=k, [X<a, y>dory<—d

are y?=k*(n” -n,%)—k,” and » 2 =k>(n*-n,’)—k,*.

The other field components can be obtained by

o*H o*H

Ex:aony"' 12 2y' E, = 12 .

p weN° L OX weN° P OXoy
-] oH, _—joH,

we,n? X B oy



Ez and H; are continuous at x=*a and y=*d

2
T 4,0y 4 4,7
ka=(p-1)=+tan*(—=2*) and k d=(q-1)=+tan (=L
= ka=(p )2+ (nzk) ,d=(q )2+ (ky)

2 X

Case 2 qu mode: Hy=0

Bcos(k,x—g)cos(k,y—y),  |x|<aly|<d
Bcos(k,a—¢)cos(k,y —p)e ™, x>a,ly|<d
H, =4 Bcos(k,x —g¢)cos(k,d —y)e "™ |x<ay>d
B cos(—k,a — ¢) cos(k,y —y)e ™, x < -a,|y|<d
B cos(k, x — ¢) cos(—k,d —y)e” " x| <a,y < —d

£ oMy 1 0°H, 1 0°H,
y — T 5, 'Ix T T2 ! x =
The other field components: B @B oy weqn’f} 0Ky
J aHx - aHx
E,-— T H="J
we N OX B oy

Ez and H; are continuous at x=*a and y=*d
2
nl yy
n,’k

)

- kxa=(p—1)%+tan‘1(%) and K d =(q—1)%+tan‘1(

X y

Examples of rectangular waveguides (by Dr. J. -R. Sze, * % } % 4 )—Light pipe
(multimode rectangular ridge waveguide) array.

HEZRGHMAETHRATFFRBAMBERL (—)
(@) d f %] - (b)— M fkz]

HUETROEEEIHIPEFHFMBARMERBR (=) -
(@A 35 o (D)o °



Helmholtz’s equation: Vt2¢(x, y) +[K*n*(x,y) — BZ1p(x,y) = 0, where p(x,y) is the
scalar field.

(Proof)  Scalar wave equation: V2¥(x, y,z) + k*n*(x,y,2)¥(x,y,2) =0

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

obtain V. ’@(x, y) +[k*n*(x,y) - £*1p(x,y) =0

Variational principle: Seek a trial function ¢(x,y) to maximize
. L0 eyl )l =|Vigxy)| Ty

! © [ 2
[* ] lpx, y)f dxy

(Proof)

Vg%, ) +IKN? (x, ) - A71p(x, y) =0
V(%) + K20 (%, y)B(x,Y) = BZH(X, V)
$* (X, V)V, "B(%, y) + K% (X, )%, Y)$* (X ¥) = B2(%, Y)$* (X, Y)
[ [ I8V Egx y) + k202 (x y)lgOx, )| Tdxdy = 87 [ [ [g(x, y)|” dxdy
For gix—>to0y>19)=0, [ [* ¢*(x y)V, g(x, y)dxdy=—[" [ [V,g(x,y)| dxdy

[ k20 (x »lgx ) = [V.g(x, )| Tdxdy
J: J.: (%, Y)|2dxdy

= p° =

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

exp( *XZ)
X2 y? 8(e-1) Pz
cexp(——— — and = : a
(=2 7) $(xY) 4a27/27r3 1+(e-1)-y*/y?

X yﬂ. Wx y

¢1 (X, y) =

Some simulation results of a multimode rectangular optical waveguide are
depicted as follows:




TR

R is a normalized modal
a’y’n 1+(e 1)- y/

Eg. Show that ¢(x,y)=4

function.

Be-n  *PC ::2) T o)
N =t Ten v =~ O ann ey T
= [ [ #°(x y)axdy
T 8e-1) exp(—* )dxy 8(e_1) [ S o dy

N\ a7 [L+(e- 1) VT ez [L+(e-D-y?*/y*T

1 [ae-D \/E dy o=
a7 N2 L"’[1+('3—1)'y2/72]2 y I *[1+(e- 1) y2 /7T

4

:_mj N T Ay L

= (e-1)° 1) [7/ ak g (e-1) [L+y2]2
1 e-1

7y 3
oGP IIOG)
Y 2 r'(2)




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

1, y<0

) ) ,  Where
s —n)f(y)g(x), y=0

index profile becomes n3(x,y)= { 2
n," +(n

WL+ ZXNV)] erf (V= 2xNv)]}
2D

X X

2
() =exp(-25), g9 = ferf [ 2
D, ,
no is the refractive index of the bulk, and ns is the refractive index on the surface for a
sufficient wide metal strip. The quantities Dx and Dy are respectively the diffusion
width and depth.

| mtograted Th-pass polarizer | -1l AL

Frotoa soochue ged M

The approximate fundamental modal functions of diffused waveguide is
normalized as

B 4 _XZ_(y—b)z i:{z, y<b
¢1(X'y)_1fa1(a2+a3)7z_ eXp[ 312 aiz ]’ 3, YZb

where az is the horizontal e** half width of the modal field. Both parameters a2 and as
are the vertical e 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. Another model is

0, y<0
?,(X,y) =

X
3 'y'exp(__g_y_g)! yZO
sty T SX Sy

where sy is the horizontal e™-half-width of the waveguiding modal function. And s, is

another parameter such that its maximum is located at x=0 and y=s, / J2.

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',.

Dr. Wei-Ping Huang was born in Beijing. He graduated from
research group is one of the leading groups internationally in

E-formulation (by Dr. Wei-Ping Huang):
MIT and got his PhD degree. Now he is a professor in the ECE
Department at the University of Waterloo, Canada. His
M 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.

o RePh KR 1979 #¢ £ 0 u i Porivz Egr 0 16 5 1989 # 2

T2 B ALXPRFEL T AP 22 B1E - BLFER)
FALu RAEivk KEEEIE SEEPG
FAET RAEAk FEFHRE RAHPE
bk BiEH B2 R IR L{frROGUEERL 3 A PL LR R
4 FNpp LA APFR A FIE A TR DER
FHERARER LAk SEFApE AT LR
ok BiEH K2R ER Hf-RhI R AP H N hE

¥

¥

VxVxE-n’k?’E =V(V-E)-V?E —n’k’E =0 = V?E +n?k*E = V(V-E)

o', OE', o'

= V?(XE' +VE' +ZE' )+n?k?(XE' +yE' +ZE' )=V + 4+
(XE',+YE',+ZE",) (XE',+YE', .) (8)( Y aZ)
- - 2 aan' 2 !
* No source, .'.V-(eE):V-(nZE):oja(n E')  AEY) an E'Z+nzaEZ:0
OX oy 0z 0z

If the refractive index profile varies slowly along the z-axis, &n?/éz may be
o, __100E,) ANE),
n®"  ox oy
V2(>“<E'X+)7E'y+2E'Z)+n2k2(>?E'X+yE'y+ZE'Z)

0,,0 ,0,0E, &, 1.0nE,) o(n’E'))
— +

—(X&"‘YE —)( oy _n_z[ o oy D
= V?E' +n’k’E' = 8 ' 8E'y —iz a(nZE'X)+a(nZEIy)]),
a4 n OX oy

' OF ’E' o(n*E’
and VZE'y+n2k2E'y_a{aE L PnEL (nEY)

vy ox oy ntt ax ay])'
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Assume that E',=E,e”™ and E',=Ee ™, where k is the vacuum wave

number and no is the effective refractive index. With the assumption that the guided
lightwave has a slow-varying envelop and is paraxially propagating; i.e.,

%] |o°E,
<< 2n0k‘ pe ‘:‘ e ‘

2
y
2

0°E,

2

<< 2n0k%
oz

0z

and | 2EV| are neglected
oz ES '

And then we have the following coupled equations

.0E
0z

9By _ E+A E
1= AVE T AE,

* = A(x Ex+ Axy Ey

where

2
AE -1 10 izﬁ[nz Exj + (2 on?) K2E,
2n,k | Ox| n° Ox oy
2
R
2nyK | ox oy| n° oy
2
AyE, = - 10 i2i(anyj . E,
2n,k | Ox| n® oy Oxoy
2
AE i ol 22 (e - e
2nk |0y | n” Ox oyox
These coupled equations are the basic formulas of the full-vector BPM. If we neglect
the terms of Ay and Ayx 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,
oE
R izﬁ(any)z_v
n” oy oy

The formulas of the semi-vector BPM can be simplified into the following Fresnel
equation, which is the formula of the scalar BPM.

and that is, - (n’E,)
n< ox
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Application of BPM:
Eg. A laser beam passes an MMI waveguide device. (by K. Huang, & & )

Eg. The fundamental modal field of a single-mode ridge waveguide.

) Lumerical MODE Solutions - Analysis i =10 x|
File

Physical Inputsl Calculate deES’ Data analysls‘ Data export’

~ Plot aptions Component; [E I |
@ |inear scale
O log scale

[V superimpose structure

Mode effective Indices

1) 1.70265 (98% TE, 2% TM)
2) 1.65347 (5% TE, 95% TM)

y (microns)

B 05 -0.0 0.5
x {rmicrons)




7-9 Direct Coupling from Laser/Fiber-to-Waveguide
Direct coupling efficiency:

I T #x 900 Gy
T T ooy axdy [ oty dxcy

Eg. Obtain the optimal direct coupling efficiency between an optical fiber and a
diffused waveguide. (Keh-Yi Lee et al. Fiber and Integrated Optics (SCI), pp.
365-371, 1996)

(Sol.) Waveguide mode: ¢(x,y)=C,, o, (x)p,(y), where ¢, (x)= exp(— X%zj

and (py(y):exp{_(y_b)2 2] iz{z’ ygb. |

a; 3, y>b
2 2
Fiber mode: ¢(x,y)=C, -exp{_ [X +(y—c)%2}
Utilize the following formulae: LAe‘tzdt=%erf(A), erf (—o0) =1, erf(0)=0,
A 2 \/; 00 2,2 \/;
erf(0) =1, erf(-C)=—erf(C), [ e®dt=—"—erf(AVB), [ e dx="",
(=) (C)=—erf(C), | et (AVe), [ -

j_’;e-tz dt = %[1+ erf (A)], fwe-ﬁ—’“z dt = %[1— erf (A)], and

jo “e M gt = %[u erf (A)]

(Lol (- C)2 (- b)2 _(y=¢)* (y-b)?

f f $(X, Y)(x, y)dxdy = CC[ e 5 gy [j e v dy+f:e WA gyl

( 2 )X wa, /7
.[ e X = ———r,
YW +a

(-9 (y-b)? [u—(c-b)l° _u? (c-b)? 2, +w? 8y’ (ch) .

b 2 2 0 2 2 2. .2 0 2.2 ¢ 2, .2
je w a, dyZIe w a, duze(a2+w)_-[e w?a, a W g

_awr exp[ (c—by } 1 erf| 2 (c—b)
=2 & . — " |11 —— 7L
2. JaZ +w? a, +Ww w-q/a,” +w?
Similarly,
- c)2 _(y-by? [u-(c-b)* _u? (c-b)? a’+w? | a*(c-b).p

[e = dy=["e " du=e ®").[Te v a gy




_awr | (e-bf a,(c—b)

- f _i 2 2) ) —
2- a§+W2 a3+W W'ﬂa32+W2
a,(a, +a;)r

fwﬁjz(X, y)dxdy =C,* W—;ﬁ and J-:_E;(DZ(X, y)dxdy=C, 2> 272 %7

4
2a,W?
— = (1, +1,)*, where
(az + as)(al +W )
2
a c—b a,\lc—b
|l:%.exp _ (2 )2 Jdl—erf #
Jaz+w (a2 +w?) w-q/a,” +w?
2
a c—b a,(c-b
|2: 23 2.e)(p_ (2 )2 . 1+erf #
Jaz+w (a2 +w?) W-yja,” +w’
Simulation:
A=132um a, a, a, b w c c-b Vi ‘
waveuide 1| quasi-TE :
icde ot tsols 1) 5901 216 | 4.60 || 3.10 415 | 420 | 1.10 | 0.942
6 um-wide )
520 A-thick| duasi-T 2 4.2 5
Ti steip | (mode I) 500 | 210 | 5.00 | 300 4.23 .26/ ||" 1526, | 0.953
waveuide II| quasi-TE 4600 210 | 380 | 280 |l 369 | 2E5"%%a75 | 0944
ke of ke 1) ; ; s : : ; . :
6um-wide E
660 A~ thick| IS ™ | 350 | 210 [ 210 | 200 || 271 |1.99 | 001 |0937
Ti strip | (mode V)
a,,qa,,ay,b,w,c,and c-b :um 7:dimensionless
coupled to waveguiding mode 1 coupled to waveguiding mode I
————— coupled to waveguiding mode I —.—.— coupled to waveguiding mode II
~-.—..— coupled to waveguiding mode Il —w—-.— coupled to waveguiding mode Il
------ coupled to waveguiding modeIZ ---=--- coupled to waveguiding modeI¥
1.0 1.0
o
sife o 08fF ’I ."/ ke \."\\.\.
o) > ll ! S T N
c o 3 \
T 06 & 06 / ke
2 - & | Iy e e
% % /i
g 0.4 =N A
Q T;'_ ] :
= 3 I:l
Y 0.2 S o2} /i
1
/
0.0 - 0.0 1 g !
0 2 0 2 4 6 8
fiber position C (um) radius of modal size W (um)




Eg. Obtain the optimal direct coupling
efficiency between a laser diode (LD) and a
diffused waveguide. (Cheng-Hsiao Chung et al.,
Journal of Microwaves, Optoelectronics and
Electromagnetic ~ Applications (SCOPUS,
SciELO, El), pp. 382-394, 2021)

2 2
W, W W,

Xyﬂ X y

_ [ 4 x? —b)?
Waveguide mode (Type-1): #(x,y) = m -exp[—?—(ya—z)],
1\F2 3 1 i

i 2, y<b
13, y=b

I sty y)dxdyf
[ ety dxdy- [ [ lo(x, )| dxdy

Direct coupling efficiency: 7=

Utilize the following formulae: J;Aetzdtzgerf(A), erf (—0) =—1, erf(0) =0,

_ _ feot gy - T
erf () =1, erf(-C)=—erf(C), | e dt—2\/§erf(A«/§),
f;e-tz dt = g[u erf (A)], fwe*t*’z dt = %[1— erf (A)],

0 2 0 2,2 © *(iﬁ%)xz
L e M dt :%[Herf (A, _[ e ™ dx:ﬁ = [ e dx=—WXaiJ;
_ o a —0

Jw” +a?

2 2 2
and aX2+bX:a(X2+%):a(X2+%+b_2)_b_:a(x+£)2_b_
a a 4a 4a 2a 4a

Cpn=|—5—
O wow, 101

2

C(y=¢)® (y-b)? C(y=0)* (y-b)?

[ otansxnidy = cuc,[e™ = o e ¥ dayefe " ¥ ]

4
C,= ?
Y\ (3 +ag) 7



(y 2 2
N RO

wanT
[_[7 @ dy + Ib e w? dy]

=C,C,"
Jwiva?
wanT

=C .
oCu T+
Jurrar
K T
_(y=0)* C)2 2
2 b v :
J. € W dy = 0 w,? Tz 0 _u®-2(c-b)u+(c-b)® u?
T 7006 2 du ZJ‘ e Wyz 7
u=y-b o > du
(c—b)? 2 o
—e W J'o ST - G 11,
= . a, (——+—)u? c-b
me y 2 du = e w,? 'IO . (Wy2+a22)u +Ty2)“
(c-b)? a » —0 du
> ‘ 2 2 (c—b) a2 w2
=€ Woa W ? (8,7 +w 2) = . ’£ W’ ,2(c-bju a,’ (c-b)? B
e a, W W2 5o (c-b) aZiw?
e pome +Wy2)2d (a2+w?2) (O AT P 3’ (cb)p
u=e 2 I e w,%a,? aw?
. 0 du
- Lob)” a,’(c-b a2 +w, 2 2 +Wy
p c-b) -
f e (ay +Wy2) .j7a22+w 2) wzaé 12 JYaz ~ (c=b)?
a2 _002 e v dt _ (a2 +w,2) _A ,
t=u-22 c-b) + e Yy e—Bt d
a,%+w, 2 a,? —o t
y P C)
322+Wy2
__(c-by?
= (32 +w?) 1 -AVB __(cb)’
= € v) ., _— J' B 2 5
! ' e ds =e @) Iz
s=VB1 VB =€ [1+ erf
2JB (-AVB)|
__(c-by?
_p @) N7 1
NG [1-erf (AVB) |
a. W, V4 — (c-b)
— 277y 2
= (a2 +w,2)
-e Y. _ az C—b
2. \/W 1-erf #
w, W
_(y-¢)® (y-b)?
s lu-eb :
= e S dy = J'OO w2 3 _u?-2(c-b)u+(c-b)®> u?
b y = e y ag d © 2 =
u_T 0 u :j e wy a32
=y-b 0 du
(c—bz)z u2-2(c-bju u? (C oy
—e " . * w,’ 2 ) L1 .
e y 8 —)u w24 2(e=hu
0 du=e I e Wy .313 W2
Y du
(c-b)? . a2 (c-b)? a2 +W
—( Y yuls _2(c-b)u ay 2(c-b)? (0-b)? ,
2 |
) ag +Wy2 " a32 (c-b)

2
:e Wy, .eW (33+W2) J. a2 2
e 3~ W, Wy y2(332+w 2)2 -
’ du =€ @ +Wy2) -J‘ooe Wy2332 aaerWy
0 du



2

2
ag” +W,
="

_(cb)? _agtw? wlyzasz _(cby?
2 2 © 2,2 2 2 © 2
= e (8s7w) j a2(c-b) € R dt = € ("4 7) J. Ae‘B‘ dt
oy 3 (eh) g’ +w,? 8 (c=b)
ag” +w,? azw,?
(c-b)? (c-b)?
T2 2 1 £ _e2 Tag+w?) NT
= e +WV)-—~_[ evds =e (a3+wy)-—-[1+erf(A\/B)}
B JB ‘-AE 2+/B

(c-b)?*

_AWNT |y, | _s(eb)

:2-«/a§+wy2 w, - Jag? +w,?

jij:w(x, Y)dxdychDz,Wnyﬂ -1 and J'°° J‘°° # (X, y)dxdyzcwz'M:1
2 4 W2 2 8 1 W
= L W a' '[I1+|2]2 a : -[|l+ Iz]z

77: wayﬂ.ai(aZ +a3)7z. Wx2+a12 ) Wyﬂ.‘ (a2+a3) .Wx2+a1

(c-b)? 7 (c-b)?
aW 71 Taliw ? C—b W, /7T Taliw?
8 1 Wy { 2 y\/_ e @ y).{l—erf{ 3 (c-b) }+ % y\/_ e ® y){1+erf —

W (,+a) wl+a) 2-\Ja; +w,’ Wy-\/a22+wy2_ 2-\/a32+wy2
2a,W,W, e a,(c-b) L)
a 2, w2 — 2 w2
= xzy <~ = 2 2 %™ )1 _erf 2 — |+ 233 2.eaﬂwy A1terf
(a2+a3)(a1 +W, ) al+w, wy-\/a2 +w, \/as +W,

If we=wy=w, the LD mode becomes circular Gaussian mode, as same as fiber mode.

2 _ )2
2. LD mode: ¢(X,y)= -exp[—X—Z_(y <23) 1
WXWy'7Z' W, Wy
0, y<0
Waveguide mode (Type-2): ¢o(X,y) = , 16 NG 2
’ (pe-2): oY) 3 'Y'eXp(——z—y—z), y>0
sty T S, Sy

2
|2

[ .
I T lotxonaxy- [ [ focey) axdy 1ol

Direct coupling efficiency: 7 =

11
Eomare2ls W, S, \/;

- . 02,2 NTT 0
Utilize the following formulae: j et dx=—= .|' e "N dx=22—,
—o0 a —o0 W2+S 2

X X




A g2 _\/; A__pt? _ﬂ
[e dt=~"[1+erf (A)], [e dt—z\/gerf(A\/E),

9z

7[1—erf (A1, I:E‘“‘A)z dt = Jr

0 _(t-A)? _ N7 © A2 _ L
_[_we dt = L+erf (A), jote dt = —,

jte P(t-a)” dt—— \/7[1+erf(q Pl Itze’A‘ dt—— \/7

Bx B? B?
AX® +Bx = A(X® +—) A(X? A 4A2)__: A(X _) =
2 2 2
And —[AX + BX] = AKX + 2%y =~ A + 2X 4 Bz)+B—:—A(x+—) B
A A 4A 4A 4A
=l =1,=1ad p=1I?
(y C)2
I = e ey dxd
(y C) _ 2' 2)
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Vs wxwysxsy o
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[(72‘*'*2))(2] © —( w2 +?)
=1-L.[ewxsx dx-jye Y7 dy
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2 2C
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= — XX \/_ I y Sy y Wy dy
/4 WnySxSy ’W +S
1 32W S 1 _\;722 .[oo _[(Wi ?)yz_%y]d
= . XX, .e V. ye y y y
\/; WySy3 Wx2+sx2 0
2 S 2+W 2
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1 s, +wy c’s,’” c’s,”
5+ —)y =AY

y y y )’

2 2 2
wy (w,”+s,%) w (W +5, %)



2

s, +wy cs,” o €Sy
=—(= )y - I+
s,°W, (wS2+s2)”  w’(w’+s?)
y y
2 24 2 2
C'S
and — C2+ — ZC >
WS oW (W, +s)%) W+,
o2 czsy2 Sy 24w, y 2 )
-— —( y- 1
| = 1 ) 32w, s 1 'ewyzey(w +S)J' ye s,%w,’ sy+wy2
Jro\ ws w’+s’
X X
2 s, 2+w, 2 cs, 2
1 [32ws 1 ei(w zis ) J.w ei( iyzwyi )[yfsyszyz]2
Jr o ws W2 +s ° o ’
R 2
_ 1 ) 32w, s 1 e (w,?+s,) "[OO ye—p(y—q)zdy, where p= Sy +WY
J_ w.s. 2 2 2 0 s 2w 2
T yy W, +S, y Wy

Utilizing J' te P9 gt =

24 2

2 _ Csy
P = s rw ) w?
y y y

2 2
1 s/w, q
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CS

_ y
Wp=——e—
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2 32s, W,
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csy2 J;sywy c\/;sfwy

2(s," +w,”) \/syz Tw 2(\/(sy2 +w, %)’

20 2 CZS 2

g T Sy Wy y
4. ’_. 1+erf(q-p)]=—2—2 . -y
+ 2 p [ +er (q p)] 2(Sy2 +Wy2) exp[ Wyz(syz +Wy2)]
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W, -\fs,” +W,
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erf (
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s, °7(s,2 +W,”)w,

y

c? Syzwy
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Optimal direct coupling efficiencies from LD’s EG beams
to Type-1 waveguiding modes

a a as b Wy L c n
5.10 2.10 4.60 3.10 5.10 3:35 4.11 98.41%
5.00 2.10 5.00 3.00 5.00 3.55 4.17 98.09%
4.60 2.10 3.80 2.80 4.60 295 3.48 99.05%
3.50 2.10 2.00 2.71 3.50 2.05 2.67 99.99%

Optimal direct coupling efficiency from LD’s EG beam to
Type-2 waveguiding mode

:s;;: Sy / -\,’,E !Kx' .!111‘ c "

4.414 4.217 2.982 4414 2.723 3.389 98.23%

e

(8]

The simulated variations of the direct coupling efficiency versus the deviations Aw,

Awy and Ac in case of coupling LD’s EG beam to Type-1 waveguiding modes:

-

E 1=5.1 G 1=5.0
al=5. - al=5.

§ 095 $

g a2=2.1 T a2=2.1

2 o9 2

= a3=4.6 e a3=5.0

£ &

o o

s 085 b=3.1 w b=3.0

_g- 08 Wx=5.1 T.a} Wx=5.0

0

o o

075 Wy=3.35 o075 L Wy=3.55
-18 -13 -08 -03 02 07 12 7 c=4.11 -18 -13 -08 -03 02 07 12 Ly c=4.17
o—(C (um) ===OWx (um) === AWy (um) =—=AC (um) ==AWXx (um) =AWy (um)
105 105

T 3 al=4.6 £ oos al=3.5

] g

g oss a2=2.1 g 085 a2=2.1

[

ks 09 a3=3.8 g 5% a3=2.0

'S 085 _; @ s

.? o b=2.8 s b=2.71

% 075 Wx:4.6 §' 055 Wx=3.5

P o Wy=2.95 L Wy=2.05
18 13 08 03 02 07 12 17 ¢=3.48 18 13 08 03 02 07 12 17 c=2.67

==AC (um)  =TAWX (um) =AWy (um) ==AC (um) ===AWx (um) =AWy (um)



The simulated variations of the direct coupling efficiency versus the deviations Awy,

Awy and Ac in case of coupling LD’s EG beam to Type-2 waveguiding mode:

S (;I)

0.96

094

iciencie

0.92

coupling eff
&

=12 -0.7 -0.2 03 08 13

e===AC (um) ===AWx (um) =AWy (um)
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X
eXp(— 2)
. . ’ 8(e-1) W,
3. LD Gaussian-Lorentzian mode: X, ¥) = . X
q)( y) 4 WXZWy27T3 1+ (e _1) . (y _C)Z/Wy

_ [ 4 x? —b)?
Waveguide mode (Type-1): #(x,y) = m-exp[—?—(ya—z)],
1\F2 3 1 i

i 2, y<b
13, y=b

N

UZ fw¢(x, Y)o (X, y)dxdyr
LI ooylaxdy-[” [ lotxy)f xdy

Direct coupling efficiency: 7=

1

w ()%
Utilize the formula; I g WA dxzm

'WXZ + a12

,(iJri)X?

ﬁﬁfﬂ(x, Y)$(x, y)dxdy =C,,C,, - je o ]

b
-0

_\/ 8(e-1) \/ 4 . wxaiJ; e e & o g & "
- 2

2.2 3 > dy +
4WX Wy7Z' ai(a2+a3)7r \/WX2+312 [J._Ool_{_(e_l).(y_c) J.b 1+(e_1)(y_g)

Wy Wy

(y-by? (y-b)?

8(e-1) aWw, 2 b e w e *
= - - gl dy + dy]
i/wfﬂs \/(az +3,) \/Wx2+312 J‘_m1+(e_1).(y—g)2 Ib 1+(e_1),(y—g)2
Wy Wy

_(y-by? _(y-by?
2
8.2(e-1) -aw, b e ® E e ®

> dy + )
(3.2+ag)-Wy'(a12+WX2)-\/7Z'_3 _wl+(e_1)'(yv;g) J. 1+(e_1)(y

=>n=




2

X
exp(——
4. LD Gaussian-Lorentzian mode: ¢(X,y) = 8e-1) | P sz)
. - X, 4 Wx2wy2ﬂ_3 l+(e—1)'(y—C)2/Wy2

0, y<0

Waveguide mode (Type-2): o(X,Yy) = 6 x* vyt
g (Type-2): o(X,Y) -y-exp(—s—z—sy—z), y>0

xSy X y

Il

[ oo yfaxdy- [ [ otx, ) dedy

Direct coupling efficiency: 7=

1 1.,
. R S X w.a
Utilize the formula: J' o WAl gy AANT

- waz +a,°
X2
exp(——)

Y
o » o | 8(e—1) W, 16 (5 3

’ y d d = . X . -ye ~ y dXd
j_wj—w(p(x V)P, y)dxdy I_wjo \ WXZWyzﬁ3 1+(e—1)-(y—C)2/Wy2 stysﬁ ’ ’

N
1

16 +sTZ)Xz . ch ye 5y2
’ 0 1+(e-1)-(y—-c)’/w,’

dxdy

SS7Z' *°°

2

8(e D
ww;r

\/S(e 1) \/ 16 w,s, 7 [ ye & oy

wlw,/z® \[s,s,’r \/w +s2 T 1+(-D-(y-c)’/w,

i

8(e 1) 4w, s, o ye 5

J' —— dxdy

Vw7 \s,s \/w +s2 T 1+(-D-(y-c)’/w,
) 2

-2
2(e-1) w 32s » ye ¥

. X . X . Xd

= 7 wst wi+s? IO 1+(E-1)-(y—-c)*/w,’ y



Optimal direct coupling efficiencies from LD’s GL beams to Type-1

waveguiding modes

a; a, as b w, | w, c ]
5.10 2.10 | 4.60 | 3.10 |5.10|2.89 | 3.96 95.53%
5.00 2.10 | 5.00 | 3.00 |5.00(3.07]| 4.00 95.22%
4.60 2.10 | 3.80 | 2.80 |460 (254 | 33 96.17%
3.50 210 | 2.00 | 2.71 |350| 1.76 | 2.66 97.17%

Optimal direct coupling efficiency from LD’s GL beam to Type-2

waveguiding mode

8 S, W, W, c y
4.414 4.217 4414 2371 3.300 94.88%

The simulated variations of the direct coupling efficiency versus the deviations A wy,
Awy and Ac in case of coupling LD’s GL beam to Type-1 waveguiding modes:

coupling efficiency (n)
B H

s ° s
AW (pm)  ——BWy () — B m)

a5 ° o
AW (um) Wy (jm) —Bc (um)

a3=4.6

o

Il

0

-
ping efficiency (o)

o5 o os
OWx (um) Wy (um) ——Bc (ym)

o
Il
N
4 0 1)
coupling efficiency (

23 o Y
OW(um) Wy (m) — B (sm)




The simulated variations of the direct coupling efficiency versus the deviations Aw,

Awy and Ac in case of coupling LD’s GL beam to Type-2 waveguiding mode:

0.95

0.9

0.85

coupling efficiency (n)

0.8

0.75
-1.5 -1 -0.5 0 0.5 1 15

AWx (pm) ——AWy (um) ——Ac (um)




7-10 Theory of Crystals

Lattice: A periodical structure of atoms. Due to the periodicity of the lattice, we have

&(F +R) = &(F) . Furthermore, &(—F) =¢&(F) and there exist several axes and planes

of symmetry.

Translation vector: R=q,d, +,a, +a,a;, Where au, oz, a3=0, =1, £2, +3,....

R=0a+2b+1c

" [021]
L9
‘ Real
space

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

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 b, =¢*.

(G =1a*+2b* + 1c*
(121)

Translation vector in the reciprocal lattice: G = g,b, + 3,0, + 8,b,, where B1, P2,

B3=0, £1, £2,£3,....
g(r+§) =¢(f), .. g(r) _ Zg(é)eié-r _ 8(F+ ﬁ) _ Zg(é)eié.(ﬁﬁ)

= Bragg’s diffraction law: G-R=2nz. It implies Bj -&, =270 .

Let B, =k(a,xa,), B, -4, =27 k= 2% —p = 2@ x&)
a, - (8, xa,) a,-(a, xa,)
Similarly, b2=27z% and bazzﬁ%
a,-(a; xa,) a,-(a, xa,)

a A
. . A . A .
I AN o S
/ . .
. — Tu - = —
T A
- N - -

: LA
\\ o 1 /L
a /'UQI o ﬁ.
Square lattice and its reciprocal lattice Hexagonal(triangular) lattice and its reciprocal lattice
Square lattice a) = az by =2r/ai
s = aj by = 2r fag
Triangular lattice | @ = a# by =2 /a(i— V3/3 %)
ap = (2 +V35) | br =27 /a 2/3/3 4

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

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



: /.::.o s B Alowed
. PR / L] ; energies
o m 4
ke —

NG P [
& % Forbidden
=X N lf,'* crm ; energies
L
a

First and second =x -3x -2r -x O
a

‘The first and second Brlloum zones of a two-dimensional square lattice.

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

In quantum mechanics, the energy of n photons is Ephoton=nNhv=nfiw (ocw Or v),
the energy of n phonons is Ephonon=(n+1/2)hv=(n+1/2)hw, where h is the Plank’s
constant, v is the frequency, % =h/2z, and w=2zv. 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/.= kK oc k, where k=27/) is the wavenumber of matter wave.

We can depict the relation of the energy E (or ) 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. 111-V compounds such as GaAs, GaxAli.x As.

Ry The downward transition of an electron in a crystal of
MV the direct bandgap can emit photons. (. /Ak=/\p=0,
,,mg,p“ .". no variation in lattice momentum. All loss of energy

) due to downward transition must become radiation of
/ s photons).

k

Indirect bandgap: Eg. Crystalline Si.

Encrgy The downward transition of an electron in a crystal of
‘ wﬂmm the indirect bandgap can not emit photons, but it can
) cause lattice vibration and then generate heat or
. acoustic waves, etc. ("." Ak#0< Ap#0, There exists

Y
/TCWN 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 SiO2 can emit photons.



Lattice defects of crystals:

Berstiti] im purity:
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7-11 Theory of Photonic Crystals

Define the Fourier coefficients of periodical permittivity as follows.

&(F) =Y &(G)e" | 5(@):% ng(r)e-iG‘fdr (—_Z—*l(c;)e'Gr . and

- 1 e
G)== b 5 (F)

dr , where Q denotes the surface of the elementary cell. Note that

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

— 2 — — 2 — P
H-formulation: VX( ?F)VxH(F)J:w—ZH(f), where H(F) = a,H, (K)e*"
& C j=1

and 0, is the unit vector of the j” coordinate basis (0, -0; = &; for the orthogonal

coordinate system).

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

H,(K)e*" =H (K +G)e' ™" = H(r) ZZUH (k +G)i0 = ZZU H, oo

N
L _ 2 .
Substitute %zZEl(G)e'G'r and H () ZZ 1(k+G)- into
&
2
v{%w H(f)]:”—zﬁ(r) =
e(r) c
— . 2 o L=
T3 £G) (K+G+G)x[(K+G)Hy, ¢ x0,]1= 2 e S H, €70,
GG j c Gi
Multiply "7 and divide e™*" at the both sides of the above equation, we have

~ > MG (K+G+G)x[(K+G)Hg, e S 5 ]= 2 S H e C7g

G.Gj C" G

And integrate each term all over the whole cell. Utilizing

Z( )#0,G = GG {¢06=é"
dr) eiC+e-8) and [dr) eI =27 7
forge fors

0, else 0, else

we have —Zg (G™G) (K +G")x[(K +G)H, a]za’—ZHﬂ_a.

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



2
Itis obtained: -3 &™*(G'-G) (k+G')x[(k +G)Hg, x0|] =”—ZZHG ;.
G\ ' c T 7

We take the inner products of the above equation with 0, and U,, respectively. By

- =

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

Eigenvalue problems: Given a plane wave e'®*® we can obtain the eigenvalue

@ and depict the band diagram.

2
@

> eMG-G)k+G) (k+G)H., =—Hs, (TEwave)

B

23’1((3—é')‘E+é‘~‘R’+(§"HG,‘2 = Hs, (TMwave)
<

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

. I . Ih
. '
. "

(a) Square lattice (fy = IB48%). (b) Triangular lattice (fy = 44.43%).

Reciprocal lattices:

~
o el Q ®
PN Y
- = “ N
- i K
4 o M Yo S
P
" < \"'""_ﬁ:'
4 N & . s
N, - " NS
A r x R B
~, -~ ;. r 4
“ ! ’
. , I
~ - < . i
g /
~ # & - R
N, W
Mt b 4
Q ® a Ay
@
(a) Square lattice (b} Triangular lattice.

Square lattice: T"— (k, =k, =0), x—>(kX=§, k, =0), M—>(kx=ky=§)

Hexagonal lattice: I' —> (k, =k, =0), K- (k, =k, ::23—”), M — (k, =§—7T,ky =0)
a a



For a 2D photonic crystal made of circular cylinders,

gafr+gb(1_ fr)’ é:O ﬂRc
" .2 ' square lattice

,Where f =1 @ .
, eleswhere " |2aR. hexagonal lattice

Rc \/éag !

S TPy

r ‘ =

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 Rc=225nm. And the refractive
index of the pillar is 3.16227766.

TE/TM Band Structure
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Eg. An example of 3D photonic crystal




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. Alaser beam passes a T-junction of a photonic crystal. (by C. -C. Tsai ¥ i &,

T.—C.Weng £ 7 %, Y. —L. Kuo 3% 2 g, C. -W. Kao 3 #i¥, K. -Y. Chen [ £ =~ et
al.)

a=lum, 2r_=0.45um, n =3.16227766, a/A=0.4081632 (A=2.45um)

®
L]
L
L
]
®
L4
1%

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%20Bent%20PCWG.pdf

7-12 FDTD Method

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

Maxwell’s equations in the source-free region: VxH = oE + gE, VxE = ,u%
oH oE
Lo, 4 p B _OH, My oF +c ,_OH, H,
ot oy oz oz OX
oH
o, + 505 _OHy aH,
ot OX oy
oH, OE, oE, OH, OE, OE, oH, oE, OE

ot oz oy ot ox oz ot oy Ox
o
E, Z (Yee’s FDTD cell, 1966)

According to Yee’s algorithm, define the following notations: E(i/\X,j/\y,k/\z,I/At)
=E(i,j,k,)=E'(i,j,k) and HIAX,JAY,KAZIAD=H(i,j,k D) =H'(i,j,k). We have

B .1
aEX~EX(|+§,J,k,I+1)—EX(|+§,J,k,I)

ot At '

.01 .01
E —k,1+1)-E =k,
e, Eiit g kD= G+ kD)

ot At '

.. 1 .. 1
OE, EZ(I,j,k+§,|+1)—Ez(l,j,k+E,|)

ot At



http://faculty.pccu.edu.tw/~meng/FDTD%20C%20source%20code.doc

oE, E(|+21kl) E, (i+ -1k,
oy Ay ’
OE, E (|+ Lk D —E (i + ,j,k—l,l)
oz Az ’

1
6Ey E(Ij+ k1) -E, (i 1,]+E,k,|)

OX AX

OE, E(Ij+ KD — E(Ij+ k=11)

~

0z Az
.. 1 . . 1
OE, EZ(I,j,k+§,|)—EZ(I—1,j,k+§,|)
x AX ’
.. 1 .. 1
oE, . EZ(I,j,k+§,|)—EZ(I,j—l,k+§,|)
oy Ay ’
But
oH H(|J+— k+—|+ ) H(|j+—k+ I——)
a At !

1. 1.1 1. 1.1
H G+, ,k+=,01+2)-H @i+, j,k+=,1-=
oH, i et 2) i et 2)

~
H

ot At
1.1 1 1.1 1
H,i+=, j+=klI+2)-H,(i+=,j+=,kI-=
oH, _ ST, AT A »
ot At ’
o1 1, 1 1 1, 1
H. (G j+= k+=1-2)-H G, j-= k+=,1-=
oH, _ R S T U A SR S
oy Ay
o1 1, 1 | 1, 1
H G j+= k+=1-2)-H,(,j+=k—=,1-=
oH, _ R DA T U AR S S
oz Az ’
1, 1
H |+ k+— |- H, (- k+=,1-=
oH, y(A+200, ) M( > 2)

~

OX AX



1. 1 1 A 1 1
HG+>, j,k+>1-2)-H (i+>,j,k==,1-=
oH, _ AP R D A TR A
oz Az ’
.1 .1 1 1 .01 1
H,(i+=,j+=kI-2)-H,(i—-=,j+= kI-=
oH, N . ( 2 J 2 2) ( 2 J 2 2)
OX AX ’
I R 1 o1 01 1
H,i+=, j+= kI-2)-H,(+=, ]—=.kI-=
oH, N . ( 2 J 2 2) ( 2 J 2 2)
oy Ay
=

.1 o1 1 1.
EI+1 A yk :C A 1kEI A yk C A !k :
c S 1K) =G+ 2 LB+ 2, 1K) + G (145, 1K)

1. 1
lJyk_i) !

Hl-g(_ 1. 1k) Hl-;(_
i+, j+-,k)-H, 2@+ =
‘ 21" 2 2

1.1 PR R I
E'J_E'k) Hy2(|+5,1,k+5)—Hy2(|+
Ay - Az

w1 o1 o1 1
E;l(l,J+E,k)=Ca(|,J+E,k)E;(l,J+§,k)+Cb(l,J+E,k)~

- O 1.1 o1 L1 1
H Zi’.+7’k+7_HX2i’-+7’k_7 H22i+71-+71k _szi_71.+71k !
X(Jz 2) (12 2)_ (212) (212)

Az AX

. 1 . 1 . 1 . 1
EI+1 ’ lk _:C 11k _EI ’ 1k ~ C l!k -]
o (01 K+2) =Co (i k+2)E, (1 L k+2)+Co (1 J K+ )
1
Z,J
AX Ay

| 1, 1, 5 1,1, 5 1,1
H, 2(+=, ) k+>)-H, ?(-=,j,k+=) H, 204, j+=,k+=)-H, 20, j-=k+2) |’
y P k)= H, 2 2)_ g+ ko) (= k+2)

T | 1 R | 1 .1 1
H,2@0,j+=,k+=)=H, 20, j+=,k+=)+D, (i, j+=,k+=)-
X(JZ 2) (12 2) b(J2 2)
E'Gj+1k+ D) —E' G jk+ ) BG4Sk B+t |
B 2 A I
Ay AZ




T | 11 1.1
H, 2(i+=,j,k+=)=H_ 2(+=, ,k+— +D,(i+=, ,k+—-
y Pt dke2)=H, 2+, ] )+ Dy (42, )

E;(i+1,j,k+;)—E;(i,j,k+;) ENGi+ ,Jk+1) Ei+ ,Jk)

AX Az

1 1
H 2(i+%,j+1,k)=Hi 2(i+%,j+%,k)+Db(i+1,j+1,k)-

E(| ,j+1k) E(|+ ,j,k) E(I+lj+ K)— E(Ij+;k)’

Ay AX
where  C, (i, j.k) = 2201 Zo(L LIOAL gy 280 |
2¢(1, J,k) + o(i, J,k)At 2¢(1, J,k)+o(i, J,k)At
. At
and D,(i, j,k) =——
° (i, j,k)

Power distribution cc ‘E‘z =(E’+E,” +E,%)

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

2 2
Wave equation: VY — nza‘zl'_a‘er@‘era‘f n_za‘zl’zo
ot OX oy oz c° ot

62‘11 ‘P (i+1, k)= 2¥'(i, j,k)+¥'(i -1 j, k)

Notation: W(iAx, jAy,kAz,1At) =¥ (i, j,k) ,

NG
e S +8°+8,° o
=¥, j,k)=21- — 1-¥'G, . k) =P, j,k)
n-(i, j,k)
5,7 ‘
2 [P+ k) + P -1 K]+ [ LK)+ (L 1K)
n’(, j,k) n“(, j,k)

52

+— [P'G,j,k+D)+P'(, j,k-1]

n*(, j,k)

where 5X:C—At, 5y=C—At, 5Z:C—At, At < L

AX Ay

Az 1 1 1
Vo sttt
AX Ay Az

For the z-propagational initial sinusoidal field: ¥'(i, j,0) = ®(i, j,0)sin( 2clzAt

)


http://faculty.pccu.edu.tw/~meng/FDTD3.FOR

Mur’s First-Order Absorbing Boundary Conditions:
CAt — AX
CAt + AX
CAt — AX
CAt + AX

x=0, ¥'"(0, j,k)="P'(, j,k)+ 1P, j,k) -0, j,k)]

x=1Ax, 2L §,K) =P (-1, §,K) + TP -1 g k) =P, §,K)]

y=0, \P'*l(i,o,k)=‘P'<i,1,k>+ﬁ-[w'“(i,1, K)— ' (,0,K)]

At — Ay

_ WG I K) =W (T —1K)+ S TP, -1k) - (i, J,k
y=IAY, (i,J,k) (i )+cAt+Ay [¥( ) (i,3,K)]

CAt — Az
CAt + Az

z=0, ¥ (i, j,0)="P'(i, j,0) + TG, ) -G §,0)]

CAt — Az
CAt + Az

=KAz, W0, j,K)=¥'(, j,K -1+ TG, K =D -, §,K)]

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

[2—T(I+1’J’k)+T(I_1'J’k)]-5xz+6y2+522

E, (k) =2-{L- 2 }EG K -E, G k)
n“@, J,k)

+2§+2_-[I'(i+1,j,k)-Ex'(i+1, LK) +T(30-1j.k)-E' (-1 j,k)]
n“(i, j, k)

2 2

5)/ |/ - |- - 52 | - - 1, -
+ 20000 [E, (1, j+LK)+E, (i, j-Lk)] +m-[EX (, L, k+D+E, (i, j,k-1)]

T3, j+Lk)+T(, j—1,k)

57 +[2- 1-:6,°+3,°
E, (i, j.k)=2-{1- 5 2 }E, G K)—E, G, j.k)
n“(i, j,k)
5x2 | - . 1 - . 522 | - - 1, -
+ 60K [E, (i+1 j,k)+E, (i1 k)] +m.[Ey (i, j,k+)+E, (i, j,k-1)]

2

+f+-[‘l’(i,j+1,k)-Ey'(i,j+1,k)+T(i,j—1,k)-Ey'(i,j—1,k)]
n“(i, j,k)

2n2(i, j +1,K)
n2(i, j £1,k) +n?(i, j,k)

2n2(i+1 j,k)
n2(i +1, j,k) +n2(i, j,k)

where T(i£1, j,k)= and T(i,jx1k)=


http://faculty.pccu.edu.tw/~meng/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:

(G (7 s 5y2+522 (i s
Wi, j,k) =", j,k)+2[1- 710 w'(i, j,k)
5)(2 |+£ - . |_E - . 5y2 [ 1 (- - 1 (- - ]
o R O B LU AR
52
— (i, j,k+1)+P'(, j,k=1)|,
+n2(i,j,k)[ (I J + )+ (I J )]
where 5, =2 5 -CAL 5 _CA
AX Ay Az
a - o, At
X 2 (- .
D, "(i+1, j,k)= — 0" (E' fi’tj’k) D, (i +1, j,k)
% +gon2(i+1, j.k)
1 L L
+ p—r [‘P (i+1j,k)-¥'(, j,k)]
a, +

eon’(i+1, j,k)

o, At

X
a 2
X

“en(i+1, k)
At

D2x|+l(i’ j’k)z : D2xlil(i' Jlk)

(
a 4+ oAt
“ gyn?(i+1, j,k)

+

1 W/ . y .
oA [P+ 150D, i1 ) k)

T (i+1 k)

-0, §,k)+ D, -1 1.k)

os8)=[2) 1 = ) P00+ DE

d 2d

d =n,Ax: Thickness of PML, m: order
Ro: Reflection from PML at normal incidence
=8, Ro=107, m=4



In the y-direction:

(i, j k)= =", j,k)+ 2[1—M}11'(i, j.k)

n(i, j.k)

—5)(2 i i H H o -¢—1 .. A
+nz(i,j,k)[\PI(I_'_l’J,k)_'_\PI(I_l’J’k)]_'_nz(ij/j’k)l:Dzyl 2(|,J,k)— D2y| Z(I,Lk)}
522 .. ..
+m[‘f’l(l, jk+1)+9' (i, j,k—1)]
where 5X=C—At, 5y:c_At, 5Z=C_At
AX Ay Az
o, At
N (i, j+ 1K)
Dly|+1(i,j+1,k)= sn I, J+14, 'Dlyl_l(i,jJrl,k)
a4 OvAL
Y gyn?(i, j+1,k)
1 . I (: - _ 1(: -
+a oA [ i, j+1.k) =¥, j,k)]
Y gon?(i, j+1,k)
a o, -At
Dy, (i, j,k)=— 2n’li.J +1k) i, j.k)
S
Y gyn?(i, j+1,k)
1 +1( e -
+

» T en?i, j+1k)
-, (i, j+1.k)+ D, (i, j ~1k)]

2d

(yjmayrrax ~ _(ij n,g,c(m+1)in(R,)

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

Ro: Reflection from PML at normal incidence
ny=8, Ro=102, m=4



In the z-direction:

\Pl+l(i J k):_\Plfl(l J k)+2 1— §x2+5y2 \PI(I J k)
R R T
57 5.2
X (s - 1 (- . (- - .
+ml}lj (|+1,J,k)+\lj (l—l,J,k)]'Fm[\P (|,J+1,k)+\P (I,J—l,k)]
5, P EV
where 5X=C—At, o, :C—At, 5, _ oAt
AX Ay AZ

QD
N
|
o
>
N
_
—
=
+
[uny

»Dg4&Lk+D

19 k+ 1) -9 oK)

2d

+ 1 B, j.k +2)- D, (i, j.k ~1)

— D, ", j,k+1)+ D, (i, j.k—1)]

d 2d

(z jmazm _ _( z jm 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=10?, m=4



Application of FDTD Method:

Eg. Invisible cloak. (by Dr. G. D. Chang, EE{EEL)

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

(by J. —B. Huang, et al.)



http://faculty.pccu.edu.tw/~meng/InvisibleCloak.wmv

Appendix I-Diffractive Optics and Fresnel Lenses
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