DBR LASER
INTERCONNECT Simulation




Lumerical Solutions

3D Maxwell solver(FDTD

» FDTD Solutions: Single and multi-
_ processor finite-difference time-
4] domain optical design software.
I
_ MODE Solutions: Waveguide
I\'ﬁ" 4 eigenmode solver and omni-
- directional broadband propagator
design software.
I

Modal analysis(MODE

INTERCONNECT: Optoelectronic

and photonic integrated circuit

(PIC) design software package.
e

TCAD device simulation software

for silicon-based optoelectronic Hierarchical Simulation(INTERCONNECT)
structures.

1;_; DEVICE: Powerful semiconductor
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License setup

%7 INTERCONNECT - Configure License B S

Floating Mode Locked

FManage which floating license servers get checked from this tab,

ot
L

Server: | 165132, 112.189 ort: @ Default 0 Specify

[7] Configure redundant servers

==erver can be either the hostnarme or [P address of a Flex license server

Actions

@ Apply these seftings to my user account only

) Make these settings the systemn defaults (requires elevation)
(7 Configure my account to use systermn defaults

Instructions on how to activate vour floating license
Miew wour active licenses in the FlexMet Publisher dashboard

0E. ] [ Cancel
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i. [umerical INTERCONNECT]

Eile

/F%Derty ‘iew ~ Root Element N
Mame Value nd

INTERCONNECT Window

Edit View Simulation Help

: Script Workspace g X 1] \

:2 Name Dimensions/Value

z Cateqory (Al ~] [ Search |
& Keywords @
> Elements

li‘i: B Analyzers -

G
[}

Element Tree 8 X

Name Value

Root Element

Schematic Editor

B Sequence generators
B Pulse generators
B sources

Polarization
Receivers
Photodetectors
Metwork

Math

Logic

Signal processing

ement Libre

m

NG| sdaams pue suopez|updoSe A00pg a4 dias | Areigr

\

Type Description

Command Window

ull View

5 X

i)

k-]
o
E,C » General
H » Simulation
= |4 Thermal
=l temperature 300
& |4 Enhanced

) ropréartyave Elsk

anfnate simulationd false =
2 .
ults View
nES Vie\
5 > Script
| |4 Design Kit
5| | 4 Header
& compenent id 0
4 mcs filename W
\ mes
>
Group scope= 1Root Elerment

| Directory: C:/Users kyu/Downloads
—

Script Prompt | Output
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Several Types of LASERS

Fabry-Perot(FP) Laser

L
Oxade msulator /

p-Al Ga; As (Confining layer)
GaAs (Acuve layer) :::.

" —Alxl.'.ia} SAs {Confining layer)
n-GaAs (Substrate) ——

Substrate

(IR——|
I

A

T~

T

'

A

Distributed Bragg Reflector (DBR) Laser Distributed Feedback (DFB) Laser

oratine
— grating

]
g Lasér Emission :
m KRS et

Y

Active layer™
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i‘. Lumerical WT’EE_CDNN_
File Edit View Simulation Help
ﬁ _Scripl Wnrksna_ce

& X

::Root Element £\

Simulation Setup

Property View - Root Element

Script Works

Name Dimensions/Value

"' [Elemnent Tres

Value

Root Element

-
-
-
L]
[
" |Property View - Roat Element &
I (E
g | Mame Value Unit o
E,C > General
g 4 Simulation
= M| bitrate 25e+10 bits/s.
= i simulation input time window -
H =
2
e m
(it W time window 5.12e-09 s
w sample rate 168412 Hz
w| | number of samples 8192 =
8 | 4signal Mode
nﬁ ! output signal m... sample
= L
@
4 Sample
sample mode f.. automatic
2|
|_| |4 Thermal
‘ temperature 300 K u
o o ] v

x
5.
1
£
=
&
=
o
&

| Group sc

Script Prompt

ctory: Oi/mk/Simulations/Optoelectranics_16,

Optoelectronics (17/2)

mecs
= Validation

.4 mcs filename

MName Value Unit
> General
4 Simulation
bitrate 2.5e+10 bits/s
simulation input sample rate
time window 5.12e-09 5
sample rate 25 THz
number of samples 128000
4 Signal Mode
output signal m... sample
4 Sample
sample mode £ automatic
4 Thermal
temperature 300 K
4 Enhanced
moenitor data save to disk
animate simulation  false
simulation cutput  disable
4 Mumerical
multithreading automatic
> Script
4 Design Kit
4 Header
compenent id 0

4

m
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Gain Medium(TWLM)

Element Library

Search

Categary | All

»|[ Search |

Feywords

Elements

> B Analyzers
Sequence generators
Pulse generators
Sources
Modulators
Passives
5 parameters
B Waveguides
B Amplifiers
B Actives

D
Filters
Polarization
Receivers
Photodetectors
Metwork
Math
Logic

9

m

Models

Type Description
&5 |aser TW  Traveling Wave Laser Model

Drag & Drop

Properties

port 1

input

port 3

Property View - TWLIVI_1 "—

=

Name
> General
4 Standard
frequency
length
active region width

4 Waveguide
4 Recombination

 Table
4 Cosfficients

radiative quadr.
radiative cubic
nonradiative i
nonradiative q
nonradiative ¢
4 Gain
gain shape

gain coefficient
carrier density at...

diffusion constant
gain compressio...
gain shape cente.

differential gain
differential gain
> Spontanecus Emissicn
> Grating
4 Mode 1

label 1
polarization 1
loss 1

effective index 1
group index 1
dispersion 1

facet reflectivity ...

4 Enhanced
output carrier dens
> Numerical
4 Simulation
eufpui srigmal mode
sample rafe
4| [

active region thick...

recombination in...

radiative linear ...

initial carrier den...

gain shape qualit...
gain shape refere...

orthogenal ident...

mode confineme...
spontanecus emi...
facet reflectivity |...

Walue

350
209.792
Se-06
le-07

coefficients

25e+08

coooo

Lorentzian

1.5e-20
15e+24
1.5e+24
o

o

350

20
15e+24
o

o

false

Unit

1/s
m"3/s
m*6/s
1/s
m#3/s
m*6/s

m*-3
m#*-3
m*2/s
m#*-3
THz

m"-3
Hz/m"-3
1/mn-3

dB/m

s/m/m

Hz

-

\

m

-

>

Standards
:Frequency, structure of laser

Recombination

Gain
:Gain curve shape

Model
:Loss, n,, facet reflectivity

Optoelectronics (17/2)
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v’ Structure of laser(Standard)

THz
um
m
m

4 Standard
frequency
length
active region width

active region thick .

Properties of TWLM

350
299792
Se-06
1e-07

v" Recombination

4 Recombination

> Table
4 Cpefficients

Optoelectronics (17/2)

recombination in..

radiative linear ...
radiative quadr...
radiative cubic ...
nonradiative li...
nonradiative g...
nonradiative c..

coefficients

2.5e+08

(== = T i

A
B
C

1/s
m*3/s
m*&/s
1/s
m"3/s
m"&/s

éain medidm

Y U / N

- : - : : 7" :
' r r b B R,

Waveguide ;t:ure

dN N
T

AN
- = T=[A+BN+CN?]™Y — = AN+ BN?+CN?

AT

A: monomolecular
B: bimolecular
C: Auger

&) Yonsei University
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Properties of TWLM

v' Gain shape

8 gain shape Lorentzian g(f' N) — gpeakL(fC’ Q)
= Ipeak = Ap(N — Ny

gain coefficient  1.5e-20 ap m*2

carrier density at.. 1.5e+24 Ny, m*-3 / Nem1 86107 o =353 Thz, G=100)
o - r 09 / “Ne=1.7x10° (cf =355 THz, 0=80)
initial carrier den... 1.5e+24 m#-3 Ne=1.8x10% (of =387 Thz, Q=60)

— Ne=1.9x10"%(cf =359 THz, Q=40)

diffusion constant 0O m*2/s E 08 - Ne=2.0x10% fef =361 THz, Q=20) |
gain compressio.. 0 m”~-3
gain shape cepnte 350 THz o7
gain shape gualit 20 So6
| gain shape refere.. 1.5e+24 m*~-3 ?

differential gain ... 0 Hz/m*-3 208
differential gain ... 0 1/m*-3 -EM

v Mode setting

4 Mode 1 02

orthogonal ident... 1 oL |
label 1 TE » = .
polarization 1 TE %4 345 Y 355 36 365
loss 1 4342.94 dB/m Frequency [Hz x 10] 10"

effective index 1 3.5

group index 1 4

dispersion 1 0 s/m/m
mode confineme... 1

spontaneous emni.,. 0.0001

Llalatinl 03 Reflectivity Facet reflectivity can be used for
Febry-Perot laser simulation

izt refloctivity 02

4 Enhanced

output carrier dens... true
4 Diagnostic

run diagnostic true Gain spectrum
Opt01 diagnestic size 1024 Page o]
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Gain spectrum and LI curve

v' DC source

4 [ Sources

B Electrical
B Optical
Models
Type Description
“ DC Source DC source
' Sine Wave The sine wave creates a elect...
Ramp Source Ramp source
Impulse The model generates a singl...
me Npise Source  The model generates Gaussia...
Step Source The model generates a singl...
% Scripted Scurce  User defined scripted source
+1 Jitter Source Adds random and determini...

v' Optical power meter

4« B Analyzers -
B Digital fl
B Electrical

Maodels

Type Description

L Optical Spectrum Analyzer  Measures the ma...

. Optical Channel Analyzer  Measure and mo...

Optoelectronics (17/2)

Optical Power Meter Measures average...

' Optical Oscilloscope Allows cbservatio...
2" Mode Profile Analyzer Allows observatio...

— Optical Metwork Analyzer  Performs scatferin...

Page 10

DC_1

DC

output

s

Propeties:
amplitude =0 {a,u,)

v
TWLKhplt

port 1 g;@

carrier density

OPWM_I1

input

AN

ooooo

\

Results:

sum/powear = empty)

/

4 Standard
powver Lnit W
sensitivity -100 dBrn
lirnit tirne range false

Simulate, and sweep setup!
= Sweep DC amplitude,
save result of power

Yonsei University
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Gain spectrum

v' TWLM gain curve

- . Result Yiew - TWLM_1 8 x
» || Click run ]
| | Mame Value . . . .
T |+ disgrost Right click and Visualize
1 4 gain
E 55 spectrum  'gain spectrum’ <1024,1> [0.410443423e-033-67....
— 1 O ]
. Property Migw - Root Elemnent (Read-0nly) g X E ﬁ:;r{er ,g;:?l;i;lz (1553123134%012
é . ::: center ‘frequency’ <1,1> 350e+012 (Hz)
= |Name Value Unit i g 4 spontaneous e.
E » General 5 spectrum  'spontaneous emission spectrum’ <1024,1= [0.410...
o |4 Simulation o power ‘power' <1,1> 16.80123134e+012
g bitrate 2.5e+10 bits/s O peak 'gain’ <1,1= 1 (1/m)
2 simulation input sample rate : center ‘frequency’ <1,1= 350e+012 (Hz)
' =
_E = % O Rel(gain spectrum (1/m) at 0 m™-3
3; time window 5.12e-09 5 = ™~
t sample rate 25 THz 2 04 AN
g number of samples 128000 N\
& | 4Signal Mode | o2 / \
m— output signal m... sample ol / \
E 4 Sample o 0 / \
= sample mode f.. automatic / Ay
3 02 / \
= Thermal
5 temperature 300 K f,-"( \-\
o Enhanced 0.4 ! N\
o
monitor data save to disk / AN
J monitor buffer size 64 — S
9 V3 . T ol & 0.6 ! ! .
CI I Q k; W| b 335 340 345 350 355 300 305
. z . frequency(THz)
click object to view result
, .
- FP Laser’s gain spectrum
Optoelectronics (17/2) Page 11 Yonsel University




Sweep setup for LI curve

Optimizations and Sweeps 5 X
-
h W @ l M m |E| Optimizations and Sweeps 8 x :
=
- B = =
‘ I sweep (Y. A 2
& %
Pararme ters A Run §I
Tvpe Murmber of pints: 10 = Save to files EF
(=]
Name ra Units add Load from files é
. . . . Clear existing data g
Right click| = visualize vss » -
. m
Edit g
Copy 3
Plarta .
<
Fesult
Name Result Operation A 0.09 L | Re(TE power (WD)
Optical Power =Root Element:OPWM_1:mode 1/po... C u rV e
0.08 - 7
./"//
0.07 - ’_//”
OPWM=>Model=>»Power
0.06 ///-’
0.05 e
#dvanced -
] resave files after analysis 0.04 //f'/
003
0.02 e
L
0,014
0 - T T
v} 0.05 0.1 015 02 025

Il To set output power as sweep output |
parameter, you have to run simulation first.

=) Yonsei University
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Febry-Perot Laser Schematic

Optical Spectrum Analyzer
(Frequency-domain result)

0.05 DC Source

OSA_1

/ DC_1
DC 1

nim

\ ou’a;ut
@
Properties:
kamplitude =005 (a.u .

Results:

Analyzers =» Optical

sum/sianal = em pt},J

TWLNhpLt

@&— PO —@ '—m

OPYM _1

ooooo

sum/power = emply

Carrier density
Oscilloscope
(Time-domain result)

Analyzers =» Electrical =» Oscilloscope

- Optical Spectrum Analyzer d porT 2 nput |
: carrier density Results:
00SsC_1 69
YWE
. : inpu o ( osc.i )
Optical Oscilloscope|*®===*= 1 55
(Time-domain result) m| Q Q :
Analyzers =» Optical = Optical Oscilloscope SEEER
Rs?gsrggis::empty Y,
Optoelectronics (17/2) Page 13
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FP Laser Simulation Results

v' Gain spectrum

1-

f ‘ Relgain spectrum (1/m) at 0 m™-3) |
08 AN
i \‘\
/ Same result
0.6 ! N,
ff \\
/ \
\
0.4 \
0.2 ] /
/ N
0 > -
Sodoe+ll4 3.4&;—[1 |4 Sd2e+H14 SuoeHl4 Suaoe+l 14 L’:«.CJE-II-U |4 ij.CJ‘JE".I-I-U |
frequency(Hz)
Optoelectronics (17/2) Page 14 (83) Yonsel University




FP Laser Simulation Results

v OSA v' Optical Oscilloscope(Model)

084
1 Re(TE power (dBm))| Re(TE power (W) at 350e+012 Hz)
SOAMMACA O
V ){ { Y Y Y V \ { 0.6
...... 05
Frequency(Hz)
=5 AR 0.4
0.3
-60
02
-80+
0.1
100+ U4
3.30e+014 3424014 3.45e+014 30e+014 355e+014 3oe+ll 4 3056+ 0 52010 1e-009 152009 22009 258009 38009 358-009 42-009 45009 52009 55200
Frequency(Hz) time(s)

v’ Electrical Oscilloscope

2e+0244 |

Re{amplitude (a.u.)) |

1984024 |
18et024 | |1 1Y
1.7e+4024 |

1084024 |

l.oe+l24

T T T T T 1
0 52010 12-009 1.58-00% 2e-009 2,5e-009 3e-009 3.5-009 4e-009 4.5e-009 52-009 5.5e-00'
time(s)

&) Yonsei University
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Distributed Bragg Reflector LASER

Gain Section + > DBR section (frequency selective mirror)

v Single-mode by Bragg grating structure
v" Phase tuning region can be controlled with another DC bias

Optoelectronics (17/2) Page 16 (&) Yonsei University



DBR Laser Schematic

DC_6B
DC G b
b DC
output
-
output
Froperies:
amplitude =0 (au.) Y .
WBG_3 OM I3n odulation wGD _3 Properties: TWLMpBt
ampliide =0 {a.u.)

J_ R=0 é R=0.3
— ] h — { f’i\ _@
POt 1 po port 1 _ | portz port 1 port 2 Sﬁf‘t] port 2

Froperies: Froperties:
length = 0.0015 {m) length = 74,9481 (um)
Bragg-grating Phase tuning Waveguide Gain medium

v' Each response analysis is necessary
=>» Grating response, FP response(gain medium + waveguide + phase tuning)

Optoelectronics (17/2) Page 17 @) Yonsei University




Bragg Grating

v' Optical Network Analyzer setup

impulse response

. 4/ Standard : 4 Numerical
Optical Network Analyzer mberof nputpots 2 . sl type
1 1 1 input parameter center and range
(G aln SImUIatlon) center frequency 350 THz
ONA_1 freguency range 25 THz
o
B Q number of points 10000
/\_’_\ o plat kind frequency
o relative to center false
EREEnm delay 0 5
limit time range false

output |input|input 2
® @

v' Bragg Grating setup

WBG_1 4 Standard 4 Mode 1
configuraticn bidirecticnal orthegenal identifier 1 1
length 00015 m label 1 TE
m—% input parameter Bragg frequency loss 1 0 dB/m
patt 1 po
freguency A5A.55 nm group index 1 4
coupling parameter effective index ... facet reflectivity left 1 0
. . . effective index change ac 0.0005 facet phase left 1 0 rad
WaVegUIde 9 GratlngS 9 Bragg Gratlng effective index change dc 0 facet reflectivity right 1 0
facet phase right 1 0 rad
phase shift 0 rad 4 Thermal

Optoelectronics (17/2) Page 18
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Bragg Grating Simulation Result

Click ONA = Result View = Inputl = Model =» plot gain

-30 4

-100

-130

=200

Re(TE gain (dB))

[ Parts | Result View - ONA_I

[ |Result View - ONA_T 8 x
Mame Value Annotat *
4input 1 =

4 mode 1
transmission 'TE transmissio... []
angle TE angle' <100... [[]
group delay 'TE group delay... [7]
group velocity 'TE group veloc... [O]
dispersion 'TE dispersion’ .. [}
loss 'TE loss' <1000... [
{55 gain {'TE gain' <1000... [O]
L) [}Pm i

Sodoe+ldl 4

L]
Sde+H114 Sd0e+4014 Suoe+l 14

frequency(Hz)

Optoelectronics (17/2)
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3.0

-50

=60 4
T
3490

1|'

I|||i|||'

!

'. | il i II-“-: ll‘“ | ll Il ‘\ | |
| |

) ' -._I I';’II| |
\
| "

Re(TE gain (dB))

|| ||| ||| || Illlll!ll:
v |||I
| I
| || " (

T
34497

T
3498

3494

300

30001

frequency(THz)

T T
3002 00,3
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DBR Laser

DC_4
DC
b
QUL
Froperties:

amplitude =0 (3.1}

Y

O _|#n odulation

WBG_2
{Jg)— a ‘ )
port 1 Do@ 1:1‘:?6?;‘[ 1
Froperies:

length = 0,005 {m )

Bragg Grating

mn_gPromerﬁes:
amplitude =0{a.u.)

B
port 2

|
port 1

port 2 port 1

R=0
Fropertes:

length = 7, 9481 (um )

ONA_3
a Q
o
o
o
EEEEN
output | input|Tnput 2
DC=0 \ ® o
No pumbpin Properies: |
( p p g) analvsis tvpe 3 impulse response
DC_3 Fesults: I
input /mode 1¢gain =empty
L IS [ | S e
-
outpLt

DorE%

R=0.3

v' Same models in previous simulations (Bragg grating instead of mirror)

Optoelectronics (17/2)
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Model Setup

v' Waveguide setup v Optical modulator setup

Waveguide = Straight waveguide Modulators = Optical =» Optical Modulator Measured
- - 5 Matrix editor L M
— (Property View - WGD.| g x — Property Yiew - OM_1 5 X |
o ] o
2 | name Value Unit 3 g - d oo N Fiomowe
L |b Generl | Name Value Unit i 2 s 00045 o
2 |4 Standard % - General 3 4 0004
= frequency 350 THz = -3 03
E length J49481 um = :; i e oo !
2 |4 waveguide g frequency 350 THz 5 3 0003
| 4Mode1 =3 length 749481 02
= orthegenal identifier 1 1 B & input parameter table 2 0.002 o
= label 1 TE | 4 Table & -8 0oms
= loss 1 4342.94 dB/m
'; ETTEctive INOex 1 1 o load from file false - i o
£ group index 1 1 g e 10 -0 00005
- dispersion 1 o s/m/m 7 measurement type 1m0 o 0
2 4 Thermal = H
& f measurement Double click, edit —
2 4 Mode 2 .
& T ! First row: Input source
4 1 G

v' TWLM setup

Second row: n.4 changes

v ONA setup

Same as FP simulation, but two changes Same as

4 Mode 1
crthogenal identifier 1
label 1
polarization 1
loss 1
effective index 1
group index 1
dispersicn 1
mode confinement factor 1
spontaneous emission fact..

Bragg grating simulation
L (page 16.)

facet reflectivity left 1

Tacet retlectivity right 1

Optoelectronics (17/2) Page 21

TE

TE

4342 94 dB/m

35

a4

0 s/m/m

1 Spontaneous factor should be zero
0] .

o to clearly verify response

03
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Simulation Result

Click ONA = Result View = Inputl = Model = plot gain

—— Bragg Grating only
Laser w/o Bragg Grating
DBR Laser

A90e+0 LﬂQ‘?OE-\‘-U r:n4wa+u Ba9Ee+0 W‘?‘:’e-\‘-{l |4§ De+l |@ DU IE+U m:-uzew ﬁmuaew Uque-\‘U mbuoe+u
frequency(Hz)

5_
D_
204 3
04 -0
207 -16-
-40
=20
-60
-80
-100 .
Bragg Grating only
21204 Laser wfo Bragg Grating
DER Laser
-140 T T 1
S.30e4Hl14 Sde+]14 S45e+H]14 SaoeHll 4 SaaoeHlld S0e+l]4 SGoeHl]
frequency(Hz)
Optoelectronics (17/2) Page 22
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DBR Laser with Pumping Schematic

Optical Spectrum Analyzer

O5A_1
| | § Q
Source for input g 00SC_1
E EEn “f\ 0 =]
phage,tuner | DC="1uU WE ®
Mooy | sRumptg)l VL
E DC Il EEEER
| =) e N J;utgut i $_““““—i‘
WBG_3 OM _3 | od Yerm— W GD _2 s "
port 1 Dog 2 port 1 - = port 2 port 1 port 2 port
0SC_1 carrier density
, 50 Spontaneous factor
=b /\/\/\E should not be zero for
input g stimulus of lasing
L (0.0001)
Optoelectronics (17/2) Page 23 (&) Yonsei University




Simulation Result

v Optical Oscilloscope(Model)

Re(TE power (W) at 350e+012 Hz)

Re(TE power (dBm)) |

013

Feque
-4l
-60 0.1 I
[l
|I 1
80| 005 R
(|l I' I'. _."’ \./-\__..._ — e
Y.
ARy
-1004 0 Y
L p p _ . - - T T T r T T ]
3.30e+014 34e+014 3.45e+014 3.0e+014 3.50e+014 S.0e+014 3.00e+01 0 52010 1e-009 1.5e-009 2e-009 2.5e-009 32009 3.5e-009 4e-009 452009 52009 5.5e-00
Fregquency(Hz) time(s)

v’ Electrical Oscilloscope

Relamplitude (a.u.))

]
1.9e+024 I‘

1.82+024 | ﬁ
('

"I

1.7e+024+ | f I; v

1.68+024|

1.oe+Hl24 T T T T T 1
0 2e-010 1e00% 1.0e-00% 2e-00% 2.0e-00% 3e-00% 3.0e-00% 4e-00% 4.5e-00% 5e-00% 5.5e-00
time(s)

Yonsei University
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Phase Tuned Simulation

Change DC value >

g Q 20_

of phase tuner sl 108

WDUt o 00SC_1 104 DC =0

| (MEEER

F g @

DC_6 i sl
! DC_5 o= = 04
I inpu
DC | pc|] | |mmmmm .
> ! -10 |
outpuf| B ’ 1)
S J output o0 17 ‘HI
WBG_3 b | 11 ]Il et WGD_2 TWI TR ) Ml llll_\"_
® I | . o A * i |/
m ——— B —@ pl i
port 1 DQQQ port 1 ] part 2 port 1 port 2 port 1 port 2 40 '”!14'.' -' 4
= ) Bt
il M 1 | i
carrier density i A LA
0SC_1 ® -50 ™ L | e
| e -0 - T e P
a T T T T 1
F a 3498e+0 1 43,4980e+0 1 43.499e+0 1 453.4990e+0 14 30e+014 3.00022+014300 1 e+014320010e+0 1 43.002e+0
input a
S FTTTT Freguency(Hz)

v' Peak frequency can be tuned with phase tuning

(&) Yonsei University
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Design Exercise 3

a) With Bragg-gating frequency as 349.95 THz (856.672 nm), simulate
three different gain response simulation without phase tuning. Also,
plot the optical spectrum with optical pumping. Compare & analyze the

result with the simulation results obtained in the class.
-Bragg-grating, FP, DBR simulation

b) With phase tuning, find out DC source value for highest output
power at 349.95 THz (856.672 nm). Explain how to get the value. Also,
analyze the simulation results with theoretical background.

Due date: 22 Dec. PM 6:00 @ B629
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