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Week 3
! DURING CLASS: 
! Q&A 
! Fabry-Perot Cavities 
! Bragg gratings and Transfer Matrix Method 

! HOMEWORK: 
! Complete “Semiconductor Laser Introduction” > “Fabry Perot Cavities” 
! Complete “Semiconductor Laser Introduction” > “VCSEL Design, Transfer Matrix Method” 
! Complete “Project 1 – Photonic Circuits: Bragg grating cavity Design | Bragg Gratings”
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Objective
! Understand and model 

! A Fabry-Perot cavity based on two “regular” mirrors 
! HW on edX 

“Semiconductor Laser Introduction |  Fabry Perot cavities” 
! Waveguides 

! HW on edX 
“Photonic Components | Waveguides & Waveguide modelling” 

! Bragg gratings 
! HW on edX 

“Photonic Components | VCSEL Design, Transfer Matrix Method” 
! A mirror based on Waveguide Bragg gratings 

! HW on edX 
“Photonic Circuits: Bragg grating cavity Design | Bragg Gratings” 

! Course project: your design, gets fabricated and measured; you analyze. 
! A Fabry-Perot cavity with two Bragg gratings and waveguides, operating at 1.31 µm 

! Project report 
! Project design layout - draft, final
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Project Report
! Keep your report as concise as possible (e.g., 3-4 pages) 
! Here is the template I recommend you use: 

! http://www.ieee.org/conferences_events/conferences/publishing/templates.html 
! Example reports and code to help you: https://www.dropbox.com/sh/r8zvccc7v04qfco/AAB-

GZw5rKVmMBC4Ji983KeZa?dl=1 

! Please include: 
! Project title, your name 
! Abstract / Introduction - state the objectives of your project 
! Design: what determined your choice of parameters; 
! Images: the important portions of your layout 
! Table: list the parameters for your design;  include simulated performance parameters, including FSR, 

bandwidth, Q, etc. 
! Model: expected results, graphs.  You can overlay four plots on a single graph to make the report more 

concise. 
! Experiments: prior to doing the actual experiments, describe how the devices will be measured, how you 

will use the de-embedding structures, etc. 
! Appendix: Matlab or Python code you wrote

http://www.ieee.org/conferences_events/conferences/publishing/templates.html
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Our Course Project
Top Bragg Reflector [optional] taper Bottom Bragg Reflector

Testing Input (Laser)

Testing Output (Detector)

Testing Output (Detector)

Splitter

DBR Cavity
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Outline
! Introduction to Bragg gratings 
! VCSELs 
! Modelling VCSELs using the Transfer Matrix Method 
! Matlab implementation; Python version also available (on ELEC413 GitHub: Bragg_TMM). 

! Waveguide Bragg grating – unit cell simulations 
! Lumerical FDTD script (on ELEC413 GitHub: Bragg_Bandstructure). 

! Waveguide Bragg Grating Cavity Design 
! Transfer Matrix Method approach, using 

! 1) Waveguide model 
! 2) Bragg unit cell model
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What are Bragg gratings?
! Excellent optical filters 
! can be designed for many different shapes;  

! narrow vs. broadband 
! wide control of spectral shape 

! thanks to choices in ∆n, period, # periods (N) 

! Numerous applications 
! lasers – mirrors 

! N = 3-30 for VCSELs 
! N = 100 - 1000s for DFB or DBR lasers 

! filters for communications – in fibres 
! sensors
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from DTU Fotonik 
http://www.fotonik.dtu.dk/English/Research/
ResearchActivities/NanoDevices_research/VCSELs.aspx

Bottom Mirror 
 (DBR)  

Top Mirror  
(DBR)  

Gain  
(QWs)

Oxide  
Aperture

Output  

Bragg grating examples

Fiber Bragg Grating
VCSEL n1

Δn

n0

Waveguide Bragg Grating

Δw
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UBC EECE 484 – 2014UBC EECE 484 – 2013

Silicon Laser – used by Intel
! Bragg grating: 
! Front mirror & back mirror 

! Waveguide 
! Rib waveguide  

! Gain inside the Cavity 
! with semiconductor for 

optical gain 
! electrical contacts
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A Distributed Bragg Reflector Silicon
Evanescent Laser

Alexander W. Fang, Student Member, IEEE, Brian R. Koch, Student Member, IEEE, Richard Jones, Member, IEEE,
Erica Lively, Di Liang, Member, IEEE, Ying-Hao Kuo, and John E. Bowers, Fellow, IEEE

Abstract—We report a distributed Bragg reflector silicon
evanescent laser operating continuous wave at 1596 nm. The
lasing threshold and maximum output power are 65 mA and
11 mW, respectively. The device generates open eye-diagrams
under direct modulation at data rates up to 4 Gb/s.

Index Terms—Hybrid integration, semiconductor lasers,
silicon-on-insulator technology.

I. INTRODUCTION

H YBRID integration is currently being investigated as a
method of creating electrically pumped laser sources

for silicon photonic integration. This new interest is due to
promising developments in the transfer of thin crystalline III–V
films to silicon through benzocyclobutene (BCB)-based wafer
bonding, direct wafer bonding, and low temperature oxygen
plasma-assisted wafer bonding [1]–[3]. These approaches have
led to the demonstration of electrically pumped micro-disk
and Fabry–Pérot (FP) III–V membrane lasers coupled to sil-
icon waveguides [3], [4] and FP and racetrack hybrid silicon
evanescent lasers [5]. These devices allow for the use of elec-
trically pumped III–V gain regions while enabling scalable
manufacturing through alignment-free bonding that is absent
in conventional gold bump bond die attachment of III–V active
devices. Hybrid silicon evanescent lasers (SELs) utilize both
III–V regions and silicon waveguide regions within the device,
allowing for processing in the silicon region to define the cavity
along with lasing properties.

Earlier this year, we demonstrated a distributed feedback
(DFB) SEL [6]. A surface corrugated grating was formed at
the bonded interface of the silicon waveguide and III–V active
region bisecting the optical mode, leading to a high grating
strength, , of 240 cm . While high grating strength lasers are
advantageous for short and low threshold DFBs, their maximum
output power is limited due to their small mode volume. In
addition, their short device length also leads to higher thermal
impedance. On the other hand, distributed Bragg reflector
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Color versions of some of the figures in this letter are available online at http://
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Fig. 1. (a) Passive silicon rib and (b) hybrid silicon evanescent waveguide cross
section. (c) Microscope image of a hybrid to passive taper. (d) DBR-SEL top-
view topographical structure.

(DBR) lasers occupy a different design space where longer cav-
ities can be employed to reduce the device thermal impedance
and increase output powers. We demonstrate here a DBR-SEL
where passive silicon gratings are placed on both sides of the
active region in order to form a wavelength selective cavity. The
600- m-long asymmetric cavity allows for 96% of its 11.5-mW
output power to exit one side of the device. We also present test
results of direct digital modulation at 2.5 and 4 Gb/s.

II. DEVICE STRUCTURE

The DBR-SEL is fabricated on the hybrid silicon evanescent
waveguide platform as described in [5]. Fig. 1(a) and (b) shows
the waveguide cross section of the passive silicon waveguide
and the hybrid silicon evanescent waveguide regions, respec-
tively. The silicon waveguide has a width, height, and rib etch
depth of 2, 0.7, and 0.5 m, respectively. This results in silicon
and quantum well confinement factors of 66% and 4.4% in the
hybrid region.

The device topography [Fig. 1(d)] consists of two passive
Bragg reflector mirrors placed 600 m apart to form an optical
cavity. The back and front mirror lengths are 300 and 100 m.

1041-1135/$25.00 © 2008 IEEE
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• Structure (top view):


• Performance

Waveguide Bragg grating
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• Structure (side view):

• Structure (top view, fabricated)
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Waveguide Bragg grating – operating wavelength

• Phase matching condition:


• Propagation constant X grating period is equal to a 360º (or multiple) phase shift

• Optical wavelength inside the grating matches 2X period


• Namely, constructive interference from each period, where light has to travel 2 * Period

11

� = ne↵k0 =
2⇡ne↵

�0

K =
2⇡

⇤
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� · 2⇤ = 2⇡ ·M
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• M is the grating order
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Waveguide Bragg grating – operating wavelength

• Bragg condition – Wave vector matching:


• We can find the Bragg wavelength:

12
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Uniform Bragg grating

! Can have nearly 100% reflectivity over a band 
! R depends on # of gratings, and grating strength (kappa). From Coupled Mode Theory (optional): 

! Bandwidth depends mainly on kappa:

134 Fundamental Building Blocks
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Figure 4.30 Typical spectral response of a uniform Bragg grating. Number of periods
= 250; Period = 310 nm; 500 x 220 nm strip waveguide geometry, with �W = 10 nm
corrugations. Grating response calculated using the Transfer Matrix Method (TMM)
with �n = 0.0323, and Coupled-Mode Theory (CMT) with a corresponding  from
Equation 4.36.

with a stop-band of approximately 80 nm, the error introduced by CMT is very
small: the bandwidth is overestimated by only 0.3%. CMT is also much faster –
the CMT code presented here executes nearly 200 faster than the TMM code.
The main advantage of TMM, however, is that it allows for an arbitrary index
profile, including chirped gratings, apodized gratings, phase-shifted cavities, etc.
In both cases, however, the key is to correctly determine the grating coupling
coe�cient, as described in Section 4.5.1. For comparison purposes, the same
coe�cient was used in Figure 4.30.

The centre wavelength, which is 1529 nm in Figure 4.30, is known as the Bragg
wavelength, and is given as:

�B = 2⇤ne↵ (4.28)

where ⇤ is the grating period and ne↵ is the average e↵ective index. Based on
coupled-mode theory [14], the reflection coe�cient for a uniform grating with
length L is described by:

r =
� i sinh(�L)

� cosh(�L) + i�� sinh(�L)
(4.29)

with

�
2 = 

2 � ��
2 (4.30)

Here, �� is the propagation constant o↵set from the Bragg wavelength:

�� = � � �0 << �0 (4.31)

and  is often defined as the coupling coe�cient of the grating and can be
interpreted as the amount of reflection per unit length.

4.5 Waveguide Bragg Grating Filters 135

For the case where �� = 0, Equation (4.29) is written as r = �i tanh(L),
therefore, the peak power reflectivity at the Bragg wavelength is:

Rpeak = tanh2(L) (4.32)

The bandwidth is also an important figure of merit for Bragg gratings. The
bandwidth between the first nulls around the resonance can be determined by
[14]:

�� =
�

2
B

⇡ng

p
2 + (⇡/L)2 (4.33)

where ng is the group index. It should be noted that this is larger than the 3-dB
bandwidth.

For long gratings (relative to the grating strength), i.e.,  >> ⇡/L, the ex-
pression can be simplified to be:

�� =
�

2
B · 

⇡ng
(4.34)

Please note that the example in Figure 4.30 is a relatively short grating, hence
the bandwidth is larger than predicted by the approximation in Equation 4.34;
instead Equation 4.33 must be used.

To take the optical propagation losses into account, the above equations are
modified by replacing �� with ���i↵/2, where ↵ is the intensity loss coe�cient
as defined in Equation 3.9.

Grating coupling coe�cient
The key task in designing gratings is to determine the grating coupling coe�cient
parameter, which can be done by several methods: 1) perturbative methods
(CMT), 2) based on the reflection coe�cients, 3) based on reflection coe�cients
found using the Fresnel equations and the “plane-wave approximation”, 4) based
on three-dimensional simulations of the grating, such as using FDTD or EME,
5) 3D simulations with incorporation of fabrication smoothing either via SEM
images or by computational lithography, and 6) or based on experimental data.

Here, we discuss the approach whereby reflection coe�cients are found based
on Fresnel equations. For a stepwise e↵ective index variation as shown in Fig-
ure 4.29,

�n = ne↵2 � ne↵1, (4.35)

the reflection at each interface can be written as �n/2ne↵ according to the
Fresnel equations. Each grating period contributes two reflections, therefore the
coupling coe�cient is:

 = 2
�n

2ne↵

1

⇤
=

2�n

�B
(4.36)

This coupling coe�cient is for the case of a rectangular grating profile. Similar
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images or by computational lithography, and 6) or based on experimental data.

Here, we discuss the approach whereby reflection coe�cients are found based
on Fresnel equations. For a stepwise e↵ective index variation as shown in Fig-
ure 4.29,

�n = ne↵2 � ne↵1, (4.35)

the reflection at each interface can be written as �n/2ne↵ according to the
Fresnel equations. Each grating period contributes two reflections, therefore the
coupling coe�cient is:

 = 2
�n

2ne↵

1

⇤
=

2�n

�B
(4.36)

This coupling coe�cient is for the case of a rectangular grating profile. Similar
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VCSEL Structure
• The motto of design 

– “HIGH” " high surface reflectivity (>99.9%) 
– “SMALL” " small active volume 
– “WELL CONFINED”  

 " effective optical / electrical confinement 

• Schematic layer structure

Quantum wells are placed at the antinode of the standing 
wave to maximize the modal gain

Ref: Michalzik, Ebeling
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# Reflectivity versus wavelength 

 
 

# If         = 0.56,           = 3.6, and       = 980nm, then             = 100nm 

Bragg Reflectors

Bragg wavelength

Spatial average of the group index

Ref: Michalzik, Ebeling
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Bragg Reflectors

# Longitudinal mode spacing 
 

# With                     ,                       , beyond the mirror stop band 
# A single mode appears as a sharp dip at reflectivity spectrum that should 

spectrally overlap the laser gain for min threshold current

Phase penetration depth 
of the incident wave into 
the DBRs

Just a single 
longitudinal mode 
can oscillate in a 
cavity
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Introduction to Tunable VCSEL

# Methods 
1) By changing refractive index due to temperature or carrier injection 
2) The thickness gradient of layers close to active layer 
3) Micromechanically changing the cavity by applying a reverse bias voltage  

 
$ Lasing Wavelength can be varied by changing cavity length 

Membrane-
VCSEL

A half-symmetric 
cavity MEMS-VCSEL

C-
VCSEL
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Distributed Bragg Grating Laser (VCSEL)

Index of refraction

Optical field profile
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Distributed Bragg Grating Laser (VCSEL)

Index of refraction

Optical field profile
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VCSEL Homework
! Design a VCSEL cavity using the Transfer Matrix Method (TMM) with the 

following specs: 
! Single mode operation, with a centre wavelength = 980 nm  

! Given: 
! Material loss, 20 cm-1. 
! ∆n = 0.56, naverage,group = 3.6  

! Parameters 
! Rbottom = 99.9% 

! Number of DBR layers? 
! Rtop = start with 99% and adjust 

! Number of DBR layers? 
! Layer thickness values: Lhigh, Llow. 

! Note that the Matlab code provided assumes that Lhigh = Llow. This is not optimal for high-contrast 
gratings, but ok for weak ones 

! edX problem:  Due: next Tuesday 12:30.
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VCSEL Homework
! Steps: 
! Design bottom mirror with R = 99.9%. 

! Bragg = 980 nm; L1=Bragg/4/n1; L2=Bragg/4/n2; 
! Adjust NG (# of periods) so to get to target R 

! Build VCSEL model: 
! Start with FP, and add Tcavity = HomoWG_Matrix (20 cm-1, ?) * HomoWG_Matrix (-1000 cm-1, 

50 nm) * HomoWG_Matrix (20 cm-1, ?) 
! Plot spectrum:  

! With gain = 0, should see an FP mode 
! Turn on gain, FP mode should change 
! Adjust R_top (N_top) so that you get a transmission spectrum that is ~1 at the FP mode (i.e., the 

dip is gone); Gain = Loss
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Transfer Matrix Method
! Read about, including derivation: 
! https://en.wikipedia.org/wiki/Transfer-matrix_method_(optics) 
! Yariv’s textbook, and Chrostowski’s book. 

! Useful technique for solving multi-layer film transmission, e.g., 
! VCSELs 
! Anti-reflection coating on lenses 

! Derived for plane waves 
! Can use it for complex filter design 
! including waveguides 
! requires extension of this model

https://en.wikipedia.org/wiki/Transfer-matrix_method_(optics)
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Transfer Matrix Method – Bragg grating

! Consider each reflection one by one 
! Construct a matrix representation for all reflections and transmissions
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Figure 4.30 Typical spectral response of a uniform Bragg grating. Number of periods
= 250; Period = 310 nm; 500 x 220 nm strip waveguide geometry, with �W = 10 nm
corrugations. Grating response calculated using the Transfer Matrix Method (TMM)
with �n = 0.0323, and Coupled-Mode Theory (CMT) with a corresponding  from
Equation 4.36.

with a stop-band of approximately 80 nm, the error introduced by CMT is very
small: the bandwidth is overestimated by only 0.3%. CMT is also much faster –
the CMT code presented here executes nearly 200 faster than the TMM code.
The main advantage of TMM, however, is that it allows for an arbitrary index
profile, including chirped gratings, apodized gratings, phase-shifted cavities, etc.
In both cases, however, the key is to correctly determine the grating coupling
coe�cient, as described in Section 4.5.1. For comparison purposes, the same
coe�cient was used in Figure 4.30.

The centre wavelength, which is 1529 nm in Figure 4.30, is known as the Bragg
wavelength, and is given as:

�B = 2⇤ne↵ (4.28)

where ⇤ is the grating period and ne↵ is the average e↵ective index. Based on
coupled-mode theory [14], the reflection coe�cient for a uniform grating with
length L is described by:

r =
� i sinh(�L)

� cosh(�L) + i�� sinh(�L)
(4.29)

with

�
2 = 

2 � ��
2 (4.30)

Here, �� is the propagation constant o↵set from the Bragg wavelength:

�� = � � �0 << �0 (4.31)

and  is often defined as the coupling coe�cient of the grating and can be
interpreted as the amount of reflection per unit length.
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Transfer Matrix Method – Bragg grating

! Matrices:
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Figure 4.32 Illustration of the transfer matrices.

The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
0 e

�j�L

�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
2⇡ne↵

�
� i

↵

2

where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
is:

Tis-12 =


1/t r/t

r/t 1/t

�
=

2

4
n1+n2

2
p

(n1n2)

n1�n2

2
p

(n1n2)
n1�n2

2
p

(n1n2)

n1+n2

2
p

(n1n2)

3

5 (4.40)
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The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
0 e
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�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
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�
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where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
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The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
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�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
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where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
is:
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The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
0 e

�j�L

�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
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where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
is:
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Transfer Matrix Method – Bragg grating

! Uniform Periodic structure, one period: 

• Uniform Periodic structure, NG periods:

n1, β1

A1 

B1

A2 

B2

n2, β2

Ttotal = (Tp)
NG =


T11 T12

T21 T22

�

Tp = Thw-1Tis-12Thw-2Tis-21

Tp

T =

✓
1

T11

◆2

R =

✓
T21

T11

◆2
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Example
! Using Matlab (also in Python in ELEC413 GitHub: Bragg_TMM) 
! Plot the spectrum of R and T 

! Parameters
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Example
! Calculate the transfer matrix of a homogeneous section 

! Calculate the transfer matrix of a refractive index step
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Example
! Calculate the total transfer matrix for a certain wavelength 

! Calculate the R and T
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Example
! Main file
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Example
! Results
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• Structure:


• Performance

Waveguide Bragg grating

33
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• Parameters

• !: Grating period

• w: width of the waveguide

• dW: corrugation width

• Type: Rectangular or sinusoidal

• N: number of grating periods

Waveguide Bragg grating – parameters

34

w

!

dW

Sinusoidal N!
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Waveguide Bragg grating – optical spectrum

• Calculation of the optical transmission spectrum for a uniform grating, from coupled-mode theory:

35
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Figure 4.30 Typical spectral response of a uniform Bragg grating. Number of periods
= 250; Period = 310 nm; 500 x 220 nm strip waveguide geometry, with �W = 10 nm
corrugations. Grating response calculated using the Transfer Matrix Method (TMM)
with �n = 0.0323, and Coupled-Mode Theory (CMT) with a corresponding  from
Equation 4.36.

with a stop-band of approximately 80 nm, the error introduced by CMT is very
small: the bandwidth is overestimated by only 0.3%. CMT is also much faster –
the CMT code presented here executes nearly 200 faster than the TMM code.
The main advantage of TMM, however, is that it allows for an arbitrary index
profile, including chirped gratings, apodized gratings, phase-shifted cavities, etc.
In both cases, however, the key is to correctly determine the grating coupling
coe�cient, as described in Section 4.5.1. For comparison purposes, the same
coe�cient was used in Figure 4.30.

The centre wavelength, which is 1529 nm in Figure 4.30, is known as the Bragg
wavelength, and is given as:

�B = 2⇤ne↵ (4.28)

where ⇤ is the grating period and ne↵ is the average e↵ective index. Based on
coupled-mode theory [14], the reflection coe�cient for a uniform grating with
length L is described by:

r =
� i sinh(�L)

� cosh(�L) + i�� sinh(�L)
(4.29)

with

�
2 = 

2 � ��
2 (4.30)

Here, �� is the propagation constant o↵set from the Bragg wavelength:

�� = � � �0 << �0 (4.31)

and  is often defined as the coupling coe�cient of the grating and can be
interpreted as the amount of reflection per unit length.

R T

r -r r -r r -r r -r r -r

L: length of the grating

Ref: Chrostowski, Hochberg,  
“Silicon Photonics Design”  
Cambridge Press (2015)
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Transfer Matrix Method – Bragg grating

• Matrices:

36
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Figure 4.32 Illustration of the transfer matrices.

The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
0 e

�j�L

�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
2⇡ne↵

�
� i

↵

2

where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
is:

Tis-12 =


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The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:
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where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss
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where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
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T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
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Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a
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Finding r and t using n1-n2 is valid only for plane 
waves (Fresnel coefficients).

Relate r & t to kappa found from experiments or FDTD

4.5 Waveguide Bragg Grating Filters 137

2

6666664

n1 L1
...

...
ni Li
...

...
nN LN

3

7777775
1.515 1.52 1.525 1.53 1.535 1.54

0

0.2

0.4

0.6

0.8

1

Wavelength [µm]

In
te

ns
ity• TMM

TMM 
Prediction

Index
matrix 1

Figure 4.31 Modelling of waveguide gratings.

n, L
A1 

B1

A2 

B2

n2

n1

A1 

B1

A2 

B2

(a) Propagation matrix.

n, L
A1 

B1

A2 

B2

n2

n1

A1 

B1

A2 

B2

(b) Index step matrix.

Figure 4.32 Illustration of the transfer matrices.

The transfer matrix for a homogeneous section of a waveguide, as shown in
Figure 4.32a, is:

Thw =


e
j�L 0
0 e

�j�L

�
(4.39)

where � is the complex propagation constant for the field, including the index
of refraction and the propagation loss

� =
2⇡ne↵

�
� i

↵

2

where ↵ is defined in Equation 3.9. The MATLAB implementation for the waveg-
uide section is given in Listing 4.1.

function T_hw=TMM_HomoWG_Matrix(wavelength,l,neff,loss)
% Calculate the transfer matrix of a homogeneous waveguide.

%Complex propagation constant
beta=2*pi*neff./wavelength-1i*loss/2;

T_hw=zeros(2,2,length(neff));
T_hw(1,1,:)=exp(1i*beta*l);
T_hw(2,2,:)=exp(-1i*beta*l);

Listing 4.1 Transfer Matrix Method – calculate transfer matrix for a section of a

homogeneous section of a waveguide.

The transfer matrix for an index of refraction step, as defined in Figure 4.32b,
is:

Tis-12 =


1/t r/t

r/t 1/t

�
=

2

4
n1+n2

2
p

(n1n2)

n1�n2

2
p

(n1n2)
n1�n2

2
p

(n1n2)

n1+n2

2
p

(n1n2)

3

5 (4.40)

 =
2r

⇤
=

2

⇤

�n

2ne↵
=

2�n

�B
, �n = �B/2

<latexit sha1_base64="OZrUiZwYwxhlJR8tDLnjvqnzvyo="></latexit>



© 2020 L. Chrostowski

• Coupled-mode theory predicts the peak reflectivity


• and the bandwidth (defined here as the 1st-nulls bandwidth, not the 3-dB bandwidth)


• How do we find " (kappa), the coupling coefficient? 

• Experiments 

• Simulations

Waveguide Bragg grating – optical spectrum
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For the case where �� = 0, Equation (4.29) is written as r = �i tanh(L),
therefore, the peak power reflectivity at the Bragg wavelength is:

Rpeak = tanh2(L) (4.32)

The bandwidth is also an important figure of merit for Bragg gratings. The
bandwidth between the first nulls around the resonance can be determined by
[14]:

�� =
�

2
B

⇡ng

p
2 + (⇡/L)2 (4.33)

where ng is the group index. It should be noted that this is larger than the 3-dB
bandwidth.

For long gratings (relative to the grating strength), i.e.,  >> ⇡/L, the ex-
pression can be simplified to be:

�� =
�

2
B · 

⇡ng
(4.34)

Please note that the example in Figure 4.30 is a relatively short grating, hence
the bandwidth is larger than predicted by the approximation in Equation 4.34;
instead Equation 4.33 must be used.

To take the optical propagation losses into account, the above equations are
modified by replacing �� with ���i↵/2, where ↵ is the intensity loss coe�cient
as defined in Equation 3.9.

Grating coupling coe�cient
The key task in designing gratings is to determine the grating coupling coe�cient
parameter, which can be done by several methods: 1) perturbative methods
(CMT), 2) based on the reflection coe�cients, 3) based on reflection coe�cients
found using the Fresnel equations and the “plane-wave approximation”, 4) based
on three-dimensional simulations of the grating, such as using FDTD or EME,
5) 3D simulations with incorporation of fabrication smoothing either via SEM
images or by computational lithography, and 6) or based on experimental data.

Here, we discuss the approach whereby reflection coe�cients are found based
on Fresnel equations. For a stepwise e↵ective index variation as shown in Fig-
ure 4.29,

�n = ne↵2 � ne↵1, (4.35)

the reflection at each interface can be written as �n/2ne↵ according to the
Fresnel equations. Each grating period contributes two reflections, therefore the
coupling coe�cient is:

 = 2
�n

2ne↵

1

⇤
=

2�n

�B
(4.36)

This coupling coe�cient is for the case of a rectangular grating profile. Similar
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• Relationship between physical parameters, model parameters, and performance parameters:


• We need a method of finding the model and  
performance parameters from the physical parameters

• Experiments 

• Simulations

• Band-structure calculation through 3D-FDTD 
• CMT-based perturbation analysis

• Δneff eigenmode approach

Waveguide Bragg grating – coupling coefficient
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Waveguide Bragg grating – Experimental data – "

• Experimental data – " – coupling coefficient:


• This graph allows you to design a filter with the correct bandwidth for different fabrication processes.
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Ref: Chrostowski, Hochberg,  
“Silicon Photonics Design”  
Cambridge Press (2015)
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Waveguide Bragg grating – Experimental data – EBeam

• Experimental data for EBeam fabrication, for rectangular and sinusoidal gratings:


• Not only does the grating coupling coefficient vary, but so does the central wavelength (“parasitic effect”)

• These compact models are used in the SiEPIC-EBeam-PDK on GitHub
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Waveguide Bragg grating – Simulations – 3D FDTD

• We can perform 3D FDTD simulations of the grating


• But an accurate simulation for a full grating, e.g. 100 µm long, takes a long time (hours)

• Another approach: exploit periodicity to only simulate one period
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is sandwiched between the buried oxide layer and upper
cladding of air. The average waveguide width (W) and
corrugation width (ΔW) are designed to be 500 nm and
50 nm, respectively. The grating period (Λ) is 324 nm,
with a duty cycle of 50%. The number of grating periods
is 284 (i.e., corresponding to a grating length of about
92 μm). The misalignment (ΔL) is varied from 0 to 162 nm
(i.e., completely in phase to completely out of phase).
The devices were fabricated using electron-beam lithog-
raphy with a 6-nm grid spacing, as described in [15]. The
scanning electron microscope (SEM) images of the
fabricated gratings are shown in Fig. 2.
The interaction of the grating with the optical mode, or

the grating strength, is often described by the coupling
coefficient (κ), which is the magnitude of the coupling
between the forward and backward propagating modes.
As mentioned above, we can divide the structure into two
individual gratings and write the effective coupling coef-
ficient as:

κ !
!!!!
κ0
2
"

κ0
2
exp#i · 2πΔL∕Λ$

!!!! ! κ0 cos
"
πΔL
Λ

#
; (1)

where κ0 is the coupling coefficient for the grating with
no misalignment (i.e., ΔL ! 0), and 2πΔL∕Λ is the phase
offset between the two grating components. In order to
better understand this concept, we performed 3D finite-
difference time-domain (FDTD) simulations using
Lumerical FDTD Solutions [16]. Figure 3 shows the top
view electric field distributions as light travels from left
to right. When the misalignment is zero, light is strongly
reflected back, and the field decays exponentially [4].
When the misalignment is half the grating period, light
transmits through without reflection. In these FDTD sim-
ulations, the mesh size must be sufficiently fine to resolve
the small sidewall corrugations, and the simulation time
must be long enough for the electromagnetic fields to de-
cay. Therefore, the FDTD simulation of the whole struc-
ture is computationally intensive. If the grating is very
weak and long, it can be impractical to run the simulation
to get accurate frequency-domain results. In this work,
we investigate a more efficient FDTD approach, where
we consider an infinitely long Bragg grating and simulate
only one unit cell using Bloch boundary conditions [16].
This is a well-known method for calculating the band
structure of periodic structures such as photonic crystal
waveguides [17]. Bloch boundaries are used along the
propagation direction x, and the Fourier transform of
the time domain signals are used to locate the band

gap, i.e., the center wavelength (λ0) and the bandwidth
(Δλ), of the grating, as shown in Fig. 4. Based on these
results, the coupling coefficient can be calculated as [18]:

κ ! πngΔλ∕λ20; (2)

where ng is the group index. As κ represents the amount
of reflection per unit length [19] or the field attenuation
constant for the forward propagating mode, we can also
obtain Eq. (2) using the definition of the intrinsic quality
factor from [20] for an infinitely long grating:

Q !
ω0

c
·
ng

α
!

2π
λ0

·
ng

2κ
!

λ0
Δλ

; (3)

∆L = 0 nm ∆L = 42 nm ∆L = 84 nm ∆L = 124 nm ∆L = 162 nm

200nm

Fig. 2. SEM images of the fabricated gratings with various
misalignment lengths.
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Fig. 3. Electric field distributions with light incident from the
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162 nm, both at the Bragg wavelength for the design of
ΔL ! 0. The field is recorded at the middle of the silicon wave-
guide in the vertical direction, i.e., corresponding to the plane of
z ! 110 nm in Fig. 1(b).
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Waveguide Bragg grating – Simulations – 3D FDTD unit cell

• We can perform 3D FDTD simulations of a unit cell (one period) to find the grating coupling coefficient

• Periodic structure with a unit cell, infinite length


• Simulation is fast (minutes)

• Can perform parameter sweeps (width, ∆w, period)

• Extract centre wavelength and grating strength (kappa, ∆neff, r, bandwidth)


• Subsequently, use the Transfer Matrix Method to find the spectrum 
for a finite-length Bragg grating
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Ref: X. Wang, et al., (Lumerical)

Optics Letters, 39, 19 (2014)
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Waveguide Bragg grating – Simulations – 3D FDTD unit cell

• Simulation steps:

• Draw the structure

• Define a unit cell

• Bloch boundary conditions: simulates an infinitely-long grating

• Set k (wave vector)

• Excitation source

• Use time-domain monitors and calculate the optical spectrum

• Find peaks in the spectrum: these correspond to the 1st-null bandwidth

• Find Kappa from the bandwidth


• and where L is infinity

• The grating coupling coefficient is:
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Initial design with FDTD

� Calculate the bandstructure for an infinitely periodic 
Bragg grating

J. D. Joannopoulos et al, Molding the Flow of Light (Princeton University Press, 1995).

� Photonic crystals devices have 
band gaps in which there are no 
propagating solutions

� The size and location of the gap 
will give us the center 
wavelength and bandwidth of 
the Bragg grating

uniform medium 1D photonic crystal
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Finding the relationship between ΔW and coupling coefficient (κ)

• Band-structure calculation through 3D-FDTD

47

S. Kaushal, et al. Frontiers of Optoelectronics 11.2 (2018): 163-188. 
Rui Cheng, PhD Thesis (2020)

Experiment = 3D FDTD Band-structure 

2.5. Grating Apodization

time domain signals at the band edge for gratings with di↵erent �W . The
frequency spacing between the two peaks corresponds to the band gap. One
can find that the width of the gap increases with the �W , which means
that a grating with a bigger �W has a larger �� and thus a higher .
The band structure method for  determination is accurate, can be used
for various grating structures, and is suitable for both strongly and weakly
coupled Bragg gratings. Also, it is very e�cient, as the analysis is based on
analyzing a single grating cell unit. More theories regarding photonic band
structures and the relevant calculation methods can be found in [52, 53].
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104

Figure 2.11: Comparison of the relationships between  and �W ob-
tained from the band structure simulations and from the experimental re-
sults. Adapted with permission from Springer Nature [15].

To investigate the accuracy of the band structure method, the calculated
grating strengths are compared with the experimental results, which were
extracted from the measured spectra of IBGs fabricated by e-beam lithog-
raphy. The comparison results are shown in Fig. 2.11. We can find that
the results obtained from the FDTD band-structure calculations agree well
with the experimental values, demonstrating the high reliability of the band
structure approach for assessing  of waveguide Bragg gratings.

2.5 Grating Apodization

Once the fundamental grating structural parameters have been decided, one
then needs to modulate the grating strength and phase according to (z)
and �G(z), thereby, creating the physical grating structure. Modulating the
grating strength, i.e., apodizing the grating according to (z), is the most im-
portant part in the spectral tailoring of IBGs. The apodization performance

27
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Waveguide Bragg grating – Simulations – 3D FDTD unit cell

• Simulation project in UBC-ELEC413 GitHub, Simulations/Bragg_Bandstructure/script_base

• Open Lumerical FDTD

• Drag folder into Lumerical FDTD window

• Edit MAIN_bandstructure.lsf:

• wavelength range, wl_min, wl_max (configure this for 1.31 µm)

• mesh: accuracy (1 is for debugging, 4 is very accurate, 2 is ok)

• ng: group index of the waveguide (average width)

• W: waveguide width

• dW: waveguide corrugation

48
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2) Based on physical parameters ∆w, w: 
a) MODE: waveguide model with wavelength 
dependance, and  
b) FDTD and/or Experiments for [", ∆neff] 
c) estimated waveguide loss

3) Matlab TMM: update based on Bragg 
waveguide parameters 

4) Develop a design

5) Mask layout 
6) Verify using INTERCONNECT
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Transfer Matrix Method – Bragg grating

• 1) Use the definition of coupling coefficient (= reflections per unit length), and the normal incidence Fresnel 
reflection coefficient, to find an equivalent ∆n:


• Use this ∆n value in TMM


• 2) Use a wavelength-dependant waveguide model for the effective index, neff:


• e.g. strip waveguide parameters (do this for 1.31 µm wavelength):


• Waveguide dispersion has a big impact on the spectrum of the waveguide Bragg grating


• Construct arbitrary non-uniform structures: Fabry-Perot cavities, etc.
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neff - wavelength dependant model

function Grating_Parameters
%Set the parameters
global Bragg Period NG L delta_n n1 n2 loss neff;
global wavelength;

Bragg=1550e-9;  % Bragg wavelength
Period=317e-9;  % Bragg period
n_eff=Bragg/(2*Period); % Average effective index

lambda = wavelength*1e6;
lambda0 = 1.55; n1=2.444509955913786; 
n2=-1.127332509182173; n3=-0.033342989811319;  
% these are constants from the waveguide model.
n_eff = n1 + n2*(lambda-lambda0) + n3*(lambda-lambda0)^2;

What value of neff is required to 
achieve the desired Bragg 
wavelength?

Realistic waveguide model. 
Bragg wavelength unknown and 
needs spectral simulation.
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Homework on edX
! Module: Project 1 – Photonic Circuits: Bragg Grating cavity > Bragg 

Gratings > Transfer Matrix Method for Bragg Gratings 

! First two questions 
! Constant index of refraction 

! Last two questions 
! neff wavelength dependant
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Waveguide Bragg Gratings – Xu Wang
• Uniform Bragg gratings


• makes a mirror (with a bandwidth, typically 1 to 30 nm)


• Phase shifted gratings


• results in a cavity
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Maximum theoretically possible Q
• Quality factor definition:  
 
 
where ω is the angular frequency, and α is the total power loss in m-1 including propagation loss and 
mirror loss.


• What if you had no mirror loss?  What would R be?


• Thus,


• This is the Q given the total “distributed” optical losses  

Q = 2⇡
c

�

ng

c

1

↵
= 2⇡

ng

� · ↵

Q = ! · ⌧p, ⌧�1
p = ↵

c

ng
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Maximum theoretically possible Q
• Assuming a propagation loss of 3 dB/cm (and no mirror loss), we can find α is the total power loss in 

m-1 
 
 

• This allows us to find the maximum theoretical Q factor that can be achieved: 
 
 
 
This is the situation where the Bragg mirrors are infinitely long.  
But we need a finite Bragg grating in order to have light go in/out, and be able to measure it, so the 
real Q will be lower. 

↵ = ln(10)
3

10
100 = 69m�1

Common Equations

Xu Wang

January 22, 2013

loss conversion between dB/cm (power) and m�1 (field):
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modulator (1.55 µm):

NATURE PHOTONICS | VOL 4 | AUGUST 2010 | www.nature.com/naturephotonics 519
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index (Δn) with an applied electric "eld is known as electro-refrac-
tion, whereas a change in the imaginary part of the refractive index 
(Δα) is known as electro-absorption. #e primary electric "eld e$ects 
that are traditionally useful in semiconductor materials for causing 
either electro-absorption or electro-refraction are the Pockels e$ect, 
the Kerr e$ect and the Franz–Keldysh e$ect. However, it has been 
shown that these are weak in pure silicon at the telecommunications 
wavelengths of 1.3 μm and 1.55 μm (refs 8,9). Alternative methods 
are therefore required to achieve modulation in silicon. One option 
is thermal modulation owing to the large thermo-optic coe&cient 
of silicon, but this is too slow for the high frequencies required by 
modern telecommunications applications10.

#e most common method of achieving modulation in silicon 
devices so far has been to exploit the plasma dispersion e$ect, in 
which the concentration of free charges in silicon changes the real 
and imaginary parts of the refractive index9. Soref and Bennett8 
evaluated changes in the refractive index Δn from experimentally 
produced absorption curves for a wide range of electron and hole 
densities, over a wide range of wavelengths. #ey also quanti"ed 
changes in both the refractive index and absorption8, and pro-
duced the following expressions to evaluate changes in the carrier 
densities in silicon at a wavelength of 1.55 μm: 

 
Δn = Δne + Δnh = −[8.8 × 10–22 r Δne + 8.5 × 10–18 r (Δnh)0.8]

Δα = Δαe + Δαh = 8.5 × 10 –18 r Δne + 6.0 × 10 –18 r Δnh

where Δne and Δnh are changes in refractive index resulting from 
changes in the free-electron and free-hole carrier concentrations, 
respectively, and Δαe and Δαe are the changes in absorption result-
ing from changes in the free-electron and free-hole carrier con-
centrations, respectively. Similarly, at a wavelength of 1.3 μm:

Δn = Δne + Δnh = −[6.2 × 10–22 r Δne + 6.0 × 10–18 r (Δnh)0.8]

Δα = Δαe + Δαh = 6.0 × 10 –18 r Δne + 4.0 × 10 –18 r Δnh

Using these expressions, it is straightforward to calculate, 
for example, that a change in carrier density of the order of 
5 r 1017 cm–3 results in a Δn of −1.66 r 10–3 at a wavelength of 
1.55 μm. However, this is accompanied by a detrimental change in 
intensity due to the absorption of free carriers11.

Electrical manipulation of the charge density interacting with 
the propagating light is achievable through mechanisms such as 
carrier injection, accumulation or depletion. #ese schemes are 
represented schematically by waveguide cross-sections in Fig. 1.

More recently, attempts have been made to investigate alter-
native modulation mechanisms in other materials potentially 

compatible with silicon technology, such as germanium, to 
achieve more e&cient modulation. #e Franz–Keldysh e$ect12 
and the quantum-con"ned Stark e$ect (QCSE) are both 
electric-"eld-induced changes in optical absorption. #ey are 
related, with the Franz–Keldysh e$ect being the limit of the 
QCSE as the quantum-well layers are increased in thickness. 
#e QCSE has more spectrally abrupt and stronger changes in 
absorption coe&cient4, and it is observed in quantum well struc-
tures in which the electron and hole con"nement a$orded by the 
barriers allows for exciton enhancement of the optical absorp-
tion. However, using these e$ects on a silicon platform requires 
the introduction of a second material, which complicates device 
designs. In 2005, Kuo et al. demonstrated the QCSE in pure Ge 
quantum wells and Ge-rich SiGe barriers on Si (ref. 13). Similar 
structures exhibiting the QCSE were later integrated into modu-
lator devices, demonstrating proof-of-concept electro-absorption 
modulation14,15, although no waveguide-based device has yet been 
reported. Nevertheless this work o$ers signi"cant hope that high 
speed, e&cient QCSE modulators may emerge in the future, albeit 
with complex fabrication requirements.

Further modulation options are available by creating hybrid 
materials of silicon and other photonic materials, or through the 
manipulation of the crystalline material; these will be brie)y sum-
marized later.

So far we have discussed how optical modulators in silicon can 
cause changes in the refractive index that induce absorption. #e 
process of inducing absorption directly modulates the intensity 
of a propagating mode, so it is obvious to see how modulation is 
achieved in such devices. However, there are essentially two options 
available for converting a change in refractive index into intensity 
modulation. First, the refractive index change can be used to shi* 
the relative phase of two propagating waves such that they interfere 
either constructively or destructively. Typically, a Mach–Zehnder 
interferometer (MZI) is used to achieve this. Second, including a 
resonant structure in the device allows the refractive-index change 
induced in the modulator to change the resonant condition, thus 
allowing the device to be switched between on- and o$-resonance 
states at any given wavelength. A discussion of the relative mer-
its of each approach will be included in the next section, which 
focuses on modulator performance metrics.

Performance metrics
#ere are several "gures of merit that are used to characterize 
a modulator, including its modulation speed and depth, opti-
cal bandwidth, insertion loss, area e&ciency (footprint) and 
power consumption.

#e modulation speed or bandwidth is one of the most important 
"gures of merit for an optical modulator. Modulation bandwidth is 
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Figure 1 | Cross-sections of typical device structures implementing the three di!erent mechanisms commonly used to electrically manipulate the free-
carrier concentrations in plasma-dispersion-based silicon optical modulators. a, Carrier accumulation; a thin insulating layer of SiO2 is used to isolate two 
halves of the waveguide to form a capacitor structure. b, Carrier injection; highly doped p- and n-regions are separated by an ‘intrinsic region’ in which the 
waveguide is formed. Forward-biasing the device causes free electrons and holes to be injected into the ‘intrinsic’ waveguide region. c, Carrier depletion; lightly 
doped p- and n-type regions abut in the waveguide to form a p–n diode. The depletion area of the diode becomes larger with increasing reverse bias voltage.

modulator (1.3 µm):

NATURE PHOTONICS | VOL 4 | AUGUST 2010 | www.nature.com/naturephotonics 519

FOCUS | REVIEW ARTICLESNATURE PHOTONICS DOI: 10.1038/NPHOTON.2010.179
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produced absorption curves for a wide range of electron and hole 
densities, over a wide range of wavelengths. #ey also quanti"ed 
changes in both the refractive index and absorption8, and pro-
duced the following expressions to evaluate changes in the carrier 
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Δn = Δne + Δnh = −[8.8 × 10–22 r Δne + 8.5 × 10–18 r (Δnh)0.8]
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Δα = Δαe + Δαh = 6.0 × 10 –18 r Δne + 4.0 × 10 –18 r Δnh
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structures exhibiting the QCSE were later integrated into modu-
lator devices, demonstrating proof-of-concept electro-absorption 
modulation14,15, although no waveguide-based device has yet been 
reported. Nevertheless this work o$ers signi"cant hope that high 
speed, e&cient QCSE modulators may emerge in the future, albeit 
with complex fabrication requirements.

Further modulation options are available by creating hybrid 
materials of silicon and other photonic materials, or through the 
manipulation of the crystalline material; these will be brie)y sum-
marized later.

So far we have discussed how optical modulators in silicon can 
cause changes in the refractive index that induce absorption. #e 
process of inducing absorption directly modulates the intensity 
of a propagating mode, so it is obvious to see how modulation is 
achieved in such devices. However, there are essentially two options 
available for converting a change in refractive index into intensity 
modulation. First, the refractive index change can be used to shi* 
the relative phase of two propagating waves such that they interfere 
either constructively or destructively. Typically, a Mach–Zehnder 
interferometer (MZI) is used to achieve this. Second, including a 
resonant structure in the device allows the refractive-index change 
induced in the modulator to change the resonant condition, thus 
allowing the device to be switched between on- and o$-resonance 
states at any given wavelength. A discussion of the relative mer-
its of each approach will be included in the next section, which 
focuses on modulator performance metrics.

Performance metrics
#ere are several "gures of merit that are used to characterize 
a modulator, including its modulation speed and depth, opti-
cal bandwidth, insertion loss, area e&ciency (footprint) and 
power consumption.

#e modulation speed or bandwidth is one of the most important 
"gures of merit for an optical modulator. Modulation bandwidth is 
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Example Designs – for discussion…
• Case 1:


• Bragg grating with

• ∆w = 80 nm

• Number of gratings = 1000

• Period = 320 nm


• Waveguide width = 500 nm


• Questions:


• Sketch R vs. wavelength

• Peak reflectivity?

• Centre wavelength?
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Example Designs – for discussion…
• Case 2:


• Bragg gratings with

• ∆w = 80 nm

• Number of gratings = 1000

• Period = 320 nm


• Waveguide width = 500 nm

• Fabry-Perot cavity consisting of two Bragg gratings, with a cavity length of 320 nm. 

• Questions:


• Sketch T vs. wavelength

• Resonator wavelength?

• Quality factor?                       Problem with design?
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Insertion Loss considerations
! Is the peak well resolved, with a high amplitude? 

! Or is the transmission very low and the Q is not defined (for transmission 
spectrum, T)?
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Matlab simulations
! ∆n = 0.04 
! Loss = 3 dB/cm 

! loss=log(10)*3/10*100;

! Phase-shifted cavity (extra π/2 shift) 
! T=Tp^NG * (T_hw2)^1 * Tp^NG * T_hw2;  % insert a high index region.

! Note: the following simulations did not take into account the wavelength dependance of the 
effective index (i.e., group index = effective index approximation).  So the Q value is incorrect by 
a factor of ng/neff.
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Transmission vs. N
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Q vs. N
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Design considerations
! Uniform Bragg grating: 
! ∆n (∆w), impact on  

! bandwidth of Bragg grating mirror 
! reflectivity 

! L, impact on  
! reflectivity 

! Cavity using two Bragg Gratings 
! approaches: phase shifted (VCSEL) vs. long cavity 
! trade-off between Q and insertion loss.   

! due to two loss mechanisms – mirror transmission and internal propagation loss. 

! Project report – include models for:  
! simple FP; Uniform Bragg; Bragg cavity.
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Project Discussions
! MATLAB vs. INTERCONNECT – matching or not? 

! Missing FP ripples from Grating couplers 
! Shift in wavelength - different waveguide models 
! Quality factor, BW… 

! How close to 1310 nm do we have to be? 
! aim for 1290 to 1330 nm 
! Bracket your designs: create a parameter sweep 

! How will the cavity length affects the spectrum / shifts? 
! How to obtain a high Q factor in a design?  Using formula? 

! bracket, aim for Q = 20,000 to 150,000.  Transmission  0.01 to 0.9 (excess insertion loss of -20 dB to 1 dB) 

! Simulating multiple designs 
! What can go wrong in the fabrication / design? 
! What parameters / different designs to make in the space given? 

! Identical design – what happens during fabrication?  +/- lambda_bragg 20 nm 
! [bracket] — what parameters are expected to vary? 1) neff, 2) ∆n, 3) loss. 

! Design review / peer assessment


