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Abstract 

1-by-N optical power splitters are primary components in the field of 

integrated optics and optical transmission systems. Planar waveguide optical 

power splitters are key devices to realize low-cost optical transmission systems 

through photonic integration. The goal of this thesis is to design, model and 

simulate a novel planar waveguide optical power splitter for optical transmission 

systems and Fiber to the Home (FTTH) networks. 

The first chapter is an introduction. This chapter gives the background of 

power splitter, reviews the existing devices and explains why our novel design is 

needed. 

The idea of this novel power splitter is presented in Chapter 2, including 

analytical formulations, theoretical calculations and designs. This serves as a 

theoretical foundation for the development and verification of different parts 

presented in Chapter 3. The novel power splitter design is composed of a series 

of waveguide lenses and waveguide phase shifts. The analytical formulations are 

derived and intensive numerical simulations are performed to verify and 

investigate this new power splitter. Also the conventional Beam Propagation 

Method (BPM) is studied in this chapter, which provides a numerical preparation 

for the device simulation and design in the subsequent chapter. 

The design results are shown in Chapter 4. The novel power splitter 

design predicts good performance with more compact device size, better output 
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and smaller wavelength dependence. This chapter demonstrated the possibility 

of new power splitter working as a better approach to the existing MMI or other 

structures. 

Finally, Chapter 5 gives a conclusion to this thesis. The limitations of this 

work are presented and the future works are proposed. 
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Chapter 1 

Introduction 

1.1 Motivation 

The ever-increasing bandwidth requirements for Internet services and the 

promise of broadband links to homes are constantly pushing the 

telecommunication and data communication systems to higher frequencies and 

higher bit rates. Fiber optic communication is the key answer to this ever-growing 

demand for data transmission capacity. The traditional optical communication 

system employs the "point-to-point" link, which limits the transmission capacity by 

the speed of the electronic signal processing components, such as electronic 

router and switching. A passive optical network [1] (PON) is a point-to-multipoint, 

fiber to the premises network architecture, in which unpowered optical splitters 

are used to enable a single optical fiber to serve multiple premises, typically 32-

128. A PON consists of an Optical Line Termination (OL T) at the service 

provider's central office and a number of Optical Network Units (ONUs) near end 

users. A PON configuration reduces the amount of fiber and central office 

equipments required compared with point to point architectures. 
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: ONU 1 I 
I ONU 2 I 

Optical I ONU 3 I OLT Splitter 

' 
' 
' 

: ONU N I 

Fig. 1 .1 Schematic view of the function of optical splitter for PON and FTTH application 

Key optical components in PON systems are optical splitters, which 

perform the function of splitting optical signals into many channels. As seen in 

Figure 1.1, an incoming signal passes through an optical splitter. The same 

signals are then directed to N different spatial channels for further processing. 

This type of network is good for distribution purposes (for instance Cable-TV) 

Insertion loss, uniformity, size and cost are important parameters for these 

splitters. 

2 
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1.2 Reviews of the Existing Splitter Structures 

1.2.1 Waveguide Branches Cascade 

Fused bundle of optical fibers [2] can be used when the splitting number is small 

(N<16). But for large numbers of splitting, integrated optical solutions provide 

better performance. The simplest way would be making it as a cascade of 1-by

two waveguide branches [3]. 

Fig. 1.2 shows the schematic view of a silica based splitter [4]. As we can 

see, the size of the device gets huge as the number of splitting increases. When 

the number of channels comes to be 32, the length becomes 28mm. 

Multilayered dielectric filter 

Fig. 1.2 Silica based 1 by 32 splitter 
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Fig. 1.3 shows a comparison between theoretical and experimental results 

for a typical 1 by 16 splitter [5]. This 1 x 16 power splitter is 20 mm in length. The 

theoretical results are shown as a solid curve and the experimental points are 

shown as two sets of symbols. The two different symbols represent the maximum 

and minimum insertion loss measured as functions of input polarization state. 

The theoretical curve includes an assumed propagation loss of 0.3dB/cm and a 

fiber waveguide modal mismatch loss of 0.5 dB. The device has an insertion loss 

of 18.9dB, which includes an intrinsic splitting loss of 12 dB. 

20 

1 9 

18 
m 
"0 

- 1 7 :::l 
0 

c 16 
0 
z 

1 5 .... 
0.1 
1/'1 
c. 1 4 ·-

1 3 

12~~~~~~----~----~~~~~~~----~ 
1 2 3 l. 5 5 7 8 9 10 11 12 13 14 15 16 

port numbe-r 

Fig. 1.3 Insertion loss of 1 x 16 power splitter 

From the theoretical modeling, optimized 1 x 16 power splitters based on 

the above approach also have an intrinsic uniformity of 2.1 dB 
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The processing of the branching point, where the two waveguides start to 

separate, is technologically very difficult [6]. This generally leads to problems of 

the uniformity over all the output waveguides and uniformity among different 

samples. 

1.2.2 Multimode Interference Structures 

Multimode interference (MMI) power splitters are potentially shorter and better 

than their branching-type counterparts. 

-W/2 .................... r------------. 
L 

y 

MMI region 
W/2 

X 

Fig. 1.4 Geometry of an MMI splitter 

The common modal of the MMI region is a 3-layer slab waveguide with a 

core width Wand core/cladding refractive index nc/ [7]. Defining k = 
2

7r and 
/no Ao 

using the approximation en;- fJ~ «en; [8], the dispersion relationship is given 

as: 
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p; - fJ~ = m(m + 2) tr/3Ltr (1.1) 

where fJ,:: is the propagation constant of mode m. Eq. 1.1 shows the ideal self-

imaging effect in slab waveguides. Ltr in Eq. 1.1 is the beat length of the two 

lowest-order modes which can be expressed as: 

(1.2) 

where wem and Au represent the effective mode width of the mth mode and 

wavelength, respectively. 

The MMI length LtheOI}' of previous theory can be expressed 

L = 3Ltr 
themy 4N (1.3) 

where N is the number of splitting channels. 

In one case [9], /( =3·,%.476 and Au =1.55pm, The loss (LS) of 1 by N 

MMI coupler is: 

N 

LS = -10 log!O ci P,, I P;,) (1.4) 
n=l 

6 
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where P, and f1n represent power of the n1" port and input power, respectively. 

The uniformity (UF) can be given: 

(1.5) 

with Pmin and Pmax are the minimum and maximum power of the N ports, 

respectively. Numerical calculation on loss and uniformity of symmetrical 1 by N 

MMI power splitter is carried out and the results are listed in table 1.1. 

Numerical results of different mdex contrast vn:th Ao = 1.55 IJ,ffi, 110 = 3.5 

32<(1 X 32) 3.472/3.487 7269/7307 
160(1 X 16) 3.456/3.480 3547/3677 
80(1 X 8) 3.430/3.469 1835/1858 
40(1 X 4) 3.390/3.450 926/941 
20(1X2) 3.327/3.421 471/482 

LS(dB) 

0.0892/0.2422 
0.0215/0.1023 
0.0206/0.0434 
0.0144/0.0159 
0.0121/0.0157 

Table 1.1 Simulation results for MMI structure power splitters 

U"F{dB) 

0.0826/0.2957 
0.0063/0.1430 
0.0033/0.0408 
0.0033/0.0017 

Evidently, the length of the multimode section increases linearly with the 

number of splitting. 

1.2.3 Goal of this thesis 

The goal of this thesis is to design, model and simulate a planar waveguide 

optical power splitter for PON communication systems and FTTH networks. 

Proposing of this novel power splitter is demanded aiming at more compact size, 

7 



M.A.Sc: Min Huang McMaster- Electrical & Computer Engineering Department 

less fabrication cost and higher performance comparing with the conventional 

MMI. 

Challenging tasks of this research topic include: 

1. Initial design on device and prove analytical formulism. 

2. Employ numerical tools on initial design to prove design concept. 

3. Perform efficient optimizations on device design. 

1.3 Outline of the Thesis 

This thesis contains five chapters together. Fig. 1.5 shows the organization of the 

five chapters and their relevance to each other. The 1st chapter is an introduction 

of the research background. Starting from Chapter 2, we begin the main part of 

the thesis: device design and simulation. Chapter 2 provides the basic idea and 

theoretical formulation behind the novel power splitter. Then chapter 3 presents 

the design and optimization of each part of the device. Chapter 4 gives the 

simulation results of the whole device. Finally, Chapter 5 concludes the whole 

thesis and puts forward some future research works. 

8 
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Introduction 
(Chapter 1) 

Background Ideas 
(Chapter 2) 

I 

l l 
I Binary Optics I I 4-f System I 

I I 
~ 

Basic Design Idea 
(Chapter 2) 

Design & Optimization of Each Part 
(Chapter 3) 

! ' ! 
I Collimating Lens Phase Gratings Other Lenses 

I I 

Simulation of the Device 
(Chapter 4) 

Conclusion & Future 
Works 

(Chapter 5) 

Fig. 1 .5 Block diagram of the outline of the thesis 
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1.4 Contribution of the Thesis 

The main contribution of this thesis is the design of a novel planar waveguide 

power splitter, which composes of carefully designed waveguide lenses and 

phase gratings. The basic idea comes from phase contrast array illumination [1 0], 

and we convert it to planar waveguide platform. The device is proposed and 

verified by both analytical formulation and numerical simulation. 

10 
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Chapter 2 

Initial Design of the Novel Power Splitter 

2.1 Introduction 

In this chapter, a novel planar waveguide integrated power splitter is proposed by 

using a combination of waveguide lenses and waveguide phase gratings. First, 

the Fourier transforming properties of lenses are reviewed. The 4-f system will be 

discussed later. Then we introduce the waveguide lenses that are formed by 

controlling the thickness of the cladding layer which in turn controls the effective 

index of each area. Finally, the initial design concept of the novel power splitter is 

explained in section 2.2.3 

2.2 Fourier Transforming Properties of Lenses 

2.2.1 Fresnel Diffraction 

As shown in Fig. 2.1, the diffracting aperture is assumed to lie in the (x,y) plane 

and is illuminated in the z direction. 

11 
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········ ............................. 

................................................................... 

Fig. 2.1 Diffraction geometry 

v 

By employing Fresnel diffraction integral [1 0], we can calculate the wave 

field across the (u,v) plane, which is parallel to the (x,y) plane and at a distance z 

to it. The z axis pierces both planes at their origin. 

(2.1) 

2.2.2 A Thin Lens as a Phase Transformation 

The most important components for optical imaging and data processing systems 

are lenses. A lens is composed of an optical dense material, in which the 

propagation velocity is less than the velocity in air. In other words, lens simply 

12 
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delays an incident wavefront by an amount proportional to the thickness of the 

lens at each point. 

I 
I 
I 
I 
I I 
I I 

+:~:+ 

~2 

Fig. 2.2 Calculation of the thickness function 

In order to calculation the exact phase delay of a lens, we have to get the 

thickness function. To find the thickness of the lens~(x,y) , we split the lens into 

three parts, as shown in Fig. 2.2. 

(2.2) 

13 
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Equation 2.2 can be simplified if only the paraxial rays are considered, 

where we take the approximations of the spherical surfaces of the lens by 

parabolic surface. 

x
2 +/(1 1J l1(x y) = f1 + f1 + f1 - ---

' I 2 3 2 R R, 
I -

(2.3) 

The phase delay introduced by the lens can be expressed as 

(2.4) 

Neglecting the constant phase factor, the phase transformation can be 

rewritten as 

where -=(n-1) ---1 ( 1 1 J 
! R1 R2 

-;J:.-(.hy2) 
t(x,y) =e 21 

14 

(2.5) 
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2.2.3 Object in Front of Lens 

d f 

Fig. 2.3 Geometry of the lens system 

Consider the optical system of Fig. 2.3. The input, located a distance d in front of 

the lens, is illuminated by an incident plane wave of amplitude A. We can easily 

get the amplitude and phase of the light at the back focal plane by using equation 

(2.1) & (2.5) [1 0] 

. k ( d)( 2 2) ;- 1-- u +v ? 

Ae 2f f ff -r" <ux+>:v> 
U(u, v) = jA.f t( x,y )e 2

1 dxdy (2.6) 

Evidently when the input is placed in the front focal plane of the lens, 

where d=f, the phase curvature disappears, leaving an exact Fourier 

transformation. When the input is placed against the lens, where d=O, the phase 

curvature introduced can be canceled by a lens of the same shape. Both cases 

discussed above will be used in the later discuss. 

15 
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2.3 Spatial Filtering 

Spatial filtering is a common method in the process of coherent optics. The idea 

lies behind it is the Fourier transformation performed by the lens. The final image 

can be modified by putting a filter properly in the spatial frequency domain, 

getting rid of some frequency or changing their amplitude or phase. 

The Abbe and Porter experiment provides a powerful demonstration of the 

detailed mechanism by which coherent images are formed, and indeed the most 

basic principles of Fourier analysis itself [1 0]. The general nature of these 

experiments is illustrated in Fig 2.4 (a). An object consisting of a fine wire mesh is 

illuminated by coherent light. Fourier spectrum of the periodic mesh appears in 

the back focal plane, and finally in the image plane the various Fourier 

components passed by the lens are recombined to form a replica of the mesh. 

Fig. 2.4 (b) shows the spectrum of the mesh and the full image of the 

original mesh. The periodic nature of the object generates in the focal plane a 

series of isolated spectral components. The power of spatial filtering techniques 

is well illustrated by inserting a narrow slit in the focal plane to pass only a single 

row of spectral components. Fig. 2.4 (c) shows the transmitted spectrum when a 

horizontal slit is used. The corresponding image contains only the vertical 

structure of the mesh; it is precisely the horizontally directed complex-exponential 

components that contribute to the structure in the image that is uniform vertically. 

16 
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(\ 

(a) 

v v 

I~ 
f .. , ... f .., ... 

f ..,~ f .. , 

• • • • • 
• • • • • 

(b) • ·-· • • • • • • • • • • • 

(c) • • e •. 

Fig. 2.4 The Abbe-Porter experiment 

The spatial filtering system used in this thesis is a 3-f system, as shown in 

Fig. 2.5, which combines of four lenses: LO is for collimating light. L 1 & L3 are for 

Fourier transformation. L2 is for phase compensation. 

17 
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LO L1 L2 L3 

Fig. 2.5 3-f system 

2.4 Planar Waveguide Structure 

2.4.1 Micro Optics 

The terms micro- and nanooptics refer to the typical lateral feature size in an 

optical element [11]. In the 1960s, the minimum feature size of lithographic 

fabrication was of the order of tens of micrometers. Fabrication of optical 

elements was often achieved by using plotters, generating huge patterns on 

paper or on film that were photo reduced in a subsequent step. The optical 

elements were called "computer-generated holograms" and used, e.g., for analog 

optical signal processing [12]. 

18 
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An enormous push towards micro optics came in the 1980s (although the 

forerunners were from the 1960s and 1970s). At that time, standard lithography 

offered a feature size of about 1 micrometer. But, importantly, dry etching 

techniques were adopted to make micro optical devices like, in particular, 

diffractive optical elements in glass or silicon. Newly developed iterative design 

techniques allowed one to generate novel types of optical elements such as 1 xN 

beam splitters and lens let arrays [13]. Meanwhile, micro optics is a well

established and mature technology. Micro optical components can be found in 

various applications, for example, as lens arrays in cameras and displays, as 

beam splitters and homogenizers in laser systems, as micro-spectrometers in 

analytics, etc. 

Actually the basic idea of the power splitter is common in 3D optics [13]. 

However, we convert it to our planar waveguide structure which will be discussed 

latter. 

2.4.2 Waveguide-based Integrated Structure 

Our novel power splitter is based on planar waveguide structure. The idea here is 

using the slab waveguide as the 2D version of the classical 3D diffraction optics 

[25]. The geometry of the structure is shown in Fig. 2.6. The light is confined by 

the slab waveguide in the x-y plane (the cross-section), and travels along z 

direction in x-z plane. 

19 
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There are two different areas in x-z plane: the dark areas are with thicker 

claddings while the rest is normal slab waveguide, i.e . we create mesa of 

different shapes on top of the slab waveguide platform. Obviously, the dark 

areas have higher effective refractive index ( n, ) compared with the rest slab 

waveguide platform ( ~ ), and the effective refractive index difference can be 

controlled by changing the height of the mesa. The shape of the mesa 

determines its function. Here we use lnGaAsP/InP systems with 0.4 index 

difference. The dependence of the refractive index on material composition has 

been well investigated [14] . Here we make ~ equal to 3.2, while n2 equal to 3.6, 

and the operating wavelength is 1.55 j..Jm. 

z z X 

I I 
-

(a) (b) (c) 

Fig. 2.6 The geometry of waveguide-based integrated structure. (a) is the 3D view, (b) is the top 

view, and (c) is the side view 

20 
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Actually the design concept is based on the layout design on 2D (x,z) 

plane. We can use concepts in 3D optical system in our case. The only difference 

is that we convert it into x-z plane by making different kinds of mesas. 

2.5 Initial Design by Analytical Formulations 

The layout design in x-z plane is made on simple Fourier transform (FT) based 

analysis. As shown in Fig.2. 7, Area 1 is an input waveguide, Area 2 is a lens for 

light beam collimating, Area 3 is a diffraction grating through which light beam will 

be redirected into different orders, Area 4&7are lenses for FT and inverse FT, 

Area 5 is for phase compensation, Area 6 is a phase shift part which will 

introduce a phase delay to the oth order light beam, and Area 8 is the output 

waveguides. 

1f ' ' ;~ --- ---' ---.. , ' ' - c=:L,. , 
' --, ' -, ' ' -' -, 

' c::J , 
' ' :I ( ' 

' -- c=:L,. ' - ' ' - ' ' ' c::J ' - ' ' - ' ' ---------· ~ --- 'A. 

l l l l l l 1 
Area 1 Area 2 Area 3 Area 4 Area 5Area 6 Area 7 Area 8 

Fig. 2. 7 Schematic view of the power splitter 
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Here we present a simple case to illustrate how the power splitter works. 

Although some changes have been brought in to optimize the performance in the 

final design, the basic principle remains the same. Actually, if the whole system is 

ideal, the field distribution of the light beam u1 (x) after the first lens is simply the 

FT of the pupil function [10], i.e., the guided mode profile u0 (x) in input 

waveguide. Since the mode in a single mode ridge waveguide is similar to a 

pulse function, we can assume u1 (x) to be a plarnwave. 

(2.7) 

where F[ ... ] indicates FT and F-1
[ ... ] indicates inverse FT. And the gate function is 

defined as 

(2.8) 

The diffraction grating is designed to be a periodical structure with N 

periods (N refers to the splitting number). The phase shift rp in a single period T 

is 
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{
O,O<x< T 14 

cp(x) = . 
1C,TI4<x<T 

(2.9) 

After the diffraction grating, the field distribution u2 (x) is multiplied by a 

factor with unit amplitude and a phase shift cp(x) along x. Therefore, in one 

period we have 

{
1,0< x< T /4 

u2 (x) = u1 (x) exp[jcp(x)] = 
-l,T 14< x< T 

The field distribution is shown in Fig. 2.8. 

u 

1 - r--- -

-1 

Fig. 2.8 Optical field after phase gratings 
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Along the focal line of the second lens, the field distribution u3 (x) is 

obviously theFT ofu2 (x): 

(2.11) 

The light beam has been redirected to different orders. The 01
h order (DC 

part), which lies in the center part, can be expressed as 

1 rr 1 rr/4 rr 
tt0," = T .b Edx = T ( .b 1dx+ .1r

1
/-1)dx) = -1/2 (2.12) 

Then u2 (x) can be expressed as the summation of the DC and AC 

parts, which is shown in Fig. 2.9. 
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u 

3/ 2 r-- AC .---- .---- ....---

.. 
X 

-1 /2 . -. -· 
DC 

. -·-. . -.- . . -·- . . -

Fig. 2.9 AC and DC part 

Then we introduce a 1r phase delay to the oth order light beam 

(2.13) 

The optical field is shown in fig. 2.1 0 
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u 

3/2 - AC -

1/2 
DC 

X 

-1/2 

Fig. 2.10 Optical field on the focal plane of the last lens 

Like 4-f system in Fourier optics, the last lens is the inverse FT of u3 (x) , 

which refocus the light beam. The field distribution u4 (x) in the focal line will be 

( 

1 3 ( 1 3 --+-,O<x<T/4 +-+-=2,0<x<T. 14 
2 2 2 2 

u2 (x) = =:> u4 (x) = 
1 1 1 1 

---- Tl4<x<T +---=0 Tl4<x<T 2 2, 2 2 , 

(2.14) 
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u 

2 I-- ;--- r--- ,-

X 

0 

Fig. 2.11 Final output field 

The output is shown in Fig. 2.11. This means in ideal case we can only 

obtain light in '!l.i of the period. Along the focal line of the last lens we obtain an 

ideal power splitter. 

2.6 Summary 

In this chapter, we reviewed the Fourier transforming properties of lenses, which 

are the basic ideas behind our design. Then the planar waveguide structure is 

introduced. By employing different mesa shapes on the structure we can realize 
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the geometry optical propagation in 20 plane. The analytical formulation and 

design concept are proposed at the end of this chapter. The following chapter 

(chapter 3) will be the verification and optimization of this concept. 
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Chapter 3 

Numerical Verification and Improved Design by BPM 

3.1 Introduction 

The basic design concept was proposed in the previous chapter (chapter 2). But 

there still exists many problems when we put it into practice. For example, the 

coherent light we considered was a gate function, but it is difficult to design the 151 

lens in reality which can collimate the incoming light. Another issue is that the 

phase grating we proposed was a rectangular period shape, the discontinuity of 

the corners may cause unwanted diffraction orders on the back focal plane of the 

2nd lens. 

In this chapter, we design and verify those parts discussed in chapter 2 

one by one. First, the concept of beam propagation method (BPM) is presented. 

Then the mathematical derivations on the major components are provided based 

on scalar wave propagation and paraxial approximation. After that, the initial 

design based on this analytical derivation is drawn. Finally, the numerical tool, 

which is discussed above, is employed to verify and optimize the design. It is 

found that careful design of both waveguide lenses and phase gratings are 

crucial to the function of the entire power splitter. We will mainly talk about these 

two parts. 
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3.2 Beam Propagation Method 

3.2.1 Numerical Methods 

Optical waveguides are the simplest but the most important element of photonic 

integrated devices [15]. Not only are they used for interconnection between the 

devices but also are building blocks to form various photonic devices. In order to 

perform design and simulation of planar optical waveguide-based optical splitter, 

efficient and accurate numerical simulation tools are indispensable. There exist 

two main categories of problems in simulating optical devices and circuits: optical 

wave propagation and optical modal analysis. 

One of the most commonly used numerical methods for modeling wave 

propagation is the beam propagation method (BPM). BPM is an approximation 

technique for simulating the propagation of light in slowly varying optical 

waveguides. BPM was first introduced in 1970's by Feit and Fleck [16]. When a 

wave propagates along a waveguide for a large distance (larger compared with 

the wavelength), rigorous numerical simulation is difficult. The BPM relies on 

approximate differential equations which are also called the one-way models. 

These one-way models involve only a first order derivative in the variable z (for 

the waveguide axis) and they can be solved as "initial" value problem. The "initial" 

value problem does not involve time, rather it is for the spatial variable z. 
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The beam propagation method is widely used for modeling and analysis of 

guided-wave optical devices and circuits. BPM enables us to calculate field 

amplitude distributions of the light wave that travels through a waveguide in the 

presence of small refractive index variations. It consists basically of propagating 

the input beam over a small distance through homogeneous space and then 

correcting for the refractive-index variations seen by this beam during the 

propagation step [19]. The calculated result can be visualized in a 3D drawing to 

show the behavior of the propagating light. 

How to get accurate and efficient calculation of optical waveguide modes 

has always been a popular research topic due to its fundamental importance in 

design of guided-wave optical devices and circuits. Numerical mode calculation 

methods include Finite Difference (FD) [17] and Finite Element Method (FEM) 

[18]. Both of them are based on solving eigen value and eigen equations. 

3.2.2 Beam Propagation Method 

Starting from the Maxwell equations: 

VxE =-jwB =-jcuJJH (3.1) 

V x fl = jwD =}weE (3.2) 

(3.3) 

A 

V·eE=O (3.4) 
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Applying a vector rotation operator to (3.1 ), we get the governing equation 

for the propagation of the electromagnetic waves in homogeneous medium 

" " 2 2 " \lx\lxE =- jm;.i'\lxH = k0 n E (3.5) 

where k0 =OJ~ e0p0 , and n is the effective index. 

From (3.4) we have 

(3.6) 

By putting (3.5) & (3.6) together we have 

(3.7) 

Equation (3. 7) is valid for most photonic guided-wave devices 

Here, the slowly varying envelope approximation is used to approximate 

the wave function E of the light propagation in the +z direction. In this 

approximation, E is separated into the slowly varying envelope function E and 

the very fast oscillatory phase term e-.if3z as follows [20] 
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E(x,y,z) = E(x,y,z)e-Jflz (3.8) 

Where fJ = n ef!kO , neff iS the referenCe indeX, fOr Which the refractiVe indeX Of the 

substrate or cladding is usually used 

Substitute (3.8) to (3. 7), one is able to derive the one-way wave equation 

where V'~ is a Laplacian in the lateral directions. 

The solution to (3.9) is given by 

aE =-jfJ(.Jl+P-l)E az 

where the operator P is defined by 
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The BPM program used in this work is a split-step time domain 

propagation method (SSTD-BPM) [21 ], which can extend conventional BPM to 

enable simulating time domain pulse. 

The time domain traveling wave equation can be derived from time domain 

vectorial wave equation [22]. 

A 2 2 A a£ 
V'xV'xE-k0 n E+2jnk0f31-=0 at (3.12) 

where /31 = -1 = ng , ng is group index and vg is group velocity. Following the 
vg c 

similar procedure as described above, it is easy to get: 

aE =-j/3(-Jl+P-l)E- n/31 aE 
az no at 

The solution to equation (3.13) is 

Illig iJ 

E ( z + &, t) = e-JfJ(.Jl+P-I)t:.z e- "oc t:.ziii E ( z, t) 

To solve equation (3.14) we can introduce an auxiliary variable If/ 
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(3.15) 

Then the solution for equation (3.14) can be handled by the traditional 

BPM algorithm. We use the higher order Taylor expansion on equation (3.15). 

(3.16) 

Apply Crank-Nicolson formula to equation (3.16), we get 

If/ ( z, t) + If/ ( z, t - L\t) nn /!!..z If/ ( z, t) -lj/ ( z, t - L\t) 
~~--~--~+~~~~--~----

2 2~c L\t 
(3.17) 

E ( z, t) + E ( z, t - L\t) nn /ll E ( z, t) - E ( z, t - L\t) 
2 2n0c L\t 

Here comes the scheme for temporal solution equation (3.15) 

If/( z,t) = -Cif/( z,t -L\t) + CE( z,t) + E( z,t -M) (3.18) 

where 
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3.3 Lens Design 

3.3.1 Lens Design Concept 

nn t:.z 
1--g-

c = n0c 11t 
nn t:.z 

l+-g-
noC 11! 

(3.19) 

A schematic diagram of a lens structure with an aperture D is shown in Fig. 3.1. 

D/2 

I f 

Fig. 3.1 Schematic diagram of a lens structure 

The refractive indices inside and outside the lens structure are denoted by 

n2 and n1 , respectively. According to the ray optics theory [23], the lens should 

be shaped in such a way that makes the collimated light coming from left to right 
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focused at point f or vice versa, i.e. optical paths of the rays in the collimated 

beam should be all equal 

(3.20) 

The equation above can be rewritten in the following form 

(3.21) 

where 

Obviously the lens takes an elliptical shape with a as the long axis while 

b as the short one. From (3.20) we can also have 

n 2 2 
Xo axo l(x )=a-a ~a-a(l--)=-

o b2 2b2 (3.22) 
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where the first order Taylor expansion of the square root is applied under the 

condition that xo is much smaller than 1. With the inserted lens as a phase shift, 
b 

the pupil function becomes 

(3.23) 

Therefore, the field distribution at the focal line of the lens (z = f) for a given field 

at the origin (z = 0) is obtained by using (3.23) as the pupil function in Fresnel 

(near-field) diffraction formula 

(3.24) 

From equation (3.24), it can be found that the lens plays a role as a spatial 

Fourier transformer. Through the help of the suitable lens, we can make spatial 

Fourier transform rule applicable in the near field region. Physically, the lens 

corrects spherical wave front to plane wave front by forcing the rays with smaller 

angle (to the propagation axis) to experience more delays. This correction is only 

valid with the paraxial assumption under which the spherical wave is firstly 

approximated by a parabolic wave. After such correction, the Fresnel 
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transformation becomes the spatial Fourier transformation without the far-field 

assumption. Also because of such spherical wave to plane wave correction, a 

point source at the focal line will be collimated by the lens at its aperture. 

Parameters Value (!Jm) 
n2 3.6 

~ 3.2 

I 213..1. 
D 194..1. 
f 415,.1, 

Table 3.1 Parameters for the lens 

3.3.2 1st Lens Design 

Some certain approximations have been made in the original derivation in order 

to simply the process. In real design, the waveguide mode is treated instead of 

the point source. Also, the lens aperture makes the spatial Fourier transform non-

ideal. Most importantly, the paraxial approximation is introduced to simplify the 

derivation. Due to all these approximations, the design obtained previously can 

not provide accurate enough results for practical application. More precise 

numerical simulation tools such as wide-angle beam propagation method (BPM) 

are used to verify and further improve the design. 

Firstly, we investigate the function of the waveguide lens numerically. The 

low and high indices are chosen as ~ = 3.2 , n2 = 3.6. Wavelength is chosen as 

1.551-Jm, and the focal length is chosen as f = 415A = 6431Jm. The lens shape is 
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designed exactly from the equations above: a = 213).. = 3301-Jm, b = 97A = 1501-Jm. 

The input and output waveguides are chosen as width as 2.01-Jm with a 0.2 index 

difference between the core and cladding. 

In order to show the collimation function of the lens in a clearer way, we 

record both the amplitude and effective along z-direction and plot them in Fig. 3.2 

& Fig. 3.3. The effective phase constant is defined as 

CfJefl =-j(lnF -IniFI)/ z0 (3.25) 

where F is the field value obtained by BPM 
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Fig. 3.2 Field intensity after original 1st lens 

From Fig. 3.2 & 3.3 we can clearly see that that the output wave is 

collimated but not like a gate function as desired. In order to achieve that goal, 

physically, we need to make rays near the propagation axis experience more 

delays, i.e. increase the value of a. Also we need to take the phase factor into 

consideration. A phase compensation part is placed right after the lens to make 

the output wave phase flat. 
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Fig. 3.3 Phase factor after original 1st lens 

The schematic diagram of the final design is shown in Fig.3.4. 

X 

z 

L(x) 

f 

Fig. 3.4 Schematic diagram of 1st lens structure 

42 



M.A.Sc: Min Huang McMaster- Electrical & Computer Engineering Department 

The design parameters are summarized in Table 3.2. 

Parameters Value (!Jm) 
a 363.85 
b 150.35 
f 652.8 
L(x) 2.5 + 1.2 X 10-4 

X
2 + 4.8 X 10-9 

X
4 -1.8 X 10-13 

X
6 

Table 3.2 Parameters for the 151 lens 

And the simulation result can be found in Fig. 3.5 & 3.6. 
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Fig. 3.5 Field intensity after 1st lens 
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Fig. 3.6 Phase factor after 1st lens 

We can see that there are lots of ripples in both amplitude and phase parts. 

It is inevitable since we are trying to get a gate function like output. It will lead to 

uniformity problem in our final result. All we can do is to try different sets of 

parameters and find a compromise between the two. This is the best result we 

can get so far. 
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3.3.3 Other Lenses Design 

From equation 2.6, we can clearly see that the lens introduces a phase shift to 

the wavefront and the Fourier transfer is done after a distance of propagation. 

One of the approximations is that the lens is thin, i.e. only paraxial rays are 

considered. The length of the lens can be substantially reduced when our 

attention is restricted to the portion of the wavefront that lies near the lens axis. 

The design principle of the lens is shown in Fig. 3.7, where we divide the 

lens into many pieces and reduce the length of each piece by hundreds of 

wavelengths. The reason why we do this is that the phase difference introduced 

by the lens remains the same while we make it much thinner. Specific 

parameters can be found in table 3.3. 

:.::.::-.. ::.::-.. ~ 
IN ..t]' ....................................... ~- .l..>S.- J1.2_--

f-a ' • I 
I 
I 
I 
I 
I 
I 
I 

N2 x..tjn2 : ,. .............................. .. 

Fig. 3. 7 Principle for lens optimize 

dl 

The lens is based on the structure we proposed in chapter 3.2.1. Now 

let's consider the structure with two waveguide lenses that both collimating and 
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refocusing the light beam coming from an input waveguide. If the lenses are 

designed ideally, this light beam which passes through the first lens and then 

refocuses after the second lens should be totally coupled into the output 

waveguide. In other words, the minimum insertion loss of such an optical system 

serves as an important measurement of the lens design. Fig.3.8 shows the field 

distribution for the two-lens structure. Fig. 3.9 shows the insertion loss for the 

structure , which is 0.01 dB 

250 
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50 

0 
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Fig. 3.8 Example of the double lens structure 
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Fig. 3.9 Input field Vs refocused output field 

Area 4, 5 and 7 are all using the same structure. Both D and fare 6001Jm. 

Lens is divided into 39 pieces and the length is around 281Jm. The detailed 

parameters are shown in table. 3.3 

Parameters Value (IJm) 
f 600 
D 600 
N 39 
dl -28 

Table 3.3 Parameters for lenses 
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3.4 1st Phase Grating Design 

As previously mentioned, the phase grating (PG) is a key component in this 

power splitter configuration. The schematic view of the original grating structure 

is shown in Fig. 3.10 

z 

T/4 

X 

T 

Fig . 3.10 Schematic view of the original grating structure 

The PG structure is made of N periods of identical rectangular structure 

with period T, height A./2 and refractive index n2 • The total aperture size is D = 

NT. For a single period 

(
O, O ~x< T 

F(x)= 4 
A. 3T 
- ,- ~x~T 
2 4 
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It has been proved in the previous section that the incident optical 

waveguide mode will be collimated and becomes a quasi-plane wave after 

propagating through the lens. This collimated light beam then experiences a pure 

phase delay after passing through the PG. For each period, the unit transfer 

function is, therefore, given by 

( 

T 
O,Osx<-

where rp(x) = 
4 

3T 
n,-sxsT 

4 

P ( x) = Ga (;) exp ( j rp ( x)) (3.27) 

Due to the periodicity of the structure, the pupil function satisfies P(x + T) ::: 

P(x), which means we can rewrite the pupil function by a Fourier series. 

m=ro m 
P(x) = L Am exp(i2n-x) 

m=-oo T (3.28) 

Where the coefficient A," is given by 
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11rrA m A,"=- P(x)exp(-i2JZ"-x)dx 
T T 

1 ( .JZ"m). (m) =-exp -1- smc-
2 4 4 

(3.29) 

With the limited aperture D=NT, where N is the number of period, the pupil 

function is 

m=oo 

P(x) = I A,
11 

exp(i2JZ" m x)Ga(x I D) 
m=-oo T (3.30) 

After passing through the PG, the collimated light becomes many sub-

beams. These beams will be collected by a second lens. As described in the 

previous section, the inserted lens acts as a spatial Fourier transformer to 

transform the field at the aperture of the blazed grating to different orders at the 

focus line. Hence, the field at the focus line can be calculated. 

A(vx) = FT(P(x)) 

= ( P(x)exp( -i2JZ"vxx)dx (3.31) 

From the relation between k vector and its x and z components shown in 

Fig.3.11 it is easy to know that 
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v = n2 sinrp:::::: n2 tanrp = n2X 
X A A Aj 

(3.32) 

X 

z 

Fig. 3.11 Relation between k vector and its z components 

Finally, the approximate imaging field at the focus line is given by 

., m n X 
A(X) =D I ~~~ sinc[D(---2-)] 

m=--<IJ T Aj 
(3.33) 

From the equation above we are able to obtain the approximate refocusing 

position XIII for the m,11 order blazing light 

(3.34) 
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Also it is obvious that the amplitude of each order is related to the value of 

A
111

• We calculated the coefficients A
111 

in different structures (including the original 

structure described above, triangular one, parabolic one and sinusoidal one). The 

result is shown in Fig . 3.12. Obviously light would be confined more to the lower 

orders in the sinusoidal case, which means less loss and smaller lens aperture to 

capture the light. Fig. 3.12 tells us that the best solution for the phase grating 

would be the sinusoidal structure. 

Q) 
:J 

0.7 

g 0.4 

E 
<( 

0 .3 

0.2 

0.1 

2 

Fig. 3.12 Am for different shapes 
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A schematic view of the grating structure is shown in Fig. 3.13. Actually 

there are 2 different half sine waves in each period, one is with the period d, 

height h, while the other one with period (T-d) and height A/2 -h. These 2 

parameters control the ultimate output wave shape and the design of the second 

phase shift. 

h 

X 

Fig. 3.13 Schematic view of the grating structure 

For one single period 

l
h(l- sin(7r x)), 0 < x < d 

~ d 
F(x)= 

(.!_A-h)sin(~(x-d))+h,d < x < T 
2 T-d 

(3.35) 

Then the unit transfer function would be 
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where 

l
exp[j(q.>sin(Jr x) -q.>)], 0 < x < d 

~ d 
P(x) = 

exp{j[ -(Jr -q.>)sin(~(x-d)) -q.>]},d < x < T 
T-d 

2Jrh 
q.>=-

A 

(3.36) 

(3.37) 

There are two variables, hand d, here. These two parameters are related 

to each other. Once one of them is fixed, the other can be calculated. We will 

discuss the value of h first, since it plays an important role in the shape of the 

output pulse. The coupling efficiency between the output pulse and the mode in 

output waveguide is a critical judgement here. The output waveguide is chosen 

as !).n = 0.02, width= 2.l,um, and d equals to 2 IJm. We calculate the output pulse 

when q.> equals to ~ .1r, ~ .1r , 2 .1r , and .1r respectively, and the mode in the output 
8 8 8 

waveguide as well. The result is shown in Fig. 3.14 
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Fig. 3.14 Compare of outcomes and mode in output waveguide 

frp. q/ dx 
Coupling efficiency is calculated by efficiency = '"P"' •i• s•·-· , the result 

]1Psin g/emod el
2 

dx 

is shown in table 3.4 

tp 5 6 7 7r 
-Tr -7r -Tr 
8 8 8 

Coupling 0.926 0.934 0.940 0.938 
efficiency 

Table 3.4 Coupling efficiency for different value of tp 
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The results would be of little difference if we make a little change to the 

width d (which must be sure to be less than 2.16um). According to equation 3.37, 

7 
h=-.4 

16 

All the parameters are summarized in Table. 3.5. Way to calculated will 

be discussed in chapter 3.5 

Parameters Value (IJm) 
T 8 
d 2.785 
h 7 

-.4 =0.339 
16 

Table 3.5 Parameters for blazed phase gratings 

3.5 2nd Phase Shift Design 

The design of the 2nd phase shift is relatively simple. It is a rectangular structure 

with width w along x direction and length I along z direction (Fig. 3.15). The width 

should be big enough to capture the oth order light but not too big so the 1st order 

light would not experience the phase delay. The length determines the amount of 

delay that should be introduced to the oth order, and the phase delay can get the 
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light cancelled in the point (say point A) which experienced phase shift 1r in the 

PG. 

Assume that the average value of the oth order light to be aeib . Then the 

field in point A can be expressed as -1- aeib + aeib. After the 2nd phase plate, we 

introduce a phase shift, say e , to the oth order part, which means the output in 

point A would be 

Now we have to make -1- aeib + aeib e;
8 = 0, which gives us 

'I} 1 'b e' =-e-' +1 (3.38) 
a 

By adjusting d, the parameter ranges from 0 toT, we can find a designable 

value which makes I~ e -ib + 11 = 1. Once we get d, we can easily get the phase shift 

B of the 2nd phase plate. 

In our case d = 2.69 J1m, B = 1.63 
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Fig. 3.15 Schematic view of the grating structure 

Parameters Value (IJm) 
w 38 
I 1.542 

Table 3.6 Parameters for 2nd phase shift 

3.6 Summary 

In this chapter, each part of the power splitter is carefully studied and optimized 

with the help of analytical formulation and numerical simulation. The shape of the 

1st lens and the 1st phase grating are the two most important parts of the design. 

The lenses we designed consist two types, one for gate-function wavefront 

shaping while the other for phase correcting. We also proposed a sinusoidal 

period phase grating, which can reduce the insertion loss, and increase the 
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coupling efficiency as well. The performance of the whole device will be 

presented in the next chapter. 
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Chapter 4 

Numerical Simulation of the Novel Power Splitter 

4.1 Introduction 

We present the analytical simulation to our device at first, evaluating the 

performance in ideal situation. Then BPM is employed to simulate the whole 

device. The size of the power splitter is 6001Jm (width) by 27001Jm (length). The 

mesh grid we use is 30000 by 90000, which means 50 points per micron in x 

direction while 33 points per micron in z direction. Insertion loss, uniformity, size 

and cost are all important parameters to power splitters. Simulation results of loss, 

uniformity and wavelength dependence will be discussed latter in chapter 4.3 

respectively. 

4.2 Analytical Simulation 

Here we assume that the field after 1st lens is a gate function, which means 

(4.1) 
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The phase grating uses the exact the same parameters in table 4.5, 

except that the number of periods is increased to 128. The pupil function can be 

written as 

P(x) = 'I' A,
11 

exp(i2;r m x)Ga(x I D) 
m=-CLJ T (4.2) 

where A"' can be calculated analytically. 

If we assume that our lens is infinite, which means it can perform an exact 

Fourier transform. After the 2nd lens, the field can be written as 

A(x) = FT(P(x)) 

= ( P(x)exp(-i2JrVxx)dx (4.3) 

"' m xn 
=D LA," sinc[D(---11

)] 
m=-CLJ T fA, 

By putting all the parameters into the equation above, we can get the 

analytical solution of A(x), which is shown in Fig. 4.1. 
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Fig. 4.1 Different orders along the back focal plane of the 2nd lens 

Since our 2nd phase only has effect on the DC part, we can simply make 

Aa be Aa = Aa exp(iB), while the other parts remain unchanged. The 41
h lens does 

another Fourier transformation to the field A(x). And the outcome would be 

B(x) = FT(A(x)) 

=I A,n exp(i2;r m x)Ga(x/ D) 
m=-oo T 

(4.4) 
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We can also get the figure for B(x) in the same way as we get A(x), the 

result is shown in Fig. 4.2. 
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Fig. 4.2 The analytical output field 

Evidently, the output field profile is exactly what we want, optical power 

gets split equally. However, it is the ideal case. One of the approximations we 

made above is that the lens is assumed to be infinite, while in reality it is 

impossible. If we make the aperture of the lens be 600 ~m. which means we can 

only confine orders less than the 91
h, and accordingly, we make the number of 
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channels be 32, the insertion loss comes out. More important thing is that the 

Fourier transform of the limited orders would not be the same as in Fig. 4.2. The 

FT result of the limited field is shown in Fig. 4.3. The loss is calculated to be 

0.014d8. 

z-. 
.Ui 0.015 
c 
Q) ...... 
c 

"D 
Q) 
N 
(\) 0.01 
E 
0 
z 

0 .. 005 

0~ 
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

x axis (m) 
Fig. 4.3 Output field when considering the aperture of the lens 

Fig. 4.3 tells us that the uniformity depends on two aspects. One is the 

output of the first lens, that is, how close can the collimated be like a gate 

function. The other is the aperture of the lens, that is, how many orders can be 

captured. 
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As we discussed before, the sine function determines the position of each 

order. If we make the period of the phase grating larger, say, 16 1-Jm, we can find 

that lens can capture more light compared to 8 1-1m case, as shown in Fig. 4.4. 

However, the change on the phase grating means the output waveguide should 

change accordingly, the coupling efficiency will decrease. The full width at half 

maximum (FWHM) for 8 1-1m case is 2. 76 j.lm, while for 16 1-1m case it becomes 

5.94 1-Jm. The width of the period is a compromise between the insertion loss and 

coupling efficiency. 
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Fig. 4.4 Order distribution when the width of the period is 16 1-1m 
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4.3 BPM Simulation Results for 32-Channel Power Splitter 

4.3.1 Insertion loss 

A schematic structure of this power splitter is shown in Fig.4.5 

X 

Area 1 Area 2 

Fig. 4.5 3D view of the whole device 

Once the layout is set and the parameters are determined, we used a 2-D 

beam propagation method to predict the device performance and obtained the 

top view field distribution, as shown in Fig. 4.6. 
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Fig. 4.6 Top view of the field distribution 

We can clearly see that the wave gets collimated after the 1st lens, and 

splits into different orders in the back focal plane of the 2nd lens as we expected . 

Finally, the wave gets split into many channels along the focal line of the last lens, 

where the output waveguides are placed . 

The field distribution right on the focal plane of the 2nd lens is shown in Fig. 

4. 7. And the output field is given in Fig. 4.8. 
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Fig. 4.7 Field distribution at the focal plane of the 2nd lens 

The loss is calculated by the ratio between power in 32 channels and input 

power, loss=10log(~."1 J, which comes out to be 0.219dB, which means around 
P;ll 

94.4% of the input power coupled into the output channels. 
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Fig. 4.8 Output field 

4.3.2 Uniformity & Coupling efficiency 

I"'"' .. , 

100 200 300 

The map of uniformity is shown in Fig. 4.9. It shows the ratio between the power 

in each channel and the average power. The maximum ratio is around 1.05. The 

profile of Fig. 4.9 is mainly determined by the collimated light shown in Fig. 3.5. 
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Fig. 4.9 Uniformity result 

Coupling efficiency between the field on the back focal plane of the last 

lens and the output channels is one of the major causes of the insertion loss in 

this device. Theoretical calculation was discussed on chapter 3.3. The coupling 

coefficient is expected to be around 94%. Here I select No. 1 8 16 channel of the 

right half in my calculation here (Fig. 4.1 0). The blue ones are field distribution 

amplified from Fig. 4.8, while the red ones are the theoretical mode profile. The 

coupling efficiency is shown in table 4.1. 
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Fig. 4.10 Output in No. 1 8 16 channels 

Channel number 1 8 16 
Coupling 92.1% 92.0% 89.2% 
coefficient 

Table 4.1 Coupling coefficient for each channel 

4.3.3 Wavelength Dependence 

Change in wavelength does not have much effect on the insertion loss and 

coupling coefficient but it would change the power in each channel. Since the 

design of the 1st lens is specific for 1.55 IJm, other wavelengths cannot get 

collimated. 
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Fig. 4.11 Insertion loss and uniformity issues for different wavelength 

4.4 BPM Simulation Results for 64-Channel Power Splitter 

We can extend the number of output channels to 64 or 128 or any channels we 

want, just by expending the width of the device and redesigning of the lenses, 

while the length of the device remains the same. 
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Fig. 4.12 field intensity after 1st lens - 64-channel case 

Here are some results for the 64-channel case. The normalized intensity 

after 1st lens is shown in Fig. 5.12, while the output at the back focal plane of the 

4th lens is shown in Fig. 5.13 
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Fig. 4.13 Output field - 64 channel case 

The insertion loss for 64-channel case is similar to the 32-channel case, 

but the uniformity result is worse, which can be seen in Fig. 4.14. 
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Fig. 4.14 Uniformity result for 64-channel case 

4.5 Summary 

In this chapter, we have verified the new design for planar integrated power 

splitter by combing four carefully designed waveguide lenses and two phase 

gratings. Insertion loss around 0.2d8 can be achieved with the novel device. 

Compare to conventional MMI structure, the design presented here has the 

potential of reducing device size. 
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Chapter 5 

Conclusion 

5.1 Summary 

Here we design and simulate a power splitter based on a newly proposed planar 

waveguide structure. The insertion loss is around 0.2dB. The whole device is 

about 6001Jm (width) by 2.7mm (in length). It is also possible to make a 64 

channel power splitter of the same size by redesigning the lenses. 

Our design can greatly reduce the device size compared with currently 

deployed power splitters. Also we can potentially reduce the cost. 

5.2 Suggestion on Future Research Direction 

Neither 3D effects nor the edge reflections were considered in our design and 

simulation, also the polarization dependence is a potential problem of the design. 

All these problems will be our future research tasks. 
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