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ABSTRACT 

Grating structures have found applications in microwave, millimeter wave, and 

optical devices and systems. While analytical methods can handle infinite, periodic 

gratings well, numerical methods usually are needed for general finite and/or aperi

odic gratings. We have carried out numerical investigations of a number of grating 

structures with the finite-difference time-domain approach (FDTD). This approach 

is selected because of its ability to model complex structures and materials. 

Some of the many grating applications we investigated include gratings that can 

be used in waveguide environments as output couplers to transfer guided wave energy 

into radiation fields which propagate into predefined directions, as mode converters 

to convert energy between various modes in the same waveguide, or as directional 

couplers to transfer energy between different waveguides. Optical switching is £dso 

shown to be achievable and an efficient WDM demultiplexer is proposed and analyzed. 

The performance of grating assisted couplers in the presence of dispersive materials 

is also characterized. 

We have shown that the FDTD simulator is very effective in modeling complicated 

grating structures. Novel device features and operating behaviors have been revealed 
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through its use. These results and observations provide insight and guidelines for the 

future design of various other grating assisted devices. 
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CHAPTER 1 

Introduction 

Grating structures have been studied extensively [1] [2] for their use in microwave, 

millimeter wave, and optical devices and systems. Some of the many grating applica

tions include gratings that can be used in waveguide environments as mode converters 

to convert energy between various modes in the same waveguide, as output couplers 

to trcinsfer guided wave energy into radiating modes which propagate in predefined 

directions, or as directional couplers to transfer energy between two different waveg

uides (see Fig. 1.1). The design of gratings for single frequency applications has been 

well established, such as electromagnetic diffiraction and scattering problems under 

plcine wave incidence [1], and the guidance problems for electromagnetic mode prop

agation in waveguides [3]. A number of methods, both analytical and numerical, 

have been proposed to analyze these grating structures for single frequency excita

tion. Most of them treat the gratings as periodic structures of infinite extent with 

reasonably homogeneous, nondispersive materials in each unit cell. 

With the development of techniques for generating ultrafast laser pulses and the 

increasingly apparent potential for their applications, there is a corresponding need to 
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Figure 1.1: Some of the grating applications considered in this dissertation: (a) mode 
conversion; (b) output coupling; and (c) directional coupling. 
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understand the interaction between such ultrawide-bandwidth optical pulses and ad

vanced materials and devices. Our desire to model grating structures with ultrafast 

pulse interactions stems from the recognition, for example, that optical communi

cation systems are being driven to shorter pulse regimes to increase the available 

information bandwidth. Devices will then need to be designed for these ultrafast 

pulses to meet traditional needs. Ultrafast pulse environments will require aperiodic 

finite grating structures in the presence of dispersive materials. They will have to be 

effective over a few optical cycles to achieve the desired large frequency content. Fab

rication technologies for wavelength-sized structures of this type are currently avail

able in several formats and are being improved constantly. However, few modeling 

approaches can handle finite, aperiodic structures in complex material environments. 

The modeling of optical pulse propagation in complex media has generally been 

accomplished with one-dimensional, scalar models (see, for example, [4]). These 

traditional modeb have become extremely complex, but are attractive since they 

quickly provide reasonable explanations for a variety of observed phenomena. How

ever, they are inadequate as the wavelength approaches the device size. The beam 

propagation method (see, for example, [5], [6], [7], [8]) has become a very popular 

numerical method for numerical modeling optical beam propagation in complex me

dia and waveguides. However, without many of the recent corrective augmentations, 

these BPM algorithms are inaccurate for highly reflective, polarization dependent 

materials and structures. Many of these analytical and numerical approaches also 



17 

assume that the pulses are constructed around a carrier frequency and extremely 

narrow bandwidth envelopes. They are traditionally analyzed in linear media with 

Fourier analysis and stepped-frequency techniques. In linear media, gratings can 

then be designed by adopting an optimization approach on the basis of the Fourier 

spectnmi of the pulses. Yet with the large number of parameters to be optimized, 

such as grating periods, grating modulation depths, and material properties, as well 

as different grating configurations, such an optimization becomes very complicated 

and cumbersome to achieve. 

It is thus desirable to have an efficient way to provide some insight into the behav

iors of complicated grating structures interacting with electromagnetic waves. The 

finite-difference time-domain method (FDTD) [9] [10] is a very good choice for this 

purpose. First introduced by Yee [11], this discrete numerical method directly solves 

the full-wave vector Maxwell's equations in differential form. It has become a very 

popular method and has been successfully applied to a variety of electromagnetic 

problems [12], including the modeling of ultrafast optical pulse propagation in lin

ear and nonlinear media [13] and the interaction with linear and nonlinear interfaces 

[14]. Recently, FDTD simulators have been shown to be very effective in model

ing complicated grating structures [15] [16] [17] [18] [19]. It provides an extremely 

flexible simulation environment that can model arbitrary geometries and material 

distributions, including dispersion and nonlinearities. 
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Through this dissertation work we have developed an advanced FDTD numerical 

simulator that can be used to investigate complex interactions between electromag

netic waves and grating structures. The main theme of this dissertation work is to 

investigate the phenomena associated with gratings imposed on miiltilayer dielectric 

waveguides which are used to convert gmded modes into either other guided modes 

or radiation modes. In particular, phenomena due to the finiteness of the grating 

extent, finiteness of the excitation signal, or both are studied. In Chapter 2 we will 

discuss various aspects of the theoretical background of grating assisted multilayer 

dielectric waveguides. In Chapter 3 we will explain the basic aspects of our FDTD 

simulator, particularly the numerical discretization of Maxwell's equations. Numeri

cal techniques, which are used to excite waveguide modes having finite time duration 

from a total field / scattered field boundary within the FDTD simulation space, will 

be discussed. We will also propose an efficient time-domain method to extract modal 

information from the FDTD simulation results. Besides the inherent advantages of 

the FDTD approach for modeling complicated geometries, our FDTD simulator can 

be used to model various kinds of material properties by introducing the relevant 

material models. One such property is the material dispersion which plays an impor

tant role for applications involving pulsed signals having large frequency contents. 

Our FDTD simulator also incorporates a near-field to far-field transform capability. 

These specisil augmentations to our FDTD simulator will be explained and applied 

in later chapters. 
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In Chapter 4 we will simulate mode conversion by grating structures in planar 

dielectric waveguides. Mode conversion is realized when the grating is designed such 

that the grating period and the propagation constants of the involved modes satisfy 

a phase matching condition. For a single frequency excitation (cw wave), the mode 

conversion can be accomplished with a uniform grating with an optimized grating 

tooth depth which depends on the grating profile. On the other hand, conversion 

for pulsed modes is difficult to achieve. For a pulsed mode excitation with a finite 

time envelope fimction which results in a signal consisting of only a few cycles, the 

conversion efficiency drops to about hzJf of the value obtained for a single frequency 

excitation at the carrier frequency. The re£ison is that with a uniform grating, the 

phcise matching condition is satisfied only for a particular frequency, typically the 

carrier frequency, while the pulse contains many frequencies. To enhance the conver

sion efficiency, a composite grating having combinations of different grating periods 

based on the pulse spectrum needs to be designed. With the FDTD nimierical simu

lator and the technique we have developed to extract the desired mode information 

from the numerical FDTD results, we have investigated various composite grating 

structure designs and characterized their efficiency for converting one pulsed optical 

waveguide mode into another. It will be shown that an aperiodic mode-conversion 

grating structure can be designed that results in a 29.45% increase in the converted 

mode energy over that achieved with uniform grating converters. 
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In Chapter 5 we will investigate the scattering of a guided wave &om a finite 

grating. We will examine how scattering field patterns from gratings develop in the 

far-field using the near-field to far-field transform capability that has been incorpo

rated into our FDTD solver. We will first give a brief introduction on a time-domain 

near-field to far-field transform technique and its implementation in our FDTD sim

ulation environment. We will then investigate scattering phenomena that result £rom 

finite extent grating structures embedded in a waveguide under excitation with ei

ther a long pulse envelope fimction or a short pulse envelope function. We will show 

how the finite grating extent 2ind the signal pulse width impact the far-field scatter

ing pattern of the grating. This study will provide guidelines for designing a finite 

grating structure to be used with finite pulsed signals. 

In Chapter 6 we will investigate the effects of dispersion on the performance of 

grating assisted couplers designed to convert pulsed incident guided modes into ra

diated modes at certain predefined angles. In particular, we will examine how the 

far-field pattern of the grating structure changes when dispersion is incorporated. We 

will begin by examining different approaches used in the FDTD method for modeling 

material dispersion. Then we will look at two special configurations. In the first con

figuration, the waveguide is composed of dispersive material while the grating teeth 

are perfect electric conductors (PEC). In the second configuration, the grating has 

dispersive dielectric teeth while the waveguide is not dispersive. 
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In Chapter 7 we will use our FDTD simulator to design grating assisted devices 

with enhanced performances. We will first re-visit grating assisted output couplers. 

We will propose a new configuration which exhibits a strong differential switching 

effect between the guided waves and the scattered radiation waves. This configura

tion is a composite structure which consists of a finite length grating assisted coupler 

integrated with a linear multilayer photonic bandgap mirror. It will be shown that 

switching can be realized with a very compact form of this structure. Our proposed 

structure can also be used to greatly improve the performance of grating assisted 

waveguide-to-waveguide couplers. We will point out possible applications of these 

new devices such as realizing a switching device or a wavelength demultiplexer in 

integrated optics or millimeter wave systems. In WDM applications, midtiple wave

lengths get transmitted simultaneously in the same propagation channel. At the 

receiver end, the wavelengths need to be separated. If the wavelengths are well sepa

rated, we can design one simple grating output coupler for each wavelength in order 

to filter it out. In this application, the grating structure acts either as a bandstop 

filter for the designed guided wave or a wavelength dropping filter. However, when 

the wavelengths £ire close to each other, more effort has to be expended in order to 

separate them. By introducing a photonic bandgap structure near the waveguide, we 

can realize a resonant cavity. We will demonstrate that the rapid change in energy 

distribution that occtirs aroimd the associated resonance frequency can be used to 

achieve this separation. 
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In Chapter 8 we will summerize our work and provide some suggestions for future 

work. 
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CHAPTER 2 

Grating Assisted Dielectric Waveguide 

We will begin by describing the theory of multilayer dielectric waveguides. The 

formulation is based on [20] using a reflection coefficient formulation. The smaljrtical 

mode distribution is used in the FDTD simulator in order to launch the desired 

gmded modes into the waveguide structure. In particular, the desired propagating 

modes eire initiated by specifying the corresponding trtinsverse field distribution in 

one treinsverse plane of the waveguide. 

For single frequency applications the gratings are periodic and uniform. One of the 

key parameters, the grating period, is determined by a well known phase matching 

condition. We will give the corresponding phase matching conditions for gratings 

that are used in two distinct applications, one for mode conversion and the other for 

output coupling. 

2.1 Multilayer Dielectric Waveguide 

Consider a stratified isotropic mediimi with boundaries at x =s ..., 

do, di, d2, duf, as shown in Fig. 2.1. We shall study wave guidance in region 0. 
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The permittivity and permeability in each region are denoted, respectively, by €i and 

fii. We assume that the field quantities are independent of y, i.e. ^=0. Thus, the 

Mfixwell equations in any region I can be separated into TE and TM components 

governed by Eiy and ffty. We obtain 

1 d 
— —: (2-1) 

ium dz 

ffiz = (2.2) 
tujfti ax 

^® (2-3) 

Ei^ = (2.4) 
vjjti az 

Eu = —. ^ ^ Sly (2.5) 
iuj€i ax 

wVe/)ir,„ = 0 (2.6) 

The TE waves are completely determined by Eq.(2.1)-(2.3) and the TM waves by 

Eq.(2.4)-(2.6). The two sets of equations are dual to each other if we replace Si —* 

Hi, Hi —• —El, and m *-* c/. 

For the TE wave solution in any region I, we assume the electric field has the form 
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xsd N 

x=d 2 

x=d 1 — 

x=d 0 y — 

x=d .1 T 

x=d (w-i) 

Region M 

Regioni 

z Region 0 

Region -1 

Region -N 

Figrue 2.1: Multilayer waveguide geometry 
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Ely = (I4,C'^ + (2.7) 

It is easily shown that the above solution satisfies the Helmholtz equation in Eq.(2.3). 

Substitution of Eq.(2.7) in Eq.(2.3) yields the dispersion relation 

(2.8) 

Notice that there is no subscript I for the z component of A; as a consequence of the 

phase-matching conditions. 

The wave amplitudes Ai and Bi are related to the wave amplitudes in neighboring 

regions by the boundary conditions. At the interface x = di, the continuity of the 

tangential components of M and H yields 

= A/e'*"''' + (2.9) 

(2.10) 

where the coefficient for the TE waves 

For TM waves we have 
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PV-iV = (2.12) 

We can solve for the coefficients Ai—i and in terms of the coefficients Ai and 

Bi to obtain 

= i(l (2.13) 

= i(l + P(,.i),)[fl(,-,),X,e""* + (2.U) 

On the other hand, we can also solve for the coefficients Ai and Bi in terms of the 

coefficients Ai-i and to obtain 

=1(1+  P, ( , _ I ) ) [A ,_IE '*{ ' - ' )X ' ' '  +  (2 .15 )  

= |(1 + (2.16) 

where the coefficient 

n _ l~Pa-lK 
-  r+^ <2.17)  

is the Fresnel reflection coefficient between regions /—1 and / and satisfies the relation 

(2.18) 



28 

We seek a guidance condition for region 0 to support propagating waves. If we 

define the reflection coefficients and R- due to the stratified medium for x > 0 

and X < 0 respectively, such that 

Bo = R+Ao (2.19) 

Ao = R.Bo, (2.20) 

this guidajice condition can be written as 

R+R- = 1. (2.21) 

The reflection coefficients R^ and i2_ can be calculated from Eq.(2.13)-(2.16) in 

terms of continued fractions. From Eq.(2.13) and (2.14), we find 

= ^ = + P-22) 

where ^ can be expressed in terms of ^ and so on until region M where ^ = 0. 

From Eq.(2.15) and (2.16) we find 

^ - ft, -

where can be expressed in terms of and so on until region —N where = 0. 



29 

After the wavegnide geometry, material properties, and the operating frequency 

axe specified, the guidance condition expressed in Eq.(2.2L) with and R- given 

in Eq.(2.22)-(2.23) can be used to determine which values of kx are allowed that 

correspond to propagating modes supported by the waveguide. The longitudinal 

propagation constant kg is bounded by ^ and . % with £mar being the maximum 

value of the dielectric constants involved in all regions. The transverse propagation 

constant in each region is obtained through the dispersion relation. Finally the 

wave amplitudes are calculated from Eq.(2.13)-(2.16). 

There will be two waveguide structures used in the later chapters, as illustrated 

in Fig. 2.2. Both aire two-dimensional dielectric waveguides. The direction of prop

agation was taken to be along the z-axis; the infinite direction was taken along the 

y-aods. Thus the components of a TE mode are Ey, Hr, and and the material 

discontinuities representing the waveguide boundaries are along the z-axis. 

The first waveguide consists of three layers and is surrounded by free space. The 

center layer is the core region and has a dielectric constant of 2.25. The upper 

and lower layers are the cladding regions and have a dielectric constant of 2.03. 

All of these layers are 1.0 ftm thick. For the carrier frequency of 3 x 10^* Hz, the 

waveguide can support 7 propagating TE modes. This waveguide, referred to as 

the multilayer waveguide hereafter, will be used in Chap.4 for investigating mode 

conversion phenomenon. Fig. 2.3 shows the transverse field distribution of the 5th 

mode of this 3-layer waveguide. 
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Figure 2.2: Two waveguides investigated (a) a multilayer dielectric waveguide con
sisting of core and cladding regions; (b) a single dielectric slab waveguide 
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Figure 2.3: Transverse field distribution, mode 5, 3-layer waveguide 
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The second waveguide is a single slab dielectric waveguide. It has a dielectric 

constant of 2.0 and a thickness of 1.2 fim. The fundanaental TE mode at the fire-

quency of 2 x 10^* Hz (wavelength of 1.5 fim) is launched into the waveguide. This 

waveguide, referred to as the slab waveguide hereafter, will be used in Chaps. 7 and 

5 to investigate the scattering from grating assisted output couplers and direction 

couplers. Fig. 2.4 shows the transverse mode distribution of the fundamental mode 

of this slab waveguide. 

2.2 Grating Assisted Dielectric Waveguide Output Coupler 

The grating to be considered consists of periodically placed material discontinu

ities (teeth) imposed on the basis dielectric waveguide as shown in Fig. 2.5. It is 

characterized by the material, the grating period A, the tooth depth d, and the duty 

factor a = ^ where a is the width of the tooth. For a scattering application the 

diffraction angle is measured with respect to the normal of the basis waveguide. 

It is well-known [2] that for a monochromatic excitation, mode conversion in a 

multi-mode waveguide is realized by a grating structure, with its grating period 

dictated by a phase matching condition. To convert &om the t — th waveguide mode 

with the propagation constant to the j — th waveguide mode with the propagation 

constant this phase matching condition requires the grating period A to satisfy 

the relation: 
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Figure 2.4: Transverse field distribution, mode 1, slab waveguide 
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Figure 2.5: Grating geometry definition 
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A _ 2y 
(2.24) 

The waveguide that will be used in Chap. 4 to investigate mode conversion be

tween pulsed modes is the multilayer waveguide described above. The grating is 

constructed by deforming the boundaries between the core region and the cladding 

regions with the grating profile centered in the transverse direction about the core-

cladding interface, as shown in Fig. 2.6 (a). The grating can have any desired profile, 

such as rectangular or sinusoidal. The sinusoidal profile will be approximated in a 

stair-stepped fashion in the numerical simulation; this representation is a very good 

approximation with an appropriate spati£il discretization. 

Gratings can also be used to couple the guided wave energy in a waveguide into 

radiated energy at some predefined directions outside of the waveguide. To achieve 

a desired scattering direction the grating period A is determined by the following 

phase matching condition: 

where n is the order of the scattered output wave, and Kq and K, are, respectively, 

the wave numbers (in the propagation direction) in the region outside and inside the 

waveguide. For normal scattering, only one order of the output exists. However, one 

should be aware that multiple orders may exist for oblique scattering. For example, 

KfisinO =: Kg + —n (2.25) 
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Figiire 2.6: Grating configurations (a) as boundary deformation between the core 
region and the cladding region for 3 layer waveguide; (b) as PEC teeth embedded in 
one side of the slab waveguide 
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with the single slab waveguide, the grating period for a 30" scattering angle is cal

culated to be 1.78/im for the —I diffiraction order. Meanwhile the grating will also 

scatter energy into —20° for the —2 order. 

One realization of a grating is a periodic set of perfect electric conductor (PEC) 

teeth imposed on one side of a dielectric slab waveguide, as shown in Fig. 2.6 (b). 

This is the form that we will use in Chap.5, 6, and 7 to investigate grating assisted 

couplers. 
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CHAPTER 3 

Numerical Simulator 

3.1 The FDTD Formulatioa 

Because of its ability to model complex structures and materials as well as single 

or many cycle pulses, the finite-difference time-domain approach to solving Maxwell's 

equations [9] was selected for the following investigations. The associated geometric, 

material, and source flexibilities makes the FDTD simulator the method of choice for 

our problems. In FDTD simulations Maxwell's equations are solved to second order 

accuracy by replacing the differential relations by centered finite differences, both in 

space 2ind in time. The electric and magnetic field components reside on a staggered 

grid (the components of the electric and magnetic fields and the material properties 

are interleaved in a precise manner on the grid) and the resulting update equations 

for these field components are integrated forward in time in a leap&og fashion. 

To illustrate this numerical approach, we start from Maxwell's equations in dif

ferential form 
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f  =  i v x ^  ( 3 . 2 )  

where n is the permeability, e is the permittivity, and the mediimi is asstimed lossless. 

When written in component form in a rectangular coordinate system, we have 

dHy IfdEr dEr. 

'W -  - ar' 

d B . _ l d H .  d H ,  

§3L-^fMjL 
d t  ~ l ^ d x  d y ^  ^  '  

When there is no variation in the y direction in both the problem geometry and the 

field excitation, the above six equations are decoupled into two sets of equations. 

These sets describe the two dimensional TE and TM modes, respectively. The TE 

modes are given by 
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dHr ^ 1 dEy 
dt n dz 

(3.9) 

dH, _ 1 dEy 
dt fi dx 

(3.10) 

dEy ^ l ^  _ dH^ 
dt e dz dx 

(3.11) 

These TE mode equations, for instance, jire solved numerically by replacing the 

partial derivatives in time and space by central-difference expressions. The problem 

space is discretized into small square cells called Yee cells. The second order accxiracy 

can be achieved if the electric field components and the magnetic field components 

are spatially offset as shown in Fig 3.1, and also are evaluated at alternating half 

time steps in a leap-frog manner. Such a finite-differencing procedure results in the 

following update equations 

fc) = k) + k) -  f^(i, t -1)1 (3.12) 

a" ̂(f, k) = k) -  k) -  E;(i -1, *)) (3.13) 

= E;{i, k) + k + l)- t)l 

- ^lft"''^(i + l,*:)-^rr^(i,t)l (3.14) 



Hz(i+1,k) 

Hx(i,k) Hx(i.k+1) 

Hz(i.k) 

Figure 3.1: Two dimensional Yee cell showing spatial offset of field components 



42 

In the above finite-difference update equations, Ax and Az are the Yee cell di

mensions. The corresponding two dimensional FDTD time step size At is restricted 

to insure nimierical stability 

For ail of the simulations to be presented in the following chapters, the simulation 

space were discretized into square cells whose sides were ^ of the free space wave

length defined by the carrier frequency of the source. 

3.2 Pulsed Mode Excitatica 

The pulsed waveguide modes are initiated through a total field / scattered field 

boundary [9] at the source plane. To initiate a certain mode, the transverse mode 

distribution multiplied by the desired time excitation is used at the source plane. 

The excitation signal is an envelope of choice times a sinusoidal wave at the carrier 

frequency. In order to have smooth transitions of the excitation, we typically specify 

the envelope to contain tum-on and turn-off phases in the form of (1 — x^)*. For ex

ample, the selected signal may contain two smooth tum-on cycles, two imit sinusoidal 

cycles, and two smooth turn-off cycles, resulting in a six-cycle pulse. It is referred to 

If Ax = Az = A, the Courant stability condition in Eq.(3.15) becomes 

(3.15) 

(3.16) 
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as a 2 — 2 — 2 pulse hereafter. Figure 3.2 and Fig. 3.3 shows the time history and the 

associated spectrum of such a 2 — 2 — 2 pulse at a carrier frequency of 3 x 10*^ Hz. 

To examine the FDTD mode excitation, we launched the fimdamental mode with 

the 2 — 2 — 2 pulse envelope into the multilayer waveguide. At a distance 118AQ 

away from the source, the mode pattern was found very well maintuned and carried 

97.64% of the initial energy. This shows that the mode was excited in such a way that 

it did indeed propagate as desired. The small decrease in the energy was found to 

be due to the fact that the FDTD method will excite some non-propagating reactive 

field energy in the vicinity of the source. Moreover, some of the low frequency con

tent of the spectnmi is below the cut-off frequency so it is attenuated immediately. 

Taking separate measurements of the mode energy along the waveguide outside of 

this aperttire region showed that the energy was well defined and well maintained 

once the mode became established. 

3.3 Pulsed Mode Extraction 

The FDTD approach gives the complete description of the time evolution of the 

fields. However, we are interested primarily in how much energy exists in any one 

waveguide mode. To quantify the degree to which one pulsed mode is converted 

into another pulsed mode, we have augmented the basic FDTD simulator with the 

following pulsed mode extraction scheme. 
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Figure 3.2: Time envelope function for a 2 — 2 — 2 pulse excitation at a a earner 
frequency of 3 x 10^* Hz 
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Figure 3.3: Spectrum of the 2 — 2 — 2 pulse at a a carrier frequency of 3 x 10^* Hz 
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A mode is strictly a frequency domain concept; the pulsed waveguide field is merely 

a composite structure consisting of a single or multiple waveguide modes excited with 

the same frequency. Thus the total energy in one mode will be a superposition of 

all of the single frequency energies in that mode which is excited by the source. 

In this dissertation work, we use the pulsed modes associated with a certain carrier 

frequency as described in the previous section. Since the mode transverse distribution 

for a dielectric waveguide is only a weak function of the frequency, we assume that 

a pulsed mode has the mode transverse field distribution appropriate for its carrier 

frequency. This assumption is valid when the associated frequency content of the 

pulsed mode is above the cut-off frequency of the waveguide. 

Let e,(x) be the trcmsverse field distribution of the i  — th TE mode at the carrier 

frequency. The total electric field in the waveguide Ey{x, z, t) can be written as a 

superposition of all possible modes, namely, 

£,(x, r, () = E t )  e((i) + t) (3.17) 
t 

The mode amplitude factor Vi{z, t)  contains complete information about the longitu

dinal distribution of the electric field as a function of the time. All of the radiation 

mode effects have been lumped together in the term Since the radiation 

and guided modes are orthogonal and since the simulation is excited initially with 

a propagating mode, very little energy will be found in any of the radiation modes 

until some discontinuity such as the grating structure is encoimtered. Even then. 
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since the waveguide itself is only weakly modulated by the grating structure, most of 

the energy of interest remains in the propagating waveguide modes. 

Just as it does in the &equen<y domain, mode orthogonality allows us to extract 

cill the desired time domain mode infonnation &om the fields. This includes the 

energy present in a specified mode of interest. In particular, we take the trimsverse 

mode distribution e,(x) at the carrier frequency. With mode orthogonality 

I ei(x) ej{x) dx = 0 (3.18) 
J—OO 

and normcilization of the mode distribution 

e?(x) rfx = 1 (3.19) 
OO 

the mode cimplitude factor Vi(z, t )  is obtained via projection of the field Ey onto the 

i — th mode as, 

Vi(z, t)  — f Ey{x, z, t)  ei(x) dx (3.20) 
J —OO 

Note that this mode amplitude factor is also the equivalent voltage for the i  — th 

mode. The equivalent current for the t — th mode is obtained in a similar mamier 

from the trwsverse component of the magnetic field: 

/,(z, i) = / ^»(®, 0 fti(®) dx 
•/—CO 

(3.21) 
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where hi{x) is the normalized transverse magnetic field mode distribution. Therefore, 

the energy 6i in the i — th mode passing through a plane z — const is given by. 

The orthogonality of the transverse mode distributions thus allows us to determine 

in time the mode amplitude factors at any longitudinal location. This result also 

reflects the way the initial signal is excited, which is given by first specifying a spatial 

transverse mode distribution and then multiplying it by a certain time envelope. 

Thus by using the FDTD simulator to obtain the electric juid magnetic fields in any 

specified z = const plane, we can calculate the energy in a mode directly by this 

trajxsverse mode projection algorithm. 

This mode extraction approach is also very efficient since it avoids the complexity 

of invoking any Fourier analysis for the pulsed signal. It is implemented directly in 

the FDTD simiilator as follows. 

(3.22) 

Vi{kAz, nAt) = ̂  By{kAz, nAt) ei(mAx) Ax (3.23) 
m 

/i(kAz, nAt) =: ̂  Hg{kAz, nAt) hi(mAx) Ax (3.24) 
m 

£i{kAz) = ̂  Vi(kAz, nAt) Ii{kAz, nAt) At (3.25) 
fl 
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where m = 1,..., Af and Af Ax is the transverse dimension of the simulation region; 

and n = 1,..., JV where N is the nimiber of times steps taken in the simulation. 

Both Ey and Hg are directly available &om the FDTD simulation. Therefore, our 

approach is a real-time extraction technique. 

Reference [21] discussed an analogous technique for mode extraction from FDTD 

field information. That approach obtained the coefficients of all the guided modes 

by the method of least squares; it required the inversion of a matrix system. For 

mode conversion, we are interested in only a few specific modes, typically the orig

inal mode and the converted mode. The associated mode amplitude factors can be 

extracted through £^^.(3.20) zuid Eq.(3.21) more efficiently by directly invoking the 

mode orthogonaility property, without the additional computational cost required for 

matrix inversion. This can be done at each computational step with little overhead 

and provides additional information including the rate at which the mode conversion 

is proceeding. Furthermore, firom a strict function approximation perspective (Best 

Approximation Theorem [22]), the projection of the total field onto the propagat

ing modes is indeed in the least square sense, since mode orthogonality holds for all 

modes, including the guided modes and radiation modes. 

To validate the FDTD mode extraction technique, we initiated a combination of 

mode 1 and mode 5 with the 2 — 2—2 pulse envelope into the simulation region. At a 

distance 118AQ away from the source plane, the mode amplitude factor for each mode 

was extracted. The energies in mode 1 and mode 5 were found, respectively, to be 
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97.64% and 97.03% of their initial energy. We note that if desired, mode information 

at any frequency is immediately available by Fourier transforming the extracted mode 

amplitude factors into the frequency domain. As shown in Fig. 3.4 and Fig. 3.5, the 

spectrum of the extracted mode amplitude factor for each mode (shown as marker) 

is in close agreement with that of the original 2 — 2 — 2 pulse excitation (shown as a 

dashed line). These resiilts demonstrate that the information about each individual 

frequency component within the pulsed mode spectrum is correctly extracted with 

our mode extraction technique. The slight differences have been shown again to be 

associated with the spectral content and latmching of the initizd 2 — 2 — 2 pulse into 

the simulation region. Note also that the above mentioned attenuation is more visible 

for mode 5 at the lower frequencies, due to its higher cutoff frequency. 

The mode extraction technique introduced above is a straightforward generaliza

tion of the standard monochromatic method for metallic waveguides. It is based 

on the assumption that a pulsed mode having a frequency content centered at its 

carrier frequency has a transverse field distribution corresponding to that carrier fre

quency and the mode orthogonality is maintained among the pulsed modes in the 

same waveguide. This technique is consistent with the way the pulsed modes are 

excited. We have shown that this extraction technique is very efficient and yields 

accuracy results. 
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Figure 3.4: Spectrum of extracted mode 1 



52 

I 

T\ puUe 

modes 

O.OxlOP 2.0x10'* 4.0x10** 
Frequency (Hz) 

6.0x10** 8.0x10** 
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CHAPTER 4 

Mode Conversion with Gratings 

Mode coaversioa is a phenomenon that transfers the energies in modes supported 

by the guiding structure &om one to another as they propagate. As different modes 

have different spatial distributions, such conversion phenomenon can be used to con

struct useful devices. For instance, one designs a dielectric waveguide so that the 

major portion of the propagating energy of its fimdamental mode resides in its core 

region. To attenuate or measure the power in this waveguide mode, one common ap

proach is to convert it into a higher order mode so that the propagating energy will 

be re-distributed from the core into the cladding region. The amount of attenuation 

or measured power can be adjusted by selectively designing the amoimt of absorption 

in the cladding material. 

Mode conversion is achievable with the help of grating structures. The phase 

matching condition for mode conversion under single frequenqr excitation of an infi

nite grating is given in Chap.2 and repeated here for convenience 

2v 

" l A - A I  
(4.1) 
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where A is the grating period and fii and are the propagation constants for mode 

i and mode j, respectively. 

While the behavior of mode conversion is well characterized for a single frequency 

excitation, the design of a mode converter for pulsed modes requires much more 

eSbrt. This is due to the fact that the phase matching condition only holds at a single 

frequency. We will need to tailor the grating structure to the frequency content in 

the pulsed guided modes. 

In this chapter we will investigate the mode conversion for both the single fre

quency cind the pulsed excitations. We will begin with uniform grating structures, 

which prove to provide satisfactory performance for a single frequency excitation. 

Then we will turn to nonuniform gratings to seek better performance for a pulsed 

mode excitation. The waveguide is the previously described multilayer waveguide 

which supports 7 propagating modes. The grating designed to convert between mode 

1 (the fundamental mode) and mode 5 is realized as the boundary deformation be

tween the core and the cladding layers. Different grating profiles will also be exam

ined. The grating periods for the mode conversion between mode 1 and mode 5 in 

this multilayer waveguide are listed in Table 4.1, as a fimction of frequency. These 

grating periods are specified in terms of the number of FDTD cells required to model 

them in the simulation region. 

We have investigated various grating configurations. With the FDTD modeling 

capabilities, we will show that the gratings can be tailored to different applications. 
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frequency(10^* Hz) 2.5 2.8 3.0 3.2 3.5 
grating period(# of cells) 114 122 126 131 136 

Table 4.1: Grating period in terms of the nimiber of FDTD grid cells 
for conversion from mode 1 to mode 5 at the indicated frequencies 
in a 3 layer waveguide 
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4.1 Mode Converter with Uniform Gratings 

Two uniform grating profiles, sinusoidal and rectangular, are considered first for 

the single frequency excitation. Coupled-mode theory reveals that the fundamental 

spatial frequency of the grating controls the mode conversion[2]. This indicates that 

both the sinusoidal and rectangular profiles will have the same grating period calcu

lated from the phase matching condition given in Eq.(4.1). Thus, it was expected 

that the FDTD simulator wo\ild predict essentially the same behavior for the fields 

and the cimount of the mode conversion for both of these uniform profiles under single 

frequency excitation. This was found to be the case. We simulated the propagation 

of mode 1 at the carrier frequency, 3 x 10^* Hz, through a rectangular amd a sinu-

soidail grating. The peak to peak modulation of these profiles was varied, and the 

maximum mode conversion value was detemuned numerically. The optimal effective 

depth was 9 cells for the rectangular grating and 12 cells for the sinusoidal grating. 

These values are very close to the observed ratio of ^ reported in [1]. The optimal 

duty factor for both gratings was found to be 0.5. 

A grating period of 126 cells (4.2 Aq) was specified by Eq.(4.I) for the carrier 

frequency of 3 x 10^^ Hz. The degree of mode conversion was measured with the 

FDTD mode extraction technique. We define the conversion efficiency from mode 

1 to mode 5 at any location z aloDg the guide, 17^^(2), as the ratio of the energy in 

mode 5, Ss(z), to the initial energy in mode 1, i.e., 
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(4.2) 

With the optimized rectangular and sinusoidal grating depths, the FDTD sinaulator 

predicted maximum conversion efficiencies of 

respectively, in one conversion length. Again, this result was obtained for a single 

frequency excitation at 3 x 10^"* the optimal conversion length for both profiles was 

1275 cells (about 10 grating periods). The curves showing the amount of conversion 

versus distance along the waveguide are nearly identical, except for the noted small 

difference in the peak values. This difference is believed to be due to the differences 

in the depths of these grating profiles and the FDTD stair-cased approximation used 

to define the sinusoidal profile. 

Next, we examined the above designed mode converters for a pulsed mode excita

tion. Specifically, we excited the waveguide in mode 1 at the same carrier frequency, 

but with a 2 — 2 — 2 time envelope function. Figure 4.1 shows that the maximum 

conversion efficiency drops to less than 50% for both grating profiles, as a result of 

the polychromatic nature of the 2 — 2 — 2 pulse. Also the maximum conversion length 

vUct = 90.24% (4.3) 

and 

(4.4) 
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is about 1200 cells (40.0 AQ), slightly less than 10 grating periods and slightly less 

than the single &equenQr's value. After the maximum conversion length is reached, 

mode 5 begins its conversion back into mode 1 (the phase matching condition holds 

equally as well for converting mode 5 into mode 1). At longer distances the process 

oscillates between these two conversion processes, with less maximum conversion. 

These resiilts indicate that a finite grating size (the grating should stop at the first 

conversion length and be followed immediately by the basis waveguide) will provide 

the maximum conversion. Notice that the mode conversion behavior versus distance 

along the wavegtiide is very similar for both grating profiles. This is somewhat of a 

surprise as we felt that the smoothness of the sinusoidal profile would make it inher

ently more broadband. Since the sinusoidal grating provides no distinct advantage 

over the rectangular grating for the pulsed mode conversion, we had to conceive of 

other grating schemes to convert mode 1 into mode 5 more efficiently. 

4.2 Chirped Grating Designs 

Since a grating is inherently a (single frequency) resonant structure, a grating 

assisted mode converter with uniform grating cells is therefore a bandpass filter. Its 

bandwidth can be characterized by using sinusoidal excitations at different frequen

cies. This can be seen in Table 4.1 which shows that the mode conversion occurring 

at different frequencies requires different grating periods. The main issue of mode 

conversion for a pulsed signal is thus to increase this bandwidth to accommodate 
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Figure 4.1: Comparison of the conversion efficiency achieved by a 
sinusoidal and a rectangular grating profile 
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the frequency content of the excitation signal. In other words, we need to design 

a structure which will eflSciently convert at least several major portions of the fre

quency bandwidth of the excitation signal. We will show next that this can be done 

by designing composite aperiodic grating structures which consist of several single 

frequency gratings joined together. 

First we will examine a linearly reverse-chirped rectangular grating structure. This 

aperiodic structure is shown in Fig. 4.2 (b). It represents a continuous variation in 

the unit cell size within the grating. This is accomplished by forming the composite 

grating from ten corrugations whose periods change linewly from 131 cells to 122 cells. 

The total length of the structure (1265 cells) is slightly smaller than one conversion 

length of the uniform grating (1275 cells). The amoimt of energy converted into mode 

5 from the initial mode 1 is shown in Fig. 4.3. From the figure we observe a slight 

increase in the conversion efficiency over the uniform rectangular grating. Note that 

this reverse-chirped grating converts the higher frequency components in the pulse 

before the lower frequency components. It was abo just as easy to test the opposite 

arrangement. The amount of energy converted into mode 5 from the initial mode I by 

the forward-chirped grating is also shown in Fig. 4.3. It demonstrates that converting 

the high frequency components first yields a better overall conversion efficiency over 

the process which converts the low frequency components first. We have found this 

to be true in general for any aperiodic grating structure we tested. 
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Figuie 4.2; Different grating profiles used for converting pulsed modes (a) uniform 
grating period and grating depth; (b) varying grating period and grating depth; (c) 
varying grating period and varying grating depth 
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Figure 4.3: Mode coaversion with linearly chirped gratings 
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4.3 Cascaded Grating Designs 

Similar behavior was observed for a discrete reverse-chirped, cascaded grating 

structure containing 3 periods of 131 cells, 3 periods of 126 cells, and 3 periods of 121 

cells. We decided to pursue this cascaded configuration further since it appears that 

it would be easier to fabricate than the continuous chirped grating. We found that in 

both discrete forward- and reverse-chirped gratings, the increase in the overall energy 

conversion of several of the major frequency components contained in the pulse nicely 

compensated for the decrease in the energy converted at the carrier frequency due 

to the smaller conversion length at that frequency. However, it was noticed that 

more energy at a given frequency would be converted the closer the net length of 

any one segment of the cascaded grating came to the true conversion length for that 

frequency. 

This design process resulted in a grating structure which had 4 cascaded rectan-

gtilar gratings which contained 5 periods of 133 cells, followed by 5 periods of 126 

cells, 5 periods of 119 cells, and 5 periods of 112 cell gratings. These grating periods 

correspond, respectively, to the frequencies: 3.2x 10"£fz, 3.0 x 10"fl"2,2.8x 10"£fr, 

and 2.5 x 10^^ Hz. Figure 4.4 shows the resulting energy conversion efficiency for the 

conversion of mode 1 into mode 5 versus the distance in the converter. The designed 

cascaded reverse-chirped grating achieved an energy conversion efficiency from mode 

1 to mode 5 of 60.75 %, a 29.45 % increase over the value for the uniform rectauigular 

grating. This 29.45 % improvement is clearly a resiilt of the interactions of multiple 
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firequency components in the signal spectrum with the different grating sections of 

the composite structure. Notice that the energy in mode 5 continues to build up 

after passing the distance where the maximum conversion for the uniform grating 

occurs. The final increase to the 60.75 % conversion value is reached approximately 

at 2200 cells, a 83.33 % increase in the length of the grating &om its length of 1200 

cells in the imiform grating. The maximum energy in mode 5 exists after this much 

longer conversion length is reached. It takes longer for all of the spectral components 

to undergo a sufficiently large enough transition for the overall quzdity of the pulsed 

mode to be maintained. 

The spatial mode pattern of the resulting electric field is given in Fig. 4.5 for a 

time after this conversion length has been reached. The labels on the horizontal and 

vertical axes refer to the FDTD cell indices along the longitudinal and transverse 

directions with respect to the waveguide. The electric field along the waveguide 

center axis is also shown in Fig. 4.6. Both figures clearly show the presence of mode 

1 and mode 5. Furthermore, as expected from their different propagation speeds, 

mode 1 and mode 5 are well separated in time. 

It was also found, as expected, that the individual frequency components con

tained in the 2 — 2 — 2 pulse have different conversion lengths. The lowest frequency 

component had the largest conversion length; the highest frequency had the shortest 

conversion length. Since the pulse spectrum contains different zunounts of energy at 
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Figure 4.4: Energy building-up in mode 5 for the cascaded gratings 
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the various frequencies, we decided to design yet another grating structure. An ape

riodic cascaded grating was constructed which tailored each segment of the cascade 

to have a length proportional to the conversion length for its grating period. The 

resulting grating thus had segments which were designed to convert each frequency 

component at a closer rate as to the carrier frequency. It had 4 cascaded rectangular 

grating segments which contained 4 periods of 133 cells, followed by 5 periods of 126 

cells, 6 periods of 119 cells, and 7 periods of 112 cells. We expected a higher effi

ciency for the overall conversion of the pulsed mode. Unfortunately, this extra design 

criterion was found to have little effect on the overzdl efficiency of the pulsed-mode 

conversion. It was noticed that once a frequency component had been converted, the 

converted mode 5 deteriorated back to mode 1 the longer it was in contact with the 

remaining grating structure. Thus while ecu:h frequency component was more effi

ciently converted, the overall improvement became negligible due to the unwanted, 

continued interactions with the grating structure. We believe that the reason the 

more imiform numbers of cells provided the best mode conversion was that in ad

dition, the spectrum had proportionately less energy in the frequency components 

away from the carrier. While, for instance, the lower frequency components needed 

more conversion length, there was less need to be more efficient at those frequencies 

since the pulse spectrum contained less energy there. 
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One final aperiodic grating structure was simulated and is shown in Fig. 4.2 (c). 

Not only was the grating chirped in frequency, but the depth of the individual seg

ments was also modulated. It was hoped that by varying the depth of the corruga

tions, the effects of the deterioration of the converted mode due to the increased inter-

£u:tion lengths could be mitigated. In particular the segments of the reverse-chirped 

grating were designed to be shziUower the further eilong the grating they were found. 

Thus once a frequency component was converted in one segment of the grating struc

ture, the remciining segments were shallower, thus allowing that higher component 

to propagate with only minor interactions. We found this depth-modulated reverse-

chirped grating did not improve the overall conversion efficiency. Once its depth was 

Vcuried away from its optimal value, any one segment of the grating beceime less effi

cient. The aperiodic discrete reverse-chirped grating consisting of 4 segments with 5 

periods in each segment was the most efficient pulsed mode converter. 

The FDTD approach is very suitable for modeling very complicated waveguiding 

geometries which involve surface irregularities and complex materials. Besides mode 

converters, detectors based upon mode conversion into cladding modes for ultrafast 

pulsed modes can be effectively designed using this approach. 
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CHAPTER 5 

Scattering from Gratings: Finite Extent Gratings and 

Pulsed Mode Effects 

Grating structures have been studied extensively for their use in microwave, mil

limeter wave, and optical devices and systems. One of the many grating applications 

is their use in waveguide environments as output couplers to transfer energy into 

radiating modes which propagate in predefined directions. In this chapter, we will 

investigate grating assisted output couplers. By incorporating a time-domain near-

field to far-iield transform algorithm into our FDTD numerical simulator, we will 

study the factors which may affect the far-field scattering pattern resulting &om a 

grating assisted output coupler. We will examine two situations: finite gratings under 

continuous wave excitations and finite gratings under pulsed excitations. 

5.1 Grating Output Coupler 

The grating period A is determined by the phase matching condition given in 

Chap. 2 and repeated here for convenience. To achieve a desired scattering direction 

9, the grating period A is determined by the phase matching condition: 
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KosinO = Kt + —n (5.1) 

with 9 the desired scattering direction, n the order of the scattered output wave, and 

Ko and Kg the wave numbers (in the propagation direction) in the region outside 

and inside the waveguide. We note that the phase matching condition implies that 

the grating will couple the incident guided wave into both regions outside of the 

waveguide. 

For our previously described single dielectric slab waveguide which has a dielectric 

constant of 2.0, a thickness of 1.2 fim, and carries its fundamental TE mode at the 

frequency of 2 x 10^^ Hz (wavelength of 1.5 ftm), the period is calculated from the 

phase matching condition to be 1.12 nm to achieve the normal scattering direction 

{0 = 0°). The PEC grating consists of eleven periods, each having a duty factor of 

0.5 and a depth of 0.2 /xm. 

The near-field pattern of the electric field obtained with the FDTD simulation of 

this finite-length grating-assisted coupler is shown in Fig. 5.1. The labels on the 

horizontal and vertical axes refer to the FDTD cell indices along the longitudinal 

and transverse directions with respect to the waveguide. Figure 5.1 illustrates, as 

expected, that the incident wave is coupled into the designed direction, but both into 

the upper and lower regions outside of the waveguide. 
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We sampled the energy in the transmitted guided wave and the scattered waves 

into the upper and lower regions outside the waveguide. The energy in the transmit

ted, upward-directed and downward-directed, waves is found to be 29%, 25%, and 

35% of the incident energy, respectively. The reason for more downward-directed 

than upward-directed output energy is due to the fact that the electric field is zero 

along the PEC teeth of the grating, thus deflecting the energy away into the direc

tion opposite to the grating. There is about 10% of the incident energy reflected, as 

the result of the perturbation of the PEC grating to the slab waveguide. When we 

design a coupler with a grating having a finite extent, we need to pay close attention 

to these reflections since the perturbation caused by the grating may be leurge and a 

significant amount of energy could be reflected back towards the source. 

We note that it is generally difficult to determine visually the direction of di&ac-

tion from the near-field FDTD simulation results. This is especially true when mul

tiple diflraction orders are allowed by the grating since this results in a complex 

interference pattern in the near-field. Simply measuring this direction from a phase 

&ont in the near-field may lead to large erroneous results. As an example, for the 

above described grating assisted output coupler but with a new grating period of 

1.78^m, Fig. 5.2 shows the near-field distribution of the electric field. While it is 

difficult to identify the two scattering waves which are radiated into the directions 

30° and —20**, they are clearly identified in the far-field pattern in Fig. 5.3 which is 

obtained with the near-field to far-field transform technique to be discussed next. 
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Figure 5.1: Neax-field pattern from a grating output coupler designed to scatter into 
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Figure 5.2: Near field distribution firom a grating assisted output coupler which 
produces 2 scattering orders 
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Figiire 5.3: Far field pattern from a grating assisted output coupler which produces 
2 scattering orders 
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5.2 Near-Field to Far-Field Transformation 

The near-field to far-field transform techniques [23] [24] [25] allow the FDTD 

method to be applied to a much broader class of problems. These techniques provide 

means to project the near-field FDTD simulation results out to the far-field regions. 

With this capability, the FDTD method can be used to model radiation and scattering 

problems which would not be feasible if the far-field regions needed to be included 

in the FDTD simulation space. The near-field to far-field trcmsformation techniques 

axe based on the equivalence principle, with which the equivalent currents (both 

electric and magnetic) on a sampling surface within the FDTD simulation space are 

obtained. The far-fields at any point in space are then calculated based on these 

equivalent currents. 

The near-field to far-field transformation is based on Huygens' principle. We 

utilize a two dimensional time-domain technique introduced by Kunz and Luebbers 

[10]. We first calculate the far-field vector potentiab Wy{t), Ux{t), and Ut{t) produced 

by the equivalent electric currents and magnetic currents having a unit length in the 

y direction. These far-field vector potentials are used to calculate the nonobservable 

transient far-field ey{t) 

— —'ZoWyCO Ut{t)sin0o + Ux(t)cos6Q (5.2) 

where rjo is the free space wave impedance and is the angle at which the far-field is 

sought. This far-field transient field can then be converted to the actual observable 
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far-field ey{t). The conversion will involve a simple multiplication in the frequency 

domain 

Finally the time histories of the physical two dimensional far-field quantities are 

obtained through an inverse Fourier transform. 

For a detailed description of the technique, the reader is referred to reference 

[10]. Here we will disctiss some implementation issues related to our applications. 

For a grating assisted output coupler, the coupler is used to couple out the guided 

mode energy into the radiated field energy. The energy is radiated from the grating 

structure into the upper and lower spaces outside of the waveguide. Under this 

situation, the sampling surface can be defined by two planes above and below the 

waveguide, as illustrated in Fig. 5.4. If the longitudinzd length is sufficiently large, 

these sampling lines will intercept all of the radiated energy. 

The time history of the field quantities in the far-field is obtained through the 

near-field to far-field transformation. We could Fourier transform the time history 

into the frequency domain and obtain the far-field pattern at any specified frequency. 

We can also calculate the energy distribution in the far-field. This is an especially 

useful metric for pulsed signab. 

We will study the TE polarization case where the field quantities Hg, Hz are 

assumed. The power flux in any scattering direction can be calculated with Ey. This 

(5.3) 
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Figure 5.4: Sampling lines used in near-field to far-field transformation for grating 
assisted output couplers 
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is facilitated by the fact that the magnetic field is related to Ey through the &ee 

space impedance. The total energy in a specific direction in the far-field for a pulsed 

signal excitation is then obtained through a summation in time on the power flux in 

that direction. This procedure obtains the energy pattern in the far-field; it recovers 

the far-field power pattern if the source is a continuous wave excitation. Another 

quantity we use to measure the scattered beam is the cingle between the half power 

points of the maximum energy in the far-field. 

With the near-field to far-field technique described above, the radiation pattern 

&om the grating is obtained through the equivalent electric currents and magnetic 

currents on the sampling plane. From the far-field information, we can identify any 

scattering orders. We have also considered another approach in which the near-field 

along the sampling plane is directly Fourier transformed into the spatial domain. 

As different scattering orders correspond to different wave numbers projected onto 

the sampling plane, this simple method is expected to work for a grating of infinite 

extent under a steady-state excitation. However, for a grating of finite extent, we 

have foimd that this approach is not accurate, mainly because of the complicated 

interference effects sissociated with the near-field. 

5.3 Interaction of Long Pulses with Finite Gratings 

The problem geometry for the study of the far-field pattern formation is a dielectric 

single slab waveguide with PEC grating teeth embedded on the upper side. The slab 
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waveguide has a dielectric constant of 2.0 and a thickness of 1.2/im. The grating 

period is calculated with the phase matching condition for the desired diffiraction 

eingles. We examine the radiation pattern for finite gratings, consisting of 2 cells, 3 

cells, 5 cells, 8 cells, II cells, 16 cells, and 20 cells, respectively. Because the near-field 

to far-field transform is a time-domain technique, we will use two forms of excitations 

having finite time histories. Both excitations have a carrier frequency of 2 x 10^^ Hz. 

The first excitation is a long pulse which consists of 5 cycles of tum-on, 30 cycles of 

steady state, and 5 cycles of turn-off. This 5-30-5 excitation spans at least twice the 

extent of the grating under investigation and, thus, the grating coupler response is 

considered to be the steady state values which could be generated imder a continuous 

wave excitation. The second excitation is the short pulse which consists of 2 cycles 

of tum-on, 2 cycles of steady state, and 2 cycles of turn-off. This 2-2-2 pulse is used 

to excimine the interaction between finite pulses and finite gratings. 

We first use a long excitation pulse to examine how the far-field pattern develops 

&om a finite grating. Each grating consists of a different number of grating cells. 

However, each cell has an identical period which is designed for normal scattering. 

The far-field patterns are obtained with the FDTD simulator. Figure 5.5 shows the 

far-field energy patterns obtained in this manner for the upper side of the slab for 

gratings composed of 2, 5, II, and 20 unit cells. The beam width (angle between the 

points at which the pattern decays to half of its maximum energy) in these patterns 

is cdso measured and plotted in Fig. 5.6 for gratings containing 2, 3, 4, 5, 8, II, 16, 
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and 20 unit cells. From Fig. 5.5, we see that a well-defined beam is developed even 

with two grating ceUs, while a pattern with a neirrower main lobe that is closer to 

normal diffraction is achievable with 5 grating cells. 

We see in Fig. 5.6 that the half beam width decreases as the number of grating 

cells increases. Also shown in the figure is a normalized 1/iV curve. Recall that for 

a linear array with equal phase and amplitude excitation, the array factor has the 

form of sin{Nx)/sin{x), where N is the nimiber of elements in the array. Its beam 

width is thus proportional to l/N. Figure 5.6 shows that the grating behaves similar 

to a linear array as the number of grating cells gets large. This is due to the nature 

of the weak perturbation of the grating structure on the slab waveguide that we are 

considering. 

We also see in Fig. 5.5 that the maximum beam direction deviates from the normal 

direction for a small number of grating cells. This is due to the fact that the gratings 

have a duty factor of 0.5. Each PEC tooth has a length which is half of the wavelength 

in the slab waveguide and is hitlf a wavelength away from an adjacent tooth. The 

coupling among the teeth is responsible for the above mentioned deviation. When 

there exists many grating cells, the coupling among the grating cells averages out 

and the predicted direction results. One way to reduce the coupling is to adopt a 

smaller grating duty factor. This is shown in Fig. 5.7 where the gratings consist of 

two grating cells having the duty factors 0.5 and 0.1, respectively. The result for a 

grating having 20 grating cells with a duty factor of 0.5 is also included in the figure 
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Figure 5.5: Far field patterns from a grating assisted coupler under a 5-30-5 pulse 
excitation with different number of grating cells: 2 cells (dashed line), 5 cells (dotted 
line), 11 cells (solid line), and 20 cells (thick solid line) 
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Figure 5.6: Half beam widths of a grating assisted coupler under a 5-30-5 pulse 
excitation with different number of grating cells. Shown with the dotted line is a 
normalized 1/N curve 
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as a reference. We see that the maxinium direction for a duty factor of 0.1 is closer to 

the normal direction as expected from the infinite grating phase matching condition. 

The main lobe of the beam scattered from the grating will become narrower in 

the normal direction as more grating cells are used, approaching the ideal case of 

infinite grating whose phase matching condition was used to design this normal 

di&action configuration. 

5.4 Interaction of Short Pulses with Finite Gratings 

We use the same procedures to investigate the interaction of short excitation pulses 

with the finite gratings. Figure 5.8 shows the far-field energy patterns corresponding 

to gratings consisting of 2, 5, 11, zoid 20 unit cells that are excited with the 2-2-

2 pulse. The beam width is also measured and plotted in Figure 5.9 for gratings 

consisting of 2, 3, 4, 5, 8, 11, 16, and 20 unit cells. 

We observe that the beam widths are wider than those obtained for the long pulse 

excitations. When the number of grating cells is small, this effect results mainly from 

the interaction of more frequency components in the finite pulses with the gratings 

that are designed at the central carrier frequency. As the number of grating cells 

increases, the beam width approaches to approximately the value of 16**, which is 

the beam width for 4 grating cells when the long pulse excitation is used. This is 

the grating extent effectively seen by the finite 2 — 2 — 2 pulse. This indicates that 

the effective extent of the grating or the pulse, whichever is smaller, will dictate the 
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Figxire 5.7: Effect of grating duty factor on the formation of the far-field radiation 
pattern: solid line for 2 grating cells with a duty factor of O.I, dashed line for 2 
grating cells with a duty factor of 0.5, and dotted line for 20 grating cells with a duty 
factor of 0.5 



Figure 5.8: Far field patterns from a grating assisted coupler under a 2-2-2 pulse 
excitation with different number of grating cells: 2 cells (dashed line), 5 cells (dotted 
line), II cells (solid line), and 20 cells (thick solid line) 



Figure 5.9: Half beam widths of a grating assisted coupler with different number of 
grating cells under 5-30-5 (dotted line) and 2-2-2 (solid line) pulse excitations 
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grating response. Figure 5.8 confirms this saturation of the beam width. The dip 

seen in the maximum direction for 20 grating cells is again due to the wider firequency 

content of the short pulse. 
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CHAPTER 6 

Dispersion Effect on Output Coupling from Grating 

Assisted Couplers for Pulsed Excitations 

The interaction between electromagnetic waves and materials needs to be under

stood and characterized for any successful design of devices used for ultrcifast pulse 

applications. Material dispersion is the phenomenon which results from the change 

of materied properties with the frequency content of the interacting electromagnetic 

waves. It is one of the most intrusive effects associated with ultrafast pulse applica

tions. We will use the Lorentz dispersion model to describe the dispersion effects in 

both of these configurations. This type of dispersion is frequently encountered; it has 

a rapid variation in the resulting dielectric constant around its resonant frequency. 

6.1 FDTD Dispersion Formulations 

There are three established techniques that can be used with the FDTD approach 

to model dispersive materiab. The first one, called the recursive convolution (RC) 

method, was reported in [26], [27]. Consider the electric flux density vector at position 

r in the frequency domain: 
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5{f ,u)  = eo€^[f) i{r ,oj)P{f ,u)  

= eb[coo(0+Xe(^w)]i;(f;a;) (6.1) 

where ep is the free space permittivity, is the relative permittivity at high frequen

cies where w —• oo, P{t ,  u) is the frequency domain polarization vector, and x^if^ 

is the electric susceptibility. The corresponding time domain relation is: 

D{r ,  t )  = €o€oo{f )E{T,  t )  + eoXei f ,  t )  *  E{f ,  t )  (6.2) 

where * denotes the convolution operation. Substituting Eq.(6.2) into Maxwell's 

equations for D{f, t), we obtain: 

V x- f f (f, t )  = eQe^{f)^E{r,  t )  + €o^Xe (r, t )  *  E{r,  t )  (6.3) 

Oace the material dispersion is specified through the susceptibility Xeir ,  t ) ,  Eq.(6.3) 

is solved together with the rest of the Maxwell's equations to obtain the field in a 

dispersive material. The convolution is obtained numerically via summation over 

past electric field values. It is observed that this summation can be evaluated reciir-

sively, making the RC method a very effective approach to model any combinations 

of multiple Debye and Lorentz dispersions. However, this method is limited to linear 

materials with dispersive properties because the convolution process is based on the 

linear superposition principle. 
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The next two methods axe more general in that they can be used for modeling both 

dispersion and nonlinearity. They are the auxiliary differential equation (AOE) and 

the polarization equation (PE) approaches. These methods both introduce additional 

peurtial differenti£d equations to be solved with the original Maxwell's equations. 

For the ADE method [28] [29], a time-domain differential equation relating D{f, t) 

and E{f, t) is introduced to augment Maxwell's equations. It is based on the assimip-

tion that the electric susceptibility can be written in a rational form as a function of 

the angular frequency; i.e., in the form 

Y (r ai) = + 00 /o 
+ an-iCyw)"-^ +... + oci(juj) + oto 

where n> m. We then have, in the frequency domain, the algebrciic equation 

D{f,u;) = Cb[coo(0 + Xe(r,u;)]£(f,u;) 

- 7n-i(yc.̂ )"~  ̂+ ... -f- fiiM + 70 V ff, 

anO'w)" + an-iOw)"-! +... + aiO'u;) +ao ' ' 

Tjiking the inverse Fourier transform, we obtain the ordinary differential equation 

() + t) +... + t) + S{f, t) 

— + ̂ (r, t) (6.6) 

This is the auxiliary differential equation introduced to relate D { f ,  t )  and E { f ,  t ) .  
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In the third dispersion formulation, the PE approach [30] [31], the polarization 

vector P(r, t) is introduced instead of the electric flux vector D{f, t). Direct treatment 

on the polarization vector P(f,t) is advantageous because it is the source of the 

material properties. There have been many models developed to describe material 

behaviors. Among them, Lorentz dispersion is characterized as a damped harmonic 

oscillator given by 

~Pir ,  t )  + r |p(r- ( )  + u4P(,r ,  t )  = eo*^»£(r- () (6.7) 

where uq and F are, respectively, the resonant frequency and damping coefficient. 

We can further introduce the polzirization current as 

= (6.8) 

Eq.(6.7) then becomes 

/̂(?, 0 + r/(P, () + «2#(?, 4) = eox^3£(i', t )  (6.9) 

Eq.(6.8) and (6.9) are then solved with Maxwell's equations in a self-consistent man

ner as a first order system of equations. The PE technique is the most general, not 

only because it can handle both dispersion and nonlinearity, but also the dispersion 

parameters are physical quantities. 
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In the following sections, we will further investigate the ADE and the PE ap

proaches. We will first consider their implementations in the FDTD simulation and 

then compare the accuracies. 

6.2 Lorentz Dispersion 

We investigated the effects of dispersion for the two grating / waveguide combi

nations shown in Fig. 6.1. Lorentz dispersion is incorporated into the slab waveguide 

in the first case and into the grating teeth in the second case. The dispersive slab 

waveguide extends for 5 grating cells with 5 PEC teeth imposed on the upper side of 

it. For the second case, there are 11 dispersive dielectric grating teeth. The grating 

period A for both cases is 1.12fim which is selected to achieve normal scattering for 

the incident guided mode at a carrier frequency of 2 x 10** Hz. The PEC gratings 

and dielectric gratings have a duty factor of 0.5 and depths of 0.2/tm and OAfim, 

respectively. The deeper dielectric grating tooth depth is used compared to the PEC 

grating in order to increase the effect of dispersion for the penetrable grating tooth 

case. 

The Lorentz dispersion is described by Eq.(6.10) 

e,(a;) = Ceo-f 
Wq + 2juo — (J* 

where u^o is the resonant frequency, B is the damping constant, and e, and e^o ^^re 

the dielectric constant at dc and infinite frequency, respectively. Fig. 6.2 shows the 
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Figiire 6.1: Problem geometries used for investigating dispersive effects (a) dispersive 
slab waveguide with PEC grating teeth; (b) dispersive dielectric grating teeth in a 
normal slab wavegmde 
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real part and the imaginary part of the dielectric constant when e, = 2.67, = 1.0, 

uq = 12.94 X 10"rarf/5cc, and 8 = 10*®5cc~^. These parameters are chosen solely for 

the purpose of illustrating th salient features of Lorentz dispersion and are not used 

in the following FDTD simulations. 

To implement Lorentz dispersion with the ADE approach, we will need to intro

duce electric flux density (t, k) and back store one more previous time step for 

and 

At 
( i ,  k )  =  D^{i, k )  + ii, k  +  i)- (i, k ) ]  

(6.U) 

where 

+ b,E;(i,k) + biE'-^{i,k)] (6.12) 

oi = Wo(At)' + 2^At + 2 

oj = WoCAt)' — 2^ At + 2 

bi = 4eooeo 

6a = -[wg(At)'c, - 25AtCoo + 2eoo]€o 

c = [a;g(At)'c, + 2fiAtCoo + 2£oo]co 
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Figure 6.2: Lorentz dispersion. The real part of the dielectric constant is shown as 
the solid line; the imaginary part is shown as the dashed line 
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The update equations for and H2^^{i,k) are unchanged, as given in 

Eq.(3.12)-(3.13) 

The implementation of Lorentz dispersion with the PE approach is based on 

Eq.(6.7) - (6.9). We assign Py and Jy at the same spatial locations as Ey and update 

Ey and Py at integer time steps and Jy at half integer time steps, respectively. Using 

standard central differencing notation, we obtain the following update equations 

- (6-13) 
€oi\X £0 

k) = p;(i, k) + a« k) (e.u) 

l i -  2 

The two sets of parameters used in the ADE and the PE formulations are equivalent 

when r = 2^ and Xe = e# — !• 

With Lorentz dispersion, the dielectric constant, both its real part and its imagi-

QZLry part undergoes a rapid change near the resonant frequency. The region in which 

the derivative with respect to frequency is positive is the regular dispersion region. 
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The region in which the derivative with respect to frequency is negative is the anoma

lous dispersion region. We see that anomalous dispersion occurs in a frequency band 

centered at the resonant frequency, b addition, the anomalous dispersion region 

comes with strong absorption. This is one of the reasons for us to use the regular 

dispersion region for the following investigation. 

The dispersion is varied by adjusting the resonant frequency relative to the carrier 

frequency. The closer to the resonant frequency, the larger the dispersive effects will 

be. The dispersion parameters sire selected to have small absorption associated with 

the imagineiry part of the dielectric constant. We use Cco ~ 1.0 and f = 2.8 x lO'^scc"^. 

The value of e, is calculated in order to have a desired dielectric constant at the carrier 

frequency, once the resonant frequency is chosen. For the dispersive slab waveguide, 

the dielectric constant at the carrier frequency is set to be 2.0. For dispersive dielectric 

grating teeth, the dielectric constant is set to be 4.0. 

Fig. 6.3 and 6.4 show, respectively, the real and imaginary parts of the dielectric 

constants for three cases where the resonant frequencies of the associated Lorentz 

dispersion in the slab waveguide are 1.3, 1.6, and 2.2 times the carrier angular fre

quency Uc- Figs. 6.5 and 6.6 show, respectively, the real and imaginary parts of the 

dispersion used for the dispersive grating teeth where the resonant frequencies of the 

associated Lorentz dispersion models are specified to be the values 1.35u;e, and 

2.2u;c. 
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Figure 6.3; Dispersion properties of the slab waveguide. The resonant frequencies 
of the associated Lorentz dispersion are taken to be 1.3u;e (solid line), 1.6c«;e (dashed 
line), and 2.2u}c (dotted line), respectively. 
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Figure 6.4: Dispersion properties of the slab waveguide. The resonant frequencies 
of the associated Lorentz dispersion are taken to be l.StUc (solid line), 1.6u;c (dashed 
line), and 2.2u;e (dotted line), respectively. 
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Figure 6.5: Dispersion properties of the grating teeth. The resonant frequencies of 
the associated Lorentz dispersion are taken to be 1.35a;e (solid line), 1.5u;e (dashed 
line), 2Lnd (dotted line), respectively. 
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Figure 6.6: Dispersion properties of the grating teeth. The resonant frequencies of 
the associated Lorentz dispersion are taken to be 1.35c(;e (solid line), l.Su/c (dashed 
line), and 2.2u;c (dotted line), respectively. 
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6.3 Numerical Results and Analysis 

We first compare the two Lorentz dispersion model implementations described in 

the previous section. The far-field pattern for the grating assisted coupler consisting 

of 5 PEC grating teeth imposed on the upper side of a dispersive slab waveguide 

having uq = l.Swc excited by a 2 — 2 — 2 pulsed fundamental mode at a carrier 

frequency of 2 x 10" Hz was computed with both the PE formulation, imd the ADE 

formulation and the results are shown in Fig. 6.7. These results show that the two 

formulations are equivalent, producing essentially the same result. Nonetheless, we 

notice that the PE formulation, when compared to the ADE formulation, retains more 

of the physical meaning of the polarization model, does not need any back-stores of 

data, and is more straightforward to implement. 

To examine the effect of dispersion on the far-field pattern resulting from a grating 

assisted coupler, we observe the maximum beam direction, the half beam width, and 

the output coupling efficiency as the dispersion parameters vary. The results are 

presented in Figs. 6.8, 6.9, and 6.10. We see a shift of the beam direction, a widened 

half beam angle, and a reduced coupling efficiency as the dispersion becomes more 

pronounced, i.e., for resonant frequencies closer to the carrier frequency. This shift 

is a direct result of the change in the index of refraction due to the dispersion which 

directly impacts the phase matching condition. In Fig. 6.11, the far-field pattern 

for the case where uq — 1.3a;e is compared to that obtained from the normal slab 
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Figiire 6.7: Comparison between the beam patterns generated with the PE (solid 
line) and ADE (marker) dispersion formulations. 



105 

waveguide with no dispersion. These beam features and their variations are clearly 

identified. 

When excited by the fundamental mode having a 5—30—5 time envelope fimction, 

the grating assisted coupler with the dispersive slab waveguide develops the far-field 

pattern for uq — 1.3u;c shown in Fig. 6.12. As the effect of dispersion results &om 

the change in the dielectric constant within the frequency content of the signal, this 

5 — 30—5 pulse sees a smaller dispersion effect, because it has a narrower frequency 

content. But as we have shown, the interaction between the dispersive materials 

and ultrjifast pulses such as those having 2 — 2—2 time envelope function has to be 

considered in order to have correct results. 

We also examined the effects of dispersion associated with the dispersive dielectric 

grating teeth. Similar behaviors were observed. Fig. 6.13 shows the far-field pattern 

obtzdned with wo = 1.35a;c. The pattern with nondispersive dielectric teeth having a 

dielectric constsuit of 4.0 is included as the dashed line for comparison. The effect of 

dispersion resulting &om the dispersive teeth is recognizable. It is smzdler compared 

to the case when the coupler consisting of the PEC grating teeth and a dispersive 

slab waveguide, because of the reduced dispersive region and radiation efficiency of 

the dielectric grating. 

The FDTD method is an accurate simulation tool for characterizing material prop

erties, including dispersion and nonlinearity. It directly solves for the field quantities, 

rather than seeking asymptotic expressions, paraxifd approximations, or nonphysical 
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Figure 6.8: Maximum output direction from the grating assisted coupler as a function 
of uqIuc, where wo is the resonant frequency of the Lorentz dispersion model 
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Figiire 6.11: Far field pattern (solid line) with 5 PEC grating teeth imposed on a 
dispersive slab waveguide with the resonant frequency of the Lorentz dispersion ujq =s 
L3a;e. Dashed line shows the pattern obtained from a nondispersive slab waveguide. 
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Figure 6.12: The effects of dispersion is illustrated for a long pulse excitation of 
a dispersive slab waveguide with the resonant frequency of the Lorentz dispersion 
uq = 1.3a;cand with 5 PEC grating teeth imposed on it. The dashed line shows for 
comparison the pattern obtained from a nondispersive slab waveguide. 
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Figuie 6.13: Far-field pattern with II dispersive grating teeth (the resonant frequency 
of the Lorentz dispersion = I.35a;e) imposed on a nondispersive slab waveguide. 
The dashed line shows for comparison the the pattern obtained when both the grating 
teeth and the slab waveguide are nondispersive. 
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envelope functions. The material properties are assigned to each Yee cell and the 

boundary conditions are enforced at all material interfaces. It is thus a general and 

robust method. 
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CHAPTER 7 

Enhanced Grating Assisted Couplers 

In this chapter, we will continue our investigation on grating assisted couplers 

under a single frequency excitation. The objective is to devise an effective way to 

distribute the incident energy into various output channels in a controllable manner. 

For a fixed grating, the amount of coupling into the various output channeb is de

termined by several factors, such as the matericd and the depth of the grating, the 

polarization of the guided mode, etc. We are concerned with improving the coupling 

by incorporating some additional structures. For instance, we can place a reflective 

surface at one side of the grating assisted coupler in order to achieve one-sided scat

tering into the opposite side of the waveguide. Such a reflective surface acts as a 

stop-band filter to the originally scattered waves. One way to provide stop-bands 

euid pass-bands is through the use of multilayer dielectric materials. 

7.1 Photonic Band-Gap Structure 

Consider a stratified medium composed of 2N -i- 2 isotropic dielectric layers with 

alternating high and low permittivities, Cfc and e/, as shown in Fig. 7.1. Regions 
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1,3,5,2N + 1 are high-permittivity layers; and regions 2,4,6,2N are low-

permittivity layers. Region 0 has permittivity e and permeability /t. The thickness 

of each layer is a quarter-wavelength inside the dielectric. The transmitted region is 

2N + 2 = t and has permittivity Cf Permeabilities for all layers are equal to 

We are interested in finding the reflection coefficient for the stratified medium. The 

structure can be ansdyzed by following the reflection coefficient formalism discussed 

in Chap. 2. For a wave normally incident on the structure, the reflection coefficient 

at 2 = 0 is found to be [20] 

p /'7 1^ 
^ ~ +1 ^ ^ ^ 

If we choose a high ^ ratio and a large number of layers, the reflection coefficient 

Ro approaches the value of -1, and the structure is highly reflective. Such a structure 

exhibits a high reflectance to a normally incident plane wave at a specific frequency, 

i.e. it exhibits a stop band and is thus called a photonic bandgap (PBG) structure. 

For a structure having en — 6.25 and e/ = 1.035 and the thickness for each layer being 

a quarter wavelength in that layer (0.015/im for high dielectric layer and 0.035^m 

for low dielectric layer) and starting with a high dielectric layer, the theoretical 

reflectance |/2op for a normally incident plane wave at a frequency of 2 x 10^^ Hz is 

listed in table 7.1, where the number of layers is the sum of the number of high and 

low dielectric layers. Thus the PBG structure acts effectively as a lossy mirror to any 
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energy normally incident upon it. Such a structure is useful at optical frequencies 

since metallic reflectors are subject to corrosion, oxidations, and tarnishing problems. 

7.2 Enhanced Output Coupler with a PBG Structure 

We propose a new configuration to control the output energy distribution from a 

grating assisted coupler. This configuration incorporates a PBG structure as shown 

in figure 7.2. We use three high dielectric layers and two low dielectric layers as 

described above. Because the incident gxiided wave is restricted mainly to the slab, 

it is only weakly perturbed by the PBG mirror. 

Since the PEC grating also presents a reflectance to a wave incident upon it, a 

resonant cavity is formed for the upward-directed output wave by the PBG structure 

and the grating. Thus the upward-directed output energy is partially trapped in this 

cavity region. The energy leaving this cavity back through the waveguide grating will 

have one portion transferred into the downward-directed wave and another portion 

converted into a guided wave by the grating. Whether there will be a constructive 

or destructive interaction between these fields and those generated by the original 

interaction of the guided wave with the grating determines the restilting increase or 

decrease of the energy coupled into these output channels. 

This phase matching explains the rapid variation in the amount of energy that 

is coupled into the downward-directed and into the waveguide transmitted waves, 

shown in Fig. 7.3, as the spacing between the PBG structure and the waveguide edge 
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No. of layers 3 5 7 9 
Reflectance 0.8983 0.9815 0.9961 0.9985 

Table 7.1: PBG reflectance as a function of the number of high 
dielectric layers with Cfc = 6.25 and low dielectric layers with e/ = 
1.035 for a normzdly incident plane wave at a frequency of 2 x 
10" Hz 



118 

Incident 

Reflected 

Upward 

PEC Gratinc 

Slab Waveguide 

Downward 

Photonic 
Bandgap 
Stmcture 

Transmitted 

Figtire 7.2: Problem geometry used for investigating an enhanced grating assisted 
coupler by incorporating a PBG mirror 
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(PEC grating) chcinges. The normalized energy stored within the cavity region is 

included in Fig. 7.3 and is plotted as the dotted line. Figure 7.3 clearly illustrates 

the resonant switching behavior that is established with the composite structure. 

A rapid diversion between the output channels is seen to occur around the cavity 

resonance, repeating itself for every half a wavelength. Notice that when the energy 

in one path reaches its maximum, the energy in the other is at its minimum. Figiure 

7.4 and Fig. 7.5 show the electric field patterns when the energy in the two paths 

reach their respective maximiuns. 

In order to predict the energy switching aneilytically, we would have to determine 

the reflection coefficient for the grating assisted waveguide for a normally incident 

plane wave. Combined with the reflection coefficient for the PBG structure calculated 

from Eq.(7.1), the Fabry-Perot type resonant cavity formed by the grating and the 

PBG mirror could then be analyzed. While this can be done for a grating of infinite 

extent [32], we still need a numerical modeling tool such as the one we developed to 

determine the exact resonant condition. Since the switching occurs around this cavity 

resonance and is very sensitive to the resonant condition, a more precise evaluation 

of the finite grating-PBG structure is necessary to predict its behavior. 

7.3 Applications as Optical Switches and WDM Demultiplexers 

The switching behavior exhibited by this composite structure has a variety of po

tential applications. It could be used as a switch which allows the incident gtiided 
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Figure 7.4: Enhanced downward-directed output coupling with the photonic bajidgap 
structure being incorporated into the grating assisted coupler 
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Figure 7.5: Enhanced transmission coupling with the photonic bandgap structiure 
being incorporated into the grating assisted coupler 
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wave energy to be either transmitted by or coupled out of the waveguide by simply 

modifying the reflective properties of the PBG structure, i.e., by affecting the reso

nance, with some external means. Optical switching is a subject Rawing increasing 

attention. A typical configuration incorporates a Bragg reflection grating and non

linear materials [33] [34]. Switching is achieved by modifying the incident intensity 

of the guided wave to affect the reflection and transmission properties of the grating. 

This is in contrast to the linear device we are proposing. 

This composite structure could also be used as a wavelength division multiplexing 

(WDM) demultiplexer. In particular, consider two signals with slightly different 

frequencies that are propagating simultzmeously in the slab waveguide. If these two 

signals interact with the grating and have frequencies that are close to its phase 

matching condition, some of their energy will be converted selectively into radiated 

fields while the remaining energy continues to propagate as guided waves. If we then 

introduce a PBG structure designed so that these two frequency components fall 

onto different sides of the cavity resonance, the resonance can be used to redistribute 

the energy of two signab in a distinctive manner. One of the guided waves can be 

strongly converted into a radiated field while the other remains strongly guided. 

To test this WDM demultiplexer application, we launched two CW guided modes 

into the waveguide having frequencies corresponding to the wavelengths: 1.5/im and 

1.58 /zm. The waveguide parameters are the same as those described previously ex

cept that now the number of grating periods used is 20. When the PBG structure 
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is not presented, the grating will redistribute two incident guided modes at slightly 

di£Eerent wavelengths in a very similar fashion, since the phase matching condition is 

held approximately for both. Fig. 7.6 shows the spectra of the radiated waves below 

the waveguide. The spectra of the transmitted guided modes are alike. They clearly 

show that no frequency separation has resulted. We then introduced a PBG structure 

which is located 28 FDTD cells, i.e., 1.4 above the waveguide upper edge. The 

resonsmt condition associated with this configuration results in an enhanced trans

mission for the incident wave at wavelength of 1.58 nm as shown in Fig. 7.7, and 

an enhanced radiation for the incident wave at wavelength of 1.50 fim as shown in 

Fig. 7.8. At this time, the energies associated with the two input signals are effec

tively separated into two different paths when the PBG structiire is present. We thus 

conclude that this composite grating assisted coupler and PBG mirror can be used 

as a demultiplexer component in many WDM systems. 

A similar structure can be designed for TM polarization. However, certain po

larization dependencies exist. For example, for TE polarization, the electric field is 

forced to be zero along the grating teeth, thus deflecting energy away into the direc

tion opposite to the grating. This effect is illustrated in Fig. 5.1 where more energy 

is scattered into the downward propagating waves. For TM polarization this does 

not occur and the field energy penetrates into the grating region, thereby reducing 

its reflectivity for normally incident waves. Therefore, the resonant cavity will have 

a lower Q and the switching effect should be less pronotmced. 
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Figure 7.6; WDM demultiplexer frequency spectra: radiated wave without the PBG 
structure 
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Figure 7.7: WDM demultiplexer firequeiu^ spectra: transmitted wave with the PBG 
structure 
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Figure 7.8: WDM demultiplexer frequency spectra: radiated wave with the PBG 
structure 
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7.4 Grating Assisted Waveguide-to-Waveguide Coupler 

Waveguide-to-waveguide couplers are important for many applications in microwave 

engineering and optical communications. A conventional waveguide-to-waveguide 

coupler consists of two dielectric waveguides in close proximity to each other. When 

there is a phase s}mchronism, i.e., equality of the propagation constants, the energy 

launched into one waveguide can couple into the other waveguide. As a result, they 

can be used as power dividers to re-distribute the incident energy at a desired ra

tio into the two waveguides. The operation of this t3rpe of waveguide-to-wavegtiide 

coupler can be described accurately by the coupled mode theory [35]. 

Gratings can be used to couple energy between different waveguides that are not 

in close proximity to each other. A grating assisted waveguide-to-waveguide coupler 

may take the form shown in Fig. 7.9. A portion of the energy incident in the lower 

waveguide is coupled into the upper waveguide. The coupling is realized with the help 

of the gratings imposed on the two waveguides. In this process, the guided mode in 

the lower waveguide is converted into a radiation field by its grating, which is in turn 

converted back into a guided mode in the upper waveguide by its own grating. Since 

the energy is coupled via a radiation field, the distance between the waveguides can 

be very large as long as the energy radiated by the first waveguide is well accepted by 

the second waveguide. This form of waveguide-to-waveguide coupler has advantages 

over the conventional waveguide-to-waveguide couplers where the waveguides must be 

closely positioned and the modes in the different guides axe directly coupled through 
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hybrid modes. For example, a simple transmitter / receiver pair configuration can 

be designed using the radiation type waveguide-to-waveguide coupler, which may be 

used as optical interconnects. Because the energy is coupled through the radiation 

field, the two waveguides can also be quite dissimilar. 

We have used our FDTD simulator to study this radiation-type grating assisted 

waveguide-to-waveguide coupler. Two waveguides are placed 5.0/im apart, corre

sponding to 3.33Ao at a frequency of 2 x 10^^ Hz. Each dielectric slab waveguide has 

a dielectric constant of 2.0 and a thickness of 1.2/tm. The grating has a grating period 

of I.12^m, designed to scatter the radiated energy into the normal direction. The 

lower guide is excited at its fundamental TE mode. The grating is constructed with 

PEC teeth; it has a duty factor of 0.5 and a depth of 0.2/xm. These parameters for 

both the slab waveguide and the grating are the same as those used in the numerical 

simulations in the previous sections. The two gratings mirror each other, i.e., the 

system exhibits a mirror symmetry with respect to the plane located through the 

midpoints between the two waveguides. Figure 7.10 shows the near-field pattern of 

the electric field of the waveguide-to-waveguide coupler which has 11 periods on each 

waveguide. The efficiencies for the forward and backward coupling into the second 

waveguide are 7.75% and 1.84%, respectively. In Fig. 7.11, we show the coupling 

efficiency measured as a function of the number of grating cells. As the number of 

grating cells increases, the forward coupling increases and the transmitted energy in 

the lower waveguide decreases. These changes saturate as the result of the leaky wave 
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Figure 7.9: Geometry of a grating assisted waveguide-to-waveguide coupler. 
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antenna nature of the grating assisted output coupler. We see that the coupling effi

ciency is relatively low. This is due to the fact that the lower grating radiates energy 

into both upward and downward directions and some of the upward directed energy 

is lost as a result of the penetration of the field energy through the upper waveguide. 

Thus the main design concern is to achieve the highest coupling efficiency firom a 

finite extent grating. We have demonstrated in the previous sections that a photonic 

bandgap (PBG) structure can be used to enhance the performance of an output 

coupler. Such a structure can also be incorporated in the waveguide-to-waveguide 

coupler design. As shown in Fig. 7.12, we place two PBG structures, one below 

the lower waveguide to enhance the upward radiation output and one above the 

upper waveguide to enhance the radiation-to-guided-mode conversion. The two PBG 

structures are identical, each consisting of a stack of dielectric layers with alternating 

high dielectric constant and low dielectric constant 6/. The thickness of each layer 

is a quarter wavelength in its medium. 

Resonant behavior, as shown in Fig. 7.13, is observed among the energies in the 

transmitted guided mode in the lower waveguide and the coupled modes in the upper 

waveguide. The PBG mirror consists of three layers with = 6.25 and two layers 

with £/ = 1.035. They are placed at the same distance relative to the waveguides 

to which they are associated since the conversion by the two gratings in the coupled 

waveguides are reciprocal to each other. Fig. 7.14 shows the near-field pattern of 

the electric field of a waveguide-to-waveguide coupler having eleven grating periods 
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Figure 7.10: Field distribution of a waveguide-to-waveguide coupler consisting of two 
grating assisted output couplers having eleven grating periods in each waveguide. 
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Figure 7.11: Coupling efficiencies for forward coupling (solid line) and backward 
coupling (dashed line) into the upper waveguide; and transmission (dashed line) in 
the lower waveguide as a function of number of grating periods used. 
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Figure 7.12: Geometry for a grating assisted waveguide-to-waveguide coupler incor
porated with PBG structures. 
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on each waveguide. The maximum waveguide-to-waveguide coupling occurs with 

forward and backward coupling efficiencies of 33.60% and 17.59%, respectively. 

Notice that the energy is coupled into both the forward and backward propagat

ing guided modes in the upper waveguide. The ratio of the forward and backward 

coupling is close to 2:1 with PBG structures present. To enhance the coupling into 

the forward direction, we decided to terminate one end of the upper waveguide. The 

termination may take the form of a PEC coating or a PBG structure having a high 

reflectance. While the first form is easy to realize, the second form is more flexible. 

For example, if the PBG layers consist of electro-optic materials whose dielectric 

constants can be modified by externally applied means, we may put PBG reflecting 

layers at each end of the coupling waveguide and choose which end the PBG struc

ture is to be reflecting. This could make it possible to realize a switch between the 

forward coupling and backward coupling directions. 

To have the reflected energy from the termination constructively interfere with the 

original coupled guided mode in the opposite direction, the position of the termination 

had to be tuned. Figure 7.15 shows this tuning effect for the waveguide-to-waveguide 

coupler with eleven grating periods. The termination is at the left (source) end of 

the upper waveguide. We see an increase of 10.64% in the forward coupling. The 

near-field pattern of the electric field for this configuration is shown in Fig. 7.16. 

We found that we could also terminate the lower waveguide to further increase the 

coupling efficiency. By terminating the right (opposite-to-the-source) end of the lower 
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Figure 7.14: Near-field pattern of a PBG mirror enhanced waveguide-to-waveguide 
coupler 
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Figure 7.15: Tuning effect of adjusting the position of the waveguide termination as 
a function of the distance from the PEC to the left end of the upper waveguide. 
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Figure 7.16: Near-field pattern of a PBG mirror enhanced waveguide-to-wavegtiide 
coupler when the upper waveguide is terminated at the left source end to enhance 
the forward coupling. 
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waveguide and the left (source) end of the upper waveguide, we realized a forward 

coupling efficienqr of 63.76%, with the near-field pattern shown in Fig. 7.17. This is 

a more than 800% increase over the value of 7.75% with the plain grating assisted 

waveguide-to-waveguide coupler. 
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Figure 7.17: Near-field pattern of a PBG mirror enhanced waveguide-to-waveguide 
coupler when both waveguides are terminated to enhance the forward coupling. 
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CHAPTER 8 

Conclusion 

In this dissertation, we have developed a finite-difference time-domain (FDTD) 

numerical simulator which is suitable for modeling complicated grating geometries 

ajid complex material properties. We proposed an efficient time domain mode ex

traction technique to be used with our time-domain simulator. The simulator hsis 

the capabilities to perform near-field to far-field transforms and to model dispersive 

materials. With these modeling capabilities, we have investigated various grating 

applications. We have shown that the gratings can be designed effectively for single 

frequency applications as well as pulse applications. These applications demonstrate 

the superior modeling capabilities one can achieve with a FDTD numerical simulator 

such as the one that we have developed. 

We investigated mode conversion phenomenon associated Mrith grating structures 

in Chapter 4. We showed that although the mode conversion for single frequency 

excitation can be well achieved by a uniform grating, it is not true for a pulsed mode 

having a large frequency content. For the latter case, we need to design composite 

grating structures based on the pulse spectnmi in order to increase the conversion 
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efficiency. We presented a numerical simulation approach for investigating the in

teraction of electromagnetic guided modes with complex grating geometries. The 

FDTD method, together with an efficient, real-time mode extraction technique, pro

vides us with a powerful simulation capability to tailor the grating structures. The 

resulting FDTD simulator was used to study and design composite, aperiodic grating 

structures that were used to convert ptilsed modes propagating in dielectric waveg

uides. An aperiodic discrete, reverse-chirped grating structure was developed which 

provided a 29.45 % improvement in the pulsed mode conversion over that obtainable 

with a comparable uniform periodic grating. 

In Chapter 5 we investigated the effects of a finite grating extent and finite pulsed 

excitations on the formation of the far-field patterns by using different numbers of 

grating cells and different numbers of pulse cycles in the excitation. We discovered 

that the far-field scattering pattern of a grating is developed even with a minimum 

number of two grating cells. The far-field pattern becomes narrower as the number 

of grating cells increases. For continuous sinusoidal wave excitations, the grating 

behaves like a linear antenna array, as indicated by a IfN dependency of the far-field 

beam width to the number of grating cells N. For a grating containing a small nimiber 

of grating cells the coupling between the cells causes the beam direction to pull away 

from the theoretically predicted scattering direction. This coupling can be reduced 

by adopting a smaller duty factor for the grating. It is also reduced as the number 

of grating cells increases because of averaging that occurs among the grating cells. 
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For excitations with a small nimiber of cycles, the far-field beam pattern becomes 

less directive compared to the continuous sinusoidal wave excitations for the same 

grating. It also saturates after the grating extends more than the effective span of 

the pulsed signal over the grating. 

We studied dispersive effects on the performance of grating assisted couplers in 

Chapter 6. We observed changes in the far-field pattern from grating assisted couplers 

due to these effects of dispersion in the material present in the couplers. Two config

urations, one with a dispersive waveguide and one with dispersive grating teeth, were 

exeonined. Similar behaviors were observed for both configurations, with more pro

nounced effects being associated with the dispersive waveguide case. The dispersion 

paxameters used in the FDTD simulations were relatively weak because we purposely 

tried not to work very close to the resonant frequency of the Lorentz dispersion where 

the absorption would become significant and the output coupling would have been 

substantially reduced. We found that the dispersive effects cause a reduced output 

coupling efficiency and a widened beam width. They also cause the side-lobe level 

to increase. This investigation suggested that the dispersive properties of any grat

ing assisted couplers have to be taken into consideration for ultrafast pulses which 

possesses a very wide spectral content. 

In Chapter 7 we designed grating assisted devices with enhanced performances. 

These devices include output couplers and waveguide-to-waveguide couplers. The ob

jective was to devise a feasible way to establish control over the energy distribution 
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into vaxious output channels. This task was accomplished by introducing a dielectric 

linear multilayer photonic bandgap (PBG) structure near to the grating sissisted cou

pler. This composite configuration has advantages compared to conventional schemes 

using nonlinear material properties. We demonstrated one application using this new 

configuration to design a demultiplexer for wavelength division multiplexing (WDM). 

In this WDM application two incident guided modes having close wavelengths were 

sepaxated into a transmitted chaimel wd an output channel in a distinctive mctnner. 

Other potential applications includes using these composite structures as switches to 

ailow or reject incident guided waves passing through the device. 

The applications involving grating structures are numerous. In this dissertation 

we have investigated several of them. Some aspects warrant further investigations; 

they ace provided below in anticipation of future work. 

In this dissertation, we have focused our attention on two dimensional grating 

assisted devices. These devices consist of gratings imposed on planar waveguides and 

may find a number of applications in millimeter-wave and integrated optics circuits. 

The extension to full three dimensional simulations will be useful for a much broader 

category of applications. This includes optical fiber-based devices and systems. Op

tical communication systems have been developed to a great extent in recent years 

because they can provide us with a useful frequency bandvddth much greater than 

that rendered by conventional means. As a physical carrier of communication and 
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other data signals, optical fiber is now readily available. There is, however, an as

sociated increasing need for optical fiber-based devices. Numerical modeling tools, 

such as our FDTD simulator, will be very valuable in modeling and designing such 

devices. In Chapter 5 we designed a grating assisted output coupler integrated with 

a photonic bandgap structure for use as switches and wavelength dropping filters. 

We investigated the two dimensional case with the PEC grating imposed on one side 

of the slab waveguide. With a three dimensional FDTD simulator, we could design a 

similar device which could be realized in optical fiber form. This device might be in

corporated directly in a wavelength division miiltiplexing system as a demultiplexer. 

To consider the implementation in an optical fiber, we would have to consider the 

grating in a form which has a longitudinal dielectric modulation in the core. We will 

need to conceive of a way to implement the PBG structure in the cladding layers. 

We could consider a fiber which is flattened in order to effectively couple out the 

scattered waves. 

We investigated dispersion effects associated with the grating teeth and the basis 

waveguide on the far-field scattering pattern. Dispersion compensation is another 

possible task for grating structures to fulfill. There are already techniques developed 

using chirped gratings to compensate for the dispersion which results from propagat

ing signab through a dispersive medium. These gratings are usually selected to be 

a reflection tjrpe, which results in unwanted signal attenuation. We could conceive 

of a cascaded type of dispersion compensation. We may assign different material 



147 

properties to different portions of the grating and basis waveguide to achieve this 

compensation. 

Another class of problems that should be considered resiilts &om the incorporation 

of nonlinear materials into the gratings. By doing so, we realize that a variety of new 

properties would be obtainable. For discussion purposes, we revisit our design on the 

grating assisted output coupler integrated with the photonic bandgap structure as 

discussed in Chapter 5 and make two observations; 

1. incorporate nonlinearity into the PBG structure: Only an incident power that 

is high enough could restilt in a strong enough scattered field that could be used to 

tune the structure into a highly reflective stopband. This could cause the switching 

effect to occur after this threshold incident power is achieved. 

2. put nonlinear material into the teeth of the grating imposed on the slab waveg

uide: The incident power level will change the effective index of refraction, which in 

turn would affect the phase matching condition. This could cause the direction of the 

scattering to change. If this leads to the scattering direction being significantly away 

from the normal direction, the switching effect we have observed, which is based on 

the resonance, will not occur. 

In summary, grating assisted devices have many potentiab in microwave and op

tical communication systems. To fully realize their potentials, we will need effective 

design tools. These tools should have the capabilities to model complex interactions 

between the electromagnetic waves and the grating structures which can be very 



148 

complicated. For example, to accommodate short pulse applications, finite extent 

and aperiodic grating structures may be needed. We have shown that the FDTD 

approach is very appropriate for designing and modeling grating assisted devices. 

With its flexibility and accuracy to handle arbitrary geometries and complex mate

rial properties such as dispersion and nonlinearity, the FDTD approach provides us 

with capabilities not available from other analytical and numerical techniques. 
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