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Abstract 
Among various planar lightwave circuits for multiplexing/demultiplexing in an optical 

communication system, etched diffraction gratings (EDGs) have shown great potential due to 

their compactness and high spectral finesse. Conventional numerical methods for grating 

simulation cannot be used to simulate an EDG demultiplexer of large size (in terms of the 

wavelength). In the present thesis, the polarization-dependent characteristics of an EDG 

demultiplexer are analyzed with a boundary element method (BEM) for both an echelle 

grating coated with a metal and a dielectric grating with total internal reflection (TIR) facets. 

For EDGs with metal-coated facets, we use a more effective method, namely, method of 

moments (MoM). Futhermore, a fast simulation method for EDGs with TIR facets is 

presented based on the Kirchhoff–Huygens principle and the Goos-Hänchen shift. This simple 

method has a good agreement with a BEM over a wide range of practical parameters of the 

device.  

Several novel designs are presented in order to improve the performances of EDGs. (1) 

By making some appropriate roughness on the surface of the shaded facets, the PDL of the 

demultiplexer can be effectively reduced over a large bandwith.  (2) For EDGs based on Si 

nanowire structures, we compensate the polarization-dependent wavelength dispersion (PDλ) 

in the whole operational spectrum by introducing a polarization compensation area in its free 

propagation region. (3) An EDG demultiplexer with suppressed sidelobe is designed. The 

designed EDG demultiplexer can give a crosstalk as small as 50 dB in theory.  (4) By chirping 

the diffraction order for each facet, we minimize the envelope intensity for the other adjacent 

diffraction orders to achieve a negligible return loss in a large spectral width. (5) A design for 

EDG demultiplexers is presented to obtain both large grating facets and a larger free spectral 

range (FSR) using the optimal chirped diffraction orders for different facets.  

The influences of the fabrication errors (e.g., rounded effect, surface roughness and point 

defect in the waveguide) on the performance (such as the insertion loss, the polarization 

dependent loss and the chromatic dispersion) of an EDG demultiplexer are also analyzed in 

detail.  

        Silicon nanowire waveguides and related EDGs are studied. An EDG demultiplexer with 

10 nm spacing is finally fabricated and characterized.  
 
Key words: etched diffraction grating, wavelength division multiplexing, passive devices, 
diffraction grating, planar waveguide devices, DWDM, optical communication. 
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1. INTRODUCTION 

1.1 Background 
Fiber-optic communication is growing extensively in recent years. Nowadays a great 

number of optical fibers have been laid on all parts of the world, which dramatically 

increases the capacity and the quality of telecommunications. However, traditional 

optical fibers are still inadequate to carry the heavy traffic resulted from the exponential 

increase of the bandwidth demand. Fortunately, the wavelength division multiplexing 

(WDM) technique [1-5] provides an effective and low-cost way to increase the capacity 

tens or hundreds of times in an optical transmission system.  

WDM is a kind of frequency division multiplexing technique for a fiber-optic cable in 

which multiple optical carrier signals are transported on a single optical fiber by using 

different wavelengths (colors) of laser light to carry different signals. These channels are 

also called lambda circuits. Each wavelength can be considered as a different color of 

light in the infrared range that can carry data. 

Optical multiplexers and demultiplexers are the key components in a WDM fiber-

optical communication system. A cost-effective scheme for carrying more information 

can be implemented by inserting them on both sides of a fiber link. Arrayed waveguide 

gratings (AWGs) [6-8] and etched diffraction gratings (EDGs) [9-11] are two typical 

multiplexers/demultiplexers based on planar integrated optical waveguides. They take the 

advantages of mature semiconductor manufacturing process and can offer more than 40 

channels of dense wavelength division multiplexing (DWDM) with a relatively low loss. 

With the recent development and growth of the fiber to the home (FTTH) [12-15] 

market, etc., both planar waveguide multiplexers/demultiplexers have already many new 

applications. Their main potential lies in applications with moderate crosstalk 

requirements and in monolithic or hybrid integration for more complex devices like 

multi-wavelength receivers and transmitters, add-drop multiplexers, channel monitors, 

and optical cross connections, etc. 

Fig. 1.1 shows a schematic representation of the AWG demultiplexer. The device 

consists of two star couplers, connected by a phase-dispersive waveguide array. The 

operational principle is as follows. Light propagating in the input waveguide will be 
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coupled into the array through the first star coupler, which is also known as a free 

propagation region (FPR). The arrayed waveguides have different lengths. Specifically, 

the path length difference between adjacent waveguides is a constant. As a consequence, 

the field distribution at the input aperture will be reproduced at the output aperture. At the 

central wavelength, the light will focus in the center of the image plane (provided that the 

input waveguide is centered in the input plane). Different wavelengths of the light 

experience different phase changes within the arrayed waveguides and thus will be 

focused at different outputs. 

 
                          Fig. 1.1 Schematic configuration for an AWG demultiplexer 

 
Fig. 1.2 Structures for optical waveguides used in AWGs: (a) buried waveguide; (b) rib waveguide; and (c) 

deep-ridge   waveguide 

 
Fig. 1.3 (a) AWG layout based on Si nanowire waveguides; (b) light propagation in the microbends; (c) the 

calculated spectral response [26]. 
 

    Several substrates and materials have been used for the construction of an AWG, with 

different waveguide structures, as shown for instance in Fig. 1.2. There are many 
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fabrication technologies for AWGs of different materials, such as silica [16, 17], InP 

[18], polymer [19], and silicon-on-insulator (SOI) [20]. Among them, SiO2-buried 

rectangular waveguides are the most popular, which can give a low insertion loss to a 

standard single-mode fiber (SMF). For a SiO2-based waveguide, however, the bending 

radius has to be very large (e.g., of the order of several millimeters) due to the low 

refractive index contrast Δ. This limits the integration density of SiO2-based photonic 

integrated devices. Recently, silicon-on-insulator (SOI) waveguides (see e.g. [21] and 

[22]) have become very popular for planar optical devices due to their compatibility with 

the complimentary metal-oxide semiconductor (CMOS) technology, which has been well 

developed for the IC industrial. The investigations in the past several years were focused 

on SOI rib waveguides with a large cross section [in order to obtain a singlemode 

operation as well as a high coupling efficiency to an SMF]. Since there is an ultra-high 

index contrast Δ between the Si core (~3.455) and the cladding of air (1.0) or SiO2 

(1.445), it is possible to have an ultra-sharp bending and consequently realize some 

ultrasmall photonic integrated devices. Some results on Si nanowire (instead of rib) 

waveguide have been reported (see e.g. [23, 24]). For a Si nanowire waveguide, the 

scattering loss (per unit of length) due to the roughness of the sidewall is much larger 

than that for a conventional micrometric waveguide [25]. On the other hand, the 

reduction of the total size of planar-lightwave-circuit (PLC) devices based on Si nanowire 

waveguides compensates the large scattering loss in terms of the total loss per device. 

The total loss in a PLC device based on Si nanowire waveguides can be low enough for 

practical uses. Thus, it is attractive to develop ultrasmall PLC devices based on Si 

nanowire waveguides. 

    As a design example, a novel layout is shown in Fig. 1.3(a) based on Si nanowire 

waveguides, where the two FPRs are overlapped and a series of microbends are inserted 

at the middle of the arrayed waveguides [26]. With such a novel design the device size is 

minimized to only about 0.165mm2. Figure 1.3(b) shows the light propagation in the 

microbends of some arrayed waveguides. From this figure, one sees that the coupling 

between arrayed waveguides is negligible even when the adjacent arrayed waveguides 

are placed very closely. This is due to the decoupling separation of SOI nanowires is at 

the order of 2μm. Fig. 1.3(c) shows the calculated spectral response (which does not 
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include the coupling loss between the input/output waveguides and the fibers). In Fig. 

1.3(c), one sees that the calculated crosstalk is smaller than –30dB. The excess loss due to 

the inserted microbends in the arrayed waveguides is very small when the bending radius 

is large enough. 

 
   Fig. 1.4 Schematic diagram of an EDG demultiplexer 

 
         Fig. 1.5 Schematic diagram of an EDG demultiplexer based on a Rowland circle mounting. 

 
    Compared with an AWG, an EDG demultiplexer (see Fig. 1.4) is more compact and 

potentially has a higher spectral finesse since it can accommodate a larger number of 

grating facets. These characteristics make an EDG more suitable for communication 

systems of high channel density. However, the application of an EDG demultiplexer is 

often limited by its large insertion loss associated with imperfectly fabricated grating 

facets. In order to have a good performance, vertical and smooth grating facets with deep 

etching depths are required. Recently, significant improvements have been made on 

chemically-assisted ion beam etching (CAIBE), which allow one to fabricate smooth 

grating sidewalls with vertical angles less than 1º. In this way, one can significantly 

reduce the excess loss of the reflecting grating (e.g., ~0.5 dB for our layered structure 

according to the modeling). The improvement in the reliability and reproducibility of the 
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fabrication process, together with the inherent advantage of compactness and the 

potential for a large number of closely spaced channels, makes grating-based 

demultiplexers very attractive for dense WDM applications. 

    An EDG based on a Rowland mounting is illustrated in Fig.  1.5. The field propagating 

from an input waveguide to the FPR is diffracted by each grating facet. It is then 

refocused onto an imaging curve and guided into the corresponding output waveguides 

according to the wavelengths. The grating of an EDG demultiplexer is usually coated 

with a metal (e.g., Au) at the backside in order to enhance the reflection efficiency (see 

Fig. 1.6 (a)). In order to reduce the reflection loss without the additional processing steps 

required for coating the backside of the grating facets with a reflecting metal, a total 

internal reflection (TIR) V-shaped facet was used at each grating tooth (see Fig. 1.6(b)). 

A scanning electron microscope (SEM) photograph [27] of the etched grating is shown in 

Fig.  1.7. In this design light hits each grating facet at about 45 ° incidences producing 

total internal reflection. This design was used on some of the chips, while some others on 

the same wafer had flat facets so that direct comparisons could be made. 

 
Fig. 1.6 Schematic diagram of a conventional echelle grating (a) and a TIR grating (b) 

    EDG demultiplexers have been demonstrated in SiO2/Si [28], InGaAs/AlGaAs/GaAs 

[29], and InGaAsP/InP [30]. Recently, a very compact EDG device (see Fig. 1.8) based 

on nanophotonic silicon-on-insulator (SOI) platform has been fabricated with good 

performances [31]. The demultiplexer is fabricated on a nanophotonic SOI platform [32] 

using standard wafer scale CMOS processes including deep-UV lithography. The device 

has four wavelength channels with a channel spacing of 20 nm and a record-small 

(b) 

(a)

Metal 
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footprint of 280 × 150 μm2. The on-chip loss is 7.5 dB, and the crosstalk is better than -

30 dB. 

 
Fig. 1.7 SEM photograph of a section of the etched grating showing the total-internal-reflection V-shaped 

facets. The incident light propagates horizontally from the left side [27]. 

 
Fig. 1.8 SEM picture of 1 × 4 EDG demultiplexer using a nanophotonic SOI platform [31]. 
 

                
    Etched gratings are the most important section for a typical EDG demultiplexer. The 

mth order grating equation can be written as (see Fig. 1.5), 

                       0
,0sin sin   in diff

r

m
n
λα α
Λ

+ =                                                    (1.1) 

where αin and αdiff,0 (see fig. 1.5) are the incident and diffraction angles (with respect to 

the normal direction of the grating curve) at the central point of the waveguide for the 

central wavelength, respectively, nr is the refractive index in FPR, Λ  is the period of the 
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grating, λ0 is the central wavelength, and m is the diffraction order. Taking the derivative 

of the above grating equation, one can obtain the following linear dispersion equation 

    0
0

2 Rc

r

r mx
n

λΔ
Δ

Λ
                                                      (1.2) 

From Eqs. (1.1) and (1.2), one can express the radius of the Rowland circle as 

0 0

0 ,02 (sin sin )Rc
in diff

xr λ
λ α α

Δ
Δ +

                                   (1.3) 

Since the input and output centers are usually placed as close as possible to each other (in 

order to satisfy the Littrow condition, i.e. to achieve a maximal diffraction efficiency), a 

grating angle can be defined as 

                         ,0 ,0( ) / 2g in diff in diffα α α α α≡ + ≈ ≈                                    (1.4) 

    From the above two equations one sees that the grating angle αg (or the incident angle 

αin) and the diffraction order m are the two main parameters to be determined in a design 

procedure for EDGs. The radius of the Rowland circle Rcr  can be determined by Eq. 

(1.3). Since a compact device (i.e. a small grating radius) is always desirable, it is usually 

advantageous to choose a large grating angle [cf. Eq. (1.3)] to an extent that it does not 

result in a too small facet size for practical fabrication. 

    The design of an EDG demultiplexer requires an effective modeling and simulation 

technique. Due to its simplicity in obtaining e.g. the passband width, a scalar diffraction 

method based on the Huygens principle of secondary wavelets has become a popular 

technique for the simulation of an EDG demultiplexer [33, 34]. Using Kirchhoff-

Huygens’ diffraction formula, the incident field at a point g ( , )P x z′ ′  on a grating facet is 

calculated by the following integral over the cross-sectional line where the end of the 

input waveguide is positioned (hereafter referred as the input plane, see Fig. 1.5), 

                 ( ) ( )
1
2

in g

input in g

,1( , ) 1 cos
2

jk P Peff in
g d

n E x z
E x z e dl

P P
θ

λ
−⎛ ⎞

′ ′ = +⎜ ⎟
⎝ ⎠

∫             (1.5) 

where neff  is the effective refractive index of the FPR, λ  is the wavelength in vacuum, 

Ein denotes the incident field at the input plane,  k is the wave number in the FPR, 
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P Pin g is the distance between point ( , )P x zg ′ ′  and a point ( , )P x zin  on the input plane, 

and dθ  is the diffraction angle with respect to the normal of the input plane (see Fig. 1.5). 

Similarly, the following formula can be obtained for the output field at a point 

( , )P x zout ′′ ′′  on the image plane, 

( ) ( )
1

,1 2( , ) cos cos
2 grating

g outeff g
out i d

g out

jk P Pn E x z
E x z r e dl

P P
θ θ

λ
−′ ′⎛ ⎞

′′ ′′ ′ ′ ′= +∫⎜ ⎟
⎝ ⎠

     (1.6) 

where r is the reflection coefficient of the grating, iθ ′  and 'dθ are the incident and 

diffraction angles with respect to the normal of the grating facet, respectively (see 

Fig.1.5). The integral is carried out along the grating curve. Note that the grating facet is 

usually chosen as the reflective surface of the incident and diffractive rays. 

    When the output waveguide is of single-mode, the spectral response for a certain 

output channel can be approximated with the following overlap integral [35, 36], 
2

*
0

* *
0 0

( , ) ( , )
( )

( , ) ( , ) ( , ) ( , )
out

in in

E x z E x z dl
I

E x z E x z dl E x z E x z dl
λ

′′ ′′ ′′ ′′ ′′
=

′′ ′′ ′′ ′′ ′′
∫

∫ ∫
               (1.7) 

where 0E  is the mode profile of the output waveguide, and the superscript * denotes a 

complex conjugate. 

    The reflection coefficient r in Eq. (1.6) can be calculated with the following Fresnel’s 

refraction formulas, 

2 2

2 2

cos cos
cos cos

eff i
s

eff

n n
r

n n
θ θ
θ θ
′−

=
′ +

 and 2 2

2 2

cos cos
cos cos

i eff
p

i eff

n n
r

n n
θ θ
θ θ
′−

=
′+

                       (1.8) 

where 2n  is the complex refractive index of the metallic coating, and 2θ  satisfies the 

following phase matching condition, 

sin sin2 2n neff iθ θ′ =                                            (1.9) 

When the backside of the etched grating is coated with a metal (e.g. gold), the reflection 

coefficients given by Eq. (1.9) for both TE and TM polarizations are very close to 1. 
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Thus rs  and rp  are usually considered as a constant r  (typically chosen as 1) for all the 

grating facets and for all wavelengths in the scalar diffraction method. 

    From the above analysis, one can see that the accuracy of the scalar diffraction method 

is limited in the analysis of the diffraction efficiency, especially when the grating facets 

are relatively small (i.e. when a low diffraction order or a large incidence angle is used). 

Moreover, the essential polarization dependent characteristics of the diffraction grating 

cannot be treated with the scalar method. Therefore, one needs a more accurate 

simulation tool which can take the polarization effects into consideration. In principle, the 

finite difference time domain (FDTD) method [37] can be used for an accurate 

simulation. However, it is too time-consuming for simulating an EDG device. On the 

other hand, the rigorous coupled-wave analysis (RCWA) [38] is an effective numerical 

method for simulating the polarization-dependent diffraction property from a planar 

grating. However, RCWA cannot be used to simulate the imaging of a concave grating in 

the large free propagation region. This thesis presents the first rigorous treatment (using 

the full electromagnetic theory of light) of EDGs. 

     The following specifications must be considered in the design of an EDG 

demultiplexer: the insertion loss, the chromatic dispersion, the polarization dependent 

loss (PDL), the polarization dependent wavelength dispersion (PDλ), the crosstalk, the 

loss variation Δe (indicating the uniformity of the loss) among all wavelength channels 

and the return loss. Other specifications (such as the passband width) are also essential, 

but will not be analyzed in the present thesis since they can be analyzed easily and quite 

accurately with a scalar (polarization-insensitive) method [39, 40]. 

    The insertion loss of an EDG demultiplexer is determined by many factors, such as the 

coupling loss between the fiber and the chip [41], the bending loss (if the output 

waveguide has a bending section) [42], the field profile mismatch between the image 

field and the eigen mode of the output waveguide. In the present thesis, the calculated 

loss excludes the loss of fiber coupling to/from the chip and the possible bending loss of 

the output waveguide. 

   The insertion loss difference between the two polarizations is one of the main reasons 

for the PDL of an EDG demultiplexer. The PDL effects have been extensively studied 

over the years in the more general context of grating spectrometers that are widely used 
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in modern technologies such as spectroscopy laboratories and astrophysics [43, 44]. 

Although PDL in metallised gratings is relatively well established and characterised for 

some specific gratings, there is no general theory that applies to estimate the amplitude of 

this polarization dependence. Therefore, one of the key contents in this thesis is to 

accurately analyze the effect of PDL on EDG demultiplexers by rigorous 

electricmagnetic methods. 

     Besides PDL, PDλ is another important characteristic specification for WDM devices 

[particularly for devices with large refractive index difference, e.g. InP and Silicon-on-

insulator (SOI)]. PDλ can result in different focal positions for different polarizations, 

which increase the crosstalk between adjacent channels, and ultimately can lead to 

transmission errors. 

    The spectral response describes the amplitude response of the device, while the phase 

response of the device is represented by the chromatic dispersion. Since the group delay 

[45] can be given by 
2 c

2λ Φτ
λ

∂
= −

π ∂
, the chromatic dispersion can be calculated by 

2d 1 2
d 2

D
c

τ Φ Φ2λ λ 2λ λ λ

⎡ ⎤∂ ∂⎢ ⎥= = − +
π ∂⎢ ⎥∂⎣ ⎦

                     (1.10) 

where c is the velocity of the light in vacuum, and Φ  is the phase response determined 

by the overlap integral *( , ') ( , ') '0E x E x dxout λ λ∫ . The dispersions can broaden and distort the 

signal bits (pulses) and ultimately lead to transmission errors. 

    For a perfect image process, each output waveguide should only receive the power 

from a special wavelength. However, when an image field is focused at the starting facet 

of the output waveguide, large sidelobes can be extended to two adjacent waveguides, 

which can induce a large crosstalk for the device. Conventionally, improving the writing 

resolution of photomasks can reduce the crosstalk from sidelobes of two adjacent 

wavelengths [46]. 

    The loss variation Δe is defined as the difference between the maximal loss and the 

minimal loss of an EDG chip among all the wavelength channels for each polarization. It 

is mainly determined by the diffraction efficiencies of the grating at different 

wavelengths. 
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    For an AWG demultiplexer, a low return loss of about 40dB is commercially 

available, since they have no strong interferences caused by light rebounding directly 

backwards from the component of the reflection grating (i.e., the light is ultimately 

transmissive in nature for the device). However, the input waveguide and output 

waveguides in an echelle grating demultiplexer (unlike in an AWG) can be arranged at 

the same side facing the grating (see Fig. 1.5), and this allows a low-cost single-side 

package of the chip. In most designs for the echelle grating the input position is set very 

close to the output positions to reduce the energy loss. Although such a configuration has 

many advantages, the input waveguide tends to receive some diffracted light of certain 

wavelengths, defined as the return loss, which can result in some problems in the WDM 

system [47]. Therefore, it is of necessity to minimize the return loss of an echelle grating 

demultiplexer by appropriate designs. 
1.2 Objectives of the thesis 

    The first objective of the present thesis is to present accurate electromagnetic analysis 

for EDG demultiplexers. The polarization dependent characteristics of an etched 

diffraction grating demultiplexer are analyzed using the boundary element method 

(BEM) for both an echelle grating coated with a metal and a dielectric grating with TIR 

facets. For EDGs with a metal coating, a more effective method of moments (MoM) is 

also presented to calculate the surface current, which produces the diffracted field at the 

image plane, for both polarizations. Futhermore, a fast simulation method for EDGs with 

TIR facets is presented based on the Kirchhoff–Huygens principle and the Goos-Hänchen 

shift. Using these numerical methods, main specifications of the device (e.g., loss, 

polarization dependent loss, crosstalk, chromatic dispersion, return loss) are analyzed in 

detail and an insightful physical explanation for the numerical results is also given. These 

contents are included in Chapter Two. 

    The second objective of the thesis is to present some designs to improve performances 

of EDGs. These designs are as follows: (1) By making the surface of shaded facets with 

an appropriate roughness, the PDL of the demultiplexer can effectively be improved in a 

large bandwith. For EDGs based on the Si nanowire structure, we compensate PDλ at the 

whole operational spectrum by introducing a polarization compensation area in its free 

propagation region. (2) An EDG demultiplexer with high sidelobe suppression is 
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designed by etching two optimized rectangular air trenches in front of each output 

waveguide. (3) A design for EDG demultiplexers is presented to reduce the return loss. 

The input waveguide is placed on the minimal intensity position of the diffraction 

envelope. Then, by further chirping the diffraction order for each facet, a negligible 

return loss for a large spectral width is achieved. (4) A design for EDG demultiplexers is 

presented to obtain both large grating facets and a larger free spectral range (FSR) using 

the optimal chirped diffraction orders for different facets. These designs are shown in 

Chapter Three. 

    The third objective of the present thesis is to analyze the effect of the fabrication 

tolerances on the performance of EDG demultiplexers, which is described in Chapter 

Four. Silicon nanowire waveguides and related devices are studied. The EDG 

demultiplexer with 10 nm spacing is fabricated and characterized. The corresponding 

design and measurement are shown in Chapter five. 
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2. SIMULATIONS AND PERFORMANCE ANALYSIS 
       

2.1 MoM-based Designs and Simulations for EDGs 

The grating of an EDG demultiplexer is usually coated with a metal at the backside 

in order to improve the reflection efficiency. Therefore, the grating in such an EDG 

demultiplexer can be approximated as a metallic grating, which can be analyzed 

effectively with a method of moments (MoM) [1-6]. In the present thesis, the Kirchhoff-

Huygens formula is adopted to calculate the incident field along the grating surface, and a 

MoM is used to calculate the surface current (which produces the diffracted field at the 

image plane) for both polarizations.  

The MoM used for EDG simulations can be divided into the following parts: 

(a). Calculation of the incident field at the grating surface. Since the FPR is 

homogeneous, the Kirchhoff-Huygens diffraction formula can be used to simulate 

accurately the propagation of the incident light field in the FPR. Thus, the incident field 

at a point g ( , )P x z  on a grating facet can be calculated with the following integral over 

the cross-sectional line where the end of the input waveguide is positioned (hereafter 

referred as the input plane), 

( ) ( )
1

', '21 in geff in( , ) 1 cosg d2 input
in g

jk P Pn E x z
E x z e dl

P P
θ

λ

−⎛ ⎞
= +⎜ ⎟ ∫⎜ ⎟

⎝ ⎠

                    (2.1) 

where effn  and  k are the effective refractive index and wave number in the FPR, 

respectively, λ  is the wavelength in vacuum, inE [representing the electric (or magnetic) 

field component perpendicular to the chip for the TM (or TE) mode] denotes the 

fundamental mode field of the input waveguide at the input plane, in gP P is the distance 

between point g ( , )P x z  and a point in ( ', ')P x z  on the input plane, and dθ  is the diffraction 

angle with respect to the normal of the input plane (see Fig. 1.1).  Note that TE and TM 

polarizations are considered separately throughout the analysis. 

    (b). Calculation of the surface current on the metallic grating surface with an MoM.  

For the TE (or TM) case, the electric (or magnetic) surface current is defined by 
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zeJ n H J e
→ → → →

≡ × =  (or zmJ n E J e
→ → → →

≡ × = ), where ze
→

denotes the unit vector along the z-

direction and n
→

is the unit vector (pointing outward) normal to the grating curve. The 

metal coated at the backside of the etched grating is considered as a perfect conductor 

and consequently the total tangential electric field must be zero on the metallic grating 

surface. Thus, one has the following magnetic field integral equation (MFIE) for the 

electric surface current for the TE case,  

( ) ( )2/ 2 /4  cos - ' ' d  1 gJ r jk H k r r J r s' H r
Gratings

→ ⎛ → → ⎞ → →⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ Φ =∫⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

     (2.2) 

where r
→

, 'r
→

 are position vectors of two arbitrary points located on the grating curve 

(see Fig. 2.1), H rg
→⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 is the incident magnetic field at point r
→

,  

cos ' / 'r r n r rΦ
→ → → → →⎛ ⎞= − −⎜ ⎟
⎝ ⎠

i , and  (2)
1H  is the first order Hankel function of the second kind. 

 
Fig. 2.1. Discretization of the grating surface in the method of moment. 

An MoM is applied to Eq. (2.2) by dividing the grating curve into N small straight-

line segments. The length of the ith segment is Si and its center is at point ( ),i ix z  (see 

Fig. 2.1). The electric surface current J r
→⎛ ⎞
⎜ ⎟
⎝ ⎠

 is represented in terms of pulse basis 

functions. By applying point matching at the center of each segment, one obtains a simple 

N N×  matrix equation, 

WJ H=                                                      (2.3) 

where  
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( )cos r - r    m n4 = 1
1/ 2                                            

N 2jk Φ H k S m nmn 1 nW nmn
m = n

⎧ ⎛ → → ⎞
⎪ ⎜ ⎟ ≠∑⎪ ⎜ ⎟= ⎨ ⎝ ⎠⎪
⎪⎩

, 

,  n n n g nJ J r H H r
→ →⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
. 

     Similarly, for the case of TM polarization, the electric field integral equation (EFIE) 

gives Eq. (3) with, 

( ) ( )

( )

(2)/ 4 -                                  i 01
2 2

2 1 2 20 n 0 nn n/ 4 1 ln 1 lnn 1/ 34 3 4 3 4 4

N
k S H k r r m n 2.4m ni

Wmn kS kSkS kS
S k j j j m = n

e e

η

γ γ
η

π π

⎧ ⎛ → → ⎞
⎪ ⎜ ⎟ ≠∑

⎜ ⎟⎪ = ⎝ ⎠⎪= ⎨ ⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎪ ⎛ ⎞⎢ ⎥− − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎪ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎪ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦⎩

              

where 1.7810γ = , η is the free-space wave impedance (η=376.73031Ω), and ( )2 0H  is the 

zero-th order Hankel function of the second kind. 

(c). Diffraction from the grating to the image plane (along the Rowland circle) 

according to the wavelength. Once Eq. (2.3) is solved for J, the diffraction field 

(produced by the surface current) at any point in the FPR can be calculated with the 

following explicit formula, 

( )

( )

exp 3 / 4dd
d 8 d

cos exp sin cosn n n diff,0 n diff,01

k j kr
H r

kr

N
S J jk x znn

⎧ ⎫⎡ ⎤− + π→⎛ ⎞ ⎢ ⎥⎪ ⎪⎣ ⎦⎜ ⎟ = ⎨ ⎬⎜ ⎟ π⎪ ⎪⎝ ⎠ ⎩ ⎭

⎡ ⎤Φ α + α∑ ⎢ ⎥⎣ ⎦=

                              (2.5) 

for the TE case, or 

( ) ( ) ( )
exp / 40 d exp sin cos 2.6d n n diff,0 n diff,08 1d

k j kr NdE r S J jk x znkr n

εμ⎧ ⎫⎡ ⎤− − π→⎛ ⎞ ⎢ ⎥⎪ ⎪ ⎡ ⎤⎣ ⎦⎜ ⎟ = α + α∑⎨ ⎬ ⎢ ⎥⎜ ⎟ ⎣ ⎦π⎪ ⎪ =⎝ ⎠ ⎩ ⎭

 

for the TM case. Here dr  is the distance from the origin to the output waveguide and 

diff,0α  is the diffraction angle. 

For both polarizations, the field distribution ( )image ', 'E x z  at the image plane can be 
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obtained by scanning over the surface of the output waveguide using Eqs. (2.5) and (2.6) 

Then the spectral response at a single-mode output waveguide and the chromatic 

dispersion can be obtained from Eqs. (1.7) and (1.10).  

    Since an EDG demultiplexer is a linearly dispersive element, the imaging field shifts 

linearly when the frequency f changes, i.e., 'x D faΔ = Δ , where d=
d ' = '

x'Da f x x0

is the spatial 

dispersion of the grating. Therefore, Eq. (1.7) can be written in the following convolution 

form 

     
2*( ' ( ' )) ( ') 'image 0 outwg

( )0 2 2
( ' ( ' )) ' ( )out inwg0

E x x D f E x dxa
I f f

E x x D f dx E x dxa

− + Δ∫
+ Δ =

− + Δ∫ ∫
∼ ∼

                             (2.7) 

where f0 and x0 are the central frequency and the corresponding focusing position, 

respectively. Applying finite differences to Eq. (1.10), the chromatic dispersion D can be 

calculated numerically as, 

( ) ( )
2

2 2

2
iD

c

2 2
ι+1 ι ι−1λ λ λ Φ λ λ λ Φ λ Φ

λ
λ

Δ + − Δ + +
=

Δ⎛ ⎞− π ⎜ ⎟
⎝ ⎠

                              (2.8) 

     The MoM can be used to simulate accurately the imaging and polarization-dependent 

property of an EDG demultiplexer. Compared with the conventional scalar diffraction 

method, the present method greatly reduces the design errors especially in the 

polarization-dependent insertion loss and chromatic dispersion of an EDG demultiplexer.  

      To verify our MoM code we have computed the backscattering coefficients of a 

rough (Gaussian type) metallic surface for both the TE and TM cases, and the results are 

consistent to those given in [7]. 

        A numerical example of a typical SiO2 EDG demultiplexer based on a Rowland 

mounting is used to illustrate the present method. We choose the following parameters 

for the EDG demultiplexer: nc=1.445 and nr=1.454 for the effective refractive indices of 

the cladding and the core, respectively, the central wavelength λ0=1.55μm, the channel 

spacing Δλc=0.8nm (i.e., Δfc=100GHzin the frequency domain), the width d=6μm for the 

input and output single-mode waveguides, and = 0.2μm/GHzDa (i.e., the separation 



CHAPTER 2: SIMULATIONS AND PERFORMANCE ANALYSIS 

   21  

between two adjacent output waveguides is Δxc=20μm). 

To check the convergence of the present simulation method, we calculate the 

spectral response with different values of Ngroove (the total number of the discretization 

points in each groove). Fig. 2.2 shows the loss of the designed EDG chip for both 

polarizations (with αg =30º and m=12) as Ngroove increases.  

 
Fig. 2.2 The convergence of the calculated loss for the designed EDG demultiplexer as Ngroove (the 

total number of the discretization points for each grating groove) increases 

 

Fig. 2.3 The loss of the designed EDG chip for TM polarization (with αg =30º and m=12) as the 

discretization step size for the illuminated (or shaded) facet decreases when the discretization step size 

of the shaded (or illuminated) facet is kept to one third of the center wavelength 
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                   Fig. 2.4 The loss of the EDG chip as the grating angle αg increases 

From this figure one sees that the loss of the EDG chip becomes constant (i.e., 

convergent) when Ngroove>15 for both polarizations (this corresponds to a discretization 

step size Δl of less than one third of the wavelength). A thorough simulation using the 

present method with Ngroove=15 can be completed within an hour on a PC of Pentium IV 

(2.4GHz). We also analyzed the convergence of the numerical method for different 

gratings at diffraction orders. Our numerical results indicate that the minimum 

requirement is similar (i.e., the maximal discretization step size Δl is about one third of 

the wavelength) for different structural parameters (e.g., the grating angle and the 

diffraction order) for both polarizations. Each grating groove consists of two 

perpendicular facets with completely different functions in Littrow configuration. In all 

our previous numerical simulations, the same discretization step size was used for these 

two perpendicular facets. In fact, the computational efficiency can be improved by using 

different discretization step sizes for these two perpendicular facets. Fig. 11 shows the 

loss of the designed EDG chip for TM polarization (with αg =30º and m=12) as the 

discretization step size for the illuminated (or shaded) facet decreases when the 

discretization step size of the other facet is kept to one third of the center wavelength. 

From this figure one sees that the discretization density is much more critical for the 

illuminated facet than the shaded facet. In other words, the discretization density for the 

shaded facets can be relaxed; particularly when the grating angle is large (then the shaded 
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facets become larger). 

Some main specifications calculated with the MoM are as follows: 

(a) Insertion loss:     

Fig. 2.4 shows the loss of the EDG chip for various diffraction orders (for the 

designed central wavelength) as the grating angle αg increases for both the TM and TE 

polarizations. One sees that when αg increases (up to about 65 degrees, a too large αg will 

give too small illuminated facets and thus become impractical for fabrication) the loss of 

the EDG chip increases so rapidly that the loss quickly becomes too large for any 

practical use.  

(b) Chromatic dispersion: 

 
Fig. 2.5 The chromatic dispersion as the grating angle αg increases 

Fig. 2.5 shows the maximal chromatic dispersion within the ITU window [-

12.5GHz, 12.5GHz] (around the designed central wavelength) of the EDG demultiplexer 

as αg increases. The dispersions can broaden and distort the signal bits (pulses) and 

ultimately lead to transmission errors. From this figure one can see that the TM 

polarization has a larger dispersion than the TE polarization within the passband. The 

polarization dependent chromatic dispersion is mainly due to the difference in the type 

and magnitude of the current distribution on the surface of the metallic grating. The 

surface currents are of electric and magnetic types for the TE and TM cases, respectively.  

For a practical EDG demultiplexer, the maximal loss of the EDG chip should be less 
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than 2dB, the maximal chromatic dispersion should be less than 20ps/nm. From Figs. 2.4 

and 2.5 one sees that the grating angle αg must be less than 40º in order to make the 

maximal loss of the EDG chip less than 2dB and the maximal chromatic dispersion in the 

ITU window less than 20ps/nm for both polarizations. 

(c) PDL: 

      Fig. 2.6 shows the PDL for various diffraction orders as the grating angle αg 

increases. This figure indicates that the PDL is small when the grating angle αg is less 

than e.g. 40º. For a small grating angle (e.g. αg =30º), an illustrated facet is larger than the 

neighboring shaded facet and the influence from the shaded facets can be ignored. 

Consequently, the PDL is small since the diffraction characteristics can be estimated 

roughly with the scalar method for a small grating angle. When the grating angle 

increases, the influence of the shaded facets becomes more important as the shaded facet 

becomes larger. 

 
Fig. 2.6 The PDL of the EDG chip as the grating angle αg increases 
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 Fig. 2.7 The distributions of the surface currents on the central illuminated facet for both polarizations at 

two different  grating angles 

Figs. 2.7(a) and 6(b) show the distributions of the surface currents (the electric 

current is scaled with the vacuum impedance) on the central illuminated facet when the 

grating angle is 30º and 75º, respectively. Fig. 2.7 also indicates that for a large grating 

angle the influence of the shaded facets to the surface current is more significant in the 

TM case (the surface current has an oscillating behavior in the TM case). These result in 

a larger PDL peak around 70 degree for a higher diffraction order in this numerical 

example. 

      (d) Channel uniformity: 

Fig. 2.8 shows the loss variation Δe over ±26nm transmission band as the diffraction 

order m increases for various values of αg. From this figure, one can find the highest 

diffraction order that can be used for a required loss variation at each grating angle. For 

example, to make the loss variation Δe less than 1dB, the highest diffraction order is 13 

when the grating angle is less than 35º. 
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Fig. 2.8 The loss variation over ±26nm transmission band as the diffraction order m increases 

 
Fig. 2.9 Spectral responses at the –32nd, 0th and 32nd channels of the designed EDG demultiplexer with  
                                                                       αg =30º and  m=12 

To satisfy all the required specifications for the 65-channel demultiplexer and 

achieve the minimal PDL, the optimal values for the two main design parameters are αg 

=30º and m=12. The spectral responses and the chromatic dispersion characteristics at the 

central channel and the ±32nd channels of the designed EDG demultiplexer are shown in 

Figs. 2.9 and 2.10, respectively.  Performances of the designed EDG demultiplexer are 

listed in Table 2.1, from which one sees that the designed EDG demultiplexer satisfies 

the performance requirements very well. 
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Fig. 2.10 Chromatic dispersion characteristics at the –32nd, 0th and 32nd channels of the designed EDG 

demultiplexers with αg =30º and m=12. 
Performances TE TM 
Loss at 0th Channel (dB) -0.6132 -0.9481 
Loss at –32nd Channel 
(dB) 

-0.8297 -1.2548 

Loss at 32nd Channel (dB) -1.3210 -1.4875 
Chromatic dispersion at 
0th Channel (ps/nm) 

3.5696 5.4322 

Chromatic dispersion at –
32nd Channel (ps/nm) 

3.2432 5.1263 

Chromatic dispersion at 
32nd Channel (ps/nm) 

3.8764 5.6344 

Loss variation Δe (dB) 0.8821 0.5795 
Maximal PDL 0.4876dB 

 

Table 2.1 Performances of the designed EDG demultiplexer with αg =30º and m=12. 

In summary, the present MoM simulation method can be used to characterize effectively 

the performances (such as the chromatic dispersion, loss variation for both polarizations 

and the PDL) of an EDG demultiplexer. It can be used to simulate accurately the 

polarization characteristics, which cannot be treated with any scalar (polarization-

insensitive) method. The present method reduces greatly the design errors, and thus is 

more reliable as compared to a conventional scalar diffraction method. In general, the 

discrepancy in the performances obtained with the present method and the conventional 

scalar diffraction method is quite large especially when the grating angle αg is large or the 

diffraction order m is small (i.e. the facet size is small). The present method has been 

illustrated with a numerical example of a SiO2 EDG demultiplexer based on a Rowland 

mounting. The convergence of the present method has been studied and a discretization 
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step size of less than one third of the wavelength is necessary for a reliable simulation. 

 

2.2 BEM-based designs and simulations for EDGs 

Although an EDG coated with a metal at the backside has been accurately analyzed 

using MoM. However, MoM cannot be used to simulate a dielectric TIR grating. To 

overcome this limitation, we consider the polarization-dependent analysis of a finite 

aperiodic etched concave grating by using a boundary integral method (BIM) [8]. The 

BIM represents the integral form of the wave equation for each polarization case in terms 

of the corresponding field distributions on the boundary of the etched grating. Re-

radiation field from the surface distributions in turn generates a diffracted field that can 

be determined anywhere in space. Boundary conditions at a dielectric interface are 

employed to simplify the resulting equations so that the field distribution can be 

determined at the dielectric interface using the computer adapted boundary element 

method (BEM) [9-14]. Using the present method, many important performances (such as 

the PDL, the insertion loss and the chromatic dispersion) for both types of etched gratings 

(echelle gratings and TIR gratings) can be accurately analyzed. 

     The BEM simulation method can be divided into the following parts: 

      (a). Calculation of the incident field at the grating surface. Since the FPR is 

homogeneous, the Kirchhoff-Huygens diffraction formula can be used to simulate 

accurately the propagation of the incident light field in the FPR. Thus, the incident field 

at a point g ( , )P x z  on a grating facet can be calculated with the following integral over 

the cross-sectional line where the end of the input waveguide is positioned (hereafter 

referred as the input plane), 

                  ( ) ( )
1

', '21 in geff in( , ) 1 cosg d2 input
in g

jk P Pn E x z
E x z e dl

P P
θ

λ

−⎛ ⎞
= +⎜ ⎟ ∫⎜ ⎟

⎝ ⎠

                                (2.9) 

where effn  and  k are the effective refractive index and wave number in the FPR, 

respectively, λ  is the wavelength in vacuum, inE [representing the electric (or magnetic) 

field component perpendicular to the chip for the TM (or TE) mode] denotes the 

fundamental mode field of the input waveguide at the input plane, in gP P is the distance 
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between point g ( , )P x z  and a point in ( ', ')P x z  on the input plane, and dθ  is the diffraction 

angle with respect to the normal of the input plane (see Fig. 1.1).  Note that TE and TM 

polarizations are considered separately since different boundary conditions are imposed 

for different polarizations. 

     (b). Calculation of the re-radiation field (which, in turn, generates a diffracted field) 

from the surface distribution of the etched grating with a BEM.  For the TE (or TM) case, 

Green’s second identity can be used to solve the dielectric boundary problem for the 

corresponding Helmholtz equation. As shown in Fig. 2.11, the solution space is divided 

into two homogeneous regions: region 1, which is the FPR, and region 2, which contains 

the etched diffraction grating. Thus, one has the following boundary integral equation 

(which describes the coupling between the scattered field on the grating surface and those 

in the FPR) for the TE case, 

 
Fig. 2.11. The division of the calculation region in the boundary element method 

( )
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                 (2.10) 

and 
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H ryjH r k n r H r H k r r H k r r dl Regioncy y n

⎡ → ⎤⎛ ⎞
⎢ ⎥⎜ ⎟∂
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⎢ ⎥⎣ ⎦

i

                 (2.11) 

where  H rg
→⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 is the incident magnetic field at point r
→

, 1 2 /effk nπ λ=  and 

2 2 /gk nπ λ= , ng is the refractive index in the etched grating region, r
→

, 'r
→

 are position 

vectors of two arbitrary points located on the boundary C, (2)
1H and (2)

0H  is the first order  
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and the zero order Hankel function of the second kind, respectively, H=Hg+Hs, Hs is the 

re-radiation magnetic field and ' / 'r r r r r
→ → → → →⎛ ⎞

⎜ ⎟= − −
⎜ ⎟
⎝ ⎠

. 

     Since the Hankel functions are singular at boundary points where r
→

= 'r
→

, the 

singularities are treated by considering a small circular contour as shown in Fig. 2.11. 

When the small argument approximations for the relevant Hankel functions are used, Eqs 

(2.10) and (2.11) can be expressed as, 

1 2

'1(2) (2)    ' ' ' ' ( 1)1 1 1 1 0 14

H r H ry g

H ryj k n r H r H k r r H k r r dl RegionCauchy y n

θ
π

→ →⎛ ⎞ ⎛ ⎞⎛ ⎞⎜ ⎟ ⎜ ⎟= +⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠
⎡ → ⎤⎛ ⎞
⎢ ⎥⎜ ⎟∂

⎜ ⎟→ → → ⎛ → → ⎞ ⎛ → → ⎞⎛ ⎞ ⎛ ⎞⎢ ⎥⎝ ⎠⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⋅ ⋅ − + −⎢ ⎥∫ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ∂⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠
⎢ ⎥
⎢ ⎥⎣ ⎦

i

                              (2.12) 

and 

12 2
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                        (2.13) 

where θ is the angle exterior to region 1. 

     The boundary condition (Hy1=Hy2=Hy and 1 2
2 2

1 1y y y

eff g

H H H
n n n n n

∂ ∂ ∂
= =

∂ ∂ ∂

∼

) for Eqs. 

(2.12) and (2.13) can be used, and the integral equations can be expressed as, 

( ) ( )
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               (2.14) 

and 
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           (2.15) 

A BEM is applied to Esq. (2.14) and (2.15) by dividing the integral boundary into N 
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small straight-line segments and the length of the nth segment is Sn. Then, the point co-

location method can be used at the same time, which couples every point on the etched 

grating surface with all the other points on the surface through the Hankel functions and 

their normal derivatives. 

( )

( ) ( )

( )
( )

' 1/ 2 11 1

' / ' 1/ 2  11 1

1/ 2 1

1/ 2 1

N N
H r H H Hy yn yn ynn n

N N
H r n R r R R Ry y yn yn ynn n

x x xn n n

y y yn n n

⎧ ⎛ ⎞= = +∑ ∑⎪ ⎜ ⎟+⎝ ⎠⎪ = =
⎪
⎪ ⎛ ⎞∂ ∂ = = = +∑ ∑ ⎜ ⎟⎪ +⎝ ⎠= =⎨
⎪ ∧
⎪ = + +⎪
⎪ ∧
⎪ = + +⎩

∼                                               (2.16) 

where xn, xn+1, zn and zn+1 represent adjacent sample points on the etched grating 

boundary, and nx
∧

and ny
∧

is the coordinate values at the sample point. By applying the 

BEM, Eqs. (2.14) and (2.15) can be put in the following form through a 2 2N N×  matrix, 
2

, ,
2

, ,

1 1
2 2 0

smn m eff n m gm

smn m g n m

HZ n Y H
RZ n Y
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                                                   (2.17) 

where 
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Similarly, for the case of TM polarization, a 2 2N N×  matrix can be obtained, 

1 1, ,
2 2 0, ,

Z Y E En m n m sm gm
Z Y Qn m n m sm

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ = ⎢ ⎥
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                                                        (2.18) 

where /sm smQ E n= ∂ ∂ . 
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(c) Diffraction from the grating to the image plane (along the Rowland circle) 

according to the wavelength. Once Eqs. (2.17) and (2.18) are solved for Hs and Es, the 

diffracted field (produced by the re-radiation field) at point Pout(x″, z″) on the image 

plane can be calculated with the explicit formulas given by Eqs. (2.5) and (2.6) (one only 

needs to replace the surface currents with the present re-radiation fields for both 

polarizations). In addition, the spectral response and the chromatic dispersion can be 

calculated with formulas given by Eqs. (2.7) and (2.8). 

In this section, we present numerical results for both an echelle grating coated with 

gold (with nmetal=0.559-j9.81 near the central wavelength) and a dielectric total internal 

reflection (TIR) grating. To verify our BEM code we have computed the scattering from 

two dielectric spheres for both the TE and TM cases, and the results are consistent to 

those given in [15]. 

 

Fig. 2.12 The convergence of the calculated loss for the designed EDG demultiplexer as the sampling         

length σ decreases 

    To check the convergence of the present simulation method, we calculate the spectral 

response with different values of sampling length σ.  Fig. 2.12 shows the loss of the EDG 

demultiplexer with an InP-based TIR grating for both polarizations as a function of λ/σ. 

From this figure one sees that the loss of the EDG becomes constant (i.e., convergent) 

when σ <λ/8 for both polarizations. A thorough simulation using the present method with 

σ=λ/8 can be completed within two hours on a PC of Pentium IV (2.4GHz). We have also 

analyzed the convergence of the numerical method for different types and structure 

parameters of gratings. Our numerical results indicate that the minimum requirement is 

similar (i.e., the maximal sampling length σ is about λ/8) for different grating types (e.g., 

echelle gratings and TIR gratings) and different structure parameters (e.g. incidence 

angles and diffraction orders). For an EDG demultiplexer, one can also see that the 

maximal sampling length for a BEM simulation is lower than that for an MoM simulation 
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(the latter only requires a maximal sampling length of less than one third of the 

wavelength). 

    In addition, we compare the results using the BEM for the diffraction analysis from an 

echelle grating coated with gold at the backside with the results obtained by using the 

MoMs. In the MoMs, the grating is approximated as a grating with perfectly conducting 

surface (i.e. the tangential electric field is identically zero on the surface). However, for 

the BEM, this approximation is unnecessary since a complex refractive index can be used 

in region 2 when an imperfect conductor (e.g. gold) is coated at the backside of the 

echelle grating. 

     A numerical example of a typical SiO2 (neff=1.454 for the effective refractive index of 

the core) EDG demultiplexer (based on Rowland mounting) coated with a metal (gold) is 

used for comparison of both methods. We choose the following parameters for the EDG 

demultiplexer: the central wavelength λ0=1.55μm, the channel spacing Δλc=0.8nm (i.e., 

Δfc=100GHz in the frequency domain), Da=0.2μm/GHz (i.e., the separation between two 

adjacent output waveguides is Δxc=20μm) and the diffraction order m is 13. 

 
Fig. 2.13 The loss of the EDG as the incidence angle αin increases. 

 
Fig. 2.14 The PDL of the EDG as the incidence angle αin increases 

Figs. 2.13 and 2.14 show the loss and the PDL of the EDG using the two different 
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methods as the incidence angle αin increases. In the calculation for the re-radiation field 

using the BEM, a sampling length of λ/10 is used. One can see that the results obtained 

from the BEM agree very well with those obtained from the MoM for an echelle grating 

coated with a metal. Only when the incidence angle is large (> 55 degrees), a slight 

difference occurs. This indicates that it is not accurate to approximate the metal coating 

as a perfect conductor when the illuminated grating facets are small. However, since a too 

large incidence angle will produce too small illuminated facets for a given diffraction 

order and thus become impractical for fabrication, it is usually acceptable to consider a 

metal-coated echelle grating as a perfect conductor which can be accurately analyzed 

using the simpler MoM. Fig. 2.14 also shows that the PDL increases almost linearly as 

the incidence angle increases. The PDL at the central wavelength is less than 1dB when 

the incidence angle is less than 45º for the echelle grating coated with a metal. This is 

because the PDL is mainly resulted from different boundary conditions at the shaded 

facets [16]. For a small incidence angle, an illuminated facet is relatively large compared 

to the neighboring shaded facet and the influence from the shaded facets is less 

significant. Consequently, the PDL is small and the diffraction characteristics can be 

estimated roughly using the scalar method. When the incidence angle increases, the 

influence of shaded facets becomes more important and results in a larger PDL. 

     Similarly, some main specifications can be calculated using the BEM as follows: 

     We calculated the loss of a TIR grating as a function of the diffraction order for two 

different refractive indices in the FPR (i.e. neff =1.454 for the SiO2 material and neff=3.2 

for the InP material) at the central wavelength λ0=1.55μm. Fig. 2.15 shows the 

comparison of the results with those using an echelle grating coated with gold. For these 

three grating types, the incidence angles are kept the same at 40° 

One can see that the loss for TM polarization is larger than that of TE polarization for 

all three grating types. Furthermore, the loss and the PDL are much lower using the InP 

material than using the SiO2 material for the case of TIR gratings. The performances of a 

TIR grating based on InP material almost approach those of an echelle grating coated 

with gold at the backside (especially for a higher diffraction order). A TIR grating based 

on SiO2 material will not be analyzed further in this thesis since it is not suitable for the 

demultiplexing application due to its large loss and PDL. 
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Fig. 2.15 The loss of the EDG as a function of the diffraction order m. Circles are for an echelle grating 

coated with gold. Triangles are for a TIR grating based on InP material. Squares are for a TIR grating based 

on SiO2 material. 

 
Fig. 2.16 The loss of the EDG demultiplexer for different wavelength channels (a) for an echelle grating 

coated with gold. (b) for a TIR grating based on InP material 

Throughout the following numerical simulation, the incidence angle and the 

diffraction order are 40° and 13, respectively. Fig. 2.16 shows the loss of the EDG 

demultiplexer for different wavelength channels for an echelle grating coated with gold 

and for a TIR grating based on InP material. One can see that the minimal loss value for 

both grating types is at a shorter wavelength (about 1530nm) for TM polarization and is 

near the central wavelength (about 1540nm) for TE polarization. Furthermore, higher loss 
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can be produced in the long wavelength band than in the short wavelength band. The loss 

of the TIR grating is only a little lower than that of the echelle grating for all the 

wavelengths calculated. For simplicity, the input waveguide position is assumed to be in 

the middle of the output waveguides for both grating types. 

 
Fig. 2.17 The PDL of the EDG demultiplexer for different wavelength channels. Circles are for an echelle 

grating coated with gold. Triangles are for a TIR grating based on InP material 

Fig. 2.17 shows the PDL at different wavelengths for an echelle grating coated with 

gold and for a TIR grating based on InP material. One can see that the PDL of the TIR 

grating is lower than that of the echelle grating in the calculated wavelength range. The 

positions of both the minimal PDL value (about 0dB) and the maximal PDL value are 

similar for both grating types. The minimal PDL value occurs at a shorter wavelength 

(about 1520nm) whereas the maximal value occurs at a longer wavelength (about 

1580nm). Therefore, a larger PDL exists near the central wavelength for a conventional 

EDG demultiplexer. 

Fig. 2.18 shows the diffraction efficiency at various wavelengths and diffraction 

orders for an echelle grating coated with gold and for a TIR grating based on InP material. 

One can see that some of the energy is diffracted to the adjacent and lower diffraction 

orders in both TE and TM polarization cases. Furthermore, for the TM polarization, a 

larger portion of the energy is lost to the 0th diffraction order for both grating types. When 

the diffracted energy to the 0th order for the TM polarization is low (e.g., at 1520nm), the 

corresponding PDL is also low, as shown in Fig. 2.17. For both polarization cases, more 

energy is diffracted to the higher adjacent diffraction orders (e.g., 14th order) for a shorter 

wavelength channel whereas more energy diffracted to the lower adjacent diffraction 

orders (e.g., 12th order) for a longer wavelength channel. The energy diffracted to 
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adjacent diffraction orders is minimal at a wavelength of about 1540nm for the TE 

polarization and about 1530nm for the TM polarization, which is consistent to the 

positions of the smallest loss for both polarizations in Fig. 2.16. These indicate that the 

energy difference between the TE and TM polarizations at the 0th order is correlated to 

the PDL of the demultiplexer and the lower diffraction efficiency at the operating 

diffraction order at the edge channels results from the fact that more energy is diffracted 

to adjacent orders. 

 
Fig. 2.18 The diffraction efficiencies at different diffraction orders for different wavelength channels for an 

echelle grating coated with gold (a) and for a TIR grating based on InP material (b) 

 

    In summary, the BEM can be used to characterize effectively the performances of an 

EDG demultiplexer for both an echelle grating coated with a metal and a TIR grating. It 

can simulate accurately the polarization characteristics, which cannot be treated with any 

scalar method. The numerical calculation has shown that an echelle grating coated with a 

metal at the backside can be approximated as a grating with a perfectly conducting 

surface that can be analyzed using the simpler MoM. A TIR grating based on a high 

refractive index material has a lower PDL and similar other performances as compared to 

an echelle grating coated with a metal at the backside. The numerical results indicate that 

the PDL of the demultiplexer mainly results from the difference between the energy of 

both polarizations at the 0th diffraction order and lower diffraction efficiencies of edge 

channels at the operating diffraction order mainly result from some energy diffracted to 

adjacent orders (e.g. diffracted to a lower order for a longer wavelength and to a higher 

order for a shorter wavelength). 
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2.3 Analytical method for EDGs with TIR facets 

Two groove types are often used for an EDG demultiplexer, namely, a metallic 

echelle type and a total internal reflection (TIR) type (see Fig. 1.2). Though the BEM can 

be used to accurately analyze the polarization dependent performance of EDGs with both 

groove types, it is complicated and time-consuming for simulating an EDG demultiplexer 

due to its large size and aperiodic structure. 

For a TIR type EDG, the TIR occurs twice when the incident light impinges on an 

illuminated facet. Though intuitively no loss can be produced when a TIR occurs, our 

numerical calculations have shown that the loss of a TIR type EDG is larger than that of a 

metallic echelle type in many cases (cf. Figs. 2.15 and 2.16). In particular, a SiO2-based 

EDG with a TIR facet type can produce an unacceptable loss and PDL (see Fig. 2.15). 

However, no physical explanation has been given for the source of the large loss and 

PDL. 

In the present thesis, we give a fast simulation method for a TIR type EDG 

demultiplexer based on the Kirchhoff–Huygens principle and Goos-Hänchen (GH) shift. 

The Kirchhoff–Huygens principle has been effectively used in the conventional scalar 

diffraction method for analyzing the crosstalk and passband performance of a 

demultiplexer. However, the conventional scalar method cannot predict the polarization 

dependent loss of the device. Here we use a modified scalar method which takes into 

account the polarization dependent GH shift. The present method can be used to 

effectively characterize the loss and PDL of the demultiplexer, and shows a good 

agreement with the rigorous BEM. It can also provide an insightful physical explanation 

for the numerical results of e.g. polarization dependent loss. 

The output field distribution Eimage can be approximated by Kirchhoff–Huygens’ 

diffraction formula as, 

( ) ( )
1
21 out( , ) 1 cos

2 grating out

n jk PPE Peff RE x z e dlimage t
PP

θ
λ

⎛ ⎞ −
⎜ ⎟′′ ′′ ′= +∫
⎜ ⎟
⎝ ⎠

    (2.19) 

where 2 /effk nπ λ=  ( effn  is the effective refractive index of the FPR), tθ  is the 

diffraction angle with respect to the normal of the grating facet, outPP is the distance 
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between a point ( , )P x z′ ′  on the grating facet and a point ( '', '')outP x z  on the image 

plane, and ( )RE P  is the reflected field distribution on any point ( , )P x z′ ′ at the grating 

facets. 

To obtain the image field distribution, we first derive ( )RE P  based on its different 

position on grating facets. Since the reflection occurs twice on a TIR facet, the reflected 

field at a point '( , )P x z′ ′ on one of the illuminated facets must result from another point 

( , )P x z′ ′  on the other facet of the same groove (see Fig. 2.19). For each reflection, the 

reflected field can be generated by multiplying the corresponding incident field with 

Fresnel’s reflection coefficient, 

( )
2 2cos 1/ sin

2 2cos 1/ sin

nt eff t
rTM t

nt eff t

θ θ
θ

θ θ

⎛ ⎞− −⎜ ⎟
⎝ ⎠=
⎛ ⎞+ −⎜ ⎟
⎝ ⎠

                                      (2.20) 

for a TM polarization, or 

( )
2 2 21/ cos 1/ sin

2 2 21/ cos 1/ sin

n neff t eff t
rTE t

n neff t eff t

θ θ
θ

θ θ

⎛ ⎞ ⎛ ⎞− −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠=
⎛ ⎞ ⎛ ⎞+ −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                             (2.21) 

for a TE polarization. When the incident angle tθ  is less than the critical 

angle ( )1sin 1/c effnθ −= , the reflection coefficient rTM (or rTE) has a real value, which 

indicates that a part of the power is transmitted (or lost) whereas no phase change occurs. 

However, for a TIR type EDG demultiplexer (especially for a high index material), tθ is 

usually much larger than the critical angle cθ . In this case, the reflection coefficient is a 

complex number. Its magnitude is always one (no transmission loss) and its phase varies 

depending on the polarization and the incident angle. 

      An important phenomenon related to the total internal reflection is the GH shift. 

Physically the GH shift results from the phase change of the electromagnetic field. 

Different incident angles and different polarizations produce different values of GH shift 
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d (see Fig. 2.19), which can be expressed with the following formulas [17], 

2 tan /d qTM tθ=                                                 (2.22) 

2 tan /( )d pqTE tθ=                                              (2.23) 

where 2 2sin sin0q n keff t cθ θ= −  and 2 2sin cosp neff t tθ θ= − . 

 
Fig. 2.19 Main sources of the loss near a TIR facet 

Although there is no transmission loss intuitively when a TIR occurs, there are two 

loss sources for a TIR type EDG (in addition to the loss due to the light incident on a 

shaded facet):  the effect of the GH shift, and the finite size of the facets. 

As an example, we analyze potential loss sources when the incident angle αin (with 

respect to the grating plane) equals 45°. First, for any incident light impinging on the first 

facet of a TIR grating, it can not be reflected by the second facet if the distance between 

its incident point P and the trough point O is less than its corresponding GH shift (i.e., 

OP d≤ ; see Fig. 2.19(a)). Thus, this power can not be received by the output 

waveguide in this situation. Secondly, when the incident angle tθ  is less than 45°, some 

power illuminating on the horizontal facet can not be received by the vertical facet of the 

same groove due to the finite size of the vertical facet (see Fig. 2.19(b)). Similarly, when 

the incident angle tθ  is larger than 45°, some power incident on the vertical facet can not 

be received by the horizontal facet due to the finite size of the horizontal facet (it is re-

reflected by the shaded facet and does not contribute to the desired diffraction order). 

    Since the vertical and horizontal facets are symmetric for a TIR facet, we only consider 

the incident light impinging on the horizontal facet as an example in the following 

analysis. When the incident light impinges at a point P on the horizontal facet, the 
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reflected field will be produced at another point P′ (whose position can be obtained using 

the simple ray tracing method) on the vertical facet with the same incident angle (see Fig. 

2.19(a)). When the point P′ is over the top point O2 of the vertical facet or OP d≤ , no 

reflected field can be produced at point P′ due to the effect of the finite size of the vertical 

facet (shown in Fig. 2.19(b)) or the GH shift (shown in Fig. 2.19(a)). Therefore, we can 

calculate the reflected field at point P′ on the horizontal facet using the following 

modified scalar formula, 

( ) ( ) ( ) ( ) ( )

0;
'

90 exp ;

when P  is over point O  or OP d2 2
E PR r r j E P elset t inθ θ ϕ

⎧ ≤
⎪= ⎨

−⎪
⎩

                       (2.24) 

where ( )2 ' 2 ' ' /n QQ GQ G Qeffϕ π λ⎡ ⎤= + +⎢ ⎥⎣ ⎦
, which is used to denote the phase factor 

corresponding to the propagation from P to P' (see Fig. 2.19(a)). 

      Since the distance inputPP between any point ( ),input inP x z on the cross-sectional 

line at the end of the input waveguide and any point ( , )P x z′ ′ on the grating is much 

larger than the wavelength (i.e., /input effPP nλ>>  ), the field distribution ( )inE P at 

point P (see Eq. (2.24)) on the grating facet can be approximated by the following 

Rayleigh–Summerfield’s diffraction formula, 

( )
( )

( )
1

,21 eff 1 cos
2

jk PPE x zn inputfundamental inE P e dxin
PPinput

θ
λ

−⎛ ⎞
= +⎜ ⎟ ∫⎜ ⎟

⎝ ⎠
            (2.25) 

where θ  is the angle between PPinput and the normal of the end facet of the input 

waveguide, and ( ),E x zfundamental in is the fundamental mode field of the input 

waveguide. 

       Since the present method is based on Kirchhoff-Huygens’ formula and the ray 

theory, and many factors (e.g., the scattering effect near corners) have been ignored, it is 

only an approximate method and is not accurate enough for certain cases (e.g., when the 
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grating facets are very small). However, the present method is simpler and faster than 

other rigorous numerical methods and can provide a clearer physical explanation for 

some numerical results of e.g. polarization-dependent loss. 

      In this section, we present numerical results for a TIR-facet EDG demultiplexer with 

different structure parameters (e.g., the refractive index in the FPR and the diffraction 

order). To verify the present method, we compare all numerical results with those 

obtained by the rigorous BEM. In the numerical calculation, the central wavelength and 

the channel spacing are 1.55μm and 0.8nm, respectively. 

 
Fig. 2.20 Comparison of the loss for the EDG of TIR groove type with different diffraction order m. 

       Fig. 2.20 shows the comparison (for two different methods) of the loss of a TIR type 

EDG as a function of the diffraction order m using an InP material (neff =3.18) at the 

central wavelength when the incident angle αin is 45°. One can see that the results 

obtained from the present simple method agree very well with those obtained from the 

rigorous BEM. Only when the diffraction order is very low, a noticeable difference 

occurs between the two methods. This is because a low diffraction order corresponds to 

the case of a small facet period of the designed grating in which the scattering effect from 

shaded facets and grating corners becomes significant on the diffraction performance. 

Since small illuminated facets are difficult to fabricate, the chosen diffraction order is 

usually larger than 10. Therefore, the present method can be applied with a good 

accuracy for most practical EDG demultiplexers with a TIR groove type. 
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Fig. 2.21 Comparison of the loss for the EDG of TIR groove type as the refractive index of the FPR varies 

 As analyzed above, the GH shift is the main source of the loss for a TIR type EDG based 

on a high refractive index material. Since the GH shift for a TM polarization is larger 

than that for a TE polarization, the loss of a TM polarization is lager than that of a TE 

polarization, which is in agreement with the numerical results shown in Fig. 2.20. Note 

that the grating period Λ also increases as the diffraction order increases. The loss related 

to the GH shift depends directly on the ratio ε between the GH shift d and the grating 

period Λ . Apparently, when dΛ >> , the GH shift has little effect on the loss of the 

demultiplexer. For a straight periodic blazed grating, the grating period can be expressed 

as, 

/ 2 sinm neff inλ α⎛ ⎞Λ ≈ ⎜ ⎟
⎝ ⎠

                                (2.26) 

Then, the ratio ε can be approximately written as 

2sin sin

2 2cos sin (1/ )

t in
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m nt t eff

θ α
ε

π θ θ
=

−
                      (2.27) 

for a TM polarization, or 

2sin sin

2 2 2 2sin cos cos sin (1/ )

t in
TE

m n neff t t t t eff

θ α
ε

π θ θ θ θ
=

⎛ ⎞− −⎜ ⎟
⎝ ⎠

          (2.28) 

for a TE polarization. A larger ε gives a larger loss for a TIR type demultiplexer. 



CHAPTER 2: SIMULATIONS AND PERFORMANCE ANALYSIS 

   44  

Obviously, a large m leads to a small ε and consequently a small loss, as shown in Fig. 

2.20. 

 
Fig. 2.22 Comparison of the PDL for an EDG of TIR groove type as the refractive index of the FPR 

increases. 

 

      Besides αin and m, the GH shift also depends on the refractive index of the FPR. We 

calculated the loss of a TIR type EDG as a function of the refractive index of the FPR at 

the central wavelength when m and αin are 14 and 45°, respectively. Fig. 2.21 shows the 

comparison of the results obtained with the present method and the rigorous BEM. The 

curves are divided into three regions (i.e., Regions A, B and C) in Fig. 2.21, which show 

different relations between the loss and the refractive index. The loss quickly decreases as 

the refractive index increases in Region A whereas the decrease is slow in Region B. This 

is because the main sources of the loss for the two regions are different. As discussed 

previously, the loss of a TIR type EDG results either from the influence of the GH shift 

when the incident angle is larger than the critical angle, or from the transmission loss 

when the incident angle is smaller than the critical angle. When the refractive index in the 

FPR is relatively low, the critical angle θc is very large and a part of the power transmits 

into the air and produces a large loss. Therefore, for Region A, the main source of the loss 

is the transmission loss. As the refractive index increases, the critical angle θc gradually 

decreases. As a result, the transmission loss decreases while the loss from the GH shift 

increases. For Region B in Fig. 2.21, the main source of the loss is the influence of the 
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GH shift since the critical angle θc is much smaller than angle θt (see Fig. 2.19). From the 

approximate relation (Eqs. (2.27) and (2.28)), a higher refractive index in Region B can 

produce a smaller ε for both polarizations. Therefore, the loss (caused by the GH shift) 

decreases as the refractive index of the FPR increases. Note that the grating period also 

decreases as the index increases. When the refraction index is very large, the grating 

period becomes very small for the given incident angle and diffraction order, and 

consequently the accuracy of the present simple method degrades. This explains the 

discrepancy between the present method and the BEM method in Region C 

Fig. 2.22 shows the PDL of a TIR type EDG as the refractive index of the FPR 

varies. The change of the PDL can also be analyzed according to the three different 

regions shown in Fig. 6. Particularly, for Region B, the loss of the TE polarization 

decreases faster than that of the TM polarization as the index increases (this can be 

explained with Eqs. (2.27) and (2.28)). Therefore, the PDL in Region B increases as the 

index increases. 

    In  summary, a simple simulation method for an EDG demultiplexer of TIR groove 

type has been presented based on the Kirchhoff–Huygens principle and the GH shift. It 

has a good agreement with a rigorous hybrid diffraction method. The present method can 

not only be used to effectively and quickly characterize the performance (such as the loss 

and the PDL) of a TIR type EDG, but also give an insightful physical explanation for the 

numerical results. The results indicate that the GH shift is a main contributing factor for 

the loss and PDL of a TIR EDG with a high refractive index. 

 

REFERENCES 
1. R.F. Harrington, Field computation by Moment Methods, IEEE Press, New York, 

1993. 

2. M. F. Chen, D.S. Chen, and A.K. Fung, 1989. A study of the validity of the integral 

equation model by moment method simulation cylindrical case, Remote Sensing 

Environ. 29(3): 217-228. 

3. C. M. Butler and D. R. Wilton, “Analysis of various numerical techniques applied to 

thin-wire scatterers,” IEEE Trans. Antennas Propagat., vol. AP-23, pp. 534–540, July 

1975. 



CHAPTER 2: SIMULATIONS AND PERFORMANCE ANALYSIS 

   46  

4. R. F. Harrington, Field Computation by Moment Methods. New York:Macmillan, 

1968. 

5. C. D. Taylor and D. R. Wilton, “The extended boundary condition solution of the 

dipole antenna of revolution,” IEEE Trans. Antennas Propagat., vol. AP-20, pp. 772–

776, Nov. 1972. 

6. G. J. Burke and A. J. Poggio, “Numerical electromagnetics code (NEC)—Method of 

moments,” Rep. NOSC TD 116, Lawrence Livermore Lab., Livermore, CA, Jan. 

1981. 

7. M. Vall-Llossera, N. Duffo and A. Camps, European Congress on Computational 

Methods in applied Sciences and Engineering, 9(2000) 11. 

8. R. Petit, ed., Electromagnetic Theory of Gratings (Springer- Verlag, Berlin, 1980).  

9. D. W. Prather, M. S. Mirotznik, J. N. Mait, “Boundary integral methods applied to 

the analysis of diffractive optical elements”, J. Opt. Soc. Am. A, Vol. 14, No. 1, pp. 

34-43, 1997. 

10.  J. Yuan and A. Kost, “A three-component boundary element algorithm for three-

dimensional eddy current calculation,” IEEE Trans. Magn., vol. 30, pp. 3028–3031, 

Sept. 1994. 

11. M. T. Ahmed, J. D. Lavers, and P. E. Burke, “An evaluation of the direct boundary 

element method and the method of fundamental solutions,”IEEE Trans. Magn., vol. 

25, pp. 3001–3006, July 1989. 

12. M. Enokizono and S. Nagata, “Convection-diffusion analysis at high Peclet number 

by the boundary element method,” IEEE Trans. Magn.,vol. 28, pp. 1651–1654, Mar. 

1992. 

13. K. Hayami, “High precision numerical integration methods for 3-D boundary element 

analysis,” IEEE Trans. Magn., vol. 26, pp. 603–606, Mar. 1990. 

14. P. K. Banerjee and R. Butterfield, Boundary Element Methods in Engineering 

Science. New York: McGraw-Hill, 1981. 

15. W. S. Hall and X.Q. Mao, “Boundary element method calculation for coherent 

electromagnetic scattering from two and three dielectric spheres”, Engineering 

Analysis with Boundary Element, Vol.15, pp. 313-320, 1995. 

16. Z. Shi, J.-J. He, and S. He, “Waveguide Echelle Grating with Low Polarization-



CHAPTER 2: SIMULATIONS AND PERFORMANCE ANALYSIS 

   47  

Dependent Loss Using Single-Side Metal-Coated Grooves”, to be published in IEEE 

Photon. Tech. Lett., August 2004. 

17. S. Wiechmann, H. J. Heider, J. Muller. “Analysis and design of integrated optical 

mirrors in planar waveguide technology,” J. Lightwave Technol. 21, 1584-1591 

(2003). 

 



CHAPTER 3: IMPROVED DESIGNS FOR EDGS  

   48  

3. IMPROVED DESIGNS FOR EDGS 

3.1 POLARIZATION INSENSITIVE DESIGN 

a) Low PDL 
Although a metal-coated type EDG has a much lower loss than that of a TIR type, it 

can produce a larger PDL than that of a TIR type EDG (see Figs. 2.16 and 2.17). On the 

other hand, Ref. [1] has shown that the PDL of a metal-coated type EDG is mainly 

resulted from different boundary conditions between the shaded and illuminated facets, 

which indicates that the PDL of the device can be effectively improved by altering some 

characteristics of the shaded facets. Thus, we can try to make some small disturbance 

only to shaded facets to reduce the PDL of EDGs. 

The shaded grating facets of an EDG demultiplexer are normally designed to be 

perpendicular to the neighboring illuminated facets. When the shaded facets are slightly 

tilted with respect to the conventional design (see Fig. 1.2), the polarization 

performances of the demultiplexer will change. 

 
 Fig. 3.1 The loss of the EDG demultiplexer at different wavelength channels with a 1.4° tilt angle of 

shaded facets for an echelle grating coated with gold (a) and for a TIR grating based on InP material (b) 

Fig. 3.1 shows the loss at different wavelength channels for an echelle grating coated 

with gold and for a TIR grating based on InP material, with the shaded facets tilted by 

1.4°. Compared with Fig. 2.16, one can see that the loss increases for both grating types 

when the shaded facets are tilted and the incremental loss of the echelle grating coated 

with gold is much larger than that of the TIR grating for the same tilt angle of the 

shaded facets. For the TIR grating, the impact of the tilt on the loss of the TE 
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polarization is stronger than that of the TM case (see Fig. 3.1(b)). However, for the 

echelle grating coated with gold, the effects of the tilt on the loss for both polarizations 

are similar (see Fig. 3.1(a)). 

 
Fig. 3.2 The absolute value of the PDL for different wavelength channels with untilted shaded facets 

(solid lines) and with a 1.4° tilt angle of shaded facets (dashed lines) for an echelle grating coated with 

gold (a) and for a TIR grating based on InP material (b) 

 

Fig. 3.3 The diffraction efficiencies at different diffraction orders for different wavelength channels with a 

1.4° tilt angle of shaded facets for a TIR grating based on InP material at TE polarization (a) and at TM 

polarization (b) 

Fig. 3.2 shows the absolute values of the PDL of the EDG demultiplexer for 

different wavelength channels with the shaded facets untilted and tilted at 1.4°. One can 

see that the channel with the minimal PDL can be shifted to a longer wavelength for 

both grating types when the shaded facets are tilted. However, the amounts of the shift 

are different for the two grating types even with the same tilt angle. Only a slight shift 
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(about 5nm) is produced for the echelle grating coated with gold whereas the shift is 

remarkable (about 30nm) for the TIR grating. If the total number of the channels used is 

not too large, an appropriate tilt angle of the shaded facets can reduce the overall PDL 

for all operating channels near the central wavelength for both grating types. For 

example, the maximal PDL of a TIR grating based on InP material with a 1.4° tilt angle 

is reduced to only 0.2 dB for the 34 wavelength channels ranging from 1535nm to 

1565nm with 100GHz frequency spacing. 

    Fig. 3.3 shows the diffraction efficiency with a 1.4° tilt angle of the shaded facets at 

various wavelengths and diffraction orders for a TIR grating based on InP material. One 

can see that more energy is diffracted into the adjacent diffraction orders for both 

polarizations when the shaded facets are tilted. For the echelle grating, the relation is 

similar. Fig.3.3 also indicates that there is more energy at the 0th order at the short 

wavelength side of the central channel for TE polarization than for TM polarization 

whereas the relation is opposite at the long wavelength side, which results in a nearly 

symmetrical distribution of the PDL with respect to the central wavelength (see Fig. 

3.2(b)). 

 
Fig. 3.4 The shift of the minimal PDL value at various tilt angles of shaded facets. Circles are for an 

echelle grating coated with gold. Triangles are for a TIR grating based on InP material. 

The position of the wavelength channel with the minimal PDL value varies with the 

tilt angle of the shaded facets. Defining δλ as the difference between the wavelength 

with the minimal PDL value and the central wavelength, Fig. 3.4 shows δλ as a function 

of the tilt angle of shaded facets. One can see that the relation between the shift of the 

minimal PDL channel and the tilt angle of the shaded facets is approximately linear. For 

an echelle grating coated with gold, the tilt of the linear relation is so small that the PDL 

is almost independent of the tilt angle of the shaded facets whereas for an InP based TIR 

grating the position of the minimal PDL is very sensitive to the tilt angle. 

    The fabrication of an EDG demultiplexer requires deep etching for the grating facets, 

which is commonly done by a dry etching technique. Rough grating surfaces can be 
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produced in the process, which greatly affect the device’s performance (e.g. increase 

loss). For the demultiplexing application, the illuminated facets of etched gratings must 

be kept as smooth as possible in order to reduce the insertion loss of the device. Our 

numerical results indicate that the roughness of shaded facets has a much smaller 

influence on the loss than that of illuminated facets. For example, for kδ=1, where δ is 

the mean square height deviation, the rough shaded facets produces only about 1dB 

excess loss whereas the rough illuminated facets produces about 3.5dB excess loss. On 

the other hand, the roughness on the shaded facets can affect the polarization 

performance of the device without significantly increasing the insertion loss. In the 

following numerical calculation, we analyze the influence of the surface roughness on 

the PDL of the device. One-dimensional Gaussian rough surfaces with Gaussian 

spectrum [2] are assumed for all shaded facets. For each rough shaded facet, the number 

of sampling points on the surface is 128 and the seed for random number generator is 

123456. 

 
Fig. 3.5 Contour plot of the loss as kδ and λ vary for an echelle grating coated with gold (a) and for a TIR 

grating based InP material (b) for TE and TM polarizations 
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Fig. 3.6 The absolute value of the PDL for different wavelength channels with smooth shaded facets (solid 

lines) and with rough shaded facets (kδ=0.52) (dash-dot lines) for an echelle grating coated with gold (a) 

and for a TIR grating based on InP material (b). 

Fig. 3.5 shows the contour plot of the loss for both polarizations as kδ and λ vary 

when only the shaded facets are rough. One can see that the loss monotonically 

increases with the roughness of the shaded facets for both polarizations and grating 

types. Furthermore, this figure also indicates that rough shaded facets can cause the 

minimal loss position to shift slightly to a longer wavelength. 

        Fig. 3.6 shows the absolute value of the PDL at different wavelengths with smooth 

and rough (kδ=0.52) shaded facets. One can see that with the given roughness of shaded 

facets, the PDL is reduced at all wavelengths, unlike the case where the shaded facets 

are tilted , which only shifts the PDL curve to the direction of a longer wavelength (see 

Fig. 3.2).  Furthermore, the rough shaded facets have similar influences on the PDL 

performance using both the echelle grating coated with gold and the TIR grating (i.e., 

the variations are similar for both grating types as the roughness increases). 

      In summary, some methods have also been proposed for obtaining a low PDL for 

EDG demultiplexers. When the shaded facets in the TIR grating are slightly tilted, the 

channel position of minimal PDL value can shift to a longer wavelength. This feature 

can be used to reduce the overall PDL for an EDG demultiplexer over its operating 

wavelength range. However, the tilt has a smaller effect on the echelle grating. The 

numerical results have also shown that the PDL of an EDG demultiplexer decreases at 

the beginning and then increases as the roughness of the shaded facets increases. 

Therefore, a certain roughness of the shaded facets can contribute to reduced PDL at all 

wavelengths for both grating types. 

        b) Low PDλ 
       WDM devices on SOI nanowires have attracted more and more interests. Thanks to 

its large refractive index and consequent strong confinement, the size of an EDG based 

on this structure can be reduced to a large extent [3]. Accompanied with many benefits, 

the SOI nanowires also have some drawbacks. The main issue is the large PDλ, which 

makes a device such as a demultiplexer useful only for one polarization if no 

compensation is made.  

For InP-based EDG devices, a design has been proposed by integrating a 

polarization compensator which is formed by a shallowly etched region on the cladding 

layer [4]. However, the compensation is only made for the central wavelength, which is 

not enough in an SOI nanowire case, where the device experiences not only different 
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effective refractive indices but different dispersions under different polarization states. 

Below we will discuss the details of PDλ performances of an EDG and develop a 

method to compensate the PDλ through the whole operational wavelength range. 

For a conventional EDG, the grating equation can be written as, 

(sin sin )n meff i dθ θ λΛ + =                                                          (3.1) 

where Λ is the period of the grating, θi andθd are the incident and diffracted angles, m is 

the diffraction order and neff the effective refractive index of the slab mode. One can see 

that different neff gives different diffracted wavelength. The linear dispersion of the 

grating is defined by, 

2 (sin sin )

cos

nR gi dLD
nd eff

θ θ

λ θ

+
=                                                      (3.2) 

where R is the radius of the Rowland circle, and the group index ng is defined by ng = 

neff+λdneff /dλ. In some conventional structures the group index is substituted by neff 

when dneff/dλ is not taken into account, which is not the case for a device based on Si 

nanowires. Fig. 3.7 shows the distribution of the term ng/neff under different 

polarizations as the thickness of Si slab varies. Here both the cladding and substrate are 

SiO2. From Fig. 3.7 one can find that for the Si slab (under single mode condition) the 

dispersion of TM mode is always larger than that of TE mode. Thus, even if the PDλ is 

compensated for a specific wavelength, it still remains at any other wavelengths. 
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Fig. 3.7 The value of ng /neff  as the  slab thickness varies under TE and TM modes 
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Fig. 3.8 A schematic show of an EDG, the polarization compensation region is Q1P1Pn, where n is the 

total number of the grating facets, and I is the incident point. 

 The compensation method is illustrated in Fig. 3.8. After introducing the 

compensating region Q1P1Pn, the wavelength corresponding to the input waveguide 

should satisfy the following equation: 

4 [ ( ' ) ] / 2 , 1, 2i i i i in L n n l m k iπ λ πΔΦ = Δ + − Δ = =                                             (3.3) 

where mi is the diffraction order, ΔΦ is the phase difference between the light reflected 

by any two grating facets centered at point Pi and Pi+k, ΔL and Δl are the length 

differences defined by ΔL=IPi+k-IPi and Δl=Pi+kQi+k-PiQi, ni and n’i are the effective 

refractive indices in the slab region and the compensating region, respectively. Here i=1 

for TE mode and i=2 for TM mode. The compensating region is formed by a shallowly 

etching step in the cladding layer, thus giving a different effective refractive index. The 

wavelength shift between TE and TM modes is 

[ ( ' ) ]1 2 2 2( 1)2 1 1[ ( ' ) ]2 1 1 1

m n n n

m n n n

γ
λ λ λ λ

γ

+ −
Δ = − = −

+ −
                                                      (3.4) 

here Δn is the difference of the effective refractive index between the two modes, and 

the coefficient γ is then determined by letting Δλ= 0, 

1 12 1 1 2
' '( ' ) ( ' ) 12 1 1 21 2 2 2 1 1 1

2 1 1 2

m n m n
m n m nm n n m n n
m n m n

γ
α

−
= = =

−− − − −
− +

−

                            (3.5) 

By introducing the variation of neff  with wavelength, i.e., dneff/dλ, the effective refractive 

index at a specific wavelength can be written by  

( )0 0
dnn n
d

λ λ
λ

= + −                                                   (3.6) 

where n0 is the effective index at wavelength λ0. Substituting n1, n2, n’1 and n’2 

determined by equation (3.6) into (3.5), we obtain, 
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' '1 2( ' ' ) ( )( ) ( )2 10 1 20 2 1 0 0
( )1 2 0( ) ( )( )2 10 1 20 2 1 0

dn dn
m n m n m m A Bd d

dn dn C D
m n m n m m

d d

λ λ λ λλ λα
λ λ

λ λ
λ λ

− + − − + −
= =

+ −
− + − −

             (3.7) 

In order to make γ constant, we must set A/C=B/D, or AD/BC=1. 

As a numerical example, in the compensating region, we consider an air cladding 

in order to make the difference of neff as large as possible. This could be realized by 

etching through the SiO2 layer on the top of the Si core layer. The refractive indices of 

Si and SiO2 are nSi=3.5 and nSiO2=1.46, respectively, at the central wavelength λ0 

=1.55μm. We calculate the value of η=AD/BC, for different diffraction orders under 

different thicknesses of the Si slab, and we found several cases in which the value of η is 

close to 1. For example, when we take m1=13, m2=12, η, γ and the wavelength shift Δλ 

at the outermost wavelength (assume Δλ=0 at the central wavelength 1.55μm and the 

outermost wavelength is λ=1.6μm) are shown in Fig. 3.9. From Fig. 3.9 one can see that 

when the thickness of the Si layer is taken as t=0.23μm and t=0.26μm, one gets 

η=0.9973 and η=1.0009, and the wavelength shifts at λ=1.6μm are only -0.37nm and 

0.45nm, respectively. Thus, the PDλ is acceptable at the entire useful wavelength range 

when considering a coarse WDM demultiplexer which may have the channel spacing of 

about 10nm or even larger. 
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Fig. 3.9 The value of γ,η and Δλ at λ=1.6μm with different Si slab thicknesses, when m1=13 and m2=12. 
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                       (c)                                            (d) 
Fig.3.10 The spectra under TE and TM modes of the central channel for (a) the present design and (c) the 
conventional design. The spectra of the 9th channel for (b) the present design and (d) the conventional 
design. 

Fig. 3.10 (a) and (b) give the spectra of the central channel and the edge channel for 

the present design. The current device has 9 channels with 10nm channel spacing, 

centered at the wavelength of 1.55μm. We choose the slab thickness t=0.26μm, m1=13, 

m2=12, R=1.4mm, θi =45°and θd =40°. The compensation coefficient is γ=3.84, which 

compensates the PDλ completely at the central wavelength 1.55μm and results in 

0.39nm and 0.28nm wavelength shift at the first (1.51μm) and the edge (1.59μm) 

channels. For comparison we also give the spectral results of a conventional 

compensating scheme [4] in Fig.3.10 (c) and (d), in which we take the slab thickness as 

usual t=0.22μm, the diffraction order m=13, and the other parameters as the same. The 

compensation coefficient is γ=5.34, which also results in PDλ=0 at λ=1.55μm. One can 

see in Fig.3.10 (d) that the PDλ of the 9th channel has become too large (3.03nm) to be 

acceptable. 

However, the current method also has its limitations. One can see in Fig.3.9 that 

the value of γ is always around 4, meaning a large compensation area. In the geometry 

shown in Fig.3.8, which is suitable for a positive γ, the following relation must be 

satisfied, 
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1 1( )nIP IP IP γ≥ −                                                   (3.8) 

This means that angle  1IP Pn∠ can not be too large, thus reduces the diffraction 

efficiency by about 0.5dB as compared with an uncompensated design, and the 

sidelobes also increase by more than 10dB, however, are still acceptable as can be seen 

in Fig. 3.10. 

 

3.2 Low Crosstalk Design: 

An EDG demultiplexer consists of an input waveguide, an output waveguide array, 

a free propagation region, and an etched concave grating [see Fig. 3.11(a)]. In the case 

of aberration-free imaging or focusing, each output waveguide should receive only the 

light of a specific wavelength. However, when an image field is focused on the surface 

of the output waveguide, large sidelobes can extend to the adjacent waveguides, which 

can induce large crosstalk in the device. 

Suppressing cross talk by as much as 40 dB is usually considered sufficient for 

telecommunication. In the fabrication process, some technical factors (e.g., the writing 

resolution of photomasks) will reduce the cross talk performance of EDG 

demultiplexers [5]. Therefore, it is necessary to suppress cross talk down to 50 dB in 

theory to leave space for fabrication errors. In the section, we will present a design 

method for an EDG demultiplexer with very low crosstalk. 

 
Fig. 3.11 Schematic diagram of (a) an EDG demultiplexer based on a Rowland circle mounting and (b) air 

trench structures in front of each output waveguide. 
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Fig. 3.12 Image field distribution near the central output waveguide. 

We have accurately analyzed the performance of EDGs coated with a metal on the 

back side using the MoM. In addition, we have analyzed the effect of point defects on 

the loss of demultiplexing using MoM and shown that point defects of some determined 

shapes and indices can produce strong resonance with the incident light and thus induce 

a large loss (detailed discussion can be found in Chapter 4.3). These defects are usually 

harmful to the performance of the demultiplexer. However, in the simulation, we have 

also found that the spectral width varies for different resonance cases. By optimizing the 

structure of the defect, we can make the spectral width (to a specific wavelength) very 

narrow. This led us to consider whether we might etch two air trenches [see Fig. 

3.11(b)] with optimal parameters in front of each output waveguide to suppress the 

sidelobes from two adjacent wavelengths but keep the loss of the operational 

wavelength nearly invariable. We will validate this idea and present a detailed analysis 

below. 

For aberration-free imaging, the image distribution should have the same form as 

the fundamental mode profile of the input waveguide. However, because of the effect of 

the concave grating, the image field distribution near each output waveguide will 

expand large sidelobes into the two adjacent waveguides (see Fig. 3.12), resulting in 

large cross talk for the corresponding wavelength. We have shown that point defects of 

some determined shapes and indices produce strong resonance with the incident light, 

with resulting large loss. This led to the idea that two rectangular air trenches D1 and D2 

with specific sizes [see Fig. 3.11(b)] etched in front of each output waveguide might 

suppress the field distributions from the sidelobes of two adjacent wavelengths, but with 
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no significant loss at the operational wavelength.  

The calculation process will be presented in detail in Chapter 4.2, and thus we only 

give some numerical results in this section. 

A numerical example of a typical SiO2 EDG demultiplexer based on a Rowland 

mounting is used to illustrate the present method. We choose the following parameters: 

the effective refractive indices of the cladding and the core are 1.445 and 1.454, 

respectively; the central wavelength is 1.55μm; the channel spacing is 100GHz; the 

width of the input and output single-mode waveguides is 6μm; the separation between 

two adjacent output waveguides is 20μm; the diffraction order and incident angle are 13 

and 40°, respectively. 

 
Fig. 3.13 The sidelobe suppression with different lengths and widths of air trench D1 (the propagating 

direction of light is perpendicular to the facet a). 

To verify the validity of the idea (i.e., one appropriate trench can suppress the 

sidelobe of one of the two adjacent wavelengths but has little influence on the loss of the 

operational wavelength), we place D1 in front of the central waveguide (the 

corresponding operational wavelength is 1550 nm) in order to check whether the trench 

can suppress the sidelobe of the adjacent wavelength of 1549.2 nm. Then, we integrate 

the image field distribution in the range of 10 mμ±  from the waveguide center using 

1549.2 nm wavelength, and define the result as the sidelobe power. If the sidelobe 

power is L when D1 is absent, the variation of L after D1 is placed can be defined as the 

sidelobe suppression LΔ .  

Fig. 3.13 shows how LΔ  varies with length a and width b of air trench D1 (the 

border a is perpendicular to the propagation direction of the light). From this figure, one 

can see that there are some large loss peaks at the calculated range for a given incident 

wavelength. Physically, one can consider that the loss peaks result from resonance 
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between the incident wavelength and the physical structure of the air trench. One can 

also see that the resonance depends on the geometrical structure of the trench. Among 

these loss peaks, four are marked with “1”, “2”, “3” and “4” for the convenience of the 

analysis below. 

 
Fig. 3.14 The sidelobe suppression at varied operation wavelengths using the parameters of D1 given by 

the four loss peaks marked in Fig. 3.13 ( 1549.2c nmλ = ). 

Fig. 3.14 shows the sidelobe suppression at varied operational wavelengths 

( 1549.2c nmλ = ) using the parameters of D1 given by the four loss peaks marked in Fig. 

3.13. From this figure, one can see that the spectral width noticeably varies for different 

resonance cases. In the figure, the field distribution at 0.8c nmλ λ− = denotes the image 

field distribution at the wavelength of 1550 nm. Using the parameters of Peaks “1” and 

“4”, the loss for the operational wavelength (1550 nm) will be considerably large, which 

is contrary to the intension of our original design. If the spectral width with more than 

1dB sidelobe suppression is defined as λΔ , the values of the four peaks in Fig. 3.13 are 

3.2359 nm, 0.5073 nm, 2.2921 nm and 19.858 nm, respectively. Obviously, using the 

parameters of D1 given by Peak “2”, we can suppress the sidelobe from the wavelength 

of 1549.2nm but have little influence on the loss at the wavelength of 1550 nm. 
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Fig. 3.15 The sidelobe suppression at different positions for Peaks “1” and “2” marked in Fig. 

3.13 

 
Fig. 3.16 The spectral width with over 1dB sidelobe suppression at different positions for Peaks “1” and 

“2” marked in Fig. 3.13. 

Figs.3.15 and 3.16 show LΔ  and λΔ at different positions for Peaks “1” and “2” 

marked in Fig. 3.13. It is clear that a larger LΔ  can be induced when D1 is closer to the 

surface of the output waveguide since the intensity of the diffraction field is larger near 

the surface (see Fig. 3.15). However, λΔ  is almost independent of the position of D1 

(see Fig. 3.16) as the resonance depends only on the physical structure of D1. Below we 

keep the distance between the center of D1 (D2) and the center of the corresponding 

surface of the output waveguide as 20μm (50μm). 

     From the above discussion, we know that it is possible to suppress the sidelobe from 

an adjacent wavelength by using an air trench with a specific size. For each output 
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waveguide, the cross talk results mainly from the two adjacent waveguides. Since each 

trench can scatter the light only with a narrow spectrum width to avoid influencing the 

operational wavelength, we must independently design the parameters of all trenches for 

each output waveguide. As an example, we can obtain the parameters of D1 and D2 for 

the central channel waveguide, which can suppress the sidelobes from 1549.2nm and 

1550.8nm, respectively. The final results are: 1 10.23 , 0.94a m b mμ μ= = for D1 and 

1 10.38 , 1.16a m b mμ μ= =  for D2. 

 
Fig. 3.13. Image field distribution near the central output waveguide using two optimal air trenches. 

      For the present design, each air trench influences only the adjacent wavelength, and 

it can not suppress the crosstalk from nonadjacent wavelengths. However, the power of 

sidelobes near non-adjacent waveguides is much lower than that of the adjacent 

waveguide for a conventional EDG demultiplexer. Therefore, the present design can still 

contribute to a low crosstalk. Fig. 3.17 shows the image field distribution near the 

central output waveguide using the present air trench design. From this figure, one can 

see that the sidelobes of all channels can be kept to better than -50dB. Although each 

trench influences only the wavelength with a very narrow spectrum width, it can still 

produce a small disturbance in the operational wavelength. For the present example, the 

central channel will have an additional loss of 0.27 dB. From the figure, one sees that 

the loss has no significant influence on other channels because the scattering is oriented 

randomly, which means that most of the scattering power is outside the region where the 

output waveguide array is set. 

      Thoeretically speaking, the present air trenches and design method are equally 

applicable to AWG demultiplexers. For the fabrication, the whole structure of AWG 
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demultiplexers can be fabricated in the same etching process with only one mask used. 

However, an EDG demultiplexer must be fabricated in two different etching processes 

with two corresponding different masks. One is used to fabricate the input and output 

waveguides. The other is used to fabricate the deeply etched gratings (from the upper 

cladding to the lower one) [6]. For the present sidelobe suppression technique, air 

trenches must also be deeply etched from the upper cladding to the lower one. If the 

present technology is applied to an EDG demultiplexer, these air trenches can be 

fabricated in the same etching process as the etched gratings using the same mask. Thus, 

the technology does not increase the complexity of fabrication for an EDG 

demultiplexer. However, if the same technology is applied to an AWG demultiplexer, a 

new mask and another etching process must be used only to fabricate the air trenches. 

Thus, the complexity of fabrication obviously increases for an AWG demultiplexer. 

Therefore, the present sidelobe suppression technique is more suitable for an EDG. 

 
Fig. 3.18 Optimal sizes of air trenches for 17 wavelength channels. 
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Fig. 3.19 The crosstalk (a) and loss (b) for 17-wavelength channels. Circles are for an EDG demultiplexer 

with two optimal air trenches in front of each output waveguide. Squares are for a conventional EDG 

design. 

Similarly, we can obtain the optimal parameters of two air trenches for each output 

waveguide. We now describe the design of a 17-channel EDG demultiplexer with 

100GHz spectral interval as an example. Fig. 3.18 shows the structure parameters for all 

trenches at the different channels. Since each trench is designed to suppress the sidelobe 

from the adjacent wavelength, the sizes of all trenches are different. Fig. 3.19 shows the 

crosstalk (a) and loss (b) of the EDG demultiplexer for different wavelength channels 

using a conventional design and the present design. One can see that the design with 

optimal air trenches can reduce the crosstalk with about 10dB for all channels (see Fig. 

3.19(a)) whereas the largest additional loss to the operation wavelength is about 0.5dB 

among all channels (see Fig. 3.19(b)), which is acceptable for the wavelength division 

multiplexing application. 

In summary, we have designed an EDG demultiplexer with sidelobe suppression by 

etching two air trenches in front of each output waveguide. This induces strong 

resonance losses in two adjacent wavelengths, while the additional loss at the 

operational channel is acceptable. This sidelobe suppression technique is very suitable 

for an EDG demultiplexer since the air trenches can be etched together with the deeply 

etched gratings and thus the complexity of fabrication does not increase. 

 

3.3 Low Return Loss Design 

For an AWG demultiplexer, a low return loss of about 40dB is commercially 

available, since they have no strong interferences caused by light rebounding directly 
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backwards from the component of the reflection grating (i.e., the light is ultimately 

transmissive in nature for the device). However, the input waveguide and output 

waveguides in an echelle grating demultiplexer (unlike in an AWG) can be arranged at 

the same side facing the grating (see Fig. 1.1), and this allows a low-cost single-side 

package of the chip. In most designs for the echelle grating the input position is set very 

close to the output positions to reduce the energy loss. Although such a configuration 

has many advantages, the input waveguide tends to receive some diffracted light of 

certain wavelengths, defined as the return loss, which can result in some problems in a 

WDM system [7]. Therefore, it is of necessity to minimize the return loss of an echelle 

grating demultiplexer by appropriate designs. 

For an EDG demultiplexer, the difference in the optical path length between 

adjacent grating facets should be the same, and thus one has the following grating 

equation, 

( )eff in diff,0 0sin sinn mΛ α α λ+ =                                    (3.9) 

where neff and λ0 are the effective refractive index in the free propagation region  and the 

designed wavelength in vacuum, respectively, Λ  is the period of the grating, m is the 

operated diffraction order, αin and αdiff,0 are the incidence and diffraction angles (with 

respect to  the normal of the grating), respectively (see Fig. 1.1). 

     Like the output waveguides, the input waveguide has a spectral response for the 

diffracted field. At each order p, there exists a central wavelength for the spectrum of 

the input waveguide. According to Eq. (3.9), we can predict that the wavelengths of the 

light that may be coupled back into the input waveguide are, 

2 (sin ) / ; 1,2,...p ineffn p pλ α= Λ =                                          (3.10) 

Among all these wavelengths λp, the following wavelength with p=m is close to the 

designated wavelength λ0,  

2 (sin ) /m ineffn mλ α= Λ                                                                   (3.11) 

Therefore, the position of the input waveguide can be optimized in order to reduce the 

return loss from λm based on Balakrishnan’s design. The center of the diffraction 

spectrum for the input waveguide is placed on the minimal intensity position (at 

wavelength λm) of the diffraction envelope (see Fig. 3.20). 
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Fig. 3.20. Focal fields of different input wavelengths with the minimum point of the envelope (dashed 

line) at the input position 

    Using more accurate BEM, we find that it is obvious that the return loss can be 

reduced at the wavelength λm based on Balakrishnan’s design. However, for other 

wavelengths with the diffraction order p m≠ , the return loss is still considerably large 

since the previous design is based on an approximate scalar method. Therefore, below 

we will further optimize the grating structure to suppress the diffraction intensity for the 

passbands of non-operated orders. 

      Instead of using a fixed diffraction order, we find that the peak power difference 

between the operational diffraction passband and the other passbands (defined as the 

extinction ratio) can be modulated by using different diffraction orders for each grating 

facets. Note that the present design is different from the conventional two-grating or 

multi-grating design, which separates the intensity of each wavelength into different 

diffraction orders. For example, if the diffraction order between each adjacent facet is 

alternately selected as m+q and m-q  (where q is an integer) across the same concave 

grating, the present grating can work still like a grating with only one diffraction order 

of [(m+q)+(m-q)]/2=m. For some specific q values, an extinction ratio about 3 dB can be 

obtained between the dominant passband and the other passbands based on the 

numerical calculation. In theory, for the dominant diffraction passband, all wavelengths 

can only be diffracted with a determined diffraction order m. However, for passbands 

other than dominant envelop, the light will mainly be diffracted into two directions, with 

one corresponding to diffraction order of m+q, and the other corresponding to 

diffraction order of m-q. Thus, an extinction ratio of about 3 dB can be achieved. 

      Similarly, to achieve a larger extinction ratio, we can design a concave echelle 
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grating whose diffraction order for each facet varies with more selectivity. As a 

numerical example, we can alternately varies the diffraction order for each facet 

according to repeated patterns of ( , , ,m q m r m s m t± ± ± ± ). Thus, in the design we need 

to adjust four integral variables in order to obtain a large extinction ratio between the 

operated passband and the other passbands and a low excess loss for the operated 

passband. In the present thesis, the optimal variables for the chirped grating are obtained 

by a genetic algorithm [8], and the objective function is defined as, 

1 11 1 0.5
4 20 2

m m
obj

m

L L dBf
dB L L

+ −+⎛ ⎞= + ⋅⎜ ⎟ −⎝ ⎠
                                         (3.12) 

where Li is the peak loss for the diffraction passband with the diffraction order I, and L 

is the peak loss at the operated diffraction passband with the fixed diffraction order m 

for all facets. 

    Based on the previous design process, we present an example in this section. In the 

simulation, we choose the following parameters: neff=1.4502, m=40, rRC=20000 μm 

(radius of the Rowland circle), αin =45 degree, λ0=1.5525μm, λm=1.5934 μm and 

αdiff,0=42.1340 degree. Fig. 3.20 shows the operated diffraction passband and the 

position of the input waveguide. The smallest field intensity gives the position of the 

input waveguide, and the small focal field intensity there gives a small magnitude of the 

diffracted field intensity which will be coupled back into the input waveguide for the 

operated passband. Usually the spectra of the input and output waveguides can be 

designed to be located in the same passband, and thus the working wavelength of the 

input light may not contain any of these λp. But the non-working wavelengths (e.g., the 

amplified spontaneous emission noise), which may be accumulated and amplified to a 

high level in a WDM system, may contain some of these λp and cause unacceptable back 

reflection. For multi-stage demultiplexers or multi-frequency laser applications that 

make full use of the operated passband and other adjacent passbands, the spectra of the 

output waveguides fully occupy a large spectral width, and very possibly the input 

waveguide receives the light of some working wavelengths at an adjacent diffraction 

order and causes critical return loss. 



CHAPTER 3: IMPROVED DESIGNS FOR EDGS  

   68  

 
Fig. 3.21. The extinction ratio (a) and the return loss at the input waveguide (b) for different passbands 

with different diffraction orders. 

To further suppress the return loss from other passbands, we consider a chirped 

diffraction order design. After a number of iterations through selection, crossover and 

mutation, our genetic algorithm gives a similar result (0.9853) for different initial 

populations. The corresponding optimal values for the four variables are 2, 7, 15 and 21, 

respectively. The final performance parameters in Eq. (3.12) are Lm+1=20.92dB, Lm-

1=20.46dB, and Lm–L=0.533dB, respectively. 

        Although we consider only the suppression of the intensity from the first passband, 

the design result is also effective to other passbands. Fig. 3.21 (a) shows the extinction 

ratio for different passbands with different non-operated orders. From this figure, one 

can see that using chirped diffraction order design we can suppress other passbands with 

non-operated orders, and then an approximate single passband design can be obtained, 

which is adapted to multi-frequency laser applications. The return loss of the input 

waveguide at different blazed wavelengths can be calculated using the BEM. Fig. 3.21 

(b) shows the return loss at wavelength λp with the diffraction order p. By setting the 

input waveguide position at the minimum point of the diffraction profile with the 

operated order, the return loss can be well suppressed near the operated order m. 

However, for a larger or lower order, the return loss is only about -10 dB (see the dashed 

line in Fig. 3.21(b)), which is critical for a wide frequency application. By carrying out 

the chirped diffraction order design, the return loss for most of the passbands can be 

minimized due to the successful suppression of the adjacent passband power (see the 

solid line in Fig. 3.21(b)). Now, the return loss in a larger wavelength range is 

acceptable (even if the input light has high intensity within the spectrum of the input 
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waveguide). Particularly, for the FTTH application with spectral width from 1250 nm to 

1630 nm, a return loss lower than -40 dB can be achieved using the present design. Fig. 

3.22 shows the central and the 20th output spectral responses at three orders using the 

fixed and chirped diffraction order design, respectively. One can see that the present 

design can effectively suppress the diffraction envelops at non-operational orders 

whereas has little influence on the spectral response at the operational order. 
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Fig. 3.22 The central and the 20th output spectral response with 100 GHz spectral interval at three orders 

using the fixed (a) and chirped (b) diffraction order design. 

 

    In summary, we have carried out a design for echelle grating demultiplexers to 

minimize the return loss. By setting the input waveguide position on the first minimum 

point of the sinc-shaped diffraction profile with operated diffraction order, we have 

reduced the return loss at the operational passband. Then, we have successfully 

suppressed diffraction power for the passbands at non-operational orders for the 

demultiplexer by alternately varying the diffraction order between each adjacent facet. 

The present design is appropriate for multi-stage demultiplexer or multi-frequency laser 

applications. 

 

3.4 EDGs with Both Large FSR and Large Grating Facets 

For an EDG demultiplexer, by selecting a large diffraction order one can acquire 

larger grating facets, which are advantageous in reducing the manufacturing difficulty. 

In addition, large grating facets of an EDG can reduce the influence of the shaded facets, 

and then give lower loss and PDL. However, the free spectral range (FSR) and the 

diffraction order of the grating have an inverse ratio relation, and thus the large 
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diffraction order will narrow down the FSR by all means, namely the available channel 

number descreases. For a conventional design of the demultiplexer, this is an antinomy 

that can’t be overcome. The FSR of a diffraction grating is defined as the largest 

bandwidth in a given diffraction order which does not overlap the same bandwidth in an 

adjacent diffraction order. 

      We have already shown that the energy of the adjacent diffraction envelop can 

effectively be suppressed by alternately varying the diffraction order between each 

adjacent facet. We have used this method to reduce the return loss of an EDG 

demultiplexer. Now, we try to make use of a similar method to overcome the above-

mentioned problem (i.e., acquire larger FSR at the same time using a larger diffraction 

order on average). However, the peak power difference between the operated diffraction 

envelop and the other envelops (defined as the extinction ratio) is lower than 20 dB (see 

Fig. 3.22). If we want to apply the cross wavelengths with adjacent diffraction orders for 

a given diffraction envelop in order to increase the available channel number, such an 

extinction ratio is still far not enough. Therefore, we will show that with further 

optimization of the grating structure a higher extinction ratio (more than 30 dB) is 

achievable. Thus, we can break the restriction of the FSR concept and all wavelengths in 

the operated envelop can be used. 

 
Fig. 3.23 The diffraction envelope of the spectral responses of the output channels. 

Referring to Fig. 3.23, if λ1 and λ2 are the extremes of the spectrum band, then 

overlapping will occur at the long wavelength end of the spectrum when λ2 in diffraction 

order m is diffracted at the same angle as λ1 in diffraction order of m+1, 
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( )(sin sin ) 1in diff,0 2 1n m meff Λ α α λ λ+ = = +                               (3.13) 

Thus we have ( )2 1 2 1 1m m mλ λ λ λ λ− = − =                                                (3.14) 

Conversely, overlapping will occur at the short wavelength end when λ1 in diffraction 

order m coincides with λ2 in diffraction order of m- 1. Since λ1 <λ2, we usually require 

that the FSR (Δλ) is equal to the shortest wavelength in the allowed bandwidth divided 

by the diffraction order to avoid overlapping (i.e., Δλ=λ2 –λ1=λ1/m). 

To obtain a grating with lower fabrication errors, a lower loss and a lower PDL, we 

usually hope to choose a larger diffraction order m. But from the above analysis we can 

see, choosing a large m will cause the FSR to narrow down by all means. Therefore, 

using a design with fixed m, we can not solve the antinomy. Instead of using a fixed m, 

we find that the extinction ratio can be modulated by using different diffraction orders 

for each grating facets. For the operational envelop, the chirped diffraction order is still 

equal to m on average (i.e., the present grating can work still like a grating with only a 

single fixed diffraction order for the operational envelop). But for the adjacent non-

operational envelops, the energy is spread to different orders. On the contrary, a higher 

extinction ratio is obtained in the the operational envelop. Numerical results show that 

most of the suppressed energy is scattered to higher or lower diffraction orders. 

However, this part of energy has already been kept off the receiving range, having no 

influence on the array of output waveguides. 

If the extinction ratio is larger than 30 dB, though the energy for both λ2 in 

diffraction order m and λ1 in diffraction order m+1 will still appear at the same output 

position, the energy of λ1 in diffraction order m+1 will be much smaller than that of λ2 in 

diffraction order m. Therefore, for λ2, the part of energy from λ1 can be considered as an 

acceptable crosstalk. For the operated envelop, if the average diffraction order is chosen 

as m, we will independently vary the order of each facet at the nearby range of the 

certain m value, and calculate the extinction ratio in order to make the extinction ratio 

highest and the influence on the operational envelop least. If the total number of all 

grating facets is N, we will try to find the corresponding optimal diffraction orders for 

all N facets (different facets can have different diffraction orders of m) to acquire the 

best performance. We consider the simulated annealing algorithm (SAA) [9] as a 

suitable tool for the present problem. Similar to Eq. (3.12), we can still define the 

objective function as, 
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where Li is the peak loss for the diffraction envelop with diffraction order i, and L is the 

peak loss at the operational diffraction envelop with the fixed diffraction order m for all 

facets. 

Based on the previous design process, we present an example in this section. In the 

simulation, we choose the following parameters: neff=1.4502, m=40, rRC=20000 μm 

(radius of the Rowland circle), αin =45 degree, and λ0=1.5525 μm.  For the sake of the 

low fabrication error, we limit the lowest order for each facet to be 20. Thus we can 

search the optimal order of each facet in the range from 20 to 60. The variety of the 

objective function is less than 0.1% after 30 iterations, and we stop the searching 

process. In the simulation, all fields will be calculated based on the MoM, which is 

accurate enough for the present size. 

Fig. 3.24 shows the diffraction order at different grating facets when the searching 

process is over. From this figure, one can see that the diffraction order at different facets 

approximately obeys a Gauss distribution. For most of the facets, the optimal order 

varies from 30 to 50, which can assure that most facets have larger sizes, and then can 

reduce the influence of the fabrication errors. The final performance parameters in Eq. 

(3.15) are Lm+1=34.71dB, Lm-1=33.18dB, and Lm–L=0.496 dB. 
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Fig. 3.24 The diffraction order at the different grating facets. 

Fig. 3.25 shows the field distributions with varied diffraction orders and 

wavelengths at two different output waveguide positions. Figs. 3.25(a) and (b) are based 

on the conventional design with the fixed diffraction order 40, and (c) is for the present 

design. From Fig. 3.25 (b), one can see that the energy at both 1533.4 nm and 1571.7 
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nm wavelengths can be received at the same output waveguide position (i.e., at the 480 

μm position) only with a small difference (about 7 dB). Therefore, for a conventional 

design of EDG demultiplexer, although the loss is acceptable in some wavelengths, it is 

not suitable for a WDM application due to too large crosstalk from adjacent envelops. 

From Fig. 3.25(c), one can see that the crosstalk from 1533.4 nm is lower than 30 dB, 

and thus the corresponding output waveguide mainly receives the energy from the 

1571.7 nm wavelength when the design of the chirped order is used. 
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Fig. 3.25. The field distributions with varied diffraction orders and wavelengths at different positions (a) 

using the fixed diffraction order; (b) for enlarged figure (a); (c) using the present design with chirped 

diffraction order  
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Fig. 3.26. The loss at the operated diffraction envelop (a) and the crosstalk from order m+1 (b) in the    

longer wavelength band. 

Fig. 3.26 shows the loss at the operated diffraction envelop and the crosstalk from 

the higher diffraction order of two adjacent orders in the longer wavelength band. One 

can see that the present design has little influence on the loss at a channel in the 
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operational envelop, whereas contribute to a considerable suppression of the crosstalk 

from the wavelengths from adjacent envelops. One also sees that for the edge channels 

in FSR, the effect of the crosstalk suppression will degrade and the additional loss will 

obviously increase from the chirped diffraction orders. This is because the present 

design is only carried out based on the central position of the diffraction envelop (see Eq. 

(3.14)). Therefore, though the present design suppresses the energy distribution of the 

adjacent envelops, it still can not make the available channels cover the whole FSR. 

      In summary, we have presented a design with a kind of chirped diffraction order for 

an EDG demultiplexer. It can acquire larger FSR (in order to provide more channels for 

the WDM application) and in the same time assure a larger diffraction order (to reduce 

the manufacture difficulty and provide low loss and PDL). The present design has small 

influence on the operational envelop, but contribute to about 35 dB extinction ratio with 

respect to the adjacent envelops. 
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4. EFFECTS OF FABRICATION ERRORS ON EDGS 

4.1 Rounded Corners 

In practice, fabrication errors in the process of e.g. photolithograph tend to round the 

corners of a grating and influence the performance of an EDG demultiplexer seriously. The 

impact of the rounded corners on the performance of an EDG demultiplexer has been studied 

in some previous work with a scalar method [1] and with a polarization-dependent 

approximation method [2]. However, the scalar method can not show the impact on the 

polarization characteristics of an EDG demultiplexer. The authors of Ref. [2] used an 

approximate diffraction theory [3], which resulted in a poor accuracy in the calculation of the 

diffraction efficiency (e.g. rounded corners of radius 0.6μm were estimated to give only 

0.5dB extra insertion loss, which was about 2dB lower than the true value). In the present 

thesis, we give a reliable and detailed analysis of the effects of rounded corners on the 

performances (such as the insertion loss, the PDL and the chromatic dispersion) of an EDG 

demultiplexer by using more accurate MoM.  

       
                        Fig. 4.1 The geometry of the grating with rounded crests and rounded troughs 

     We choose the following parameters for the EDG demultiplexer: nc=1.445 and nr=1.454 

for the effective refractive indices of the cladding and the core, respectively, the central 

wavelength λ0=1.55μm, the channel spacing Δλc=0.8nm (i.e., Δfc=100GHz in the 

frequency domain), the incident angle αin=30º, the diffraction order is 12, the width for the 

input and output single-mode waveguides are 6μm, and Da=0.2μm/GHz (i.e., the separation 

between two adjacent output waveguides is Δxc=20μm). 

      Fig. 4.1 shows the grating geometry with two different types of rounded corners (namely, 

rounded troughs and rounded crests) due to the imperfections of fabrication. 

       The effects of rounded corners on the following specifications will be considered for an 

EDG demultiplexer: the insertion loss, the PDL, and the chromatic dispersion.  

        (a) Insertion loss: 

        Fig. 4.2 shows the insertion loss as the radius r2 of rounded troughs (or the radius r1 of 

rounded crests) increases when r1=0.1μm (or r2=0.1μm) for both polarizations at the central 

wavelength (λ0=1.55μm). From this figure, one can see that the impact of both types of 
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rounded corners on the insertion loss is similar. The insertion loss increases rapidly as the 

radius of rounded corners increases. Rounded corners of 0.6μm radius can give about 2.5dB 

extra insertion loss. One also sees that a TM polarization can produce more insertion loss 

than a TE polarization. Since there is no insertion loss introduced by the perfectly conducting 

facets, the reduced energy of the light at a specific diffraction order must go to other 

diffraction orders. 

 
 Fig. 4.2 The insertion loss as the radius r2 of rounded troughs (or the radius r1 of rounded crests) increases when 

r1=0.1μm (or r2=0.1μm) 

 
Fig. 4.3 The diffraction efficiency as the diffraction order with or without rounded corners for both 

polarizations. Diamonds are for rounded corners with r1=0.1μm and r2=0.6μm. Circles are for the case without 

rounded corners 

    Fig. 4.3 shows the diffraction efficiency at various diffraction orders for an EDG without 

profile imperfection and an EDG with rounded corners (r1=0.1μm and r2=0.6μm) at the 
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central wavelength (λ0=1.55μm). From this figure, one can see that some of the energy is 

diffracted to the adjacent and lower diffraction orders in both TE and TM polarization cases. 

Furthermore, for an EDG demultiplexer without rounded corners, a large portion of the 

energy is at the 0th diffraction order in the TM case. For both polarization cases, more energy 

diffracted into the adjacent orders when rounded corners exist, and thus results in a large 

insertion loss to an EDG demultiplexer. 

 
Fig. 4.4 The PDL as the radius of rounded troughs r2 (or the radius of rounded crests r1) increases when 
r1=0.1μm (or r2=0.1μm) 

(b) PDL: 

      Fig. 4.4 shows the PDL as the radius r2 of rounded troughs (or the radius r1 of rounded 

crests) increases when r1=0.1μm (or r2=0.1μm) at the central wavelength (λ0=1.55μm). This 

figure indicates that the PDL decreases as the radius of rounded corners increases. From Fig. 

4.4 one sees that the energy diffracted to the 0th order in the TM case can decrease near the 

central wavelength for some special radius values of rounded corners and consequently give a 

low PDL for an EDG demultiplexer. The impact of rounded troughs on the PDL is more 

significant than that of rounded crests. From Fig. 4.4(a), one can see that the PDL is nearly 

0dB for rounded troughs of radius 0.67μm. However, the PDL is still about 0.18dB for 

rounded crests of radius 0.67μm (sees Fig. 4.4(b)). 

(c) Chromactic dispersion: 
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Fig. 4.5 The chromatic dispersion as the radius r2 of rounded troughs (or the radius r1 of rounded crests) 

increases when r1=0.1μm (or r2=0.1μm). 

      Fig. 4.5 shows the maximal chromatic dispersion within the ITU window [-12.5GHz, 

12.5GHz] (around the designed central wavelength) of the EDG demultiplexer as the radius 

r2 of rounded troughs (or the radius r1 of rounded crests) increases when r1=0.1μm (or 

r2=0.1μm) for both polarizations. The dispersion can broaden and distort the signal bits 

(pulses) and ultimately lead to transmission errors. From this figure one can see that the TM 

polarization has a larger dispersion than the TE polarization within the passband for both 

types of rounded corners. The polarization dependent chromatic dispersion is mainly due to 

the difference in the type and magnitude of the current distribution on the surface of the 

metallic grating. The surface currents are of electric and magnetic types for the TE and TM 

cases, respectively. The chromatic dispersion also increases as the radius of rounded corner 

(for both types) increases. Rounded corners of 0.5μm radius can give an additional chromatic 

dispersion of about 5ps/nm. 

      In summary, we have analyzed the effects of two different types of rounded corners, 

namely, rounded troughs and rounded crests, to the performance of an EDG demultiplexer by 

using an accurate simulation based on a MoM. The numerical results have indicated that both 

the insertion loss and the chromatic dispersion increase rapidly as the radius of rounded 

corners increases. The insertion loss increases since more energy is diffracted into the 

adjacent diffraction orders when rounded corners exist. A very low PDL can be achieved near 

the central wavelength for some special radius values of rounded corners (as a consequence 

of much energy being diffracted to the 0th order in the TM case). 
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4.2 Surface roughness: 

The fabrication of an EDG demultiplexer requires deep etching for the grating facets, 

which is commonly done by a dry etching technique. Rough grating surfaces can be produced 

in the process, which greatly affect the device’s performance. Now, we will use MoM to give 

a detailed analysis for the effect of surface roughness on the performance of the EDG 

demultiplexer. 

      A numerical example of a typical SiO2 EDG demultiplexer based on a Rowland mounting 

is used to illustrate the effects of surface roughness on the performance of the demultiplexer. 

We choose the following parameters for the EDG demultiplexer: nc=1.445 and nr=1.454 for 

the effective refractive indices of the cladding and the core, respectively, the diffraction order 

is 13, the incident angle is 40°, the central wavelength λ0=1.55μm, the channel spacing 

Δλc=0.8nm, the width d=6μm for the input and output single-mode waveguides, and the 

separation between two adjacent output waveguides is Δxc=20μm. One-dimensional Gaussian 

rough surfaces with Gaussian spectrum [4] are used to model the rough facets of the gratings. 

The total number of the sampling points on each rough facet is 128. Since Gaussian rough 

surfaces are independently produced for all grating facets with the same mean square height 

deviation δ, the numerical results can statistically approach the experimental results. Fifty-

one data points for kδ (from 0 to 1) and eleven data points for λ (from 1500nm to 1600nm) 

have been used in the following contour plots. The results have not been smoothed in the 

numerical calculations. 

Fig. 4.6 shows the contour plot of the loss for both polarizations as kδ and λ vary when 

all the grating facets are rough. One can see from this figure that the loss monotonically 

increases (first slowly and then rapidly) with the roughness of the grating facets for both 

polarizations. For kδ=1, the rough grating facets can produce about 3.5dB and 4dB excess 

losses for TE and TM polarizations, respectively. One can also see that the minimal loss 

value is at a shorter wavelength for TM polarization and is near the central wavelength for 

TE polarization. Furthermore, more loss can be produced in a longer wavelength. However, 

the position of minimal loss changes little as the roughness of all grating facets increases for 

both polarizations (see Fig. 4.6). 
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Fig. 4.6 Contour plot of the loss as kδ and λ vary for an EDG demultiplexer for (a) TE and (b) TM polarizations 

when all the grating facets are rough. 

 
Fig. 4.7 Contour plot of the PDL as kδ and λ vary for an EDG demultiplexer when all the grating facets are 

rough. 
Fig. 4.7 shows the contour plot of absolute value of the PDL as kδ (indicating the 

roughness) and λ vary when all the grating facets are rough. From this figure, one can see that 

the minimal value of PDL occurs at a shorter wavelength (around 1520 nm) whereas the 

maximal value of PDL occurs at a longer wavelength (around 1580 nm). Therefore, a large 

PDL exists near the central wavelength (1550 nm) for a conventional EDG demultiplexer. 

One can also see that the roughness (at all the grating facets) has only a small influence on 

the PDL of the demultiplexer at a fixed wavelength. 

Fig. 4.8 shows the contour plot of the maximal chromatic dispersion within [-0.1nm, 

+0.1 nm] around each wavelength of the EDG demultiplexer as kδ and λ vary when all the 

grating facets are rough. From this figure one can see that the roughness seriously 
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deteriorates the performance of the chromatic dispersion for both TE polarization (Fig. 

4.8(a)) and TM polarization (Fig. 4.8(b)) when all the grating facets are rough. The same 

roughness can induce a much larger dispersion within the passband for a TM polarization as 

compared with a TE polarization. The polarization dependent chromatic dispersion is mainly 

due to the difference in the type and magnitude of the current distribution on the surface of 

the metallic grating (the surface currents are of electric and magnetic types for the TE and 

TM cases, respectively). 

 
Fig. 4.8 Contour plot of the chromatic dispersion as kδ and λ vary for an EDG demultiplexer for (a) TE and (b) 

TM polarizations when all the grating facets are rough. 

It is certainly difficult to control the roughness on both the shaded and illuminated facets 

as a free parameter and the best we can do experimentally is to reduce it below an acceptable 

level. To control roughness on the shaded and illuminated facets separately is even more 

difficult. However, below we only make shaded facets rough in order to give an insight on 

the impact of residual roughness of shaded facets on the PDL, and will show that there exists 

an optimal roughness of the shaded facets for achieving a minimal PDL for the EDG 

demultiplexer. 

Fig. 4.9 shows the contour plot of the loss for both polarizations as kδ and λ vary when 

only the shaded facets are rough. One can see that although the loss still monotonically 

increases, however, with a much slower speed as compared with the case when all the grating 

facets are rough, as the roughness of the shaded facets increases for both polarizations. As the 

roughness (kδ) of the shaded facets increases, the wavelength corresponding to the minimal 

loss shifts slightly to a longer wavelength for TM polarization, but remains nearly the same 

for TE polarization (see Fig. 4.9). 
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Fig. 4.9 Contour plot of the loss as kδ and λ vary for an EDG demultiplexer for (a) TE and (b) TM polarizations                       

when only the shaded facets are rough. 

Fig. 4.10 shows the contour plot of absolute value of the PDL as kδ and λ vary when 

only the shaded facets are rough. One can see clearly that the roughness of the shaded facets 

influences the PDL performance significantly. The PDL decreases at the beginning and then 

increases as the roughness of the shaded facets increases. The non-monotonic change (with 

the roughness) of the PDL mainly results from the fact that the loss of the TM polarization 

increases slowly at the beginning and then fast as the roughness of shaded facets increases 

whereas the loss of the TE polarization increases nearly linearly (see Fig. 4.9). 

Fig. 4.11 shows the loss at different wavelengths for three different values of kδ. For 

kδ=0.25 (smaller roughness), the minimal loss is at about 1510nm for TM polarization and at 

about 1540nm for TE polarization (see the curves marked with triangles in Fig. 4.11). 

Furthermore, TM polarization has a larger loss at a longer wavelength than TE polarization. 

Thus, a large PDL exists in the range of [1550 nm, 1590 nm]. First we consider the loss for 

TM polarization as kδ increases. The minimal loss point of the loss curve will move towards 

the direction of both a larger loss and a longer wavelength as kδ increases. In addition, the 

extent of moving towards a larger loss is small at the beginning and then become significant 

as kδ increases. Thus the loss in a range of large wavelength will decrease at the beginning 

and then increase rapidly as kδ increases for TM polarization (see the dashed curves in Fig. 

4.11). For TE polarization, the minimal loss point of the loss curve will move towards only 

the direction of a larger loss, and thus the loss at any wavelength will always increase as kδ 

increases (see the solid curves in Fig. 4.11). Therefore, the PDL will decrease at the 

beginning and then increase rapidly (since the loss increases faster for TM polarization) as kδ 

increases. Consequently, there must exist an optimal roughness of the shaded facets for the 
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minimal PDL at any wavelength in the range of [1550 nm, 1590 nm]. 

 
Fig. 4.10 Contour plot of the PDL as kδ and λ vary for an EDG demultiplexer when only the shaded facets are 

rough. 

 
Fig. 4.11 The loss of the EDG demultiplexer at different wavelengths. 

For a metal coated grating, shaded facets have also some surface currents due to the 

structural continuity of metallic grating, which is the main source of the loss for an EDG 

demultiplexer. The distribution of surface currents at shaded facets has many irregular 

oscillations for TM polarization (see Fig. 2.7) whereas the current distribution for TE 

polarization is relatively smooth due to different boundary conditions at the shaded facets for 

different polarizations, which induces a large PDL for the metal-coated grating. When some 

residual roughness exists at shaded facets, the scattering effect can produce a small 

perturbation for the surface currents at shaded facets. For an appropriate roughness, the small 

perturbation can eliminate the difference of surface currents at shaded facets between both 

polarizations, which contribute to a low PDL. However, when the roughness is very large, the 
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scattering effect from rough surface will become the dominant factor for the final image field 

distribution. Obviously, a larger roughness for TM polarization can induce a larger scattering 

loss than that for TE polarization. Therefore, there must exist a minimal PDL for an 

appropriate residual roughness of shaded facets. 

 
Fig. 4.12 Contour plot of the chromatic dispersion as kδ and λ vary for an EDG demultiplexer for (a) TE and (b) 

TM polarizations when only the shaded facets are rough. 

Fig. 4.12 shows the contour plot of the maximal chromatic dispersion within [-0.1nm, 

+0.1 nm] around each wavelength as kδ and λ vary when only the shaded facets are rough. 

From this figure, one can see that the dispersion slowly increases with the roughness of the 

shaded facets for both polarizations. The additional chromatic dispersion resulting from the 

rough shaded facets is usually smaller (much lower than 15ps/nm) for both polarizations in 

the calculated range of wavelength. 

 
Fig. 4.13 The excess crosstalk at the central channel at different kδ. 

For shaded facet roughness with 0< kδ<1 , the maximal PDL in the wavelength range 
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[1500 nm, 1600nm] can be calculated and considered as the PDL for the whole band. The 

PDL for the whole band is minimal (maximal one is about 0.4708dB) at kδ=0.55. However, 

telecommunication technologies aim at the PDL better than 0.1dB. If the used number of 

channels is not too large, the roughness of shaded facets can still give a low PDL for all the 

channels used (e.g., the maximal PDL is only 0.0968dB for a 65-channel EDG demultiplexer 

with 100GHz frequency spacing, which uses the wavelength band from about 1525nm to 

about 1575nm). 

In presence of additional loss, the lost light has to go somewhere else, which may 

involve a significant background increase resulting in crosstalk deterioration. When the 

central channel for a 65-channel EDG demultiplexer with 100GHz frequency spacing is 

considered, we calculated the excess crosstalk from rough surface for both the case that all 

facets are rough and the case that only shaded facets are rough and plot them in Fig. 4.13. 

From this figure, one can see that the deterioration of the crosstalk character is unconspicuous 

as the roughness increases. Particularly, when only shaded facets are rough, the crosstalk is 

nearly invariable. This is because the beam re-reflected by shaded facets will seriously depart 

from the desired diffraction direction and does not contribute to the operated diffraction 

order. Then, the scattering beam from rough shaded facets can not be received by the array of 

output waveguides and would not deteriorate the crosstalk characteristics. 

In summary, the fabrication tolerance of surface roughness on the performance of an 

EDG demultiplexer has been studied numerically by accurate MoMs. The results have shown 

that the roughness in the illuminated facets can result in large insertion loss and large 

chromatic dispersion. Appropriate residual roughness at shaded facets can contribute to a 

minimal PDL of the demultiplexer in a wide band. The mechanism for the existence of an 

optimal roughness of the shaded facets has been explained. Both the additional insertion loss 

and chromatic dispersion are acceptable when the roughness of the shaded facets is controlled 

within an appropriate level. 

 

4.3 Waveguide defects: 

Thick planar waveguide, as a key technique of planar demultiplexers, has been 

successfully fabricated based on different materials or methods, such as silica-based 

technology, ion exchange in glass, sol-gel, lithium niobate, gallium arsenide (AlGaAs), and 

polymer devices. For a planar waveguide device with outstanding performance, a prime 

requirement is the existence of methods for fabricating low-loss dielectric layers. Many 

literatures have indicated that some volume defects (e.g., air bubbles and dust particles) are 
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often produced [5-10] in the process of the waveguide deposition, which can seriously 

increase the loss of the devices. These volume defects with different shapes (approaching 

rotundity) are usually in size of tens to a few hundred nanometers. However, few papers can 

be referred to with a detailed analysis of the effect of volume defects on a planar waveguide 

device so far. Although the finite difference time domain (FDTD) [11] method can be used 

for the accurate simulation in principle, it is too time-consuming for simulating the device 

with large free propagation region in terms of the wavelength. In the present thesis, we give a 

fast analysis method for the effect of volume defects on planar waveguide devices using 

modified Green's tensor, which is a solution for a point source of the wave equation. 

(a) Volume defects inside waveguides: 

         
Fig. 4.14 Schematic diagram of a volume defect in a planar waveguide 

A simple SiO2 planar waveguide (see Fig. 4.14) is considered in the present thesis 

(although the emphasis is on silica-based technology, some of the methods and results 

presented here are equally applicable to other technologies). The light is incident along the 

positive z-axis. If no volume defect exists, the incident field at any point in the calculation 

region is  

                          ( ) ( )0 0 expE r E jkr=                                                         (4.1) 

in the time harmonic case where 0k
→

denotes the propagation vector satisfying 2
0k k k

→ →

= i . 0E  

obeys Helmholtz's equation,   

( ) ( ) ( )0 0
2 2

w0 0E r k r E rε∇ − =                                   (4.2) 

 where εw (r) is the permittivity in the ideal waveguide (i.e. no volume defect exists). In the 

present thesis, we numerically calculated 0E  by the beam propagation method (BPM) [12]. 

When volume defects exist in the waveguide, the permittivity and the field distribution 

can be expressed as ε(r) and E(r), respectively. Δε(r) is defined as the difference of ε(r) and 

εw(r). E(r) obeys the following Helmholtz's equation, 

( ) ( ) ( ) ( ) ( )2 2 2
w0 0E r k r E r k r E rε ε∇ − = Δ                                     (4.3) 

       Equation (4.1) directly gives us the excitation terms in every point in space. In order to 
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compute the scattered field in and outside the scattering object, we solve the wave equation 

with a point source term where the solution is the Green's function G and the corresponding 

field distribution obeys Helmholtz's equation, 

( ) ( ) ( ) ( )2 2
w0, ' , ' , ' 'G r r k r r G r r r rε δ∇ − = −                                              (4.4) 

where r' and r are any points in the region of volume defects and the calculation region. 

Solving equation (4.4) and combining with equation (4.1) we find the solution, 

                 ( ) ( ) ( ) ( )0 2, ' ' '0E r E r G r r k r drε= + Δ∫                                          (4.5) 

    It also shows that the field in the background can be computed from the solution inside the 

scatterer outside. Separation of the background and scatterer area greatly reduces the 

computation effort since the systems to be solved go with the order of N2. The fields in the 

background are of simple linear superposition of the scatterer's fields. 

    Then, we can discretize equation (4.5) using ( )m mE E r= and ( ), , 'm n m nG G r r= [13], 

           
n = 1, n m

0 2 2
, 0 0

N
E E G k E V M k Em m m n n n n m m mε ε

≠

= + Δ + Δ∑                    (4.6) 

N is the total number of cell elements of the area to be computed and Vn denotes the cell area 

(volume) which does not have to be necessarily the same for all cells. Since Green's function 

has a singularity for r = r' (in the center of the source), one has to treat this case separately. 

This is done using the Mm term [13]. Only Green's function Gm,n and Mm need to be defined: 

2(1)m m2 m m
m 0 12

x z x z iM k H k
k k

π

π

⎡ ⎤⎛ ⎞Δ Δ Δ Δ ⎛ ⎞⎢ ⎥⎜ ⎟= + ⎜ ⎟⎢ ⎥⎜ ⎟ ⎝ ⎠⎝ ⎠⎣ ⎦

, 

( ) ( ) ( )2 2(1)2,m n 0 0 m n m n4
iG r r k H k x x z z

⎛ ⎞
⎜ ⎟= − + −
⎜ ⎟
⎝ ⎠

,  

where Hq
(1) is the qth (q=0, 1) order Hankel function of the first kind, (xm, zm), (xn, zn) are two 

arbitrary points in the waveguide. 

The following linear equation system can be easily derived, 

01 1 m -1 1, m 1, +1 1 1m -1
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                     (4.7) 

which is of the simple form Ax b= . Once Eq. (4.7) is solved, the actual field distribution at 

any point in the planar waveguide can be calculated. 

A numerical example of a typical SiO2 planar waveguide is used to illustrate the present 
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method. We choose the following parameters: the effective refractive indices of the cladding 

and the core are 1.445 and 1.454, respectively; the thickness of the cladding and the core 

layers are 15μm and 6μm, respectively. 

 
Fig. 4.15 The loss as the wavelength increases for a round air bubble with a 0.2μm radius. 

For all results shown in Figs. 4.15-4.17, only a single volume defect with round shape in 

the planar waveguide is considered. If more volume defects with other shapes exist in the 

waveguide, the analysis is similar. Furthermore, the round defect is located on the central line 

of the waveguide (see Fig. 4.14). For the present problem, since the area of volume defect is 

very small compared to all computational regions, moreover, 0εΔ = at the area without 

defect, most elements of matrix A are zero. Therefore, using a blocked matrix method, the 

large sparse matrix equation can be solved efficiently. Although N1 is very large, the 

scattering field can be obtained within a few minutes on a PC of Pentium VΙ  (2.4GHz). To 

verify the present method, we compare all numerical results with those obtained by the 

rigorous FDTD method with the perfectly matched layer (PML) boundary treatment. For the 

FDTD calculation, the total calculation domain is 20μm×40μm and the step size approaches 

five percent of the radius of the volume defect. 

When a single round air bubble (the effective refractive index n=1.0 and its radius is 

0.2μm) exists in the waveguide, Fig. 4.15 shows the comparison (for two different methods) 

of loss as the wavelength increases. From this figure, one can see that the results obtained 

from the present simple method agree very well with those obtained from the FDTD method. 

One can also see that there are three large loss peaks in the range of calculated wavelength 

for a given round air bubble when the wavelength equals 1.39μm, 1.64μm, and 1.91μm. 

Physically, one can treat these loss peaks as the resonance of the physical structure of the 

volume defect. 

Fig. 4.16 shows the loss at various radii of an air bubble for the planar waveguide at the 

central wavelength of optical communication using two different methods. One can see that 
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the present method can be used to accurately analyze the loss from the volume defect. From 

this figure, one can see that for the central wavelength (i.e., 1.55μm), some special radii of 

the air bubble can result in very strong resonance losses. In particular, five obvious loss peaks 

occur when the radius of the air bubble equals 0.151μm, 0.329μm, 0.53μm, 0.775μm and 

0.880μm where the size of the volume defect satisfies the resonance condition with the 

incident wavelength. For example, to the fourth scattering peak, 0.775μm exactly equals half 

of the central wavelength, which can induce the resonance similar to the F-P cavity. 

 
Fig. 4.16 The Loss as the radius of an air bubble increases. 

 
Fig. 4.17 The Loss as the radius of a dust particle increases 

We also calculated the loss at various radii of a dust particle (the effective refractive 

index n=2.0) at the central wavelength. Fig. 4.17 shows the comparison of the results 

obtained with the present method and the rigorous FDTD method. The numerical results 

show a good agreement between two different methods. It is obvious that both the position 

and intensity of loss peaks vary with the effective refractive index of the volume defect. 

However, the corresponding radius of the first loss peak is about 0.3875μm, which exactly 

equals λc/2n. The resonance is also similar to the Fabry-Perot (F-P) cavity as the case that an 

air bubble with radius λc/2n (where the effective refractive index n=1, λc is the resonance 

wavelength) exists in the waveguide. Furthermore, the value of the first loss peak is so large 

that the performance of the waveguide is seriously deteriorated. Using the present method, 
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we can estimate the influence of volume defects on the performance of the planar waveguide 

before the device is fabricated, which is very helpful for our experiments. 

Our results have shown that volume defects with some special shapes and indices can 

produce strong resonances with the incident light and induce large loss. The present method 

indicates that some special volume defects should be avoided in the process of fablication. 

The present analysis method is equally applicable to other more complicated planar 

waveguide devices. 

(b) Volume defects in FPR of EDGs: 

When volume defects exist in the FPR of an EDG demultiplexer, we can analyze 

similarly the effect of volume defects on the performance. 

 
    Fig. 4.18 Schematic diagram of a volume defect in the FPR. 

If no volume defect exists, the FPR is homogeneous (see Fig. 4.18a). Owing to its 

simplicity the scalar diffraction method is commonly used for the accurate simulation of the 

propagation of the incident light field in the FPR.  Thus, the incident field E0 at any point P in 

the calculation region “ABCD” can be calculated with an integral over the cross-sectional line 

“AB” where the end of the input waveguide is positioned (hereafter referred as the input 

plane) (cf. Eq. (2.9)).  When volume defects exist in the FPR (see Fig. 4.18(b)), the field 

distribution E(x, z) can be calculated using Eqs. (4.1)-(4.7). 

Once Eq. (4.7) is solved, the actual field distribution at any point P can be calculated. 

Particularly, one can obtain the incident field at any point Pg on the metallic grating surface 

and then the surface current J can be calculated with MoM.  

When no volume defect exists in the FPR, the diffraction field (produced by the surface 

current) at any point P in the calculation region given in Fig. 4.19(a) can be calculated with 

the explicit formula given by Eqs. (2.5) and (2.6). 
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Eqs. (4.1)- (4.7) can be used again to obtain the final field distribution when volume 

defects exist. Particularly, the field distribution Eimage (x′′, z′′) at the image plane can be 

obtained by scanning over the surface of the output waveguide. Note that a repetitious 

scattering can occur when the diffraction field is scattered backward to the grating by volume 

defects. However, the repetitious scattering field is ignored in the present thesis, since it is 

much less than the total image field. 

A numerical example of a typical SiO2 EDG demultiplexer based on a Rowland 

mounting is used to illustrate the present method. We choose the following parameters: the 

effective refractive indices of the cladding and the core are 1.445 and 1.454, respectively; the 

central wavelength is 1.55μm; the wavelength spacing is 0.8 nm; the width of the input and 

output single-mode waveguides is 6μm; the separation between two adjacent output 

waveguides is 20μm; the diffraction order and incident angle are 13 and 40°, respectively. 

For convenience, only a single volume defect of round shape in the FPR is considered in the 

following analysis. If more volume defects with other shapes exist in the FPR, the analysis is 

similar. Furthermore, the round defect is located on the line from the input waveguide to the 

central incident point of the grating (see Fig. 4.18). 

 
  Fig. 4.19 The loss as the wavelength increases. 

Fig. 4.19 shows the loss as the wavelength increases when a single round air bubble (the 

effective refractive index n=1.0, its centre is at point (10000μm, 0) and its radius is 2.5μm) 

exists in the FPR. From this figure, one can see that there are two large (resonant) loss peaks 

at the range of calculated wavelength for the given round air bubble when the wavelength 

equals 1.24μm and 1.81μm.  
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Fig. 4.20 The Loss at different positions for different radiuses of an air bubble. 

 
Fig. 4.21 The Loss at different positions for different radiuses of a bust grain. 

Fig. 4.20 shows the loss at various positions and radii of an air bubble for an EDG 

demultiplexer at the central wavelength. From this figure, one can see that for the central 

wavelength some special radii of the air bubble can result in very strong resonance losses. It 

is obvious that a larger loss can be induced when the air bubble is closer to the input 

waveguide since the intensity of the incident field is larger near the input waveguide. 

However, the position of loss peaks is independent of the position of the air bubble, as the 

resonance only depends on the physical structure of the volume defect. 

Fig. 4.21 shows the loss at various positions and radii of a dust grain (the effective 

refractive index n=2.0) at the central wavelength. From this figure, one can see that the 

position and intensity of loss peaks both vary with the effective refractive index of the 

volume defect. Particularly, the value of the first loss peaks is so large that the performance 

of the demultiplexer is seriously deteriorated. Therefore, using the present method, we can 
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estimate the influence of volume defects in the FPR on the performance of the demultiplexer 

before the grating is etched, which is very helpful for our experiments. 

In summary, an MoM analysis for the loss by volume defects has been described for an 

EDG demultiplexer. The results have shown that volume defects with some special shapes 

and indices can produce strong resonances with the incident light and large loss is induced. 

The present method indicates that some special volume defects (particularly those closer to 

the input waveguide) should be avoided in the process of fablication. The present analysis 

method is equally applicable to other planar waveguide devices such as AWG 

demultiplexers. 
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5.  EDGs on Silicon Nanowires 

5.1 Background 

Different technologies based on different materials have been introduced to support 

planar optical devices. Silica-on-silicon technology has been widely adopted for fabrications 

of WDM devices in commercial systems, due to the material refractive index which matches 

that of optical fibers. A common drawback of the silica-based photonic integrated devices is 

the overall size of components, mostly limited by the large bending radius. This limitation is 

dictated by a low refractive index difference between the core and the cladding. The size of a 

typical device, e.g., a multi-channel EDG demultiplexer, is several cm2 and the integration of 

more complex structures is often difficult on a single wafer. To increase the integration 

density for future WDM systems a considerable size reduction is necessary. III-V 

semiconductor technology is another promising technology due to its ability to integrate 

some optoelectronic or active devices [1], e.g., high-quality lasers, high-speed modulators, 

etc. It can also help to decrease the size of, e.g., an AWG to a few mm2 based on the common 

ridge waveguide, but this is at the expense of higher loss, higher material cost, and more 

complex fabrication technology. To stay with silicon, as it is the most popular material for 

modern micro-electronics, Si based nanowire waveguides were introduced [2], formed as 

silicon strips on a silica layer. A very high contrast of refractive index in all directions allows 

for high light confinement  and consequently very high integration density.  

Due to the compatibility of the fabrication technology with micro-electronics, silicon 

photonics has attracted a lot of interests. Both AWGs [3] and EDGs [4] based on Si have 

been studied in the recent years. However, to maintain single mode propagation along such a 

silicon nanowire waveguide the cross section of the waveguide needs to be very small. The 

performance of such sub-micrometer sized devices strongly depends on the fabrication 

accuracy. For a passive component, when the feature size shrinks down to sub-micron or 

nano scales, the most challenging issues are the scattering loss due to sidewall roughness, the 

coupling efficiency from a fiber, and the polarization sensitivity of a device. By optimizing 

the technology or employing a roughness reduction procedure [5], the propagation loss of a 

typical Si nanowire waveguide has reached ~0.2dB/mm [6]. The coupling efficiency can also 

be improved significantly with a spot size converter (~0.5dB loss per connection) [6]. In 

additions, polarization independent EDGs based on Si nanowires have also been proposed 

(see Chapter 3.1). 
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5.2 Designs 

First, the properties of the Si nanowire waveguide are studied. The typical structure of a 

Si nanowire waveguide based on an SOI structure is shown in Fig. 5.1. The silica buffer layer 

should be thick enough (~5 μm) to ensure a low leaky loss. Figure 5.2 shows the propagation 

constants of some waveguide modes with different structural parameters. For the EDG 

application, the thickness h=250nm is fixed here, and the width w=500nm is chosen, which 

lies in the single mode region. 

 
Fig. 5.1 Sketch of α-Si nanowire waveguide 

 
Fig. 5.2 Propagation constants of different modes in Si nanowire waveguides. Here, λ0=1550 nm, h=250 nm, 

nSi=3.63, and nSiO2=1.455. The solid lines are for TE modes, and the dashed lines are for TM modes. The dash-

doted line denotes nSiO2. Below this line, modes become leaky [3]. 

As an example, two EDGs with the same parameters will be designed: the central 

wavelength is 1552.5nm; the refractive indexes of silica buffer layer and α-Si:H core laye are 

1.46 and 3.58, respectively; the incident angle is 45 degrees; the diffraction order is 6; 

channel interval is 10 nm; and the internal of output waveguides is 5μm. The only difference 

between the two devices is the grating type. One is based on echelle facets and the other uses 

the TIR facets. 

5.3 Fabrications and Measurements  

a) Film Deposition 

       To create thin films of the desired materials on a substrate is the beginning step of the 

whole device fabrication. As shown in Fig. 5.1, 5 μm silica buffer layer and 250 nm α-Si:H 
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core layer will be successively deposited on a silicon wafer. A uniform, smooth, and defect-

free film is always desirable. In this thesis work, the plasma enhanced chemical vapor 

deposition (PECVD) technology [7-10] was employed for hydrogenated amorphous silicon 

(α-Si:H) and silica depositions. A full description of this deposition process is extremely 

complex, and we refer to Ref. [11] for detailed descriptions.  

b) Pattern Generation 

       After the thin films are deposited, the wafer was then sperated into small samples. Then a 

process of pattern generation will be carried out. Lithography technology with high resolution 

and accuracy is required for patterning the photonic components on the desired material. 

When pushing the lateral dimension of a silicon nanowire waveguide down below half 

micron, the resolution of conventional precision of optical lithography (365nm) is not 

sufficient. Deep ultra-violet (248nm) lithography has been adopted for fabrication of silicon 

nanowire waveguides [2]. In this thesis work, the electron beam lithography (EBL) is 

employed due to its low running cost and ability to push the resolution further down to 50nm. 

The Raith 150 EBL system was used for creating the patterns of Si nanowires and EDGs. To 

increase the coupling efficiency, the width of each input and output waveguide was tapered 

from 500 nm to 2 μm through a 25 μm long linear taper. Another write-field with size of 
2100 100 mμ×  was employed for these 2 μm wide access waveguides. 

Electron-beam resists are the recording and transfer media for EBL [12]. We can 

categorize them into two types, positive resists and negative resists. Now, a negative resist 

(ma-N 2405) is chosen and spined onto the sample. 

c) Pattern Transfer 

       We always need to transfer the pattern from the resist onto the target silicon films. This 

can be achieved usually by etching technique. Reactive ion etching (RIE) technology [13] has 

been widely adopted for etching semiconductors, dielectrics, and metals, due to its ability to 

achieve anisotropic, high-selectivity, and high-aspect-ratio etching. Figures 5.3 and 5.4 show 

some pictures of the fabricated structures. The roughness of the sidewall (i.e., the side facet 

of the waveguides and gratings) is ~10nm, which is directly measured from the scanning 

electron microscopy (SEM) pictures.  
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                                             (a) 

 
                                       (b)                                                                 (c) 
Fig. 5.3 Pictures of the fabricated EDG with echelle gratings using Si nanowires technology. (a) for the whole 

chip (b) and (c) for the enlarged grating structures 

      

Fig. 5.4 Pictures of the fabricated EDG with TIR gratings using Si nanowires technology (a) for the whole 

grating and (b) for the enlarged grating structures 
 

       (d) Measurements 
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       In this thesis work, we employed the setup shown in Figs. 5.5-5.6 to test our device. An 

amplified spontaneous emission (ASE) source gives a broadband unpolarized light with 

spectral range 1530nm–1610nm. This unpolarized light is butt-coupled to the input 

waveguide of a component through a focusing gradient index (GRIN) lens. The output light 

is collected with a microscope objective and split into two beams, one to an infrared (IR) 

camera, and the other to an optical spectrum analyzer (OSA) through a multi-mode fiber. 

Polarizers are inserted in front of the IR camera and the multi-mode fiber in order to separate 

the two polarizations. 

 
         Fig. 5.5 Sketch of the end-fire characterization setup 

 
      Fig. 5.6 Photo of the end-fire characterization setup 
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Fig. 5.7 Measured spectral responses of the fabricated EDG for the TE polarization. Solid lines are for TIR 

facets. Dotted lines are for echelle facets [14]. 

 

Fig. 5.7 shows the spectral responses of the fabricated EDGs for the TE polarization. The 

channel spacings are matched with the design. The large insertion loss is mainly due to the 

large scattering loss of a-Si nanowire waveguides. We can find that the crosstalks are 

relatively high here for practical DWDM applications. We attribute this to the phase error 

induced in the grating etching due to the grating-facet variation in short range (sidewall 

roughness) and long range (stability of the E-beam during exposure) [13]. In addition, 

sidewall roughness also results in most of loss for the sample. In addition, from this figure, 

one also sees that the loss of EDG using TIR facets will be 3-5 dB lower than that using 

echelle facet. This is because we have not coated a metal at the backside of the echelle 

grating in the sample.  
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DISCUSSIONS AND CONCLUSIONS 

1. Simulation  methods: 
   The design of an EDG demultiplexer requires an effective modeling and simulation 

technique. Due to its simplicity and fair accuracy in the calculation of e.g. the passband width, 

the scalar diffraction method [1], which is based on the Huygens principle of secondary 

wavelets, has become a popular technique for the simulation of an EDG demultiplexer [2-6]. 

However, the accuracy of the scalar diffraction method is limited in the analysis of the 

diffraction efficiency, especially when the grating facets are relatively small (i.e. when a low 

diffraction order or a large grating angle is used). Moreover, the polarization characteristics 

of the grating, which are essential in describing the performance of a demultiplexer, cannot 

be properly treated with the scalar method.  

    Although progress has been made in the vectorial analysis of diffraction elements [7–11], 

it has been primarily limited to infinitely periodic structures. Particularly, the rigorous 

coupled-wave analysis (RCWA) [12] is an effective numerical method for simulating the 

polarization-dependent diffraction property from a planar grating. However, up till now, most 

references to the rigorous analysis of diffraction devices have implicitly assumed infinitely 

periodic elements, for which the eigenfunctions are known and used in an eigenfunction 

expansion of the diffracted fields. However, these methods can not be applied to finite and 

aperiodic elements such as EDGs. To overcome this limitation, Prather, et al., have applied a 

boundary integral method (BIM) to the simulation of a diffractive element with finite size 

and aperiodic structure [13].  

    In the present thesis, we developed Prather’s work and gave a semi-vectorial analysis of 

the finite and aperiodic EDG by using the BIM. The BIM represents the integral form of the 

wave equations for each polarization in terms of the corresponding field distributions on the 

boundary of the etched grating. Fields re-radiated from the surface distributions in turn 

generate diffracted fields that can be determined anywhere in space. Boundary conditions at a 

dielectric interface are employed to simplify the resulting equations so that the field 

distribution can be determined at the dielectric interface using the computer adapted 

boundary element method (BEM) [14]. Using the present method, many important 

characteristics (such as the PDL, the insertion loss and the chromatic dispersion) for both 

types of etched gratings (echelle gratings and TIR gratings) can be accurately analyzed. 

Compared with finite difference time domain (FDTD), the numerical implementation of the 

present method is very fast due to the reduced dimension. Furthermore, such an accurate 
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analysis is not possible with a conventional diffraction theory (e.g. a RCWA) for an EDG 

demultiplexer with varying periods of a concave grating.  

    For EDG demultiplexers coated with a metal at the backside, the grating can be 

approximated as a metallic grating, which can be analyzed with a simpler method - the 

method of moments (MoM) [15]. The MoM has been applied in many areas of engineering 

and science including fluid mechanics, acoustics, electromagnetics, and fracture mechanics.  

Particularly, MoM is used to analyze many scattering problems [16-22] as one of the most 

important numerical methods. However, to the best of our knowledge, our work in this area 

represents the first application of MoMs to the semi-vector-based diffraction analysis of finite 

and aperiodic optical devices. By using this method, we can characterize effectively the 

diffraction property as well as the imaging property of an EDG demultiplexer. It reduces 

greatly the design error, and therefore is more reliable as compared with the conventional 

scalar diffraction method. In general, the discrepancy in the performances obtained with the 

present method and the conventional scalar diffraction method is quite large especially when 

the grating angle αg is large or the diffraction order m is small (i.e. the facet size is small). 

The method has been illustrated by a numerical example of a SiO2 EDG demultiplexer based 

on a Rowland mounting.  

    Though the BEM can be used to accurately analyze the polarization-dependent 

performance of a device, it is complicated and time-consuming for simulating an EDG 

demultiplexer due to its large size and aperiodic structure. Therefore, we gave a fast 

simulation method for a TIR type EDG demultiplexer based on the Kirchhoff–Huygens 

principle and Goos-Hänchen (GH) shift. The conventional scalar method was modified by 

taking into account the polarization dependent GH shift and limited groove size. The fast 

simulation results agreed well with our BEM results for most of the parameters. Moreover, 

the biggest advantage of the method over the existing methods is that it can also provide an 

insightful physical explanation for many numerical results such as the polarization dependent 

loss.  

2. Polarization insensitive design: 
    Polarization dependence is an important issue in planar waveguide based wavelength 

(de)multiplexers for DWDM applications. Two main polarization effects have been discussed 

in the thesis: polarization dependent loss (PDL) and polarization dependent wavelength shift 

(PDλ). 

    For an arrayed waveguide grating (AWG) demultiplexer, PDL mainly results from the 

polarization-dependent coupling loss between the FPRs and the arrayed waveguides. 
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Therefore, one can easily reduce PDL for an AWG demultiplexer, e.g., by introducing some 

linear tapers at the ends of the arrayed waveguides [23]. 

    However, for an EDG demultiplexer, the PDL is largely affected by the different 

diffraction efficiency of the grating for different polarizations. Coating the facets with a metal 

at the backside of the grating and using TIR facets are two common methods for reducing the 

reflection loss and thus improving the diffraction efficiency. For a conventional metallic 

echelle grating, the metal coating on the shaded facet is the main source of the PDL while it 

does not contribute to the improvement of the diffraction efficiency [24]. Therefore, the PDL 

for EDG demultiplexers using TIR facets is lower than that using metal-coated facets, as 

shown by our BEM simulations. 

    It has been shown that a single-side metallic echelle grating can have higher diffraction 

efficiency (especially for the transverse-magnetic (TM) mode) and much lower PDL as 

compared with a conventional metallic echelle grating [25]. The new groove geometry is 

suitable for a wide range of grating materials, and is also advantageous over a TIR grating 

especially for a material with a low refractive index. However, it is very difficult to coat a 

metal only on illuminated facets, which need a sputtering technology with high directivity.  

    In the thesis, we have shown that appropriate residual roughness of the shaded facets can 

reduce the PDL of the demultiplexer at all operational wavelengths, and the mechanism for 

the existence of an optimal residual roughness is explained. We also show that that there 

exists an optimal roughness of the shaded facets to achieve a minimal PDL for the EDG 

demultiplexer. Unfortunately, it is difficult to control the roughness on both shaded  and 

illuminated facets as a free parameter, and the best we can do experimentally is to reduce it 

down to an acceptable level. To control the roughness on  the shaded  and illuminated facets 

separately is even more difficult. 

    Compared with the above methods, it is a very simple method to make the shaded facets 

tilted with a small angle. Our numerical results have shown that the channel with the minimal 

PDL can be shifted to a longer wavelength for both grating types when the shaded facets are 

tilted. Then, if the total number of the channels used is not too large, an appropriate tilt angle 

of the shaded facets can reduce the overall PDL for all operating channels near the central 

wavelength for both grating types. For example, the maximal PDL of a TIR-facet grating 

based on InP material with a 1.4° tilt angle is reduced to only 0.2 dB for the 34 wavelength 

channels ranging from 1535nm to 1565nm with 100GHz frequency spacing. 

     For a conventional planar waveguide demultiplexer, owing to the difference in the 

propagation constants of the TE and TM modes in planar waveguides, the PDλ occurs in the 
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spectral response, which results in a shift in the spectral response peaks for two polarizations 

at each wavelength channel. This wavelength shift is sensitive to the design of the planar 

waveguide, and can range from a few tenths of nanometers to a few nanometers. As WDM 

systems move toward closer and closer channel spacing, even a small polarization-dependent 

wavelength shift may become a severe problem. 

     There exist many low PDλ designs applied to planar AWGs. The general idea is to 

compensate the difference of the phase shifts between the two polarizations [26-30]. Usually 

it is more flexible for an AWG (as compared with an EDG) to achieve low PDλ performance 

due to more degrees of design freedom (e.g., dimensions of the arrayed waveguides, shapes 

of the star couplers) to be chosen for an AWG while there is only a simple FPR (a 2D-slab) 

for an EDG. No other design freedom can be used to compensate the birefringence in the 

only FPR for EDG devices.  

    By integrating a prism-like polarization compensator in the slab waveguide region adjacent 

to the grating, one can also obtain a low PDλ design for EDG demultiplexers [31]. However, 

the compensation is only made for the central wavelength, which is not enough for materials 

with large refractive index difference between the cladding and core, e.g., Si nanowire case, 

where the device has not only different effective refractive indices but also different 

dispersions for the two polarization states. In the present thesis, we have discussed the details 

of polarization-dependent performances of an EDG and developed a method to compensate 

the PDλ through the whole wavelength range to be used. For a specific design with 9 

channels and 10nm channel spacing, when the PDλ of the central channel is compensated 

entirely, the largest PDλ of the other channels is only 0.15nm. For the same structure, the 

value will approach 4 nm using the method given in [31]. 

3. Low crosstalk designs: 
    The crosstalk can be classified into two types, namely adjacent and nonadjacent crosstalk. 

These two types of crosstalk are determined by different characteristics in the spectral profile 

of the multiplexer. Usually, it is not possible to design the nonadjacent crosstalk because the 

background suppression largely depends on the quality of fabrication [32]. However, adjacent 

crosstalk strongly depends on the bandwidth and the steepness of the suppression slope at the 

passband of devices. Based on this fact, the adjacent crosstalk level can be designed flexibly 

by controlling these spectral characteristics. There have been some low adjacent crosstalk 

designs for AWGs [33, 34]. These designs use cascade-connected devices, which results in a 

large size and complicated structure. 
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    A simple and effective method has been presented in the thesis to reduce the adjacent 

crosstalk for an EDG demultiplexer[35]. Sidelobes resulting from two adjacent wavelengths 

are suppressed by etching two optimized rectangular air trenches in front of each output 

waveguide that can induce large resonance loss in the adjacent wavelength but have little 

influence on the operational wavelength. The designed EDG demultiplexer can suppress the 

crosstalk to less than 50 dB in theory.     

4. Chirped diffraction order designs: 
  For a planar multiplexer, diffraction order is a key structure parameters for all kinds of 

special designs. For example, Lang, et al, has proposed a cross-order AWG design for a 

triplexer used in fiber to the home applications [36]. The cross-order AWG is designed so 

that Channel 1 at 1310 nm works at the diffraction order m=14, while the diffraction order for 

Channels #2 (1490 nm) and #3 (1550nm) is m=12. As a result, Channel #1, which is 

relatively far from the other two channels, works at a different diffraction order. Although 

different diffraction orders have been used in similar designs to satisfy some special 

applications, two diffraction orders are chosenat most. 

    In the thesis, we have shown that the diffraction order can play a more flexible role in the 

design of EDGs by alternately varying the diffraction orders between two adjacent facets. 

Two novel designs have been presented based on this idea. 

    First, to reduce the return loss of an EDG demultipelxer, we have made two modifications 

to the conventional design. The input waveguide is placed on the minimal intensity position 

of the diffraction envelope. Then, by further chirping the diffraction order for each facet, we 

minimize the envelope intensity for the other adjacent diffraction orders, which can 

contribute to about 35 dB return loss in a large spectral width. For AWGs, there is no strong 

interference caused by light rebounding directly backwards (unlike EDGs, which have the 

reflection gratings). With the present design, the return loss can be suppressed to the value of 

commercial AWGs. 

    Secondly, EDG demultiplexers with large free spectral range and large grating facets have 

been presented. For an EDG demultiplexer, one can acquire larger grating facets by selecting 

a larger diffraction order. This is advantageous in reducing the manufacturing difficulty. In 

addition, large grating facets in an EDG can reduce the influence of the shaded facets, and 

consequently the loss and polarization dependent loss (PDL) can be reduced. However, the 

free spectral range (FSR) and the diffraction order of the grating are related with an inverse 

ratio. Thus, the large diffraction order makes the FSR narrow and the number of available 

channels reduced. For a conventional design of a demultiplexer, this is an antinomy that can 
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 not be overcome. The FSR of a diffraction grating is defined as the largest bandwidth of a 

given order which does not overlap the same bandwidth of an adjacent order. By alternately 

varying the diffraction order between each adjacent facet, the FSR can cover the whole 

diffraction envelop for a special diffraction order, but avoid the influence of the adjacent 

diffraction envelops. When the diffraction orders at different facets approximately obey a 

Gauss distribution, the extinction ratio between the operational diffraction order and the 

adjacent orders can attain a 35 dB or so. This makes the crosstalk from channels in adjacent 

envelops to those in the operational diffraction envelop acceptable. 

5. Fabrication and measurement: 
    To begin with, we analyzed the effect of fabrication errors on the performance of EDG 

demultiplexers. Several studies have been made in order to understand the origin of crosstalk 

in AWGs and EDGs [37, 38]. The crosstalk is mainly due to the phase errors between 

different gratings. In the thesis, three main fabrication errors, i.e., rounded corners, rough 

surfaces and small defects in waveguides have been analyzed. A planar device can be 

analyzed after the device is fully packaged. However, if the device fails the end-of-chain 

analysis, the efforts spent on its fabrication and packaging will be wasted. Therefore, error 

analysis before the device is packaged is desirable as it can help to accurately control and 

optimize the manufacturing process of the device at a very early stage and, consequently, 

increase the production yield. 

     Different fabrication technologies based on different materials have been reviewed for 

EDG devices. In the present thesis, we use a structure of α-Si-on-SiO2 instead of 

commercially SOI wafers.    Compact EDG demultiplexers with 10 nm spacing for both 

echelle and TIR facets have been fabricated and characterized. 
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