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Abstract

Novel multimode-interference« (MMI)-based” crossings integrated with miniaturized
tapers are numerically presented for Silicon wire waveguides. These miniature tapers function
as field expanders to reduce transition loss between the input/output waveguide and the MMI
waveguide and the crosstalk in the crossing region. As a consequence, the lengths of MMI
waveguide reduce to less than twice of the beat length. Using finite difference time domain
method, we demonstrate that the MMI-based waveguide crossing embedded in the quadratic
tapers has the size of 5800x5800 nm?, the insertion loss of 0.15 dB and the crosstalk of -42 dB
at the wavelength of 1550 nm and broad transmission spectrum ranging from 1500 nm to

1600 nm.
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Chapter 1 Introduction

1.1 Photonic Integrated Circuits and Silicon Photonics

In recent years, photonic integrated circuits (P1Cs) have attracted much attention due to
the potential for replacing the integrated circuits (ICs) to achieve high speed and broad band
data transmission. The basic optical components to implement a PIC include light sources,
optical waveguides, modulators, and photodetectors, and they can be fabricated from a variety
of materials like LiNbO3, GaAs, InP, and silicon.

Silicon is conventionally used asa substrate for integrated circuits and recently Silicon
photonics-an active research to-realize photonic systems-by using relatively cheap and
abundant silicon as an optical medium-provides a platform for integrating electrical circuits
and photonic circuits on a single chip. In addition, optical components made on a silicon on
insulator[1] provides the advantages of low cost and small size due to being compatible with
well-established CMOS fabrication techniques and high refractive-index contrast between
silicon and silica.

Several high performance optical components for silicon photonics[2-3] have already
presented in recent years. Low-loss silicon photonic wire waveguide had already studied with
loss 0.5dB/cm [4-5]. The silicon modulator with 10 gigabits per second (10 Gbps) was

presented by Ling Liao et al. [6]. A silicon-based avalanche photodetector (APD) with 40



Gbps data rate was presented by Intel [7]. To carry out monolithic optical integrated circuits,
the difficulty in using silicon is silicon is an indirect bandgap material so as not to emit light.
However, this issue was solved in 2005. A continuous wave silicon laser based on Raman
scattering effect [8-9] was present by Intel. Because the light source issue was solved, silicon

photonics is a promising candidate for the future computer industry.

1.2 Waveguide crossing

In PICs, waveguides are used to transit the optical signals among different optical
components. When the waveguides are crossed, the optical signals are not affected by those in
the other waveguides. As a result, the photonics circuits can be designed with grid-cross array

and manufactured monolithically,-as shown in Figure 1.2-1.

Figure 1.2-1 The diagram of a photonics circuit



As shown in Fig. 1.2-1, the waveguide crossings are indispensable for efficiently using

the area of the substrate. However, in a direct waveguide crossing (i.e. two single-mode

waveguides are 90° crossed), the field diverges and leaks at the crossing region because of

high index-constrast between silicon and SiO..
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Figure 1.2-2 The direct waveguide crossing.and the corresponding field distribution

Here we define the insertion loss-and crosstalk of @ waveguide crossing,

Insertion loss ==10 Iog(%} , (eq.1.2-1)
P
Crosstalk =10 Iog(%} : (eq.1.2-2)

where Pj, is the power before entering the waveguide crossing, Po IS the power after

propagating through the waveguide crossing, and Pnese IS the power radiating into the

orthogonal waveguide. The insertion loss of a direct crossing is 1.2 dB and its crosstalk is

about -12 dB. In order to improve the performance of waveguide crossings, serveral structures

are presented and we briefly introduce these designs as follows.



1.2.1 Mode expander waveguide crossing

The common structure of a waveguide crossing is a mode-expander waveguide crossing
[10]. The mode expander expands the field wide to reduce the wide-angle components of the
guided mode, thereby decreasing the diffraction of the field at the crossing region. The
schematic structure and its field distribution are shown in Figure 1.2-3. The literature shows

that the insertion loss is around 0.2 dB with its total length larger than 10 um.

Figure 1.2-3 The mode expander waveguide crossing and the corresponding field distribution



1.2.2 Double etched mode expander waveguide crossing

The mode expander waveguide crossing with double etched was presented in 2007 [11]
to reduce the size of this type waveguide crossing. Its structure and corresponding field
distribution are displayed in Figure 1.2-4. The insertion loss is about 0.16 dB and its total
size decreases to 6um. However, double etched processes are required to realize this design

and, as a result, the fabrication of this waveguide crossing becomes difficult and expensive,
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Figure 1.2-4 The double etched waveguide crossing and the corresponding field distribution



1.2.3 Highly efficient mode expander waveguide crossing

Highly efficient mode expander waveguide crossing [12] is a mode expander waveguide
crossing without double etched processes. The total size is 6x6 um?® and the insertion loss is
around 0.2 dB. Although this structure doesn't need to be fabricated by using double etched
processes, the profile of this crossing is optimized by using genetic algorithm and becomes
complex for the CMOS fabrication. In addition, the footprint of this design is still occupied

by 6x6 um?, as shown in Figure 1.2-5.

4 ——

Figure 1.2-5 The highly efficient mode expander waveguide crossing and the corresponding
field distribution



1.2.4 Metamaterial filled waveguide crossing

This waveguide crossing is filled metamaterial in the crossing region with impedance
match [13] as displayed in Figure 1.2-6. The field passes though the crossing region without
reflecting from the interface between input waveguide and crossing region because large
refractive index of the metamaterial is used to confine the light at the metamaterial-filled

crossing region. The insertion loss of this waveguide crossing is 0.04 dB and the total size is

600x600 nm?. Although Ultra-low loss and ultra-small size can be achieved in this design,

fabrication of this structure is difficult and expensive.

T

/ ¥
|
J —
= i
A |
/ ‘»\ EWQC, Hwa
T \

i ToIT

n. =34

WG

h

—

—

i

—

DI

Figure 1.2-6 The metamaterial filled waveguide crossing and the corresponding field

distribution



1.2.5 Multimode-interference-based waveguide crossing

Figure 1.2-7 shows the field propagates along a multimode-interference (MMI)-based
waveguide crossing and we can observe a narrowing field at the crossing region [14-15]. Due
to suppressing the field divergence at the crossing region, the insertion loss is reduced to
around 0.2 dB. The total size of MM I-based crossing is 13x13 um? and this size is too large to

implement compact PICs.
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Figure 1.2-7 The MMI-based waveguide crossing and the corresponding field distribution
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All the structures of waveguide crossings mentioned above have the problems of large
footprints and complex fabrication processes. Here, we would like to present a novel
MMI-based waveguide crossing with low insertion loss and small size. In addition, the

requirement of fabrication techniques is compatible with current standard CMOS fabrication

technique.



1.3 Organization

The organization of this thesis is described as follows. First, we introduce the mode
expansion method for MMI waveguide and tapers in chapter 2. Next, the design approach to
design a compact, low insertion loss and small crosstalk MMI based waveguide crossing is

presented in chapter 3. At last, chapter 4 concludes this thesis.



Chapter 2 Theories

In this chapter, we introduce the concept of the self-image principle which is the
fundamental mechanism to design a MMI-based waveguide crossing. Next, the mode

expansion method is presented for designing single-mode and multimode tapers.
2.1 Self-imaging principle

Self-imaging principle is the phenomenon that the field formed periodically in a
multimode waveguide. In a multimode waveguide, there are several modes in this waveguide
with their mode profiles and propagation constants.« As'some arbitrary field is impinged into
the multimode waveguide, more-than one mode are excited-and each mode interfere to each
other during propagating along . the ~multimode waveguide, resulting in periodic
multimode-interference distributions along ' the  propagating direction. This kind of the

multimode waveguide is called the MMI waveguide.

When an arbitrary field Ej,(X,y) is incident into a MMI waveguide, the field profile
Ein(X,y) can be decomposed into several modal field distributions TE;j(x,y) which are the

eigenmodes of the MMI waveguides and given by
N
B, (X, y)= ZCiTEi (X’ y) (eq.2-1)
i=0

where C; is the modal coefficient of the mode field distribution TE;i(x,y), i=0..N, and

calculated by using overlap integral
10



[ TE (% Y)TE, (x, y)dxdy

©- eq.2-2
[ TE,(x, y)TE, (x, y)dxdy (eq.2-2)
The electrical filed at the arbitrary position z in a MMI waveguide is
N
E(x¥,2) = Y. CTE, expl-i412) 0.2-3

i=0

where z is propagating direction and f3; is the propagation constant of the mode field TEi(x,y).
When the field E(x,y,z) propagates along the waveguide direction z, the phase difference are
induced among different modes because each mode has different propagating constant. The
phase difference between modes changes from 0 to 2z, and the field profile E(x,y,z) in x-y
plane at some distance z becomes the same as the incident field E;, as the phase difference
becomes 2mm, m is an integer. This phenomenon is named self-imaging principle[16] in the
MMI waveguide.

Here, we give an example of the:self-imaging principle in a three-mode supported MMI
waveguide. Assume the incident field is the fundamental mode of an narrower waveguide,
with centrosymmetric profile. From eq. 2-1, the input field Ein(X,y) can be expressed by the
two even modes of this three-mode supported MMI waveguide. By using overlap integral,
the modal coefficient Cpand C, for these lowest two even modes are obtained. Accordingly,
the field E(x,y,z) in the MMI waveguide can be written

E(x,y,2)=C,TE, (X, y)exp(-if,z)+ C,TE,(x, y)exp(-iB,z)  (eq.2-4)
where 3 is the propagation constant of the mode field TE;(x,y), i=0 and 2.

Figure 2.1-1 illustrates the field distribution E(X,y,z) in this MMI waveguide and we can
11



find the self-image reformed between some specific distance periodically. This specific

distance is defined as beat length Lg. In this example, the beat length can be calculated by

L, - 2
ﬂo _ﬂz

(eq.2-5)

The field distriution of field E(x,y,z=mLg) at mutliple beat length is simplified as

|E(X, y,Z= LBX = |C0E0(X’ y) exp(_ iﬂo LB)+ CzEz(Xl Y) eXp(_iﬁz LB )|
= |{C0 Eo(X1 y) eXp[_ i(ﬂo - ﬂz )LB]+ CzEz (X’ y)}| X |9Xp(_iﬁ2 LB)|

= {COEO(X’ y) eXp{_ i(ﬂo _ﬁz)x B ijﬂ }"‘ C,E, (X, y)} X|eXp(_i/82 L )|
= |{Co Eo (X, y) + C,E, (X, Y)}|
=|E(x,y,2=0)| (eq.2-6)

At multiple beat length, the phase difference between the two even modes becomes 2mr,

and ,as a resulting, the field at z = 0 and the field at. multiple beat length are the same, as

shown in Figure 2.1-1.

QD MAOD HLLOD ML
Ly « 3

Figure 2.1-1 The periodic intensity distribution is formed along the propagating direction

12



2.2 Eigenmode expansion method for tapers

In the following section, we introduce the analysis of tapers by using eigenmode
expansion method. Two types of the tapers are discussed- one is the single-mode taper and the
other is the multimode taper. When the light propagates through the single-mode taper, the
power of light is coupled from the input fundamental mode into the fundamental mode of
another waveguide without converting to any higher-order modes of waveguides along the
taper. When the light propagates through the multimode taper, the power is coupled into the

fundamental mode and the other high modes of the multimode taper.

2.2.1 Single-mode tapers

A single-mode taper is a common component for’mode conversion in PICs. As two
different waveguides are connected, the mode profiles between them are different, resulting in
the power loss as the power transfers from one waveguide to the other. To solve this issue, a
single mode taper is inserted in between to convert the fundamental mode of one waveguide
to that of the other to efficiently reduce the power loss due to the junction.

Here, , we use the eingenmode expansion method to analyze the power conversion along
this gradually varied waveguide. Because the taper width is changed continuously along the
propagation direction, we divide this taper into several discontinuous waveguides and
approximate this taper to a cascaded waveguides with fixed waveguide width, as shown in

13



Figure 2.2-1. Each divided region is an individual waveguide with its corresponding

eigenmodes. Assume this taper has its length of L; and is divided into M parts, and then the

length dz of each individual waveguide is Ly/M. The initial width is W; and the finial width is

W

Figure 2.2-1 a taper is divided into several waveguide sections

First, when the input light incidents.into the taper, the input field Ej,(X,y) is coupled into
the modes of the first individual waveguide. According to eq. 2-1, the input field Ein(X,y,z=0)
can be expressed by the linear combination of eigenmodes in the first individual waveguide.

E, (x,y,2=0)= iC{"ﬂE{“ﬂ(x, y) (eq.2.2-1)
i=0
where m indicates the m-th individual waveguide and C;"™=" is the modal coefficient of the
mode field distribution E™=*(x,y) in the first waveguide region , i=0..N, and calculated by

using overlap integral

14



EM(x, Y,z =0)E™"(x, y)dxd
Cim_lzﬁ (%, Y,z = 0)E"(x, y)dxdy €q.22-2)

JTE™ (6 y)E™ (x, y)xdy

After the light propagates through the first waveguide, the field at the junction of the first and

second waveguides can be expressed by the eigenmodes of the second waveguide.

EM(x,y,z=dz)= icimzlEim:l(x, y) exp(— i,Bimzldz) (eq.2.2-3)
i—0
= icimzinmzz(x, y) (eq.2.2-4)
i—0
By analogy with eq. 2.2-3 and eq. 2.2-4, we get the general relation between two
arbitrary neighbor waveguide regions m and m+1 as the following equation:
EM(x,y,z =mdz)= icim E™(X,Y) exp(— iﬂimdz) (eq.2.2-5)

i=0

N
= M CM™EM(x,y) (eq.2.2-6)

i=0
” El (X, ¥,z =mdz)E"" (X, y)dxdy

C-erl —
| [[ &0 YIE™ (x, y)dxdy

(eq.2.2-7)

Based on eg. 2.2-5 to eq. 2.2-6, the field at arbitrary position z can be obtained, and the power

at z can be calculated. Because the egienmodes are orthogonal, their relation can be described

as shown in eq. 2.2-8. The normalized total power at arbitrary m-th waveguide can be

simplified as eq. 2.2-10

[[EMCEN(xy) =6, (eq.2.2-8)
P = [ [ (E€n) (EN Jaxdy (69 2.2-9)

crl =1 (eq. 2.2-10)

Il
M=

Il
o

When this taper functions as a single-mode taper, the fundamental mode in each

15



individual waveguide is excited as the input power is launched onto this taper. Therefore,
|Co™"| is approximately equal to one and |C;™*}| for i=1...N have to be zero,. Assume only
fundamental mode is excited in the m-th waveguide, that is Co™ #0 and C;"=C," = C3" = ...
=C\" = 0.

Eq.2.2-7 can be rewritten as:

m+1
0

_ U I Co'Eq (X, Y)Eq™ (X, y)dxdy

= = Cy =1 (eq.2.2-11)
| J[ES unET (oy)dxdy |

[[[erEs o yET (x, y)ducy

= =0,wherei=0 (eq.2.2-12)
| [TEM O EN(x, y)dxdy

‘ m+1
i

Eq. 2.2-11 and eq. 2.2-12 are the basic conditions for a single-mode taper design. In
order to satisfy these conditions,-the mode profiles of these two waveguides are almost similar.
Therefore, the widths of these two waveguide regions need to be almost the same. As shown

in Figure 2.2.1-1, the width difference between two connected waveguides dw is

w; -w,)
L

Therefore, in order to have small dw, the length L; of the single-mode taper has to be long and

dw = dz (eq.2.2-13)

the width change has to be slowly adiabatic.

16



2.2.2 Multimode tapers

Compared with the single-mode taper, the length L; of a multimode taper can be short
and the change of the width is fast. The power can be coupled into not only the fundamental
mode but also the high-order modes. Similar to the previous analysis, we divide the
multimode taper into several small waveguide regions. The field at arbitrary position is
expressed by the eigenmodes of its local waveguide. However, due to fast variation on the
taper width, reflection and transition powers at the interface of two connected waveguides

have to be concerned, as shown in Figure 2.2-2.

Cm cm'i'l

‘ Bm Bm+1 ‘

mdz

(m+1)dz
Figure 2.2-2 a multimode taper is divided into a series of individual waveguides with fixed
width. Each section of the individual waveguide can be expressed by a transfer matrix Pp,

describing the amplitude variations of the forward and backward propagating modes at two
adjacent sections

Here, we introduce the bidirectional mode expansion method for analysis of the

multimode taper with TE case. In the m-th waveguide, both the forward and backward fields

17



are concerned and the field at arbitrary position z in the m-th waveguide can be written as
N
"(x,y,z=2)=Y E(x, y)[Ci’“ exp(— ip"(z - mdz))+ B" exp(iﬂim (z- mdz))] (eq.2.2-14)
i=0
HY(x,y,z=2)=
va' EM(x,y) [C”‘exp( ig" (z—mdz))+ B exp(lﬂ (z—mdz))] (eq.2.2-15)
i-0 Wity
where C;" is the modal coefficient for forward wave and B;" is the modal coefficient for
backward wave.

At the interface between the m-th and m+1-th waveguide, the tangential electric and

magnetic fields have to be continuous

EJ(x,y,z=(m+1)dz) = EJ*(x, y,z =(m + 1)dz) (eq.2.2-16)
HM(x,y,z =(m+1)dz) = H"(x, y,z = (m +1)dz) (eq.2.2-17)
By these two conditions, we obtain a transfer matrix P, and the modal coefficients can be

calculated by the following relations

Co By’

cmt c" . .

1= Pn whereC" =| : | ~ B"=]| : (eq.2.2-18)
Bm+ Bm " o
C B

N

When a multimode taper is connected to a MMI waveguide, the power is coupled into
several modes of the MMI waveguide. The field propagates at arbitrary position z in the MMI

waveguide is then written as
N

"(X,y,2)= Z[ exp(—ig,(z- L))+ B exp(i (z— L))E" (x. y) (eq.2.2-19)

i=0
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cM o
(BM]:pM...pm...p{BO] (eq.2.2 - 20)

As the modes propagate through the taper, the propagation constant induces the phase
term and the corresponding modal coefficients C™ and BM become complex numbers. We
rewrite the C™ and BM by the amplitude term and phase term as eq. 2.2-21 and eq. 2.2-22

M CM exp(-i6°) (eq. 2.2-21)
M —BM |exp(-i6°) (eq. 2.2-22)
By taking the eq. 2.2-21 and eq. 2.2-22 into eq. 2.2-19, the field at any position is rewritten as

eq. 2.2-23.

Ef (%, y.2)=

iﬂc“ﬂ lexpl-i[B,(z - L, )+ 0 )+ B explifB,(z = L)+ 67 DEY (% y)  (eq.2.2-23)

i=0
From eq. 2.2-23, we find each mode has an initial-phase term, this phase term effects the
distance of the first self-imaging. And the modal coefficient decides the profile of self-image.
Therefore, we can make the self-imaging occurs in a MMI waveguide by multimode taper.
And we can control the property of multimode-interference by changing the structure of

multimode taper.
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Chapter 3 Design approach

In this chapter, we show the design approach to achieve compact waveguide crossing by
integrating multimode tapers to the MMI based waveguide crossings. The output field at the
junction of the MMI waveguide and the multimode taper is coupled into both fundamental
mode and next high order mode of the MMI waveguide, and thus the self-image is formed at
the crossing region to suppress the divergence of the field. Here, we use three dimensional
finite difference time domain (FDTD) method[17] to discuss the effects of taper lengths ad
profiles on the performances of the MIMI based waveguide crossing and to find the optimize
design parameters for achieving compact, small loss and low. crosstalk waveguide crossings.
3.1 Structure of the designed MM based waveguide crossing

The structure of our designed”MMI based waveguide crossing is displayed in Figure
3.1-1. The device is made on a silicon on insulator substrate where the Silicon (n=3.45) with
thickness of 220 nm is deposited on a SiO, buffer layer (n=1.45). The input and output
waveguides with width Wy of 500 nm are single-mode. The crossing region is composed of
two 90° intersected MMI waveguides with lengths of Ly, and widths Wy, of 1200 nm to
support three modes in MMI waveguides. Multimode tapers are used to connect the
input/output and the MMI waveguides. The length of the multimode taper is L; and its width
is varied from 500 nm to 1200 nm. The length of MMI waveguide L, is chosen to be twice of

the length to form a self-image at the crossing center.
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3.2 Eigenmode properties of the input/output and MMI

waveguides

Figure 3.2-1 shows the cross-section of the designed input waveguide and only the
fundamental TE-like mode is supported in the input and output waveguides at the concerned

wavelength of 1550 nm.

Figure 3.2-1 The cross-section of designed input/output waveguides

By using the Beam Propagation Method (BPM), the fundamental TE-like mode profile

of the input waveguide is calculated and its mode distribution is shown in Figure 3-2. As

shown in Fig 3.2-2, the power of the light is highly confined inside the silicon core. The

effective index of this calculated mode is 2.034.
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Figure 3.2-2 The fundamental mode profile of the input and output waveguides.

On the other hand, the width of the MMl .waveguide (W) is designed to be 1200 nm and
its height (H) is the same as that-of the input waveguide, i.e., H is 220nm. In such design,
the MMI waveguide supports three TE-like modes (i-e., TEq, TEoi, TEo, modes). We
calculate the mode profiles of these TE-like modes by using BPM method. The calculated
mode profiles of these TE-like modes are shown in order in Figure 3.2-3 ~5. According to
eq. 2-3, an arbitrary field propagating along the MMI waveguide can be linearly combined by
these three TE-like modes.

E(X,Y,2) = C,TE,,e ¥’ + CTE,e " +C,TE e " (eg.3.2-1)

Let the field E(x,y,z) be the fundamental mode of the input waveguide. Because the
fundamental mode is centrosymmetric in the x-direction as shown in Figure 3-2, C; is zero
calculated by overlap integral. Therefore, the field inside the MMI waveguide is a linear
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combination of TEq, and TE, modes, and the self-image is observed as the phase difference
between these two modes becomes 2mmz, m is integer, i.e., the field of the self-image is
expressed as

E, (X, y)=C,TEy + C,TE,, (eq.3.2-2)
Based on eq. 2-5, the beat length of the MMI waveguide is calculated as

L, - 27

= 2271 (nm) (eq.3.2-3)

0 2
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Figure 3.2-3 The TEy mode distribution of the MMI waveguide.
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Figure 3.2-4 The TEq; mode distribution of the MMI waveguide.
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Figure 3.2-5 The TEy, mode distribution of the MMI waveguide.
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3.3 Diffraction loss with different self-image profiles

The major loss of a waveguide crossing is the loss at the crossing region because of
vanish of lateral confinement there. We define the loss at the crossing region as diffraction

loss and it can be calculated by

P
Diffraction loss = -10Iog[ alter J (eq.3.3-1)

before

where Ppetore 1S the power in the MMI waveguide before passing the crossing region and Pagter
is the power in the MMI waveguide after propagating through the crossing region.

The diffraction loss of a MMI based waveguide crossing is reduced because the a
focusing self-image is formed at-the crossing region. Here, we investigate the effect of the
self-image profile on the diffraction loss by launching the field in the MMI waveguide
constructed by different portion of TEy and TEy, modes. From eq. 3.2-2, the input field
profile can be decided by the modal coefficients of Cy and C, , and we define the amplitude

ratio ) of C, to Cp as

G,

—= eq.3.3-2
c, (eq )

77 =
The diffraction loss as a function of the amplitude ratio n is shown in Figure 3-3-1. The
diffraction loss is about 0.6 dB at the ratio n of zero. As the ratio n increases, the diffraction

loss decreases first and then increases as 11>0.27. At n=0.27, the lowest diffraction loss is

obtained, ~0.12 dB
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Figure 3.3-1 Diffraction {oss as a function of amplitude ratio n

The corresponding self-image profile at different amplitude ratios are shown in Figure
3.3-2.  As n increases from 0 to 0.27, the beam waist of the filed inside the guiding region
decrease and the field outside the guiding region also reduces, demonstrating a focusing beam
with narrow angular spectrum is obtained. At n=0.27, the field outside the guiding region is
approximately zero with the field profile well fit with a Gaussian function. On the contrary,
as n larger than 0.27, the beam waist inside the guiding region keep reducing but the field
outside the guiding region increases, showing the field has more amount of the high-angular

components and this results in more diffraction loss.
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3.4 Multimode taper design

Here, we study the effect of the taper length on the self-image profile in the MMI
waveguide. As shown in Figure 3.4-1, the taper width varies linearly from Wy to Wy, with
its length of L; and taper height is fixed to be 220 nm. We change L; from 0 to 2000 nm.
Figure 3.4-2 shows the simulated electric field Ey propagating along the linear taper and the
MMI section with different taper lengths. The lengths of these taper are (a) 0 nm, (b) 500 nm,
(c) 1000 nm, and (d) 2000 nm, respectively. In the absence of the taper (i.e., Lt is 0 nm.), the
input field is coupled into the two lowest even mades. of the MMI waveguide ( TEq ~ TEq,
modes) at the interface between the input-and-the MMI waveguide and the first self-image is
formed after propagating 2271 nm (i.e. a beat length) in the MMI waveguide as shown in

Figure 3.4-2 (a).

Input Multimode MMI waveguide
waveguide taper 4
Wg I W,
L¢ v

A
v

Figure 3.4-1 The diagram of a multimode taper
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In the case of the taper length of 500 nm as shown in 3.4-2 (b), the beam width of the

self-image becomes wider and the distance where the first self-image is formed becomes

shorter than a beat length. Base on eq. 3.2-3, the beat length is constant for a given MMI

waveguide. Here, we define the distance where the self-image is formed as the effective beat

length Lesr. As the taper length increases, we see that the self-image profile and the effective

beat length are different, and next we study the effect of the length of this linear taper on the

amplitude ratio corresponding to the realized self-image profile, transition loss and the

effective beat length.
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Figure 3.4-2 Evolution of the input guided mode propagation through the linear
taper with its length of (a) 0, (b) 500, (c) 1000 and (d) 2000 nm and the MMI
waveguide
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3.4.1 Effect of taper length on the amplitude ratio n

As shown in Figure 3.4-2, the field distribution along the MMI waveguide is different as
the taper length changes and we use overlap integral to acquire the modal coefficients of TEg
and TEg, modes for all cases of the different taper lengths. The variation of the taper length

on amplitude ratio is shown in Figure 3.4-3.

Amplitude ratio n
/4

“Neg=p=

0 500 7 1000 . 1500 2000
Taper length (nm)

Figure 3.4-3 Variation of taper length on the amplitude ratio

As L=0 nm, 20.11% of the input field is coupled into the TEy,, mode and the
corresponding amplitude ratio is 0.51. As the taper length L; increases, the power coupled into
the TEp, mode decreases and thus the amplitude ratio n reduces monotonically. In section
3.3, we obtained the lowest diffraction loss as n=0.27. To achieve this condition, the length

of this linear taper has to be 560 nm.

35



3.4.2 Effect of taper length on transition loss

Conventionally the taper is inserted in between two mismatched waveguides in order to
reduce the transition loss. Here, we study the effect of taper length on the transition loss and
the results are shown in Figure 3.4-4. As the taper length is zero, some input power is
radiated and reflected at the interface of the input and MMI waveguides due to mode
mismatch. By using overlap integral, the transition loss is calculated to be 0.226 dB,
corresponding to the total coupling efficiency of 94.93%. As shown in Figure 3.4-4, the
transition loss decreases with the increase of the taper-length. In addition, the reduction of the
transition loss is steep as the taper length-increases from 0 t0. 1000 nm. The transition loss is
smaller than 0.003 dB ( i.e., the coupling efficiency is more-than 99.93% ) as the taper length
is larger than 1000 nm. As the taper length is 560 nm, the transition loss is roughly equal to

0.08dB.
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Figure 3.4-4 Transition loss as a function of the taper length
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3.4.3 Effect of taper length on the effective beat length

We notice that L¢ are varied with the taper length in Figure 3.4-2. The variations of the
effective beat length Les with the taper length L is displayed in Figure 3.4-5. Without
inserting a taper (i.e., Li=0 nm), the effective beat length is equal to the beat length. As the
taper length L; increases, the effective beat length Ley decreases and is smaller than the beat

length.

2300
2200
21001
2000
19001
18001
17001
16001
0 - 500 < 11000 / 1500
Taper length (nm)

Effective beat length (nm)

Figure 3.4-5 Effective beat length Le as a function of the taper length L.

When the field propagates through this multimode taper, a phase difference between
TEg and TEgp, modes is induced at the junction of the multimode taper and the MMI
waveguide because the modes interfere along this multimode taper. The self-image with phase
difference of 2 is observed as the field propagates an effective beat length along the MMI

waveguide. The effective beat length, therefore, can be calculated by

_ 2z —initial phase difference

Leff
,Bo - ﬂz

(eq.3.4-1)

where initial phase difference is the phase difference of the TEq and TEg, modes at the output
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of the multimode taper.

As the taper length increases, the length for mode interference increases. As a result,
the initial phase difference increases and the effective beat length decreases with the increase
of the taper length. As the taper length is 560 nm, the corresponding effective beat length is
1889.3 nm and the length of MMI waveguide is chosen to be twice of the effective beat length

to implement a MMI waveguide crossing.
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3.5 Performances of MMI based crossings with linear tapers

Figure 3.5-1 shows the FDTD simulation results of these taper-integrated MMI based
waveguide crossings with the taper length L; of 0 nm, 560 nm, 1000 nm and 2000 nm,
respectively. Here, the length of the MMI section in each design is chosen to be twice of the
effective beat length obtained in the aforementioned section. In the case of L; = 0 nm, field
is diffracted dramatically at the crossing region and significant scattering field radiates into
the orthogonal MMI waveguide. In the case of L= 560 nm, we see a narrowing field at the
center of the crossing and the wave fronts at the front and back of the crossing are almost the
same with reversal sign of phases. Inthe cases of the larger L;, as shown in Figure 3.5-1 (c)
and (d), the field scatters through-the crossing region without-significant crosstalk because the
dominant component of the field is the TEg mode ‘with a narrow angular spectrum.
However, we can see wave front expands more widely at the back of the crossing region, and

this results in more insertion loss.

Table 1 lists the parameters and performance of these four taper-integrated MMI
crossing structures with taper lengths of 0, 560, 1000 and 2000 nm, respectively. As n
decreases, dimension of the crossing increases but the crosstalk decreases. The lowest
insertion loss of these taper-integrated MMI based crossings is obtained as the taper length is

560 nm.
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In the case of L= 0 nm, the diffraction loss is roughly equal to 0.58 dB and the insertion
loss (~0.78 dB) is roughly equal to the sum of the transition loss (0.226 dB) and diffraction
loss, meaning 16.44% of the input power is lost after the filed propagates through the MMI
based waveguide crossing without inserting a taper.  In the case of L=560 nm (for n = 0.27),
the diffraction loss is about 0.12 dB and its insertion loss is 0.24 dB.

In the cases of L= 1000 nm and 2000 nm, the field diverges at the crossing region such
that the guided modes of the MMI waveguide and the diverged field at the back of the
crossing are mismatch, resulting in substantial insertion loss. Compared with the MMI based
crossing without inserting tapers (i.e. the case of L;=:0), the taper-integrated MMI based

crossings perform smaller insertion loss and less crosstalk.
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Figure 3.5-1 FDTD simulations of the input guided mode propagation through
MMI based waveguide crossings sandwiched by four identical linear tapers
with (a) L=0 and L,,=4543.4 nm, (b) L=560 nm and L,,=3778.5 nm, (c)
L+=1000 nm and L»=3600 nm and (d) L=2000 nm and L,,=3450.4 nm.

Table 1 Properties of MMI based waveguide crossings integrated with linear tapers at the
wavelength of 1550 nm

L +2L Insertion  Crosstalk

() " Lerr(m) T loss (dB) (dB)
(nm)

0 0.52 2271.7 4543.4 0.78 23.19
560 0.27 1889.3 4898.5 0.24 45.39
1000 0.18 1800.0 5600.0 0.25 48.12
2000 0.07 1725.2 7450.4 0.43 50.63
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3.6 Effect of the Taper Profiles

In the previous section, we realized the smallest insertion loss as the amplitude ratio n =
0.27. In order to achieve this value, the corresponding linear taper length L; is 560 nm, and,
as a consequence, the transition loss of this taper is 0.08dB and the effective beat length is

1889.3 nm.

Here, we investigate the effect of the taper profiles on the transition loss and the effective
beat length. The studied taper profiles expand in width with an initial value of 500 nm to the

final value of 1200 nm and are given by

w,(z) = w, + (w, _WQ)X{EJ (eq.3.6-1)

where wy(z) is the taper width and ns the profile index .

Here, we chose the taper profiles with n = 0.25, 0.5, 1 and 2 and the corresponding L; are 750,

530, 560 and 1000 nm in order to realize n=0.27.

The field distributions along these four taper and MMI sections are shown in Figure
3.6-1. In the case of n=0.25 and n=0.5, the width varies steeply, and, as a result, the
effective beat length for each design decreases to be 1400 nm and 1735 nm, respectively.
However, the transition loss is larger than the case of the linear taper. In the case of n=2, the

transition loss is 0.02 dB with longer effective beat length (1900 nm).
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Figure 3.6-1 Evolution of the input guided mode propagation through different
taper profiles with n=(a) 0.25, (b) 0.5, (c) 1 and (d) 2 and the MMI waveguide
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Figure 3.6-2 FDTD simulations-of the input guided mode propagation through
MMI based waveguide crossings sandwiched by four different tapers with (a)
L=750nm and n=0.25, (b) L=530 nm and n=0.5, (c) L=560 nm and n=1 and
(d) Li=1000 nm and n=2.

Table 2 Performance of waveguide crossings with different taper profiles at the wavelength of

1550 nm
Total length of the  Transition _
L off . loss Insertion Crosstalk
n crossing
(nm)  (nm) loss (dB) (dB)
Lm+2L¢ (nm) (dB)
0.25 750  1400.0 4300.0 0.17 0.37 -39.83
0.5 530 1735.0 4530.0 0.12 0.33 -42.85
1 560 1889.3 4898.5 0.08 0.24 -45.39
1000 1900.0 5800.0 0.02 0.15 -42.34
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Figure 3.6-2 exhibits the simulated fields of the input wave propagating through these
taper-integrated MMI based crossings with (a) n=0.25, (b) n=0.5, (c) n=1 and (d) n=2. The
transverse fields at the junction of the taper and the input waveguide are different but the
self-images formed at L of the MMI waveguide in these cases have the same beam waist at

due to the fixed value of n.

Table 2 summarizes the parameters and performances of simulated taper-integrated MMI
based crossings at the wavelength of 1550 nm for the cases of n = 0.25, 0.5, 1 and 2. The
lengths of the MMI crossings in the cases of n =.0.25 and n=0.5 are less than twice of the beat
length and their insertion loss are lower- than ‘that without inserting a taper. Although the
dimension of the MMI crossing increases as n-increases, the transition loss of the taper
decreases and better performance of the waveguide crossing is obtained. In the case of n = 2,
the MMI waveguide crossing has the insertion loss of 0.15 dB and the dimension of 5800x

5800 nm®.  In addition, the crosstalk in these designs are imperceptible, roughly -40dB.
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3.7 Wavelength dependence on insertion loss and crosstalk

Insertion losses and crosstalks of these designed MMI based waveguide crossings with
different taper profiles as a function of wavelength are shown in Figure 3.7 (a) and (b). The
insertion loss decreases as n increases because the transition losses of the tapers reduce. In
each case, the variations of insertion loss is less than 0.1 dB at the wavelength ranging from
1500 to 1600 nm. All the crosstalks of these MMI based crossings are lower than -30 dB at
the wavelength ranging from 1500 to 1600 nm. These results indicate these crossings exhibit
broad transmission spectra around the wwavelength of 1550 nm. In the case of n = 2, the

insertion loss is averagely 0.18 dB and thecrosstalk is less than -40 dB.
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Figure 3.7 (a) Simulated insertion loss spectra and (b) calculated crosstalk
spectra of the designed MM I-based waveguide crossings for n=0.25 (black
curves), 0.5 (red curves), 1 (blue curves) and 2 (green curves)
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Chapter 4 Conclusion

In this thesis, we present a novel compact MMI based crossing by using multimode
tapers. As a short multimode taper is inserted in between the input/output and MMI
waveguides, the transition loss reduces and the length of the required multimode waveguide
reduces to be less than twice of the beat length. Besides, the diffraction loss is determined by
the profile of the self-image, and its minimum is obtained as n is 0.27.

In the case of using the quadratic taper, the size of the MMI based waveguide crossing is
5800x5800 nm?, the insertion loss is around 0.15-dB’and the crosstalk is lower than -40 dB. In

addition, these devices can be fabricated by using standard CMOS fabrication process.
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