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Abstraci—The Modified Discrete Cosine Transform
(MDCT) have found applications in digital signal, image
and video processing and particularly in transform

coding systems for data compression and
decompression. Multimode interference (MMI) in
optical silicon on insulator (S0I) waveguides is

attractive for realizing all-optical MDCT transforms as
they have the advantages of low loss, ultra-compact size
and excellent fabrication tolerances. In this paper, for
the first time, a novel approach to realize all-optical
MDCT based on multimode interference structures on
silicon on insulator platform is proposed. Based on the
transfer matrix method, the analyvtical expressions
describing the characteristics of the MMI structures are

derived. Designs of the proposed devices are then
verified and optimized using 2D and 3D BPM (Beam

propagation method) simulations.

Keywords: All-optical modified discrete cosine transform
(MDCT), image processing, multimode interference
coupler, optical signal processing, signal processing
l. INTRODUCTION
:

For many wyears, optical techniques have been
considered for a variety of signal processing tasks
such as pattern recognition, the generation of
ambiguity surfaces for radar signal processing and
image processing applications [1,2]. The major reason
for using an optical signal processor i1s 1ts high
bandwidth advantage over electromic processors. Due
to its high throughput, the application of optical signal
processing in optical communication systems 1S a very
attractive research area. Photonic signal processing
ransforms such as the discrete Fourler transform
(DFT), discrete cosine transforms (DCT) and discrete
wavelet transforms (DWT) are useful for spatial signal
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processing and optical computing such as spectrum
analysis, filtering, and encoding, etc.

Early efforts used lens systems [3, 4], directional
couplers [5, 6], and single mode star networks [7] to
develop optical signal processing transforms such as
the Hadamard transform, the DFT and wavelet filters,
However, the systems based on these technologies are
usually quite large, lack accuracy and require high
precision mechanical placement. In addition, the
structure for implementing the transforms based on
fibre technology requires bulky crossovers of fibre
cables. Recently, the design of DFT and DCT
transforms using fibre directional couplers has been
presented by Moreolo and Cincotti [8]. In the
literature [9, 10], a few transforms such as Hadamard
transforms and discrete unitary transformations have
employed MMI structures and multimode waveguide
holograms. However, these devices were designed for
the InP material system. For the device using
holograms, a complex fabrication process is required.
The presence of holograms within the multimode
waveguide tends to introduce additional losses.

Recently, a method for realizing all-optical Fourier
transform based on mulumode interference has been
reported [11]. The design of these devices has been
implemented on the silica matenal In
addition, all-optical dicrete cosine transforms and
discrete sine transform using multimode interference
couplers have been reahzed [12]. However, these
structures still need to use fiber optic directional
couplers,

SYSLeIm.

In this paper, we propose a new method to realize

all-optical modified discrete cosine transform
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(MDCT) based on multimode interference (MMI)
structures using silicon waveguides. -

MMI devices use the pnnciple of self-imaging
within_ multimode optical waveguides to produce
single or multiple images, of an input field, at periodic
distances along the waveguide. Such multimode
interference couplers have the desirable advantages of
low loss, compactness and good fabrication tolerances
[13]. In addition, the available material systems used
for such multimode devices include polymers, silica
on silicon and silicon-on-insulator (SOI). The high-
index contrast silicon-on-insulator (SOI) platform has
attracted much interest due to its potential for
miniaturization,  improved  performance,  and
compatibility with existing CMOS technology [14].

The photonic circuits are analyzed and optimized
using the transfer matrix method and the beam
propagation method (BPM) [15]. A description of the
general theory behind the use of multimode structures
to achieve the MDCT device presented in Section 11
Simulation results of MMI based structures for
components in the device structure are covered in
Section [1. A brief summary of the results of this
research is given in Section [V.

Il. GENERAL THEORY

The ~conventional MMI coupler has a structure
consisting of a homogeneous planar multimode
waveguide region connected to a number of single
mode access waveguides. Figure 1 shows a structure
of ,a r-:-:'.-langular'.NxH MMI coupler, where N=3,
Wipg and Lypg 15 the width and lenkth of the MMI

coupler. The MMI region is sufficiently wide to
support a large number of lateral modes (in the y
cirection).

Figure |. The structure of a 3x3 MMI coupler
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The operation of optical MMI coupler is based on
the self-imaging principle [13, 14]. Self-imaging is a
property of a multimode waveguide by which as input
field is reproduced in single or multiple images at
periodic intervals along the propagation direction of
the waveguide. The central structure of the MMI filter
15 formed by a waveguide designed to support a large
number of modes.

In this paper, the access waveguides are identical
single mode waveguides with width W, . The input

and output waveguides are located at

x={i1 l;“—'ﬂ;ﬂ (=02, N-1D

3 (1)

The electrical field inside the MMI coupler can be
expressed by [16]

LT 1
Eifxz)= ﬂ;#—ji:jZEmf.Tpn"j’: -

aie f

A W

where k=2m /4, A is the operating wavelength,
n i1s the waveguide refractive index and M is the total
number of guided modes in the MMI coupler, E_ is

the summation coefficients. We have the orthogonal
set relating the internal modes field to the outer input-
output field

| ’-.-
%sfﬂf%rr+%ﬂ freN)
4 i

| Em’nfﬂﬁ?ﬂr fr=N)

Where V, is the element on row i and column r of
a matrix Vy ., which relates the propagation modes
inside the waveguide to the output field.

[t 15 assumed that the length of the MMI coupler is
set 10 Lygg=2A/N, where A fA . If the

common phase term in equation (2) 15 not considered,
the ith propagating modes will experience different

phase shift of i“w/(2N) and the matrix \“.,f 15 then

=

multiplied by a diagonal matrix with the diagonal
clements

(4)

2N
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% The total transfer matrix of the waveguide from
input to the output ports now can be ealculated by

\

M =VvEFT (5)
This equation can be rewritten 1:;}-'
j .|'-u'-l-l,f r.[u%_.lz

|
-f_r— A{u4=Nv+=] . . Z Z
i i

If the phase shifters are added to the input ports
and output ports of the MMI structure, the total
transfer matrix can be calculated by

T =D, MD, (7

4
in

Where D, and D, are the matrices indicating the

contribution of the input and output phase shifters
arrays. If the phase shifter are set to be

(1 +%}E M(2N), 1=0, 2,...N-1, at the input and output

waveguides, the total transfer matrix T can be
computed by

|
K _Xfut=Nvt+=-]
Tu.ﬂ_=j{*!"E.-rr'm|"——EH—Lj (8)
In addition, the DST-IV can be described by the
matrix -

3 .rre“n+l,.lrv+l;
A = = sinf 9
BT = of T ) (9)

Therefore, I}'_IE: matrix of equation (8) is the matrix
of the DST-IV if the phase fagtor je.\:p{jE} 15
neglected.

Also, the matrix of the DCT-IV can be expressed
by

.':'ru+ljf1r+—

/
'i'*FMT:E"”’“"_ 2 ) (10}

N

It 15 can be proved that M, = PM .., where
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Therefore, the DCT-IV can be implemented using
the DST -IV device based on MMI structures by
putting a phase shifter = at the even input ports and
re-labeling all the output ports with the inverse order.

The MDCT of an input sequence {x_ }L_ﬂ g
given by
2 M=
1 N 1
yi -Ex“ msfﬁ-fn+5+51{k+5}j (11)

Where k= 0, 1,...,N-1. In this study, we propose a
new transform called, the modified discrete sine
transform or MDST. The MDST of an input sequence

X0 ]

15 given by

A=, __ 2N-]|

2|
| R | N |
Yk -E-"-n blﬂr[ﬁiﬂ+'£+?}l{k+5}} (12)
We can rewrite the factor within the cosine and
sine functions by
n 1 N ] n | . = ]
Ll > Hk+EJ-ﬁ{n+ E]{E+E}+E{k+?
(13)

As a result, the MDCT and MDST transforms can
be achieved simultaneously by using a general
structure as shown in Fig. 2. As an example, we only
show the case for 8 input and 4 output signals.
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Figure 2. The structure of the MDCT and MDST

transforms
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and one can prove that the phase shifters at the output
of the sum and difference unit in Fig. 2 can be

expressed by
(=)
gil () 0 ()
- |
p={ 1=}
0 es 1 0 0
i, = LB (13)
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Figure 3. Sum and difference unit based on an 8x8
MM! coupler
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The sum and difference unit performs the sum and
difference of the input signals. In Fig.2, the signals at
four upper arms are sum of input signals and the
signals at four lower arms are difference of input
signals. This sum and difference unit can be realized
by using 8x8 MMI structures with phase shifts located
at the input and output ports. The implementation of
this device i1s shown in Fig. 3.

Theretore, the MDCT and MDST can be achieved
by using cascading MM structures as shown in Fig. 2,

L. SIMULATION RESULTS AND DISCUSSION

The waveguide structure used in the designs is
shown in Fig. 4. Here, Si0, (ng, =1.46) is used as

the upper cladding material. An upper cladding region
15 needed for devices using the thermo-optic effect in
order to reduce loss due to metal electrodes. Also, the
upper cladding region is used to avoid the influence of
moisture and environmental temperature [17].

510, cladding

S1 Substrate

Figure 4. Silicon waveguide cross-section used in the
designs of the proposed device

The parameters used in the designs are as follows:
the waveguide has a standard silicon thickness of
h,=220nm and access waveguide widths are

W, = 0.5 pmfor single mode operation. It is assumed

that the designs are for the TE polarization at a central
optical wavelength A =1550nm .

The width of the MMI is W,,,,, =4um for 4 point
DCT-IV and DST-IV. The access waveguide is
lapered to a width of W, = 800nm to improve device

performance [18]. The optimized length of the MMI
coupler calculated by iD-BPM s
Lygyg =16.2 pm . As an example, we assume that the

using
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(a) Field amplitude at the input ports for
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(b} Field amplitude at the output ports for
inpui vector (10000 of the 4 point DCT using dxd
MMI structures

Input vector is to be (x,x,x,x;)" =(1000)" and the all-
optical DCT-IV is performed. The normalized inpu
and output amplitudes are shown in Fig. 5(a) and 5(b).

respectively. The 3D BPM simulation for this case is
shown in Fig. 5(c).

When  the input wvector is to  be
(5g%%2%3)" =(H11)" and the all-optical DCT-IV is
performed. The normalized inpit and output
amplitudes are” shown in Fig. 6(a) and 6(b),
rspectively. The 3D BPM simulation for this case is
shown in Fig. 6(c).

Therefore, the 3D BPM simulation results show
that our theory has predicted accurately the transfer
matrix of the DCT-IV. The DST-IV matrix can be

verified using the similar approach.

Now we will show that the sum and difference unit
tan be realized using 8x8 MMI structures if the width
nd length of the MMI coupler are chosen properly.
We choose an 8x8 MMI coupler having a width of

||l‘l||l"||

(c) Field propagation by using the BPM

il il simulation when the input vector is 1000V and the all-

aptical DCT-IV is performed

Figure 5. BPM simulation result of the DCT-1V

transform: {a) input amplitude, (b) output amplitude

and (c) field propagation

Wipar =9m. The 3D-BPM simulations for optimized

designs of 8x8 MMI structures based on the SOI
channel waveguide having a width of W,,,, =9um are

shown in Fig. 7. The optimized length calculated to be
Lypg =382um . Fig. 7 shows the input and output field

of the sum and difference unit when there are two
input signals presented at input port | and 8. The
simulations show that the sum of the two signals can
be obtained at output port 8 and the difference of the
Iwo signals can be obtained at output port 1.
Therefore, the BPM simulation has a very good
agreement with our prediction of the proposed theory.

In conclusion, it is obvious from the BPM
simulation results that the theory predicts adequately
the field propagation in the devices. By cascading the
MMI structures which have been used for the DCT-
IV, DST-IV, sum and difference unit along with the
phase shifiers, the whole MDCT device and MDST
device can be obtained.
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(b) Field amplitude at the ouiput ports for mpui
vector (1111)" of the 4 point DCT-1V using 4x4 MMI
structires
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(c) Field propagation by using the BPM simulation

T

when the input vector is (1111 and the all-optical
DCT-1V is performed

Figure 6. BPM simulation result of the DCT-1V
transform: (a) input amplitude, (b) output amplitude
and (c) field propagation

Valume E-2, No.5 (9)

Freld Anaphituce (@)

3L

fa) input signals presented at two ports of the sum and

difference unit

Field Anyplitude (a.u)

W

xy Pey— R gkl SR
LN N

(h) output signals presented at outpur ports of the sum
and difference unit
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(c) Field propagation of the signal via the sum and
difference unit using 8x8 MMI structures

Figure 7. BPM simulation result of the sum and
difference unit: (a) input amplitude, (b) outpul
amplitude and (c) field propagation
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IV. CONCLUSION

We have proposed a method for realizing all-
optical modified discrete cosine and sine
ransforms  using  multimode  interference
Siructures on an 501 platform: The designs of the
proposed devices have been performed using the
transfer matrix method and the beam propagation
method. This all-optical approach for the MDCT
and MDST realization can be useful for all-

optical signal and image processing applications

such as data compression, filtering and coding.
I

REFERENCES

A. VanderLugt, Optical signal processing, New York:

J. Wiley & Sons, 1992,

N. B. Le, Photonic signal processing : techniques and

apphications: CRC Press, 2007,

J. W. Goodman, A. R. Dias, and L. M. Woody, "Fully

parallel, high-speed incoherent optical method for

performing  discrete  Fourier transforms.,” Optics

Letters, vol. 2, pp. 1-3, 1978,

D. G, Sun, N. X. Wang, and L. M. H. e. al., "Butterfly

inferconnection networks and their applications in

information processing and optical computing:
applications if fast-Fourier-transform-based
opticalinformation processing.” Applied Optics, vol.

32, pp: T184-T193, 1993,

A. E. Siegman, "Fiber Fourier optics,” Optics Letters,

vol. 26, pp. 1215=1217, 2001,

G. Cincoth, "Fiber wavelet filters," IEEE Joumnal of

Quantum Electronics, vol. 38, pp. 1420-1427, 2002,

M. E. Marhic, "[hscrete Fourier transforms by single-

mode star networks,” Optics Letters, vol. 12, pp. 63-65,

1987, T

M. 5. Moreolo and G. Cincotti, "Fiber optics

transforms,” presented at 10th Anniversary International

Conference onTransparent Optical Networks (ICTON

2008), Athens. Greece, 22-26 June 2008,

A. R. Gupta, K. Tsutsumi, and J. Nakayama,

"synthesis of Hadamard Transformers by Use of

Multimode Interference Optical Waveguides,” Applied

Optics, vol. 42, pp. 2730-2738, 2003.

(0] S. Tseng, Y. Kim, C. J. K. Richardson, and J. Goldhar,
"Implementation of discrete unitary transformations by
multimode waveguide holograms,” Applied Optics,
vol. 45, pp. 4864-4872  2006.

(1] 1. £hou, "Reahzation of Discrete Fourier Transform
and Inverse Dhscrete Fourier Transform on One Single
Multimode Interference Coupler,” IEEE Photonics
Technology Letters, vol. 23, pp. 302 - 304, 2011.

12] J. Zhou and M. Zhang, "All-Optical Discrete Sine

Transform and Discrete Cosine Transform Based on

1
[+
13

il

[6]

435

A
X
gﬂ\%mfﬂpmam and Application on Information and Communication Technology

Multimode Interference Couplers,” IEEE Photonics

Technology Letters, vol. 22, pp. 317 - 319, 2010,

M. Bachmann, P. A. Besse, and H. Melchior, "General

self-imaging properties in N x N multimode

interference couplers including phase relations,”

Apphed Optics, vol. 33, pp. 3905-, 1994,

L. B. Soldano and E. C. M, Penmings, "Optical multi-

mode interference devices based on  self-imaging

principles and  applications,” IEEE Journal of

Lightwave Technology, vol. 13, pp. 615-627, Apr 1995,

W. P. Huang, C. L. Xu, W. Lm, and K. Yokoyama,

"The perfectly matched layer (PML) boundary

condition for the beam propagation method,” [EEE

Photonics Technology Letters, vol. B, pp. 649 - 651,

1996,

(6] J. M, Heaton and R. M. Jenkins, " General matrix
theory of self-imaging in multimode
interference(MMI)  couplers,” [EEE  Photonics
Technology Letters, vol. 11, pp. 212-214, 1999,

[17] F. L, Q. Ly, and Z. Z. e, al., "Optically tunable delay
line in silicon microring resonator based on thermal
nonlinear effect,” IEEE Joumal of Selected Topics in
Quantum Electronics, vol, 14, pp. 706 - 712, 2008,

[18] L. T. Thanh and L. Cahll, "The Design of 4x4
Multimoede Interference Coupler Based Microring
Resonators on an SO0 Platform,” Joumal of

Telecommunications and Information Technology,
Poland, pp. 98-102, 2/2009.

[13]

[14]

[13]

AUTHORS' BIOGRAPHIES

Trung-Thanh Le received the B.Sc.
and M.Sc. degrees in electronic and
telecommunication engineering from
Hanoi Umiversity of Science and
Technology, Vietnam in 2003 and
2005, respectively. He received the
Phl) degree i electrome and
telecommumications engineering from
La Trobe Umiversity, Australia in
2009, Since 2003, he has been a lecturer at National
University of Transports and Communications. He 15 now
with Hanoi Umversity of Natural Resources and
Environment, Vietnam and is the Dean of the Faculty of
Information Technology. Tel: +84 985 B48 193; E-mail:
thanh.lef@hunre. edu.vn,

Cao-Dung Truong received the B.Sc.
and M.5¢. degrees in electronic and
telecommunication engineering  from

Hanoi University of Science and
Technology m 2003 and 2006,
— respectively. He now is working

| towards the PhI) degree at School of
‘-‘i. Electronic and Telecommunication

Engineering, Hanoi University of
Science and Technology, Hanoi, Vietnam,

{





