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In this paper, a lifted Haar transform (LHT) image compression optical chip has been researched to achieve rapid im-

age compression. The chip comprises 32 same image compression optical circuits, and each circuit contains a 2x2

multimode interference (MMI) coupler and a n/2 delay line phase shifter as the key components. The chip uses highly

borosilicate glass as the substrate, Su8 negative photoresist as the core layer, and air as the cladding layer. Its horizon-

tal and longitudinal dimensions are 8 011 umx10 000 um. Simulation results present that the designed optical circuit
has a coupling ratio (CR) of 0: 100 and an insertion loss (/L) of 0.001 548 dB. Then the chip is fabricated by femto-
second laser and testing results illustrate that the chip has a CR of 6: 94 and an /L of 0.518 dB. So, the prepared chip

possesses good image compression performance.

Document code: A Article ID: 1673-1905(2023)09-0519-7

DOI  https://doi.org/10.1007/s11801-023-3023-z

Rapid development of digital media has made a variety
of images at present, the demands for higher storage ca-
pabilities and faster computing speeds are increasing.
Image compression can be achieved by reducing redun-
dant information because an image is made up of some
interrelated pixels'". The most common methods for
image compression are discrete Fourier transform (DFT),
discrete cosine transform (DCT), and discrete wavelet
transform (DWT). DWT is optimal choice because it can
overcome the limitations of DFT and DCT when to ana-
lyze input signals at different scales and resolutions!>.

Compared with electronic systems, optical chips have
received worldwide attention recently because they have
conquered the shortcomings of opti-
cal-to-electrical-to-optical (OEQO) transformation. As
carriers of information interaction between computing
units, photons have advantages of high transmission
speed and anti-interference ability!"), therefore, optical
chips have more powerful optical processing capabilities
as well as flexibility and reconfigurability’”, they are
multi-channel devices with optical waveguides embed-
ded into them.

Silicon, silicon oxynitride, indium phosphide, lithium
niobate, gallium arsenide, and polymers all can be im-
plemented on optical chips!®'. As a polymer material,
Su8 negative photoresist has good compatibility with
substrate, and it is more suitable for mass production!'?.

Femtosecond laser has ultra-short pulse width and ul-
tra-high instantaneous power to achieve ultra-high preci-
sion micro-nano machining, its heat-affected area is
small enough. Femtosecond laser can process various
materials, it is a new fabricating method for optical
waveguides and its machining steps are less than that of
lithography technology, which has improved the proc-
essing efficiency!"”. This paper presented a 64-channel
lifted Haar transform (HT) image compression optical
chip that fabricated by femtosecond laser with Su8 nega-
tive photoresist core.

HT is the simplest discrete wavelet transform, which is
a mathematical operation based on Haar wavelet which
can be used to achieve image compression by ignoring
unimportant parts of the transform domain. Besides HT,
other more powerful wavelet transforms can also be used
for image compression, but it should be considered that
HT is easier to be implemented because of its simple
structure and feature of easily being used to perform
simple manual calculations!"*'*). In this study, improve-
ment has been made to HT so that it has faster efficiency
when applied to image compression.

Lifted Haar transform (LHT) decomposes a pixel
value matrix into two sub-matrices with a length equal to
half of the original matrix. One sub-matrix is a running
difference or fluctuation, the other is a running average
or trend. For the pixel value matrix p with a length of N,
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the first difference sub-matrix d' and the first average
sub-matrix a' are obtained, respectively by
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where m=1, 2, 3, ..., N/2. p1, p», ..., py represent the
pixel values of the original image, while d,, and a,, rep-
resent the pixel values of the transformed image, and
compression is realized by reserving a,, while neglecting
d,. Establishing a one-to-one mapping between pixel
values and optical power which can be directly trans-
formed by the chip, which would eliminate the steps of
converting the signal values to power values and the
power values to signal values since d,+a,=pPu-1TP2m»
which mathematically shortens length of the transforma-
tion matrix and makes the transformation easier and
faster.

LHT can be performed at different levels, and the first
level is defined as
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By applying the process used for obtaining first level
LHT on the average sub-matrix, higher orders of LHT
could be achieved.

Key components of the image compression optical
circuit are multimode interference (MMI) coupler and
/2 delay line phase shifter!'”'®]. In the optical circuit,
n/2 delay line phase shifter provides a constant phase
difference for the two input signals. After interference
and superposition in the MMI, substraction and sum sig-
nals are obtained in the outputs. The compression can be
achieved through considering the sum signal and elimi-
nating the subtraction signal.

MMI has the advantages of compact structure, easy to
prepare, low loss, good production tolerance and small
polarization correlation, etc. Two-dimensional structure
of the MMI is presented in Fig.l. It can support m
waveguide  propagation modes at  wavelength
A=1 550 nm, v=0, 1, 2, ..., (m—1) denotes orders of dif-
ferent modes. The light field propagating along Z-axis in
the MMI is a linear superposition of all guided modes,
and the field profile at a distance L can be written as
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v=0

F(x,L)= VZZ”:H ¢, [, (x)exp [iv(v;#L} (7)

where ¢, is field excitation coefficient, f,(x) is v order
local mode of the MMI, L, is beating length of the two

v+ 2)m D
lowest-order modes, exp{lTL}:(—l) s

T

phase factor of the v order mode, and F(x, L) will be an

image of F(x,0) if exp{iML}zl or

3L
exp[iv(‘};%L} — (v +2).

T
T

I Multimode |
Inputend | jnterference region | Outputend
) MM1 |
Input 1 : : Output 1
" i N V\I\H
Input 2 \ Output 2

X

Fig.1 Two-dimensional structure of the MMI

In the above, first condition means that phase changes
of all modes along L must differ by integer multiples of
2w, the image is a direct replica of the input light field.
Second condition means that phase changes must be al-
ternatively even and odd multiples of «, the interference
produces an image mirrored to the input light field.

For L=p(3L,), p is non-negative integer,

exp[i%L}:(—l)pv(v+2) . When p is even,
(=Dpv(v+2)=1, the image is a direct replica of the

field.
v =even

input light

pv(v+2)=even
s , the phase changes
pv(v+2)=o0dd v=odd

must be alternatively even and odd multiples of m, the
interference produces an image mirrored to the input
light field.

Considering the images obtained half way between the
direct and mirrored image positions, L=p(3L,)/2, p is
non-negative integer, and the light field at these distances
is indicated as

When p is

v=m-1

Fx, g 3L) = Y e fexplivy + 2)p(§)]. (8)
That is -
Fx, %’ 3L) = # Fe0) + # F(-x0), (9)

which represents a pair of symmetrical images of F(x,0),
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For the structure compactness, p=1 is taken. As pre-

sented in Fig.2, when L, :%Ln , the input light field

will be divided into two fields with same amplitudes

1/ \/5 and phase difference of /2 in output 1 and output
2. Similarly, the other light field will be divided into two

fields with same amplitudes 1/ \/E and phase difference
of —m/2 in output 1 and output 2. Because n/2 delay line
phase shifter provides a constant phase difference n/2 for
the two input light fields, after interference and superpo-
sition, a phase difference of © will be formed at output 1,
the amplitude of total field at output 1 will be 0 theoreti-
cally, and a phase difference of 0 is formed at output 2,

and the amplitude of total field at output 2 will be V2.

mputl  C Lightfield1 Output 1
V4
nput2 | Lightfield2 Output 2

X
Fig.2 Interference and superposition of the light fields
in the MMI

According to the relationship between amplitude and
power, when the optical power of light field 1 and field 2
are P, and P,, and they have an initial phase difference of
n/2, the optical power at output 1 and 2 after MMI inter-
ference will be
R-2JpR + B

: 2 T2 2
Structure of the image compression optical chip is
shown in Fig.3, which is composed of 32 same image
compression optical circuits. Each optical circuit is
composed of a 2x2 MMI and a n/2 delay line phase
shifter.

Substrate of the chip is highly borosilicate glass, re-
fractive index ng=1.47. The core layer is Su8 negative
photoresist, refractive index n,=1.569 34. Cross section
of the core layer is 10 umx10 pum. The cladding layer is
air, refractive index n.=1. Spacing of the adjacent input
or output ports is 127 pm, the horizontal and longitudinal
dimensions of the optical chip are 8011 um and
10 000 um, and woking wavelength of the chip is
Ao=1 550 nm.

Image compression optical circuit

-

N R

A

{;ross section of the optical waveguide
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Fig.3 (a) Structure of the image compression optical
chip; (b) Image compression optical circuit; (c) Cross
section of the optical waveguide

Propagation loss of the MMI increases with its size,
considering the laser machining accuracy at the same
time, set Wyn=30 pm, so its effective width is

W, =Wy + W =Wy, +

A [ n, § s 7%
[3)a] - "

where W is penetrating depth. 6 =0 (¢ =0 for TE modes
and ¢ =1 for TM modes) is taken into Eq.(11), W=
3 3 4nW?
wi = 5 Ly = o X /=
2 2 34,
1 872.359 um can be obtained. Here, Ly is just a cal-
culated value, in order to optimize the result, transmis-
sion field distribution in the MMI is simulated in soft-
ware at different Ly values with a scanning range of
1 862—1 882 pm and a scanning step of 0.05 pm. Cou-
pling ratio (CR) and insertion loss (ZL)!'* of the MMI
corresponding to different Ly, values are shown in
Fig.4.

3040793 um  and L

})()utputl
CR = =, (12)
output2
P + P
L= — lolg outputl output2 . (13)
I)inputl + I)intputZ

Shift of the MMI length has little influence on CR
which is always close to 0 in the scanning range. When
Lym=1 871.55 um, IL of the MMI reaches minimum of
0.001 526 dB, and the simulation result is presented in
Fig.5.

Optimized sizes of the MMI obtained from the simula-
tion results are 30 umx1 871.55 um, which is presented
in Fig.6.
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Fig.5 Simulation result when Lyw=1 871.55 pm
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Fig.6 Optimized 2x2 MMI sizes

The phase shifter used in the image compression opti-
cal circuit consists of one rectangular optical waveguide
and two symmetrically tapered optical waveguides that
provide a phase difference of /2 totally.

L N U —

l[2=151656pm|  1=176pym |

Fig.7 Structure of the /2 delay line phase shifter

The rectangular optical waveguide provides a phase
difference as

), [(WL + W) = (W + (5W)2}LS
Ag, = 2 4 (14)
an (W, + oW) (Wwwide + 5W)

where W and Lg are width and length of the rectangular
optical waveguide, Wayeguide=10 um is width of the sin-
gle mode optical waveguide. Inclination of the tapered
optical waveguide is
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WL - Wwavc ide
r=tanf= —————== (15)
2L,
In the above equation, Lt is the taper length. Besides,
the inclination 7 needs to fulfill
3(w, + OW) 4,

waveguide

T < (16)
an (W, +ow)
Taking Eq.(15) into Eq.(16), we can get
2
W —10)(W, + 0.407 93
L, >( = ) (%, ) . (17)

15.419 5

Considering the chip size and machining accuracy,
take W =16 pum, so Lt>104.758 3 um. Phase difference
provided by one tapered optical waveguide is

A ik,
= — X
“r 4n
L 1
+ - . (18)
2

(Wwwegmde +5W) ZT(WL +5W) ZT(WWGC +5W)

Set the total phase difference as

Ap, + 2A¢T=g. (19)

Taking Eq.(14) and Eq.(18) into Eq.(19), we get
Ls=—1.223 748 184 842 9L+367.036 011 041 66. (20)

It can be known that Lg is linearly related to Lt from
Eq.(20). Similarly, set scanning range and scanning step
of Lt as 170—190 pm and 0.05 um, respectively, and CR
and /L of the image compression optical circuit change
with different Ly values are presented in Fig.8.
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Fig.8 Effect of Lt shift on CR and IL

In the scanning range, CR~0 constantly. When L=
176 ym and Lg=151.656 um, IL of the optical circuit
reaches minimum of 0.001 548 dB, and simulation re-
sults are as follows.

Take a 30 mmx30 mmx0.5 mm highly borosilicate
glass as the substrate, soak it in a beaker which contains
95% ethanol solution, and then place the beaker in an
ultrasonic cleaner for 30 min. Next, take out the substrate
and use nitrogen to blow it dry to ensure the surface of
the substrate is clean. A spin coater is used to uniformly
rotate the Su8 negative photoresist on the substrate and
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Fig.9 (a) Distribution of the optical power along
transmission line; (b) Stereoscopic distribution of
electrical vector amplitude in the direction of trans-
mission line

thickness of the core layer is 10 pm. Above processes
should be carried out in a vacuum operation box. Finally,
put the sample in an oven and bake at 120 °C for 30 min,
then, it is taken out for natural cooling. Femtosecond
laser was used to prepare the chip with center wave-
length of A=800 nm, repetition rate of /=1 kHz, pulse
width of 100 fs, single pulse energy of Ep<4.5 mJ, and
beam factor of M?<1.3. The femtosecond laser machin-
ing system is displayed in Fig.10, where the power at-
tenuation system consists of a half wave plate (HWP)
and a polarizing beam splitter (PBS), continuous adjust-
ment of the laser machining power can be realized by
turning the knob on the HWP. The mirror is used to
change the beam path to focus the laser on the sample
surface. Aerotech 6-Dof staging is controlled by com-
puter program to achieve laser precise machining. The
focusing objective is a 20x objective with a numerical
aperture (NA) of 0.40. Theoretical spot diameter D at
focal point of the objective lens is about 1.7 pm.

The minimum average machining power of a material
refers to the minimum power density required for irre-
versible damage to the material to occur. Determination of
the minimum average machining power can provide im-
portant guidance for subsequent machining. Femtosecond
laser processing parameters and the material itself will
affect the minimum average machining power. On this

Optoelectron. Lett. Vol.19 No.9 « 0523

account, we can design experiment to explore the mini-
mum average machining power of the Su8 photoresist.

Power attenuation system

Mirror

20% Ej Focusing
0.4 NAL_ objective

Va %-Dofstaging
#

Control system
Fig.10 Femtosecond laser machining system
By machining the sample using femtosecond laser

single pulse, measure average diameters of the damage
areas at different machining power by a microscope.

2 mW 4 mW 6 mW 8§ mW
DT ereseranen weveassene I XTI T Y]
10 mW 2 mW 4 mW 16 mW
000000000 XTI} ””'.’if‘ '“..'.m

Fig.11 Machining effects of the femtosecond laser
single pulse

Average diameters of the damage areas corresponding
to different machining power are as follows.

The relationship among single pulse energy Ep, ma-
chining power P and repetition frequency fis

E, =—. 1)

And the relationship between diameter of the damage
area D and single pulse energy Ep is

D*=20? (mEP +In f J 22)
nwaolh

where g is femtosecond laser spot radius, and ¢y is
damage threshold of the material. According to Eq.(22),
InEp is linearly related to D?, a linear fit is performed on
the data in Tab.l, and the following function image is
got.

Equation of the red line is

D*=—10.623 46+26.091 99InEp, (23)

where D=0 is the critical point of material damage. Sub-
stituting D=0 into Eq.(23), we can get In£p=0.408 3, then
the minimum average machining power P=1.504 mW
can be calculated through taking InE=0.4083 to
Eq.(21).

In the experimental process, laser machining power
and scanning speed are important factors that affect the
machining effects. It is difficult to find out the optimal
combination of the machining parameters if one of the
parameters is controlled and studied individually by the
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control variable method. In view of the above, set the
laser machining power and the scanning speed in vari-
able ranges, and investigate the machining effects under
different combinations of the two parameters by using
the laser marking method®™. When the laser machining
power is 2 mW and the scanning speed is 4 mm/s, the
machining error is the smallest and the machining quality
is the best.

Tab.1 Average diameters of the damage areas corre-
sponding to different machining power

Average diameters of the

Machining power (mW)

damage areas (um)

2 3.794

4 4.786

6 5.114

8 6.679

10 6.888

12 7.097

14 7.820

16 8.329
70r . D? .
60 D*=-10.623 46+26.091 99 InE, i
5 - . - B

. L
Q401 ]
3 - -
L]
L]
20r T
L]
101 T
0.5 1.0 1.5 2.0 2.5 3.0
Ink,

Fig.12 Relationship between D and Ep

The chip fabricated by femtosecond laser is presented
in Fig.13. In the figure, we can find out that macroscopic
outline of the chip is clear, and microstructures of the
MMI and the phase shifter observed under the confocal
microscope meet the design requirements. Sizes of criti-
cal parts in the chip are close to the optimal values.

A testing system based on light source and single
channel optical power meter is shown in Fig.14. The
light source has a center wavelength of 1 550 nm and an
optical power of 10 dBm. Light emitted from the light
source enters 1x2 optical splitter through single mode
fiber (SMF) which can ensure that the two beams of light
entering the optical circuit to be measured have the same
amplitude and phase. To minimize coupling loss, 6-axis
high-precision trimmers and vision system are taken into
the testing system. Use the single channel optical power
meter that connected with the optical circuit by multi
mode fiber (MMF) to measure the optical power of out-
put 1 and output 2 of the optical circuit. Repeat the above
steps, measure output 1 and output 2 optical power of the
remaining 31 image compression optical circuits, take

Optoelectron. Lett. Vol.19 No.9

average of the optical power in output 1 and output 2,
respectively, and then calculate CR and /L of the chip by

Eqgs.(12) and (13). ML

/

12 delay line
phase shifier

801197 um

10003.53 pm
(a)

06455 um I

99658 ym l

0.398 4 uml

-10.0327 uml
(0)

Fig.13 (a) Vertical view of the image compression optical
chip; (b) Microstructure of the m/2 delay line phase
shifter; (c) Microstructure of the MMI

Testing results presented that the image compression op-
tical chip has a CR of 6: 94 and an /L of 0.518 dB. Conse-
quently, the fabricated chip possesses acceptable image
compression ability.

Vision system

Optical power|
meter

6-axis high-precision trimmer 1~ Chip  6-axis high-precision trimmer 2
fixture

@

Vision system

6-axis high-precision
/ trimmer 2
Chip'ﬁxnne
(b)

’d
6-axis high-precision
trimmer 1

Fig.14 (a) The chip testing system; (b) Physical pic-
ture of position 1
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In this paper, an LHT image compression optical chip
has been designed and prepared, which uses Su8 nega-
tive photoresist (n,=1.569 34) as core layer, high boro-
silicate glass (ng=1.47) as substrate, and air (n~=1) as
cladding layer, and it works at Ay=1 550 nm. Simulation
results show that the chip can well limit the energy of the
light field in the optical waveguide and CR of 0: 100, /L
0f 0.001 548 dB can be obtained, which meets the design
requirements. Then the chip is prepared by femtosecond
laser. A testing system is built to test the chip, and the
results indicate CR=6: 94 and /L=0.518 dB, so the chip
has an acceptable image compression capacity.
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