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Photonics = Study of light
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Nobel Prizes related to Photonics
(~ every 3 years)

Physics
Lorentz and Zeeman
The Zeeman Effect, Electron Oscillator Model

Physiology or Medicine

Finsen

Phototherapy — use of UV light to treat Lupus

Physics

Michelson

The Michelson Interferometer & Precision Measurements
Physics

Lippmann

Colour Photography based on Interference

Physiology or Medicine

Gullstrand

Description of the Refractive Optics of the Eye
Physics

Dalén

Solar-based regulator for buoys and lighthouses
Physics

Planck

Energy Quanta

Physics

Stark

The Stark Effect

Physics

Einstein

Photoelectric Effect & services to theoretical physics
Physics

Bohr

Atomic Structure and the nature of radiation
Physics

Millikan

Elementary Charge and the Photoelectric Effect
Physics

Compton

The Compton Effect

Physics

Raman

Raman scattering

Physics

Heisenberg

Creation of Quantum Mechanics

Physics

Schrodinger and Dirac

New Productive Forms of Atomic Theory
Physics

Pauli

Pauli Exclusion Principle

Physics

Zernike

Phase Contrast Microscope

Physics

Born

Statistical Interpretation of the Wavefunction

Physics

Lamb

Fine structure of the H Spectrum (Lamb Shift, QED)

Physics

Townes, Basov, and Prokhorov
Maser-Laser Principle

Physics

Kastler

Precision studies of optical resonances

Physiology or Medicine
Granit, Hartline, and Wald
Physiological and chemical visual processes in the eye

Chemistry

Eigen, Norrish, and Porter

Flashlamp Pump-Probe Studies of Chemical Reactions (us)
Physics

Gabor

Holography

Physics

Bloembergen and Schawlow

Laser Spectroscopy

Physiology and Medicine
Hubel and Wiesel

Information Processing in the Visual System

John M. Dudley, "Light, Lasers, and the Nobel Prize,” Adv. Photon. 2(5) 0393R%,(10 October 2020)

Physics

Ramsey, Dehmelt, and Paul

Atomic Clocks, the lon Trap

Physics

Chu, Cohen-Tannoudji, and Phillips

Laser Cooling and Trapping

Chemistry

Zewail

Femtochemistry

Physics

Alferov and Kroemer

Optoelectronics, Semiconductor Heterostructures
Physics

Cornell, Ketterle, and Wieman

Bose Einstein Condensation

Physics

Glauber, Hall, and Haensch

Quantum Optics, Spectroscopy, Optical Frequency Comb

Chemistry

Shimomura, Chalfie, and Tsien

Green Fluorescent Protein GFP

Physics

Kao, Boyle, and Smith

Optical Fiber Communications ; Imaging and the CCD
Physics

Haroche and Wineland

Individual Quantum Systems

Physics

Akasaki, Amano, and Nakamura

The Blue LED and Energy-Saving White Light Sources
Chemistry

Betzig, Hell, and Moerner

Super-resolution microscopy

Physics

Ashkin, Mourou, and Strickland

Optical Tweezers & Biophotonics

Chirped Pulse Amplification

PEAYE






What is light?

nnnnn light.com

 Light = wave of electro-magnetic field
— Field « force

« What are electric field? magnetic field?

Han 9



How many forces are in nature?

Fundamental Forces

Induces beta decay

Gravity @.@

Strength

6 x 10°°

Range (m)

Infinite

Strength Range (m) Particle
Force which
Sf rong holds nucleus 1 1 0-15 gluons.
@ @ togeher falamater of & n(nucleons)
medium sized nucleus)
Strength Range (m) Particle
Electro- <@ &> : _ photon
) 137 Infinite mass = 0
magnetic ©O=@® spin = 1
_ Strength Range (m) Particle
W k \ - 7 -18 Intermediate
eda ws@ C> '@ 10 vector bosons
{0.12 of the diameter + =
of a proton) Wo W, ZO~
neutrino Iinteraction mass > 80 GeV

spin =1

Particle

graviton ?
mass = 0
spm 2

mk-acm

« Only four, surprise?

Han 10
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What is the really usable force?

Fundamental Forces

®n® Strength Range (m) Particle Q-IA o D'_=| _C'D__D'C_ DE# %I-
Force which -
Sfrong m_— holds nucleus 10715 gluons, HR)| L XA UM Ols
@ @togeher {diametsr-of & n(nucleons) o El'
medium sized nucleus) -
Strength Range (m) Particle
2CIroO~- - photon _
Electro- «® @ L Infinite e 0 H2|E =g 8¢ =o
magnetic O <® spin = 1

_ Strength Range (m) Particle
’ : Intermediate = = =
Weak “,}Z@ = & 10°® 10210 Pt AL S0 20{5t= &
oa¥ (0.1%% of the diameter + fe
% of a proton) W5 W, Zo.
neutrino interaction mass > 80 GeV
Induces beta decay spin =1
Strength Range (m) Particle ol o —
Gravi[y @_> . 10_39 s graviton ? AoHEH S
¥ X nnnie mass =0 = =
spin = 2 i olLI 2 E&= UA0{0F
tkeac.m

» Electro-magnetic force is the only tangible force in daily life
— Reasonable strength and range

 You can’t really play with gravity 2
Han 11



Wave

Poking (direct force) Sound wave (remote force)

tenor.com

docsity.com

« Wave allows remote action (e.g. sound wave)

« Wave carries energy and information

o DGST



Yes, light is electro-magnetic wave

<LiDAR>

<Optical communications>

traffictechnologytoday.com

Do you know the era of modem? We watch, not listen Fast & precise measurements
(download 1 image takes 3 mins,
year 1999)

» Lightis very fast: no latency
— ¢ = 3x108 m/s (cf. speed of sound = 343 m/s)

» Lightis very high frequency: high bandwidth
— Red light: 4x10'4 Hz (cf. human voice: 200 Hz)

« Period of light (wavelength) is very small: high precision
— Red light: 6x107 m (cf. sound wave: 2m) o

Han 13 PEAYE
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Camera (2D vision) VS LIiDAR (3D vision)

Camera LiDAR

Velodyne

velodynelidar.com

From movie “Good Will Hunting”

youtube.com/watch?v=nXlqv_k4P8Q

« LIDAR (3D) = Camera (2D) + distance information (1D)
Han 15 m‘fST



Digital camera: how it works?

- DSLR Digital Camera

LIGHT
PATH

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
J

,
I
I D 1. Viewfinder (eyepiece lens) 9. Electronics
I I 2. Pentaprism 10. Autofocus system
3. Focusing screen 11. Reflex and relay mirror
I I 4. Condenser lens 12. Focusing elements
5. Color and infrared filter 13. Aperture
| | é. Digital sensor 14. Zoom elements
7. Shutter 15. Front line gathering elements
| | 8. Display 16. Batteries
| | ephotozine.com/
Image sensor Imaging lenses

« Looks complicated, but it is really simple actually

Han 16
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2D vision

2D vision
Imaging lenses
' mage | : \ Object
One pixel Sensors .
(CMOS sensor) A ﬁ AN
)«

« 2D vision (camera) is as simple as this

Hon 17 DG/ST



Let’s follow the evolution one by one

2D vision | > 3D vision

. DGST



2D vision (more simplified)

Imaging lenses
Image (mapper)
sensors

* Nothing more than sensor & mapper complex

Han 19



Tweaked 2D vision (Verl)

CMOS
sensor
(single)

Emitter
array

What if we reverse the direction of light

Emit light from the pixels (laser or LED)
Measure the amount of light scattered from the object

We can still construct the image (can you visualize it in your head?,

Han 20 LGfST



Tweaked 2D vision (Verl)

CMOS
sensor
(single)

Emitter
array

What if we reverse the direction of light

Emit light from the pixels (laser or LED)

2\

Measure the amount of light scattered from the object

We can still construct the image (can you visualize it in your head?,

Han 21
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Tweaked 2D vision (Ver2)

CMOS
sensor
(single)

Single emitter ¥4

(direction
control
possible)

» We still get the same thing right?

AN

Han 22
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3D vision (LiDAR)

CMOS
sensor
(single)

Single emitter
(direction
control
possible)

* Use pulse to measure the distance

* Measure the time-of-flight (ToF)

o 23 PEAYE



What are the important aspects?

ifixit.com

« Beam scanning
— We need fast scanning speed

- Framerate = ﬁ N:# of pixel, t:time for switching to next pixel

* Timing
— Light is so fast (e.g. only 33x10° sec for traveling 10 meters)

Ad . ) ) . .
- At < — At: time resolution, required Ad: distance resolution we want

&
— If you want to have 1 mm resolution, you need to differentiate 3.3x1012 )
y Har¥24 Sﬂ’ fff



LiDAR classification: Beam scanning methods

Rotating motor M-mirror

llllllllllllll

Y-Axis tilt is driven with'@sfusSol al"funqllon
Mechanical angle reaches -6° to +A° =
- MakeAGIF.com

makeagif.com

Faster, smaller, more accurate, low cost (for mass production)

DGST



LIiDAR classification: Timing

Time of Flight FMCW

Video clip from https://www.youtube.com/watch?v=viWw5n1xuTg8 Video clip from https://www.youtube.com/watch?v=viWw5n1xuTg8
SiLC Tehcnology Inc. SiLC Tehcnology Inc.
<Pros> <Pros>
- Simpler implementation (Low cost) - Higher accuracy, high sensitivity
<Cons> - Longer range
- Low resolution, smaller range - Direct velocity measurement (Dopper effect)
- Crosstalk <Cons>

- Complex implementation (higher cost)

Han 26 PEAYE


https://www.youtube.com/watch?v=viW5n1xuTq8
https://www.youtube.com/watch?v=viW5n1xuTq8

FMCW LiDAR
—RX =LO

A

Doppler

Freq.
(Fa b

Freq. ..

Video clip from
https://www.youtube.com/watch?v=viWw5n1xuTg8
SiLC Tehcnology Inc.

Time
C. V. Poulton, A. Yaacobi, D. B. Cole, M. J. Byrd, M. Raval, D. Vermeulen, and M. R. Watts,

"Coherent solid-state LIDAR with silicon photonic optical phased arrays," Opt. Lett. 42, 4091
(2017).

- Al Zbo]l 2t 2f|oj X 2| Fat(F, L) S MY HoE H=E

~

up/down ramp)
- EjZlof| 511 =012 Sla} 8|0| X 2| Fit+F H]

I
\Z
MY
ro
>

12t =&
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https://www.youtube.com/watch?v=viW5n1xuTq8

FMCW LiDAR

Target A —RX =10

(b) Chi
SLwept B Lens X
aser| |10 f
o 1w
I Scope

IF1 IF2 IFl IF2|

Doppler

LA

Af

Time | Time )

- AlZtof 2t 3|0 M Q| Fot(F, miE)E MIH2E HE (up/down ramp)

- f = at, a.]ust proportwnal constant
Xt o[ Xe| FhtrS Hluw > ZE M FE

—t
VoItage

« EZl0f Bt S0F2 5
- Af = aAt > At = =

ed=cAt - d = cA—f, c:speed of light
EHST

C. V. Poulton, A. Yaacobi, D. B. Cole, M. J. Byrd, M. Raval D. Vermeulen, and M. R. Watts, "Coherent solid-state LIDAR with silicon photonic optical phased arrays," Opt. Lett
Han 28



FMCW LiDAR

—RX =1LO

A
§ fan pler
f

At

® |
| -—' : 5

g

Y

#
#

Video clip from https://www.youtube.com/watch?v=viw5n1xuTq8 Af
SiLC Tehcnology Inc.

ed=cAt - d = c%f, c:speed of light
Han 29 m\ryf


https://www.youtube.com/watch?v=viW5n1xuTq8

Pop quiz

Laser Target Laser Target

* L. * 4

A

time

 What is the profile of laser frequency graph if the distance
becomes 2X?

Han 30 PEAYE



Pop quiz

Laser Target Laser Target

d . 2d .
* " lo—0° * > (0—0>
y Af Af Af, Af y 2Af 2Af Af A 2Af
/8 !
At ‘ 2At
time ' time

 What is the profile of laser frequency graph if the distance
becomes 2X?

Han 31 PEAYE



FMCW LiDAR can also measure speed directly!

https://www.youtube.com/watch?v=AASycVyV4HA&t=6s

* You can also measure speed by differentiating the distance, but it is much less
accurate

dx

e what happen if there is noise in x?

v LGS T



Doppler effect in sound wave

Doppler effect in sound

c+ v,
= 0
Low Frequency High Frequency C + ‘DS
"ﬂ" .l'h"n A I.| il
¥ ¥ v
+ I c:speed of wave
L 3 ' L .
x ﬂ_a ﬁ v,:speed of reciever (towards source)

e e ——— Vil Vvs:speed of source (away from receiver)

forum.huawei.com

* Frequency of wave shifts when the source moves
relative to the listener

DGST



Doppler effect in light (EM wave)

Doppler effect in EM wave

v
1+
— C
f - vf 0
Object receeding Object approaching 1 -
Waves appear longer Waves appear shorter V C
Redshift Blueshift
c:speed of wave (light)
S v:speed of source relative to receiver
o .
~ (approaching)

imagine.gsfc.nasa.gov

* When | walk toward you, you look little more bluish....

DGST



Doppler effect in LIDAR

—=RX =10

A
§ f[)nppler
f

At

R

7
#

Af

« Can we actually measure it??

Han 35



Pop quiz |

* If you walk towards me 1 m/s with red laser (430 THz),
what is the frequency of the laser | observe?

v

f= f;fo
N

c:speed of wave (light)

v:speed of source relative to receiver
(approaching)

fo=4.3 * 10" Hz
1m/s

1+

_ c _ 14
f= " 1m/s * fo=4.3000000143 « 10" Hz

1
\ c
Af =1.43+«10°Hz = 1.43MHz

. DG/ST



Pop quiz 2

* If you walk towards me 2 m/s with red laser (430 THz),
what is the frequency of the laser | observe?

v

f= f;fo
N

c:speed of wave (light)

v:speed of source relative to receiver
(approaching)

fo=4.3 * 10" Hz
2m/s

1+

f= Z"Cl/s x fo = 4.3000000287 = 1014 Hz
1 —

\ C

Af =2.87+10°Hz = 2.87MHz

DGST




How do we measure the frequency shift??

(b Chi Target
 [Swept lens 1y e N
Laser L,O} &/ )

3’— RX d1
«—x >

|

I

I I k

TI SCOpe /J “ Rer:'lﬂlectpr H \
on Moving :

| Half-Silvered
' I / Mirror

IFI |F2 lFl IF2 A tutorial on laser interferometry for precision measurements

—~t
VoItage
[\

v

« 1Im/s 2 1.43MHz (cf. FM radio frequency ~100 MHz)

» Beat (add) the RX signal with LO signal Envelope
|
for . At

- sin(2m fot) + sin(27 (fo + Af)E) = 2 sin[ 27 (fo + A—)t'] sin[ 2m - ¢]

arrier

» Just like the FM radio (envelop detectlon§ El'.;ff]'

Han 38


https://www.researchgate.net/publication/261347353_A_tutorial_on_laser_interferometry_for_precision_measurements

How do we measure the frequency shift??

Carrier
(fo + Af Envelope
ReferenI:l ] 0 2 (A_f)
{Fixed) || >
Reflector /
R |
> .
4z
Reflectpr \
Half-Silvered nohélj:w ng
Mirror ject
—

}

i i isi : *mod
A tutorial on laser interferometry for precision measurements

« 1Im/s 2 1.43MHz (cf. FM radio frequency ~100 MHz)

» Beat (add) the RX signal with LO signal Envelope

- sin( 27 fot) + sin( 2@ (fo + Af)T) = 2|sin[21t (fo + %f)t,]' sin[Zn%’lt]

i i ] J arrier
» Just like the FM radio (envelop detectlongl o

o 59 ' PEAYE


https://www.researchgate.net/publication/261347353_A_tutorial_on_laser_interferometry_for_precision_measurements

How do we measure the frequency shift??

Carrier

Envelope

(b Chi Target
r SLWEp - LenSAw-TX’l
aser ‘Log RX

TIA Scope A A b
QJI'HII ]! (T / \ |
t g
Sl 3
>{f IF1 IF2 flum IF2 ' mod '

Time

« 1Im/s 2 1.43MHz (cf. FM radio frequency ~100 MHz)

Envelope

« Beat (add) the RX signal with LO signal I
[
- sin( 2w fot) + sin( 2w (fo + Af)t) =2 sin[Zn (fo + A—f)t,] sin[Zn%’lt]

arrier

 Just like the FM radio (envelop detectlon§ DGAST

Han 40



Cf. FM radio

AM(kHz)

1 89.1 KBS2 22 FM 1 603 KBS M|22}C| 2
2 897 ggurs || 2 711 KBS H[12iC|Q
3 919 MBC 22t FM 3 792 | SBS (AM Stereo
............ 4| a1 | KeSiseteM | 4| e | cBs

5 - 939 CBS 22 FM 5 900 MBC
...... 6 945 YTN 2}C|Q 6 1188 FEBC 284
O JES AW Hoooleer b
8 959 MBC EZ= FM
91 973 KBSLEZ=FM || + &+
0] 98l CBS B M 1|
11 991 Zopdks
..... s e
T U e 2z |
14 1009 | gaws
15 1027 AFKN
A6 1035 ¢ SBS BIE M 1|
7| 1045 |eesasae || | [
18 . 1053 . H3ps
19 1061 @ KBS2 EE FM
R R | e G R
iR e e e

 1m/s > 1.43MHz
« 2M/s > 2.87MHz

 Piece of cake to
distinguish the two...

http://blog.naver.com/PostView.nhn?blogld=joinhot&logNo=100142491727&parentCategoryNo=6&categoryNo=&viewDate=&isShowPopulargosts
=true&from=search

Han 41
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https://www.google.com/url?q=https%3A%2F%2Fieeexplore.ieee.org%2Fabstract%2Fdocument%2F8252693&sa=D&sntz=1&usg=AFQjCNGL1yXc_VXTe0mu3U4VVJIkSsjq-g

al

Intelligent Nanophotonics Laboratory

P51 62
2 SHY WEEE g =B =L Q
Y2EPESY P 25y

<Our work>
1. Fully reconfigurable {coupling & phase)
1. Low power (< 10 nW/unit)

Based on clectrostatic MEMS

‘ . PP — .,.,.....u

2021 CLEO_Fully 2021 CLEO_16-Care
Reconfigurable Caupled-... Recirculating Pragrammabl...
T3] 553] «2A|ZH T T34 623] « 24|17t T
MEEHues

INL

Intelligent Nanophotonics Laboratory « YC|0|E: 25

What Is Dptical Computing (Light Speed Computing) * 11:08
What Is Silicon Photonics?| Intel Business » 2:36

BENASE 27

A https://www.youtube.com/channel/UCO9xRW1kJITcls1BsiSC b7A

Mo FYEIE I B SYL Y=C

Z 00| X| F=A: https://www.intelligent-photonics.com/

Han 43
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https://www.youtube.com/channel/UC9xRW1kJITc1s1BsiSC_b7A
https://www.intelligent-photonics.com/
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Let there be light!

«

v ‘ ‘ "' (' 7” saiq,
instiz.net/pt/3279632 /" | FT T Iﬂ F R F RF | | C}' | T .,

lifehopeandtruth.com

2= Yof st 27

,“%o| gloal, «fx ol Ay S5

« QlZi0o| HIOIE 0| = 2|5 HE Q| 70~-80% = AlZt HE. 2H0|2t1 BE7|0f=

o« QUZHO| MAMOM LIRE AS2 AM|LL AlZEX 0l HE{E Zt7| Ofo|Ct...”, & §, SLt A FA-T{XI{0 OIE%I‘ST
Han 45



https://brunch.co.kr/@uxdaysseoul/4
21| UntE| E 1}
212 =
cocktail party effect
S11 A2 U0t S Metx ZO|(KIZH7E LIEHLHS A21 B4t
ZIH| UME| X AlZHASH XM E XH0| EX0AL Sk A2
£ S At HIEITH oM "ZE|UIHE| S2t2t 018 25

QIZtel = OfF 2| 2 ZE7t £O0ME Xjl0] Hok=
HET MEHO 2 BIOHS0l= HETQ| oA HE0| 2

m.post.naver.com

tE| 2 8k2| Al L H{E 2

Han 46 m\rsf



Nobel Prizes related to Photonics
(~ every 3 years)

Physics
Lorentz and Zeeman
The Zeeman Effect, Electron Oscillator Model

Physiology or Medicine

Finsen

Phototherapy — use of UV light to treat Lupus

Physics

Michelson

The Michelson Interferometer & Precision Measurements
Physics

Lippmann

Colour Photography based on Interference

Physiology or Medicine

Gullstrand

Description of the Refractive Optics of the Eye
Physics

Dalén

Solar-based regulator for buoys and lighthouses
Physics

Planck

Energy Quanta

Physics

Stark

The Stark Effect

Physics

Einstein

Photoelectric Effect & services to theoretical physics
Physics

Bohr

Atomic Structure and the nature of radiation
Physics

Millikan

Elementary Charge and the Photoelectric Effect
Physics

Compton

The Compton Effect

Physics

Raman

Raman scattering

Physics

Heisenberg

Creation of Quantum Mechanics

Physics

Schrodinger and Dirac

New Productive Forms of Atomic Theory
Physics

Pauli

Pauli Exclusion Principle

Physics

Zernike

Phase Contrast Microscope

Physics

Born

Statistical Interpretation of the Wavefunction

Physics

Lamb

Fine structure of the H Spectrum (Lamb Shift, QED)

Physics

Townes, Basov, and Prokhorov
Maser-Laser Principle

Physics

Kastler

Precision studies of optical resonances

Physiology or Medicine
Granit, Hartline, and Wald
Physiological and chemical visual processes in the eye

Chemistry

Eigen, Norrish, and Porter

Flashlamp Pump-Probe Studies of Chemical Reactions (us)
Physics

Gabor

Holography

Physics

Bloembergen and Schawlow

Laser Spectroscopy

Physiology and Medicine
Hubel and Wiesel

Information Processing in the Visual System

John M. Dudley, "Light, Lasers, and the Nobel Prize,” Adv. Photon. 2(5) OpQp{4£10 October 2020)

Physics

Ramsey, Dehmelt, and Paul

Atomic Clocks, the lon Trap

Physics

Chu, Cohen-Tannoudji, and Phillips

Laser Cooling and Trapping

Chemistry

Zewail

Femtochemistry

Physics

Alferov and Kroemer

Optoelectronics, Semiconductor Heterostructures
Physics

Cornell, Ketterle, and Wieman

Bose Einstein Condensation

Physics

Glauber, Hall, and Haensch

Quantum Optics, Spectroscopy, Optical Frequency Comb

Chemistry

Shimomura, Chalfie, and Tsien

Green Fluorescent Protein GFP

Physics

Kao, Boyle, and Smith

Optical Fiber Communications ; Imaging and the CCD
Physics

Haroche and Wineland

Individual Quantum Systems

Physics

Akasaki, Amano, and Nakamura

The Blue LED and Energy-Saving White Light Sources

Chemistry
Betzig, Hell, and Moerner
Super-resolution microscopy

[oT ]
oau

Ashkin, Mourou, and Strickland
Optical Tweezers & Biophotonics

Chirped Pulse Amplification
LG/S'T
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Trapping object using light

Trapping a particle using light

Arthur Ashkin, Nobel prize, 2018

s A

| .
\’ e p
NN { o
§ %" q V’J
o b 5
- . / a
= 7/
~ ._" & Ay
' * s K -
L 4 .,
s = - )
[
i -
/

https://www.youtube.com/watch?v=BPN90U4yzBc&t=1s

* Light can exerts force on an object

* You can grab an object using light

Han 49
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Optoelectronic tweezer

Prof. Ming C. Wu
@ UC Berkeley
(my advisor)

https://www.youtube.com/watch?v=Q7naTWc2whk&t=1s

« Based on optoelectrical phenomenon
 Move individual cells with light patters (cell sorting etc.)

- Berkeley light: spin-off company (Prof. Ming C. Wu) LG/ ST

Han 50



Berkeley Lights’ Target Price Raised to $80 at
Morgan Stanley After Earnings Beat, Forecasts
$120 in Best Case

Morgan Stanley raised their stock price forecast on Berkeley Lights to $80 from $65, assigning
an “Equal-weight” rating and said the leading digital cell biology company'’s top-line earnings
beat in its first quarter was driven by robust system installs to cell therapy and CRO/CDMO
customers and a strong recovery in recurring revenue of the expanding installed base.

Vivek Kumar
Nov 15, 2020 02:37 PM GMT
3 / : J

v
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lon trap for quantum computing (animation)

https://www.youtube.com/watch?v=UT3ev90gkmY

« Trap single ion (yes, single ion) with electric field

e Turn ion on/off using light

Han 52 PEAYE



HX(EXHE 7HX| 1 ol= FEE 0]

X} 2B =

=[x

Mehta, K., Bruzewicz, C., McConnell, R. et al. Integrated optical addressing of an ion qubit. Nature
Nanotech 11, 1066—-1070 (2016)

« Single ion is a very good qubit

« Quantum computer possible with multi-ion interactions .,
Q puter possible 5 RY 2
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LiDAR classification: Beam scanning methods

Rotating motor M-mirror

llllllllllllll

Y-Axis tilt is driven with'@sfusSol al"funqllon
Mechanical angle reaches -6° to +A° =
- MakeAGIF.com

makeagif.com

Faster, smaller, more accurate, low cost (for mass production)

Han 55 meT



How phased array works?

Optical phased array on a chip

https://imww.youtube.com/watch?v=xEqV879gDNE

Spectrum.ieee.org

Han 56 m\rST



Huygens principle (remember it?)
dg e RI% st

MZF THH -~ E '_ '_1 '

SEFSO S

https://blog.naver.mw'}sﬂflzzoeeesngm
o

20|ZA0| /2|
oy f2|7H 4 Ho| TS
=M= =83 2 = ACE?

https://blog.naver. W
Han 57 6372941 L f



Huygens principle (animations)

=,
10

d
Jol
ujo
{|

https://www.youtube.com/watch?v=vLmhzv_T-74

LUI1S)
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Pop quiz

- 812 I O™ (focusing), HH =X 2 82 7{0 &1t 7

DGST



Pop quiz

- 812 I O™ (focusing), HH =X 2 82 7{0 &1t 7

mlmﬂm
.
R > 2 {5 .
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You now know how phased array work!

https://www.youtube.com/watch?v=vLmhzv_T-74

 But how do you make it???

« Use photonic integrated circuits! i
Han 61 LU/S)



Propagation of light

Electromagnetic wave Wave video

https://www.rakeshkapoor.us

E(z,t) = Eycos(kz — wt + )

* Light propagate in the form of
- E(z,t) = Eycos(kz — wt + 5)

« Can you visualize it?

8
%

Han 62


https://commons.wikimedia.org/w/index.php?title=User:And1mu&action=edit&redlink=1

Technical details

¢
o<
. Beam
=< Direction
I 21
¢ < 3 P, = dSiné
-r)( :3‘51 7 1 A
¢ < 14,¢‘
¢ < 5oy
¢ < 7,¢‘

https://mww.youtube.com/watch?v=140wU1p8_tE
E(z, t) = Eycos(kz — wt + ¢)

 But how do you make it???

« Use photonic integrated circuits!

Han 63
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Photonic Integrated Circuits (PICs)

Bulk optical system Photonic integrated circuits
(PIC)

spar3d.com

« “Photonics on a chip”
 Integrated with electronics

« Advantages in performance, density, complexity, speed, size, cost and more

DG/ST



Bulk optical systems (= free-space systems)

Bulk optic spectrometer

=l Collimatingrssmny | ) Q\
{4 mirror -
| | ./“ v ‘ v\
A ) ‘:. ) ‘,‘“ '1
\ A Y
\ .',' ] .‘. \
\ 1\
\ ! - “ \ ".'\I
"o Entrance [B9)
A WAL & -~ 3 [1¢ =

B Diffraction {

grating

fiber coupler

reddit.com/ laserfocusworld.com

* Lenses, mirrors, prisms, light source, detectors

« + free (empty) spaces

8
%
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Why there is ‘“free-space’?

Dispersion of light Diffraction of light

Minimum wavefront

r wavefront  radius of curvature " T T - R

Light Dispersed Into

Component Colours + *
I |-

A

=0 1=1, = v

(z)=w, w(z)= 2w,

 The miniaturization of system is fundamentally
limited by dispersion and diffraction of light

Han 67 m\fST




Optical waveguide

Optical fiber

Total internal reflection (TIR)

Air
B ‘ i Critical angle Unsllven
3 AP

reflection

o = e
n o ))..-" __,.--"'; HH‘H
1 Dé':lu" - '*-\.LH
£'e, //E{ N
water / v

Inside waveguide

total internal reflection

/
/V\/ amazon.com

 Light is guided by TIR

 Eliminate diffraction

Han 68
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Optical Waveguides on PIC

PIC Waveguide cross-section

~wavelength

~Cm

 Light is guided by total internal reflection (TIR)

« Can be miniaturized down to ~wavelength (400 nm ~ 2 um)

DGST



Miniaturization Using Waveguide

Spectrometer on a chip Actual PIC images

researchgate.net www.phiconference.com

cmmmagazine.com

~Cm

« Waveguide avoids diffraction

* Waveguide can control dispersions

3
2

Han 70
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Optical phased array on a PIC

Blue Optical Phased Array

https://www.youtube.com/watch?v=xEqV879gDNE

* Let’s look at it one by one

DGST



(Passive) Components of PICs

« Waveguide
« Waveguide splitter

* Phase shifter (optical path length shifter) .
HHHHH PEAYE



Waveguide

/
///// W g
\(( \U/%jj %/

J

. ////

« Optical fiber is a good example of waveguide

DG/ ST


https://www.researchgate.net/publication/226940484_Silicon_Photonic_Wire_Waveguides_Fundamentals_and_Applications
https://www.researchgate.net/publication/226940484_Silicon_Photonic_Wire_Waveguides_Fundamentals_and_Applications

Waveguide

Paper cup telephone

/

This is (acoustic) waveguide!

Silicon photonic chip

cmmmagazine.com

DGIST

« Waveguide confine light to prevent dissipation

« Controls dispersion, diffraction, etc.

Han 75



Light guiding by TIR

Total internal reflection (TIR)

i % Critical angle Total internal
1 A

. reflection
n: \/“"'\.
s — T

# - .,
n rd 5 .
1 Dg“‘l,." - ..

& VA IR
Waker 4"" Py

Inside waveguide

total internal reflection

Keerthi, Wikipedia

* Light is guided by TIR

* Index contrast is needed
Han 76 m\fs‘f


https://commons.wikimedia.org/wiki/User:153armstrong
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Waveguid
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Waveguide splitter

SEM image

Y en I{:f%rl;tagati‘on
i //// e
L)) i i //////%%/7//

/ // 1)/



https://www.semanticscholar.org/paper/Compact-InP-based-1%C3%972-MMI-splitter-on-Si-substrate-Lee-Yamahara/7b931ed0fa513745fd4b59eb33af657cb076b31b

Phase shifter (optical path length shifter)

« EN7} EAHYX|H 0 =71 > Hlo| L= HE LoX
HHHHH DG/ T



https://www.youtube.com/watch?v=JhGCGNUf3EU

Han 80

Air lens

Cold air
(n=1)



Phase shifter (optical path length shifter)

Phase shifter EtH




All together

nght In/

Steered Output

Edge Emitters
(Sparse Aperiodic Layout)

Blue optical phased array for augmented reality, trapped ion
guantum computer and optogenetic neural stimulation.
Credit: Myles Marshall, Secret Molecule, Min Chul Shin,
Aseema Mohanty, Columbia Engineering.

Han 82
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Photonics for Intelligence
-Lecture 3:
Photonic hardware accelerators-

Prof. Sangyoon Han
DGIST-class material

Spring 2021 =

200 um

Background image: siticon. photonic switch fabricated-by Prof. Sangyoon Han

DG/ST



https://www.google.com/url?q=https%3A%2F%2Fieeexplore.ieee.org%2Fabstract%2Fdocument%2F8252693&sa=D&sntz=1&usg=AFQjCNGL1yXc_VXTe0mu3U4VVJIkSsjq-g

mputing with light

Co

525¢] ¢5¢

F

I

i

v

m

Image Credits: Lightmatter

LGOS T
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This Chip for Al Works Using Light, Not Electrons

Lightmatter says the computing and power demands of complex neural networks need new technologies like these to
keep up.

Laser Optical fiber Optical engine

.§E
g

3

LR L T T
3 :

10,10.10.161 &

Han 85 PEAYE



Computation

Han 86
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Electronic computer example

LEARN
A= . AND
NAND AB GRXO—W ¢ = xy+(x"y+xy’)z
B

S=Xt Ytz
Al B | Out

0] 0 1 y—

0] 1 1

1 0 1 -

1 1 0

http://hyperphysics.phy-

astr.gsu.edu/hbase/Electronic/nand.htm
|

https://www.youtube.com/watch?v=N-
fBJyQr8Uo

* One can do any calculation with one gate (NAND)
o L L7} QARSHEA| Of W2 X| 27t

LS =

3
2
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What if you have I0'° of them??

7 processor |n5|de

Transistor
(electronic switch)

https://pcper.com/2008/11/nehalem-
image: Inte ~10%%/chip revolution-intels-core-i7-processor-
complete-review/

istors on integrated circuit chips (1971-2018) /' STIEE
of transistors on integrated circuits doubles approximately every two years, -

. 108 /chip;@%@s) They work at 3 GHz
/., i gl — 3*10° operation per second
°°°°°° .;,;;;f-w « 7*10° people in the world

Han 88 PEAYE
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Calculation using light

Addition (A+B)

Han 89



Calculation using light

10 0.2

gy ey
\]‘2 3.6

, 34 /.

MV M eeeeeeeeeeeeeeee

. Of, LI LIS E (21)

DGST



Calculation using light

3201020......

10097 — .

» Of, L2 Ct 2k45] L}Of....

« 27|, 1002H7H O 2 A TH=70F?72?
Han 91 mfsr



Calculation using light

Lens
TV screen

I

o

0 1~some number

* We have displays (e.g. TV) (-2000x1000) and lenses

« How long does it take to do the calculation?

DGST



How long does it take to do the calculation?

Lens
TV screen
i
O B i

Micromirrors

0O 1~some number
Time takes for calculation: 3.3x101%s (=

Array of micromirrors
10 cm )
speed of light

a
HXHA HAFE =2 (8 clock & H/4 S oHH SOt S1H)

4102 3pE oF 100 BHY h2A| 7S L (fupdamentally) PEAYE



ol © 8 mQ >» Il

e B [J

O E L=
A7d #REME 2!

(Intelligent Nanophotonics Laboratory)

3 Premium A Qa & I |

EFAH
o

+=5Ak 83
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=
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=
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o
-
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—+
o
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<
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Originals

YouTube Music

<Our work> SN . :
B apsk 1. Fully reconfigurable (coupling & phase) =2 362°% S
== 2. Low power (< 10 nW/unit) 29" ¢ i .
Based on clectrostatic MEMS & ¢ L\ o 7 g
NS W ki G
L —— .,
s 52 g 1>
Ising machine on silicon Sangyoon Han, sharing a 2021 CLEO_Fully 2021 CLEO_16-Core
U 3t photonic MEMS, Prof.... lesson from his advisor at... Reconfigurable Coupled-... Recirculating Programmab...
o
E3|41592 - 1€ H Z=3|4=1933 - 1¢ A Z=3|42912 - 1€ A X34 3223 - 1Y A

o X FA: https://www.youtube.com/channel/UC9XxRW1kJITc1ls1BsiSC b7A
. GTAlOIM HYEE OT BY SYM YRE
A

« AJA S0 O0|X| FA: https://www.intelligent-photonics.com/

Han 94 PEAYE



https://www.youtube.com/channel/UC9xRW1kJITc1s1BsiSC_b7A
https://www.intelligent-photonics.com/

=

- H = CH 1L L A
StMB S ansyBia 50| &

e s T T L T
i & Jinho Kim 71 day ago 1
e Wow! unbelievable, it's amazing! he is the hottest guy in DGIST i
: !
. 1‘ _____________ :

Summary

W

e Current status ,. ‘
I|-;_I xl‘) 7 Comments = SORTBY

— 16 cores A= (MA2
— < 10nWI/cell (x 108 reduction compared to AKA. Hottest guy in DGIST
— 0.04 mmZ/cell (x 50 reduction compared to thermal)

Add a public comment...

Sangyoon Han 1 day ago
He looks like a Korean movie star!

e 4 8§ REPLY

* Next step: adding phase shifter & scale-up
— adding phase shifter > most generic PPA

O] &1 1 day ago (edited)

v 00

He made Si Phtonic Ground Yodong...!
— scale-up PR J -
+ e.g. only 4 mm? for 100 core I @ e st e trgihe bt iy nels'r:
+ e.g.only 1 yW for 100 core L i

YZ Al 1 day ago
Awesome Presentation!

Do Y. Kim made innovation of the Silicon photonics!

e 5§ REPLY

«308um 0.04mm?/cell

=2tFEH 1 dayago

The best presentation | ever heard!

e 4 5 REPLY

O|E{2 1day ago

SOHELICE Yl fla W2 S ReksLch
e 7 8§ REPLY

ZHE Y 1 day ago

ZZeonda

2021 CLEQO_16-Core Recirculating Programmable Si Photonic MEMS (Do. Y Kim in DGIST) 5 & REPLY

Z3|3= 3223 - 2021. 5. 25. s §o Pz = AHE

D © ¢ D

. OFL T CZHX|: 0t OFL|H QA O R LO|Lt M &£ EIL|CH
DGST



ok AH

=
-1 O

=
= (x

(X =

1
E HH=3 1 day ago
[ b The second Einstein came out in Korea. Thank you for your wonderful presentation :)
MEMS-tuning of CROW:s | ey
1

Piezoelectrically tuned resonance Electrostatically tuned coupling

Sangyoon Han 1 day ago (edited)
BTS of Silicon Photonics, his name is Young Jae Parkf AKA YJP (don't get confused with JYP).

s 3 & REPLY

- —— i ———
}I‘L‘\dayago

The second Einstein came out in Korea. Thank you for your wonderful presentation :) 1

O| B2 1 day ago
HoPSL L Y42 gie Ha g AgsLth

i@ 6 & REPLY

Suspe’ de
Waveglide

Jinho Kim 1 day ago (edited)
| heard about this guy. he is gonna be like Albert Einstein in DGIST!

300 um

WARREN J, et al. Opt. Express. (2018) Jin Yao. et al. J-STQE. (2007)

i@ 3 & REPLY

+ Can reduce power consumption dramatically - 0 Taewoo Lee 1 day ago
Awesome...! | want some more information about INL. because this presentation was so impressive
* However, no full reconfigurability (resonance & coupling) %3 & Reply
demonstrated | s
H|-0=| M HI' L= UZ Al 1day ago
xH ( 2 =| xI-) g He s so genius

H29| ofQI#E}QI —
AKA, 1I2| § te! A

e 3 & REPLY

' P o) t41/801

0| &7t 1 day ago

He made me O3f| soksok...!

2021 CLEQ_Fully Reconfigurable Coupled-Resonator Optical Waveguides with 10nW Static Power MEMS

Z3|4=291%] - 2021. 5. 25. B Mo s S HE ... &3 &  REPLY

» OFF & CHEHK]: £2F OFL|™H oA OFFZO[LE M = FL|C}H

DGST
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Input Object

Optical deep neural networks

Optical neural net

Ozcan Research Group/UCLA

RESEARCH

OPTICAL COMPUTING

All-optical machine learning using
diffractive deep neural networks

Xing Linl’z’a*, Yair Rivenson“?%*, Nezih T. Yardimci®®, Muhammed Veli®*?3,
Yi Luo"*?, Mona Jarrahi®, Aydogan Ozcan“>>*{

Deep learning has been transforming our ability to execute advanced inference tasks using
computers. Here we introduce a physical mechanism to perform machine learning by
demonstrating an all-optical diffractive deep neural network (D?NN) architecture that can
implement various functions following the deep learning—based design of passive
diffractive layers that work collectively. We created 3D-printed D?°NNs that implement
classification of images of handwritten digits and fashion products, as well as the function
of an imaging lens at a terahertz spectrum. Our all-optical deep learning framework can
perform, at the speed of light, various complex functions that computer-based neural
networks can execute; will find applications in all-optical image analysis, feature detection,
and object classification; and will also enable new camera designs and optical components
that perform distinctive tasks using D2NNs. .

Science 2018

DG/S'T



DG/S'T



Time takes for calculation: 3.3x101%s (=

Computation using lens

Lens
TV screen

I

i

0 1~some number

Array of micromirrors
10 cm )
speed of light

1002HHO| BI M S 3x10-102 Tho|| k=

MR HEEIS2 (3 clock T HAS B

H
410

rg

A0 —_

Ct1 SIH)
1
3GHz

2 S} 2F 100 2Hhf W= A 7}-SSECE (fupdamentally)

1002 = 3.3 x 10745

Micromirrors
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Lens

PEAYE
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Lens

i o o —
[ I N —

- T8 FITOIM HAZLICH

.2 2L R?

PEAYE
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Vector-matrix multiplication using lenses

Lens
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Two lens system

Lens

204/(/3’

o

o

A
Ppe—— ||
. 213 0| O{iH A A 31 Y= AR
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Two lens system

Lens

= =

A
2.4/[/)
1.4/(/;)

=

] |1 | ] |
o

AX} HIE]

2 1100
1] - b011
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2%t ey N ns
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Lens

d

?

204/6

o

o

0.1
0.1

O|HEOr oM ALQIT O 2 A

= - O "
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1% o] 7

Lens

204/(3)

o

o

N\
0'10(/6\
0.1

O[S 2Tt H2M AlolH o= A% ME
(O] 10%%2t E1} St = &)

[0.21]: (1) (1) (1)001] 8

\27<r HE N

2x4 WE
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Matrix computation using lens

= @><§§g

Y

-
O/
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W mEmms




Cold air
(n=1)

Han 110
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UE HATE 227} 2712 HIC| Alerolata W23t}

Andy Campbell
The Huffington Post

YR DlAAL W7 Yo N2 A BT,

227 A &0l d &0 2IChe 7HE 28 =5 = otop 0| 24 YLICH 40 H 22| ofl 2l
Z0| e, A2 F ofet Bo| 2= Aol E, A Y02 o] HEHA,

40H0| AL X2, SE|0 A £=0F Ho| A0 S 0|5= ZE2| L[ A8 3D A (0]
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Patrick Fallon / Reuters
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1980s
Pong game

Evolution of cyber world

2060s

 How old are you in 2060s?

giphy.com

Han 113
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How old are you in 2060?

* I'm72, you?

- Ch= O] USSR 777
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Neuralink

Elon Musk Says People Will Eventually Consume Music Through Brain Chip

Startup company Neuralink was founded to help us keep up with artificial intelligence

UTAH ARRAY DEEP BRAIN STIMULATION

|
¢ /
consequence.net | [ N
& |
)

\ | \ "‘
) ’ |
\7/ i ; ',\ %
A L
P D
iInsideevs.com

* Elon Musk’s startup company

o 115 PEAYE
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Deep neural network

Y X TO - X T1 TZ T3
(Label) (Feature/lmage)  (InputLayer) (Hidden Layer 1) (Hidden Layer2) (Hidden Layer 3)

T.=F
(Output Layer)
Cat

Dog Z o

medium.com

« L= neural net 0] AX|= OFAZE? (MO E ZF27)

o117 PEAYE



H| = otA| E7ALtR?

Neural net
Y x T =% T Ts Ty
(Label) (Feature/lmage)  (InputLayer)  (Hidden Layer 1) (Hidden Layer2) (Hidden Layer 3)

T4 = }7
(Output Layer)

medium.co
m

DGAST



Neural net and matrix-vector multiplications

Using multiple observations

Input layer Output layer
? ~ ~N m -
2 § § § §
U i o o
g & & g &
-0 £
§ &§ & &

Sery, tion ;
bserVa;}';o" 2

Op

-
o
S
S
g
S
U
g
5
X

(s}
S B
W w, . ;
X X X. X
2 2 2 2
+ —
activation

Op

X3 X3 X3 X
X, X, X, X,

wo
synapse

Zo
WoTo

axon from a neuron

f <Z wiz; + b)

cell body
output axon

zz:unziﬁ—b

activation
function

impulses carried
toward cell body
branches
of axon

1/ axon
* terminals

https://www.jeremyjordan.me/intro-to-neural-networks/

PEAYE

dendrites

impulses carried
away from cell body

« Each layer of neural net is matrix multiplication

nucleus

Han 119

* Just like the lens net



Optical deep neural networks
(UCLA, Ozcan’s group)

Optical neural net

Diffractive Deep Network

Input ODjOCt Ozcan Research Group/UCLA

RESEARCH

OPTICAL COMPUTING

All-optical machine learning using
diffractive deep neural networks

Xing Lin®%?*, Yair Rivenson®%3*, Nezih T. Yardimci®?, Muhammed Veli>3,
Yi Luo"?, Mona Jarrahi®?, Aydogan Ozcan">*+

Deep learning has been transforming our ability to execute advanced inference tasks using
computers. Here we introduce a physical mechanism to perform machine learning by
demonstrating an all-optical diffractive deep neural network (D?NN) architecture that can
implement various functions following the deep learning—based design of passive
diffractive layers that work collectively. We created 3D-printed D°NNs that implement
classification of images of handwritten digits and fashion products, as well as the function
of an imaging lens at a terahertz spectrum. Our all-optical deep learning framework can
perform, at the speed of light, various complex functions that computer-based neural
networks can execute; will find applications in all-optical image analysis, feature detection,
and object classification; and will also enable new camera designs and optical components
e - . >
that perform distinctive tasks using D“NNs. Science 2018



L|CH (UCLA)

HE 2 CIRE!

3D Printed D2NN

(Classifier)

PEAYE
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Hl X ZetA| oF = = neural net ot =
Optical neural net

D
Y =W (YeB) Y/=Xe/¥ Weight Bias
D|ff Layer EEENEEEEEEEEEEESERE E‘f_—"l vm ‘W"’Iﬁ ’?7 §"’
A Coherent Light . r N&’b“ (1-1) ';,’/ W
SO U R oe\e\ 0 ‘ 'z
Input Plane " /’/ Diff. Layer ll;-lé-kl_l‘----fl‘ ] /il =< . o
o RBK] e : (0 SRCANA
sl x DIiff, L ‘ e
] h i > O \\\ IT. ayer (T s | Jd .
E <L }/AO‘\'OA\ . % \“90‘?\: @6 Z> (1+1) B {} = Complex Value Matrix
2 < EIRXAT B p N Diffractive Optical Neural Network
S
| e |
& R
Electronic neural net
- X+ =F(W.X"+ B) Weight Bias

Output Plane @ Classifier

X/+1 w/! X' B!

{-} — Rectifier

Electronic Neural Network
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7/

Detector

Max Energy
8 9

3D Print

ed D°NN
(Classifier)
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A Input Digit (Number 5) B Confusion Matrix C Confusion Matrix
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Input Target (Sandal)

Output Distribution

Detector

Max Energy

8

9

=M =R/

Confusion Matrix

0] 3 0 0 0 0 0 0 0 0 0
1 0 5 0 0 0 0 0 0 0 0
w 210 0 3 0 0 0 0 0 0 0
% 3]0 0 0 5 0 0 0 0 0 0
% 410 0 0 0 5 0 0 0 1 0
5 5] 1 0 0 0 0 5 0 0 0 0
E 610 0 2 0 0 0 5 0 0 0
D‘: 710 0 0 0 0 0 0 5 0 0
8l 1 0 0 0 0 0 0 0f4 0

gl|o 0 0 0 0 0 0 0 0
0 1 3 4 5 6 7 9

True Labels

Energy Distribution (Percentage)

Ol48 7 7 13 4 7 4 11 4 6
1|3 /46 4 6 3 4 3 3 4 3

g 2|6 4 38 4 7 5 6 5 6 4
-% 3|17 6 3 81 4 4 4 3 4 3
& 4|8 6 11 5[5 11 9 4 13 10
g 5|5 4 5 4 280 5 10 4 7
% 6|6 3 18 4 12 4 (581 2 5 &
O7]4 3 3 3 3 3 3 47 6 3
8l12 17 7 3 11 9 8 10 49 4
9l 4 6 7 4 3 7 5 5 |54

0 1 2 3 4 5 6 7 8 9
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Input Targets (#50)

Experimental

Designed

Predicted Labels
({e] 0o N 9] -y w N

Detector Regions
O 00 ~N o O e W N

- o

- o

Confusion Matrix

824 7 14 33 3 0 202 0 0 O
6 920 1 13 3 0 1 0 3 O
12 10 |696 18 '8¢ 0 10 0 10 O
45 51 14 843 37 1 36 0 25 1
12 6 [173 49 782 0 183 0 8 O
6 0 1 5 5 (801 7 48 26 45
77 5 |87 36 75| 0 466 0 36 O
0 0 0 0O 0 78 1 900 10 53
18 1 13 3 8 3 24 0 [880| O
o0 0 1 0 0 22 0 52 2 901
0o 1 2 4 5 6 7 8 9

3
True Labels

Energy Distribution (Percentage)

35 10 8 13 6 4 14 3 5 3
6 46 3 11 5 4 4 3 4 2
10 4 '8 7 17 4 16 3 6 4
10 14 5 |38 7 4 8 3 7 4
6 8 18 10730 5 16 4 8 4
5 4 6 5 5 41 6 20 8 16
16 4 17 9 17 6 |26 3 7 5
3 4 3 4 2 16 3 [44 6 12
5 3 65 4 7 5 5 6 f434 6
4 3 4 4 4 11 3 11 6 44
0 2 3 4 5 6 7 8 9

1
Input Targets (#10,000)
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D __ c . ) 0
- ¥ | - Mixer/Amplifier/ .
» RF Synthesizer o Multiplier Chain (><3f6) ii I yY T RF Synthesizer
QT ||| || g (qieten |7 D
- Balrzllclltr:;rlSS L’g\)xlﬁgziﬁ Outpllj“: Optical Input
ﬂ_qu Plane Nl\giwslrlkPlane
‘ I:l Signal In Lock-in Ref In
Bower Amplifier fuop
Detector mn
\/\ Ggr:%r:gtlor
~1mm THEe| WS 0|8 (20s Qheel)
— cf. 7k & T (~500 nm)
US '.’_ SO{Li 1 &= Hoj] Exct FX| ER
— Quiz: &}l 7tA[ &S L W= ??
J?JHI, =M 7L B H (e.g. =Xt 28/ > =M £7/) HZ=F CfA| Z2E ofjof

FoU Yo £&, oX|T X 2 ot=0 A|ZHo] L& Bo] E2|XtLt...
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nare ARTICLES
phOtomCS https://doi.org/10.1038/541566-021-00796-w

'.) Check for updates

Large-scale neuromorphic optoelectronic
computing with a reconfigurable diffractive
processing unit

Tiankuang Zhou'%34, Xing Lin©®1255 Jiamin Wu©'2, Yitong Chen'?, Hao Xie'?, Yipeng Li®"2,
Jingtao Fan®'2, Huagiang Wu>¢’7, Lu Fang ©23¢% and Qionghai Dai®"26%

There is an ever-growing demand for artificial intelligence. Optical processors, which compute with photons instead of elec-
trons, can fundamentally accelerate the development of artificial intelligence by offering substantially improved computing
performance. There has been long-term interest in optically constructing the most widely used artificial-intelligence architec-
ture, that is, artificial neural networks, to achieve brain-inspired information processing at the speed of light. However, owing to
restrictions in design flexibility and the accumulation of system errors, existing processor architectures are not reconfigurable
and have limited model complexity and experimental performance. Here, we propose the reconfigurable diffractive process-
ing unit, an optoelectronic fused computing architecture based on the diffraction of light, which can support different neural
networks and achieve a high model complexity with millions of neurons. Along with the developed adaptive training approach
to circumvent system errors, we achieved excellent experimental accuracies for high-speed image and video recognition over
benchmark datasets and a computing performance superior to that of cutting-edge electronic computing platforms.

* Beljing university & Tsinghua university

. O|tH B (20214 58) Nature photonics BEX| =&
Han 127 m\f‘s‘].



Replacing lens with spatial light modulator

Beijing & Tsinghua

Dataflow control and buffer |

g Optoelectronic implementation
3D Printed D?NN
(Classifier)

« Spatial light modulator (SLM)2 0| 235}0] 2l =& C|jA
— 7kA1 & (700nm) O] &
* Refresh rate: 14 kHz (1X=0]] 1948 H 2 X| HFE 3 ACH

- A2 9| Ble| SE=E

DGST



Spatial light modulator

J.-H. Yang, et al., SPIE (2019)
ETRI, Korea

7tsst XA 9 HI= (~2000x1000 7H) 012 0]

DGST



Spatial light modulator

Paanaenes

T adraia
Padraiind

L}
'

* A -
Exulus Spatial Light Modulator with Full HD Resolution

* . ]
P Liguid Crystal on Silcon (LCAS) with Aluminum Costing for 400 - 850 rm

P 1920 x 1050 (Ful HD) Resohdion
P HDMI &l USB 2.0 Input

P Optic Axis: 45

P Housing Dimensions: 172.0 mm x 110.0 mm x 81.6 mm

The EXULUS-HD1{/M) Spatial Light Madulater has 5 1920 x 1060 (Full HD} LCoS panel with an slurminum reflective caating For
peration aver the 400 - 850 nm wavelength range. Tt also Features Four operation modes including extended phase shift

EXULUSHO1
vange and a high frame rate mode (Up to 180 Hz). The bottom and b sides of the housing each offer twa 8-32 (M4) tapped
R zo0om hales for past maunting. The frant panel includes Four 4-40 kaps For 30 mm cage system compatibility; we do nak recommend
Zoom comnecting this spatil Ioht mocator o a cage system For applications that requre precise aignment Click o Enlarge
The back panel of the ERLLLIS-HDL{/M)
provides USB and HOMI ports for connecting
the: SLM to 3 PC, power supply input, and an
oo s,
Key Specifications®
Operating Panel | ; Pixel | Phase /Retardance Fluctuations | Output
tem # Fill Factor | Panol Active Area | Dixe) s Frame Rate T ||
. 19201080 I 31633 fn (Stel) B0 Hz (Standart or <1% (Standard)
EXULUSHDIGM) | 4008300 | “p | Z83% | 128 mmETImm | 6AUM | oot s3o nm ey | 160 Hz (Frame Boost?) | <5% (Extendedy | '

. Complete specifications may be found on the Specstab
b. Angles of incidence other than 0° will resultin phase shifts that differ fromthe programmed pattern. Angles of up to 10° are possible without significantly affecting performance
. Frame Boost Mode (referred to as Triple Mode in the software) plays the R, G, and B channels of the HOM! signal in succession, for an overall frame rate of 180 Hz.

Based on your currency f country selection, your order will ship from Newton, New Jersey

M oy Docs  Part Number - Imperial Price Ruaitable
[ ] B Exuus-Hp1  Spatial Light Modulator, 1920 % 1080, 400 - 850 nr, 6-32 Taps §18,260.75 Taday

aty Docs  Part Number - Metric Price Available
|| B EXULUS-HD1/M Spatial Light Modulator, 1920 x 1080, 400 - 850 nm, M4 Taps $18,260.75 Today

Add To Cart

* You can buy one on internet (~$10,000)

DG/S'T
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Spatial light modulator

Spatial Light Modulator ©

» LC’s orientation determines phase/optical path at a particular pixel.
» Horizontal - Large Optical Path
» Vertical - Small Optical Path T

« Max phase/retardance for SLM is usually 1A, or 2.

- - - - - > - -

- | a> | war | e

Bt ) e _

- Fast-axis

. U M| HOIFH SHE0| #e} s}
> H7|8 M| Ho{FH UXE 045 £ Y}



SLM demo

https://www.youtube.com/watch?v=iX9940L1H-M

DG/ST



Replacing lens with spatial light modulator

Beijing & Tsinghua

Dataflow control and buffer |

g Optoelectronic implementation
3D Printed D?NN
(Classifier)

« Spatial light modulator (SLM)2 0| 235}0] 2l =& C|jA
— 7kA1 & (700nm) O] &
* Refresh rate: 14 kHz (1X=0]] 1948 H 2 X| HFE 3 ACH

- A2 9| Ble| SE=E

DGST
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5
o
g O
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g A Action
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b e 0 100% o 100% 9
Weizmann Pct. ] KTH Pct. i na Electronic read-out i
5 Figs ———— e
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g
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Hardware accelerators: what’s next?

GPU VPU NNP OPU?

(Graphics Processing Unit) (Vision Processing Unit) (Neural Network Processor) (Optical Processing Unit)

(intel)“

NVIDIA. £ MoviDlus

inside”

DGST



Optical Waveguides on PIC

PIC Waveguide cross-section

~wavelength

~Cm

 Light is guided by total internal reflection (TIR)

« Can be miniaturized down to ~wavelength (400 nm ~ 2 um)

DGST



Optical neural net on a chip

MIT (Dirk Englund), Nat Phot, 2017

Optical interference unit

TrTY

S
v

« Building optical neural network using waveguides
— 1.e. Photonic Integrated Circuits (PIC)

o 135 PEAYE



Ty

Look similar?

Optical interference unit
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Optical neural net on a chip

Waveguide S|
(phase shifter, splitter, etc.)

/ Waveguide map

%_W AY V. NSNS NSNS AY V. R W
LAUAA A AN AN AA AN AN AN AN AR AN AN
JL'W/\/\/VM\/V—V\/’WVMW o TS AT S AT T S AT S AP
L IAA A AN AN AA A AN A AN AN AN AR NN A
“L'W/\/v ~ T S A A o T S A A A T =AU
JL_W AN AN AN AN AN N AN AN
A AANAAA A AN N AT SN A AN A
JL'W/\AWM\/VM TS S T ST S A
JL_W_/\/W\/WV\ AN AN AN AR AN NN
%‘MM AT SNA SN A AT AT AR
4 e o
Y ICET VAT M2 M1 Mn)

Photonic integrated circuit

 Waveguide, phase shifter, splitterS H&3s| xgt6}H
°.|o|-'— HI'OkOE Hl S E"" A 0||:_|._

h

o AFAF CIL Ny
e e EI I-R’? Han 140 a,f‘s‘].



TTTY

General matrix calculation
using waveguide complex

Han 141

Phase shifter



You can make any matrix
using waveguide complex

+ .
2X2 %II>IEE:I -I_Mly Phase shifter a

Optical phase shifter
Optical
: phase
50:50 shifter

coupler

Tunable
coupler
Optical phase
shifter

e
Power coupling xw“\ — Bt i
b Phase delay Ap by(t) = B,(t)e A
1% " )
ire™® 7 -kelte

Waveguide splitter 5

% b(t) = By(fjeit + 2440

5x5 matrix multiplier

€ Rectangular unitary

Inputs Outputs

—_—2

Han 142 m\l‘yf
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50712 EA|E Z|THAHE| R E=

Distance: 43,499 miles
Temperature: 1,316
lterations: 0

toddwschneider.com

o - 7|.x|0| Xol- - 50 7HO| ZA | - 1.5x1064 7|.x|0| Xol-
. -ﬁ-ﬁi FHEE FEs HE X &= 24
— BEHQ (heuristic) Y2z AN H S F1g = AS

- Traveling salesman problem O|2l= computer science 02| FHot =X

- XAIEFHN 42 BM S0l S &

Han 144
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XA 2ok X (Ising problem)
2 magnets
Fre(j\to rotate | 1 1
S tt1
4 magnets

tttt

* It is a NP-hard problem

* N magnets 2 2N combination to compute

Han 145



Combinatorial optimization & Ising problem

Cryptography Image recognition Circuit design Drug discovery Social network

a > ™~

& ;
N 5 o 5.9.2 S 5 — @ - .:f ‘I") s
e o L S ates .o "
\\\‘gg&&‘}k‘}\\% (5] y et o ‘. Se °
< \\}:‘: ‘.\t::\\ l.\‘\ ¢ e bt .‘ ~’v'
P RN ’\"\ R . S PR Ve,
\ \‘f\ﬁ\ =\‘f‘§§‘:’\;§\\ W “ote "
- W -‘t ‘t 3 ’/-? ° C \ © .1'.:..“ ®© ’\ )‘
\ & e,
c HCov-associated host

pgotein subnetwork
Cleveland Clinic

1
Polynomial time Exponential time
No exact solution possible with von Neumann
(Heuristics or approximations used)
mplexit
g DAIN [\
Y Y Y
Polynomial NP-intermediate NP-complete NP-hard

NP: Non-deterministic Polynomial
(e.g. exponential)

« Combinatorial optimization: optimization for discrete variables

e |f we solve Ising problem, all lower complexity problems can be solved.

DGST




Ising problem

Phase transition

Ising model Ising Hamiltonian
P 1
K ),ij Hising = —EZ]ijUin - Z hio;
0j @) i
| o, € {—1,+1
|0 = +1 s in{state }
(spin up) % p. _
o = —1 Jij: spin coupling
(spin down) h;: external field

Ising problem: minimize H

Ising

By HeMath

2N possible combinations (~101> combinations for 50 spins)

No efficient algorithm to solve (i.e. exponential scaling)

A machine mimics ferromagnets? = Ising machine

Han 147
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Principle of optical Ising machine

Uncoupled lasers Coupled laser system

0154‘1 0'25—1 /,/‘
OICIE

(0'1' 0-2) = (+1' _1)

or

- - -
OO

(0'1, 0'2) = (+1, +1)

Correlated (J; > 0)

O'ij(min(HIsing)) — Gij(max(Gainlaser))
* Solution (o;;) emerges spontaneously after lasing threshold

 Realtime solution possible reqgardless of spin number

- TS""’eNWlmy (e.g. ~25 ns for 40 MHz linewidth & Q=5x108)

DGST




Generalize to N spins

J: Ising problem (spin coupling)

- S: bifurcation parameter

A: proportional constant \ Time (ns)
Multiplier element (=tunable MZI)

_________________________________________

8-node example Simulation for 8 neural nodes
| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT T ! (by co-Pl)
i Bi-stalsle/tgsbnators Init Solve Return
o+ [+, |(spin teprésentation) 1, + 1 | 4——7 :
i v=u+So
e ¢ L ] ~
i 2
] @
AN R N R N R S £
Ry k C r A : Z
P b ! ! ! | | I | | c
::::: ! ! ! ! ! ! ! ! 3
i1 Optical multiplier matrix 241
ot . L o
Pt (Ising problem encoding)
N : a1
el w= ysi(r+4yst)

North=—» - \\est

Phasefhifters

East =—p = South
/ \

Splitter Combiner

Han 149 Eb} Sj
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http://www.samsungstf.org/ssrfPr/main/main.do
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Layer-Coupler
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Hanpabesk, Yu, Quack, Muller, Wu, JL



Actuation video

<Unit Cell> <Coupler & Actuators>

e 888580088~

Coupler
&
'
Hanpabeok, Yu, Quack, Muller, Wu, JLT, 2018 l:bff]'



Photonics for Intelligence
-Lecture 4:
Quantum & Photonics (I)-

Prof. Sangyoon Han
DGIST-class material

Spring 2021

200 um

Background image: siticon. photonic switch fabricated-by Prof. Sangyoon Han

DG/ST



https://www.google.com/url?q=https%3A%2F%2Fieeexplore.ieee.org%2Fabstract%2Fdocument%2F8252693&sa=D&sntz=1&usg=AFQjCNGL1yXc_VXTe0mu3U4VVJIkSsjq-g

IST: Institute of Science & Technology

ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

GIST

:u-x -||.t|--|| 2. 04
=
Gwa ngju Institute of Science and Technology
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pinterest.com/pin/400046379403927149/

Vulcan forging the Thunderbolts of Jupiter,
by Peter Paul Rubens, 1636

. J}SIXI2 HO|X|= QU4 F?
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Vulcan forging the Thunderbolts of Jupiter,

by Peter Paul Rubens, 1636
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Vulcan forging the Thunderbolts of Jupiter,
by Peter Paul Rubens, 1636
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Vulcan forging the Thunderbolts of Jupiter,
by Peter Paul Rubens, 1636
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Rocket science
(22 X| ot -0l ~)

spaceplasma.tumblr.com

@ Flight Equations with Drag 6

{no thrust — conslan! mass)

Coastin 2 2 .2 Coasting
Ascentg 5 o M In ( Vo+ Vi ) Descent
max 2
Fo=-W-D 2g v; F,.=-W+D=0
a=-g-Cdr AV? b a=0

2m / \
V,- Vitan(t g/V,) V=V,

" V,+ Vtan(t g/V,)
v -1 4V,
(v=0) = g—t tan (T‘:) \

_ t
- z
t V= 2mg
Y ajCdra I
rc.nasa.gov/wwwi/k-12/rocket/fltegs.html

e
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HXtL] spin

Electron Spin (Up and Down)
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Qubit (quantum bit)

ubit _ _
o|AHd2 o 0|?_| 1 1= OfL|Of o Bit (CIaS§|caI)
( A = O -|—1 ---) (O: OOI_T'_]_: 10|L|_")

1 5 | @
| |
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https://www.youtube.com/watch?v=UT3ev90gkmY

« Trap single ion (yes, single ion) with electric field

e Turn ion on/off using light

o 151 PEAYE



. Nature

qubit

Mehta, K., Bruzewicz, C., McConnell, R. et al. Integrated optical addressing of an ion

ch 11, 1066—-1070 (2016)

Nanote
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Han 182



State of system

Ket notation (Ket)

1 electron system 2 electron system 3 electron system

¢ 6 Oﬁ
I PRI
o

0 1

* Pop quiz: how many states in 4 electron system?
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Inside quantum computegk

The Dilution Refrigerator

Chip with
superconducting
qubits and resonators

gmm

?q-uuf

MIULUd ve electronics
PCB with the qubit chip at
20mK
Protected from the
environment by multiple
shields

Dilutior cryostat

From slide: The Extraordinary World of Quantum Computing
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2 magnets
Free to rotate
N t
I
. 1 3 magnets
: tt1
4 magnets

tttt

* It is a NP-hard problem
* N magnets 2 2N combination to compute

 Can also be solved with
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Photon as a qubit

« XL qubit 22 A2 7HsSICE

. O{D7}X| MES AL 71 94| © B
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Photon as a qubit

50:50 beam splitter 50:50 beam splitter

i 1 Baomsplitter
Relactad Coaling

L]
Incided ¥
Light { Tronsmitled
e i il -
45° r
d
Y

Y

Reflection
—

d=0.32%

- 50:502. 2 YW LIFEF= 82| (0f: &2to|E ZEtA)
o Ot |n Of SfLto| EX}7F E0{ZICEH?
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Single photon transmitting
through beam splitter

Oytl

Single photon /
(AKA. O Z78 == gl= S 2740])

» Pop quiz: photon2 O{C| 2 Z7IR*7?
— 1) outO
— 2) outl
— 3) ¥ gict .
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Single photon transmitting
through beam splitter

Photonic qubit

In /
Single photon
(AKA. O] Z74 = gl = 4l

x

Electronic qubit

1)

¢
v
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How to make a photonic quantum computer?
/ /
Single photon /

(AKA. Gl 2 £ gl= 4
2U740|)
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Photonics for Intelligence
-Lecture 5:
Quantum & Photonics (2)-

Prof. Sangyoon Han
DGIST-class material

Spring 2021

200 um

Background image: siticon. photonic switch fabricated-by Prof. Sangyoon Han
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JOM

Vol.1/ No.2

Journal of
Optical Microsystems
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M (20214 4¥

32 x 32 silicon photonic MEMS switch with

gap-adjustable directional couplers fabricated
| in commercial CMOS foundryl

| Sangyoon Han,"""‘rllleremy Beguelin®,>*" Lane Ochikubo®,® John Jacobs,!
Seok®,”* Kyoungsik Yuo,” Niels Quack®,>®

Chang-Kyu Kimo,»" Richard S. Muller,” and Ming C. Wuo"*
“Daegu Gyeongbuk Institute of Science and Technology, Department of Robotics Engineering,
Daegu, Republic of Korea
®University of California, Berkeley, Department of Electrical Engineering and
Computer Sciences, Berkeley, California, United States
“SUSS MicroOptics SA, Hauterive, Switzerland
TSI Semiconductors, Roseville, California, United States
“Gwangju Institute of Science and Technology, School of Electrical Engineering and
Computer Science, Gwangju, Republic of Korea
"Korea Advanced Institute of Science and Technology, School of Electrical Engineering,
Daejeon, Republic of Korea
#[nstitute of Microengineering, Ecole Polytechnique Fédérale de Lausanne, Lausanne,
Switzerland
"Korea Polytechnic University, Department of Nano and Semiconductor Engineering,
Siheung, Republic of Korea



Graduate School

Corning Outstanding Student Paper Competltlon 2014
— 0|2 2UA &2 &M =32 AKX (§3]

Finalist (34101l =2 = &% 60 &&)

Collegiate Inventors Competition, 2015
Ol= So6l&E0AM Sel U3 EHUS

- SHE A (/\}:l 10}!:&3.')

2 D= S 22l ZLIOH startup Xted & (MEHE BtAIY, AE =2
ALY, Ming Wu 1 $=H)

Silicon photonic switch 0|= S5
 THE DAILY CALIFORNIAN

: .
s Tog Vbimeds Wemier Poand a» United States Patent ;) United States Patent
Seok et al. Wu et al.
(54) SILICON-PHOTONICS-BASED OPTICAI ~ ~
SWITCH WITH LOW POLARIZATION 54 gg;}ggg PHOTONICS-BASED OPTICAL
SENSITIVITY
(71) Applicant: The Regents of the University of (71)  Applicant: 'Ehe' Reglents of the U{liverSEty of
California, Oakland, CA (US) California, Oakland, CA (US)
(72) Inventors:_Tae Joan Seok Rerkeley, CA (US (72) Inventors: Ming C. Wu. Moraga, CA (US);
Sangyoon Han, Emeryville, CA (1 Sangyoon Han: Emeryville, CA (US);
- Ming Chiang A Wu, Moraga, CA Tae Joon Seok, Berkeley, CA (US);
CAMPUS (73 Assi The R ¢ the U ; Niels Quack, Berkeley, CA (US),
vl Assignee: e Regents of the University o _ -
UC Berkeley team wins $10,000 for ¢loud- e . Y Byung-Wook Yoo, Albany, CA (US)

California, Oakland, CA (US)

storage innovation

(73) Assignee: THE REGENTS OF THE
UNIVERSITY OF CALIFORNIA,
Oakland, CA (US)

*) Notice: Subject to any disclaimer, the term
) y
O ¢ patent is extended or adjusted un
06000 U.S.C. 154(b) by 0 days.

Equity Residential apartment buildings sale may bring Acheson
development

UC Berkeley team wins $10,000 for cloud-storage innovation

an 18 PEAYE
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Ho|228C| FH EAMF 5% F7HE

HOMELESS POPULATIONS
IN ALAMEDA COUNTY AND BERKELEY

10000
8,022
7500
5,629
5000 , 475 4,264 4,040
e -~ .
L - =
2500 1,108
972
—
748 761 834 -
p — s
*2011 *2013 2015 2017 2019
@ ALAMEDA COUNTY @ BERKELEY
*Berkeley-specific data was not calculated in the 2011 and 2013 reports.
& VER E HC E E The figures shown above are estimated by the City of Berkeley Health,
HHHHHHHHH ND COMMUNITY SERVICE DEPARTMENT Housing and Community Service Department based on Alameda County numbers.

H2fAM C} s ......
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Photon as a qubit

« XL qubit 22 A2 7HsSICE

. O{D7}X| MES AL 71 94| © B
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Photon as a qubit

50:50 beam splitter 50:50 beam splitter

i 1 Baomsplitter
Relactad Coaling

L]
Incided ¥
Light { Tronsmitled
e i il -
45° r
d
Y

Y

Reflection
—

d=0.32%

- 50:502. 2 YW LIFEF= 82| (0f: &2to|E ZEtA)
o Ot |n Of SfLto| EX}7F E0{ZICEH?
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Single photon transmitting
through beam splitter

Oytl

Single photon /
(AKA. O Z78 == gl= S 2740])

» Pop quiz: photon2 O{C| 2 Z7IR*7?
— 1) outO
— 2) outl
— 3) ¥ gict .
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Single photon transmitting
through beam splitter

Photonic qubit

In /
Single photon
(AKA. O] Z74 = gl = 4l

x

Electronic qubit

1)

¢
v
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How to make a photonic quantum computer?
/ /
Single photon /

(AKA. Gl 2 £ gl= 4
2U740|)
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Single photon transmitting
through beam splitter

Photonic qubit

In /
Single photon
(AKA. O] Z74 = gl = 4l

x

Electronic qubit

1)

¢
v
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Two photon system

Outl

4

In0

- ]

Single photon
(AKA. O ZA- A=Y
&40l

4 > Out0

In1

1 electron system

State of t
Ket notation °° snyZ't';

2 electron system 3 electron system

®é ‘60
b4 449
LK

0 1

* Pop quiz: how many states in 4 electron system?

Pop quiz: How do you express the state of the system in Ket notation?

Han 211




Two photon system

outa Ol A| LIEFL = L] Ch

A

77)
In0 /
Single photon
(AKA. Ol Z74 5= gl =4l

x
27o))

In1

Pop quiz: How do you express the state of the system in Ket notation?

DGST



Two photon system

Outl Outo outl
N I—\_q—éq
11
1210))
> Out0 : |' :
: OI:2>|
Single I :I :
o 11i1))|

Pop quiz: How do you express the state of the system in Ket notation?
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Two photon system

Outl Out0O Outl

I_\__il_é_i

1)

InO | :: |

A > Out0 | | |

é 1012)

Single photon o

(AKA. B Z7Z £ Ql= 3 : 1

|

L)

In1

¥ =0a11[11)+ azp|2 0) + ap2|0 2)

la111?, laggl?, lage|?> 2442 HOtente?
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27112 S et EXt7t
S A0 beam splittertll =2 3%

Outl Out0 Outl

—_—— —

[
| |
il
In0 | |
| 2::0) |
Y4 > Out0 P |
|
|
Single photon |
(AKA. O %4 4 gl=l :

x

—_— — —

In1

. SHA Z+2 Z o 20k 7L} (Hong-Ou-Mandel effect)
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2719| S Lot X7t
S A0l beam splitterdf| =2 AZ

Outl Out0 Outl

" VA

|
T
|
14
A > Out0 | | |
g 1012)
Single photon | :I :
(AKA. O ZA- A=Y : |
- |

Zd4ol)

—_—— i — ——

______

In1

? 0 0
W = ay4]11) + afy|2 0) + ads]0 2)
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Single photon
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Boson sampler (&4 AXIHFE 2| o)

‘P=a1111|1111>+a2110|2110) a2210|2210>+

inputd]| X7t SAl0f| S0{7}H?

F|I1

Outl Out2 1. 2
In1 | / 2. OFZHM A|ZEXIO| E £ 11 S0{7}H?
- 4 % outs

. InputJ.}outputOI 27 SofLtH AL
L J|18124Eo g S0{Lir}
In2 / / * -|-|-.u:| REE Al O[E(QI"E)%
H|4H5H= Z10] O & o L}

- // // ~Out4
In3 In4

Han 218 m:’I‘)T

10
3




JAlSkAl OF

Boson sampler (224 UYXIHFEL

Boson sampler
o R

£ b | )
l\\ ~
b
"

University of Science and Technology:of-éﬁ"ﬁé

physicsworld.com

 Beam splitter 30070, 72 7571

« 1007l photon input, 100 7 photon output
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Sunway TaihuLight (Super computer)

Boson sampler

!

200=

RESEARCH Science 2020

QUANTUM COMPUTING
Quantum computational advantage using photons

Han-Sen Zhong"?*, Hui Wang"?*, Yu-Hao Deng"?*, Ming-Cheng Chen"?*, Li-Chao Peng'?,

Yi-Han Luo?, Jian Qin2, Dian Wu'?, Xing Ding™?, Yi Hu'?, Peng Hu®, Xiao-Yan Yang®, Wei-Jun Zhang®,
Hao Li®, Yuxuan Li*, Xiao Jiang'?, Lin Gan®, Guangwen Yang®, Lixing You®, Zhen Wang?, Li Li"?,
Nai-Le Liu"?, Chao-Yang Lu?{, Jian-Wei Pan'?f

Quantum computers promise to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is idered a strong candii to

the i ge. We performed Gaussian boson sampling by sending 50
indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output

using 100 high-efficiency single-photon detectors. The ined samples were validated against
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic
quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-
space dimension of 10°* and a sampling rate that is faster than using the state-of-the-art simulation
strategy and supercomputers by a factor of ~10*.

physicsworld.g
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Fig. 4. Classical computational cost. The estimated
time cost on a Sunway TaihuLight supercomputer is
plotted as a function of the output photon click
number. The error bar is calculated from Poissonian o

counting statistics of the raw detected events. l l’ '



Waveguide splitter

SEM image
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https://www.semanticscholar.org/paper/Compact-InP-based-1%C3%972-MMI-splitter-on-Si-substrate-Lee-Yamahara/7b931ed0fa513745fd4b59eb33af657cb076b31b

Boson sampler, X 2 £ o}= OfH} ...

Chip scale Boson sampler

www.3dquest.cu

w{'
1
\

https://vvwvv.youtube.com/watch?v:‘ljiodj5b821E

. W WAL= ofC| 2 2277 . U T2 ofC|2 2272
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Nature 2018

ARTICLE

https://doi.org/10.1038/s41586-018-0152-9

Simulating the vibrational quantum
dynamics of molecules using photonics

Chris Sparrow"?, Enrique Martin-Lopez?, Nicola Maraviglia', Alex Neville!, Christopher Harrold!, Jacques Carolan®,
Yogesh N. Joglekar®, Toshikazu Hashimoto®, Nobuyuki Matsuda’, Jeremy L. O’Brien!, David P. Tew® & Anthony Laing'*
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Optical neural net on a chip

MIT (Dirk Englund), Nat Phot, 2017

« Building optical neural network using waveguides
— i.e. Photonic Integrated Circuits (PIC)
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XA 2ok X (Ising problem)
2 magnets
Fre(j\to rotate | 1 1
S tt1
4 magnets
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* It is a NP-hard problem

* N magnets 2 2N combination to compute
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Graduate School

Corning Outstanding Student Paper Competltlon 2014
— 0|2 2UA &2 &M =32 AKX (§3]

Finalist (34101l =2 = &% 60 &&)

Collegiate Inventors Competition, 2015
Ol= So6l&E0AM Sel U3 EHUS

- SHE A (/\}:l 10}!:&3.')

2 D= S 22l ZLIOH startup Xted & (MEHE BtAIY, AE =2
ALY, Ming Wu 1 $=H)

Silicon photonic switch 0|= S5
 THE DAILY CALIFORNIAN

: .
s Tog Vbimeds Wemier Poand a» United States Patent ;) United States Patent
Seok et al. Wu et al.
(54) SILICON-PHOTONICS-BASED OPTICAI ~ ~
SWITCH WITH LOW POLARIZATION 54 gg;}ggg PHOTONICS-BASED OPTICAL
SENSITIVITY
(71) Applicant: The Regents of the University of (71)  Applicant: 'Ehe' Reglents of the U{liverSEty of
California, Oakland, CA (US) California, Oakland, CA (US)
(72) Inventors:_Tae Joan Seok Rerkeley, CA (US (72) Inventors: Ming C. Wu. Moraga, CA (US);
Sangyoon Han, Emeryville, CA (1 Sangyoon Han: Emeryville, CA (US);
- Ming Chiang A Wu, Moraga, CA Tae Joon Seok, Berkeley, CA (US);
CAMPUS (73 Assi The R ¢ the U ; Niels Quack, Berkeley, CA (US),
vl Assignee: e Regents of the University o _ -
UC Berkeley team wins $10,000 for ¢loud- e . Y Byung-Wook Yoo, Albany, CA (US)

California, Oakland, CA (US)

storage innovation

(73) Assignee: THE REGENTS OF THE
UNIVERSITY OF CALIFORNIA,
Oakland, CA (US)

*) Notice: Subject to any disclaimer, the term
) y
O ¢ patent is extended or adjusted un
06000 U.S.C. 154(b) by 0 days.

Equity Residential apartment buildings sale may bring Acheson
development

UC Berkeley team wins $10,000 for cloud-storage innovation
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Silicon photonic switch for data centers

Generation IV

Generation lll

Horizontal
Directional .Coupler

Han et al. Opt. Exp., 2019

“ Seok et al. Optica, 2016
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CLEO 2021 @DGIST

AL E
16-Core Recirculating Programmable Si Photonic MEMS

Do Y. Kim!, Young J. Park!, Dong U. Kim!, Myung S. Hong!, Alain Y. Takabayashi’, Youngjae Jeong?,
Jongwoo Park®, Seungjun Han?, Niels Quack?, Kyoungsik Yu?, and Sangyoon Han*!
! Department of Robotics Engineering, Daegu Gyeongbuk Institute of Science and Technology, Daegu 42988, Republic of Korea
’Ecole Polytechnique Fédérale de Lausanne, STI IMT GR-QUA, Lausanne, 1015, Switzerland
School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea
*E-mail address: s.han@dgist.ac.kr

Abstract: We report on a 16-core recirculating programmable photonic array based on MEMS- \ /
tunable directional couplers. The photonic array has a compact footprint (0.04mm?/cell) and |
negligible static power consumption. Waveguide-coupled single-ring resonators, CROWs, and add-

drop filters are demonstrated. © 2020 The Author(s)

DoYun Kim

CLEQO 2021

Fully Reconfigurable Coupled-Resonator Optical
Waveguides (CROWs) with 10 nW Static Power MEMS

Young J. Park’, Dong U. Kim', Do Y. Kim!, Myung S. Hong', Alain Y. Takabayashi’, Youngjae Jeong?,

Jongwoo Park®, Seungjun Han®, Niels Quack?, Kyoungsik Yu?, and Sangyoon Han*"!
!Department of Robotics Engineering, Daegu Gyeongbuk Institute of Science and Technology, Daegu 42988, Republic of Korea
2Ecole Polytechnique Fédérale de Lausanne, STI IMT GR-QUA, Lausanne, 1015, Switzerland
*School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea
*E-mail address: s.han@dgist.ac.kr

/d/l:”- z_é’l- D’l.x-i
(DGIST &5 158¢HH)

Abstract: We report on fully reconfigurable CROWs with MEMS-tunable waveguides. Resonator-
to-resonator and resonator-to-waveguide coupling are fully tunable. Resonance of a resonator is also
Widcly Iundblc to cover its full FSR. The static power consumption per tunable coupler is below
10nW. © 2020 The Author(s)
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Dong Uk Kim MyeongSeok Hong
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OFC 2021

HAH LS
(DGIST e 1 GEHEH)

AL S

8x8 Programmable Multi-Beam Pattern Projection
Based on Multicast Silicon Photonic MEMS Switches

Dong U. Kim!, Myung S. Hong!, Do Y. Kim', Young J. Park!, Alain Y. Takabayashi?, Youngjae Jeong?,

Jongwoo Park?®, Seungjun Han?, Niels Quack?, Kyoungsik Yu*?, and Sangyoon Han**!
!Department of Robotics Engineering, Daegu Gyeongbuk Institute of Science and Teclmology Daegu 42988, Republic of Korea
*Ecole Polytechnique Fédérale de Lausanne, STI IMT GR-QUA, Lausanne, 1015, Switzerland
3School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea
*ksyu@kaist.edu, **s.han@dgist.ac.kr

Abstract: We present an arbitrary 8x8 beam pattern projection system based on a programmable /
grating coupler array with a Fourier lens. The static power consumption and the reconfiguration
time are below 1pW and 10ps, respectively. © 2021 The Author(s) Dong Uk Kim MyeongSeok Hong
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