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Background image: silicon photonic switch fabricated by Prof. Sangyoon Han 

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

novuslight.com
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Photonics = study of light

techexplorist.com

Microscopy Communications

@OpticalFiberComm

@quantumx.QI

Quantum photonicsLiDAR

traffictechnologytoday.com

Laser surgery
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High-Performance Computing

google.com

Optical neural net

Ozcan Research Group/UCLA
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Spectroscopy

LEDs
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Nobel Prizes related to Photonics 

(~ every 3 years)

John M. Dudley, "Light, Lasers, and the Nobel Prize," Adv. Photon. 2(5) 050501 (10 October 2020)
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What makes photonics (light)

so special?
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What is light?

• Light = wave of electro-magnetic field

– Field ∝ force

• What are electric field? magnetic field?

novuslight.com
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How many forces are in nature?

• Only four, surprise?

iitk.ac.in
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What is the really usable force?

• Electro-magnetic force is the only tangible force in daily life

– Reasonable strength and range

• You can’t really play with gravity

iitk.ac.in

• 없으면우주멸망
• 핵무기및원자력발전만들수
있다…

• 없으면문명붕괴
• 행성하나질량정도는있어야…

• 원자핵붕괴에관여하는힘

• 거리도적당, 힘도적당!
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Wave

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

• Wave carries energy and information

tenor.com

Sound wave (remote force)Poking (direct force)

giphy.com

docsity.com



Han 13

Yes, light is electro-magnetic wave

• Light is very fast: no latency

– c = 3x108 m/s (cf. speed of sound = 343 m/s)

• Light is very high frequency: high bandwidth

– Red light: 4x1014 Hz (cf. human voice: 200 Hz)

• Period of light (wavelength) is very small: high precision

– Red light: 6x10-7 m (cf. sound wave: 2m)

<Optical communications>

@OpticalFiberComm

<TV> <LiDAR>

traffictechnologytoday.com

We watch, not listen Fast & precise measurementsDo you know the era of modem?

(download 1 image takes 3 mins, 

year 1999)
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From camera to LiDAR
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Camera (2D vision) VS LiDAR (3D vision)

• LiDAR (3D) = Camera (2D) + distance information (1D)

canon-cna.com

youtube.com/watch?v=nXlqv_k4P8Q

velodynelidar.com

From movie “Good Will Hunting”

Camera LiDAR
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Digital camera: how it works?

• Looks complicated, but it is really simple actually

ephotozine.com/

Image sensor Imaging lenses
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2D vision

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

Image

sensors
Object

Imaging lenses

One pixel

(CMOS sensor)

2D vision
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Let’s follow the evolution one by one

2D vision 3D vision
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2D vision (more simplified)

• Nothing more than sensor & mapper complex

Imaging lenses

(mapper)Image

sensors
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Tweaked 2D vision (Ver1)

• 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?)

Emitter

array

CMOS 

sensor

(single)
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Tweaked 2D vision (Ver2)

• We still get the same thing right?

Single emitter

(direction 

control 

possible)

CMOS 

sensor

(single)



Han 23

3D vision (LiDAR)

Single emitter

(direction 

control 

possible)

CMOS 

sensor

(single)
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What are the important aspects?

• Beam scanning

– We need fast scanning speed

– 𝑭𝒓𝒂𝒎𝒆 𝒓𝒂𝒕𝒆 =
𝟏

𝑵∗𝝉
, 𝑵: # 𝒐𝒇 𝒑𝒊𝒙𝒆𝒍, 𝝉: 𝐭𝐢𝐦𝐞 𝐟𝐨𝐫 𝐬𝐰𝐢𝐭𝐜𝐡𝐢𝐧𝐠 𝐭𝐨 𝐧𝐞𝐱𝐭 𝐩𝐢𝐱𝐞𝐥

• Timing

– Light is so fast (e.g. only 33x10-9 sec for traveling 10 meters)

– 𝚫𝐭 <
𝚫𝐝

𝒄
, 𝚫𝐭: 𝐭𝐢𝐦𝐞 𝐫𝐞𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧, 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐝 𝚫𝐝: 𝐝𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐫𝐞𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 𝐰𝐞 𝐰𝐚𝐧𝐭

– If you want to have 1 mm resolution, you need to differentiate 3.3x10-12 sec

ifixit.com
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LiDAR classification: Beam scanning methods

gfycat.com

makeagif.com

davidgozzard.com/

Rotating motor µ-mirror

~100 µm

Solid-state

spectrum.ieee.org

Faster, smaller, more accurate, low cost (for mass production) 
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LiDAR classification: Timing

Time of Flight FMCW

<Pros>

- Simpler implementation (Low cost)

<Cons>

- Low resolution, smaller range

- Crosstalk

<Pros>

- Higher accuracy, high sensitivity

- Longer range

- Direct velocity measurement (Dopper effect)

<Cons>

- Complex implementation (higher cost)

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

SiLC Tehcnology Inc.

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

SiLC Tehcnology Inc.

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

• 시간에따라레이저의주파수(즉, 파장)를선형적으로변조 (up/down ramp)

• 타겟에맞고돌아온빛과레이저의주파수를비교→걸린시간추출

Video clip from 

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

SiLC Tehcnology Inc.

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).

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

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).

• 시간에따라레이저의주파수(즉, 파장)를선형적으로변조 (up/down ramp)

– 𝒇 = 𝒂𝒕, 𝒂: 𝒋𝒖𝒔𝒕 𝒑𝒓𝒐𝒑𝒐𝒓𝒕𝒊𝒐𝒏𝒂𝒍 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕

• 타겟에맞고돌아온빛과레이저의주파수를비교→걸린시간추출

– 𝜟𝒇 = 𝒂𝚫𝒕 → 𝚫𝐭 =
𝚫𝐟𝐥𝐚𝐬𝐞𝐫

𝒂

• 𝒅 = 𝒄𝚫𝐭 → 𝒅 = 𝐜
𝜟𝒇

𝒂
, 𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒍𝒊𝒈𝒉𝒕

𝒇

𝚫𝒇
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FMCW LiDAR

• 𝒅 = 𝒄𝚫𝐭 → 𝒅 = 𝐜
𝜟𝒇

𝒂
, 𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒍𝒊𝒈𝒉𝒕

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

SiLC Tehcnology Inc.

𝒇

𝚫𝒇

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

• What is the profile of laser frequency graph if the distance 

becomes 2X?

Laser Target Laser Target

d 2d

time

𝒇

time

𝒇 ?
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• What is the profile of laser frequency graph if the distance 

becomes 2X?

Laser Target Laser Target

d 2d

time

𝒇

time

𝒇

𝚫𝐭 𝟐𝚫𝐭

𝜟𝒇 𝜟𝒇 𝜟𝒇 𝜟𝒇 𝟐𝜟𝒇 𝟐𝜟𝒇 𝟐𝜟𝒇 𝟐𝜟𝒇
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FMCW LiDAR can also measure speed directly!

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

accurate

– 𝒗 =
𝒅𝒙

𝒅𝒕
, what happen if there is noise in x?

Blackmore LiDAR

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

Color: (radial) speed of the object
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Doppler effect in sound wave

• Frequency of wave shifts when the source moves 

relative to the listener

forum.huawei.com

Doppler effect in sound

𝒇 =
𝒄 + 𝒗𝒓

𝒄 + 𝒗𝒔
𝒇𝟎

𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒘𝒂𝒗𝒆
𝒗𝒓: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒓𝒆𝒄𝒊𝒆𝒗𝒆𝒓 (𝒕𝒐𝒘𝒂𝒓𝒅𝒔 𝒔𝒐𝒖𝒓𝒄𝒆)
𝒗𝒔: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒔𝒐𝒖𝒓𝒄𝒆 (𝒂𝒘𝒂𝒚 𝒇𝒓𝒐𝒎 𝒓𝒆𝒄𝒆𝒊𝒗𝒆𝒓)
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Doppler effect in light (EM wave)

• When I walk toward you, you look little more bluish…. 

Doppler effect in EM wave

imagine.gsfc.nasa.gov

𝒇 =
𝟏 +

𝒗
𝒄

𝟏 −
𝒗
𝒄

𝒇𝟎

𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒘𝒂𝒗𝒆 (𝒍𝒊𝒈𝒉𝒕)
𝒗: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒔𝒐𝒖𝒓𝒄𝒆 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒕𝒐 𝒓𝒆𝒄𝒆𝒊𝒗𝒆𝒓

(𝒂𝒑𝒑𝒓𝒐𝒂𝒄𝒉𝒊𝒏𝒈)
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Doppler effect in LiDAR

• Can we actually measure it??

𝒇

𝚫𝒇
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Pop quiz 1

• If you walk towards me 1 m/s with red laser (430 THz), 

what is the frequency of the laser I observe?

𝒇 =
𝟏 +

𝒗
𝒄

𝟏 −
𝒗
𝒄

𝒇𝟎

𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒘𝒂𝒗𝒆 (𝒍𝒊𝒈𝒉𝒕)
𝒗: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒔𝒐𝒖𝒓𝒄𝒆 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒕𝒐 𝒓𝒆𝒄𝒆𝒊𝒗𝒆𝒓

(𝒂𝒑𝒑𝒓𝒐𝒂𝒄𝒉𝒊𝒏𝒈)

𝒇𝟎 = 𝟒. 𝟑 ∗ 𝟏𝟎𝟏𝟒 𝑯𝒛

𝒇 =
𝟏 +

𝟏𝒎/𝒔
𝒄

𝟏 −
𝟏𝒎/𝒔

𝒄

∗ 𝒇𝟎 = 𝟒. 𝟑𝟎𝟎𝟎𝟎𝟎𝟎𝟏𝟒𝟑 ∗ 𝟏𝟎𝟏𝟒 𝑯𝒛

𝜟𝒇 = 𝟏. 𝟒𝟑 ∗ 𝟏𝟎𝟔 𝑯𝒛 = 𝟏. 𝟒𝟑𝑴𝑯𝒛
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Pop quiz 2

• If you walk towards me 2 m/s with red laser (430 THz), 

what is the frequency of the laser I observe?

𝒇 =
𝟏 +

𝒗
𝒄

𝟏 −
𝒗
𝒄

𝒇𝟎

𝒄: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒘𝒂𝒗𝒆 (𝒍𝒊𝒈𝒉𝒕)
𝒗: 𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒔𝒐𝒖𝒓𝒄𝒆 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒕𝒐 𝒓𝒆𝒄𝒆𝒊𝒗𝒆𝒓

(𝒂𝒑𝒑𝒓𝒐𝒂𝒄𝒉𝒊𝒏𝒈)

𝒇𝟎 = 𝟒. 𝟑 ∗ 𝟏𝟎𝟏𝟒 𝑯𝒛

𝒇 =
𝟏 +

𝟐𝒎/𝒔
𝒄

𝟏 −
𝟐𝒎/𝒔

𝒄

∗ 𝒇𝟎 = 𝟒. 𝟑𝟎𝟎𝟎𝟎𝟎𝟎𝟐𝟖𝟕 ∗ 𝟏𝟎𝟏𝟒 𝑯𝒛

𝜟𝒇 = 𝟐. 𝟖𝟕 ∗ 𝟏𝟎𝟔 𝑯𝒛 = 𝟐. 𝟖𝟕𝑴𝑯𝒛
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How do we measure the frequency shift??

• 1m/s → 𝟏. 𝟒𝟑𝑴𝑯𝒛 (cf. FM radio frequency ~100 MHz)

• Beat (add) the RX signal with LO signal

– sin( 𝟐𝝅 𝒇𝟎𝒕) + sin( 𝟐𝝅 (𝒇𝟎 + 𝚫𝒇)𝒕) = 𝟐 sin[ 𝟐𝝅 (𝒇𝟎 +
𝚫𝒇

𝟐
)𝒕] sin[ 𝟐𝝅

𝚫𝒇

𝟐
𝒕]

• Just like the FM radio (envelop detection)!

Envelope

Carrier

A tutorial on laser interferometry for precision measurements

https://www.researchgate.net/publication/261347353_A_tutorial_on_laser_interferometry_for_precision_measurements
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A tutorial on laser interferometry for precision measurements

https://www.researchgate.net/publication/261347353_A_tutorial_on_laser_interferometry_for_precision_measurements
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How do we measure the frequency shift??

• 1m/s → 𝟏. 𝟒𝟑𝑴𝑯𝒛 (cf. FM radio frequency ~100 MHz)

• Beat (add) the RX signal with LO signal
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Carrier

Carrier

(𝒇𝟎 +
𝚫𝒇

𝟐
)

Envelope

(
𝚫𝒇

𝟐
)
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Cf. FM radio

• 1m/s → 𝟏. 𝟒𝟑𝑴𝑯𝒛

• 2m/s → 𝟐. 𝟖𝟕𝑴𝑯𝒛

• Piece of cake to 

distinguish the two…

http://blog.naver.com/PostView.nhn?blogId=joinhot&logNo=100142491727&parentCategoryNo=6&categoryNo=&viewDate=&isShowPopularPosts

=true&from=search

(MHz) (kHz)
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Photonics for Intelligence

-Lecture 2: 

Optical phased array, 

Photonic integrated circuits-

Prof. Sangyoon Han

DGIST class material

Spring 2021

Background image: silicon photonic switch fabricated by Prof. Sangyoon Han 

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

• 채널주소: https://www.youtube.com/channel/UC9xRW1kJITc1s1BsiSC_b7A

• 연구실에서진행되는연구관련동영상업로드

• 연구실홈페이지주소: https://www.intelligent-photonics.com/

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

• 여러종교에서나오는빛에대한은유

– “빛과소금”, “빛이있으라”, “부처님의광명” 등등

• 인간이받아들이는외부정보의 70~80%는시각정보. 우연이라고보기에는…

• “…인간의상상에서나오는것들은언제나시각적인형태를갖기마련이다…”, 칼융, 우나살루스-대자유에이르는길

instiz.net/pt/3279632

잘생기면빛이난다

lifehopeandtruth.com

창세기 1장 3절
따뜻함, 행복

everypixel.com

태양에너지: 빛

gifs.alphacoders.com

pinterest.com

생명의근원
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후광이란뭘까??

• 후광이란칵테일파티효과의시각버전?

instiz.net/pt/3279632

잘생기면빛이난다

m.post.naver.com

https://brunch.co.kr/@uxdaysseoul/4
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Nobel Prizes related to Photonics 

(~ every 3 years)

John M. Dudley, "Light, Lasers, and the Nobel Prize," Adv. Photon. 2(5) 050501 (10 October 2020)



Han 48

Optical tweezer, etc.
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Trapping object using light

• Light can exerts force on an object

• You can grab an object using light

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

Arthur Ashkin, Nobel prize, 2018

Trapping a particle using light
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Optoelectronic tweezer

• Based on optoelectrical phenomenon

• Move individual cells with light patters (cell sorting etc.)

• Berkeley light: spin-off company (Prof. Ming C. Wu)

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

Prof. Ming C. Wu

@ UC Berkeley

(my advisor)
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Ion trap for quantum computing (animation)

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

• Turn ion on/off using light

https://www.youtube.com/watch?v=UT3ev9OgkmY
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전자(원자)를가지고하는주판알놀이

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

양자컴퓨터

giphy.com

주판
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Optical phased array
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LiDAR classification: Beam scanning methods

gfycat.com

makeagif.com

davidgozzard.com/

Rotating motor µ-mirror

~100 µm

Solid-state

spectrum.ieee.org

Faster, smaller, more accurate, low cost (for mass production) 
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How phased array works?

davidgozzard.com/

spectrum.ieee.org

https://www.youtube.com/watch?v=xEqV879qDNE

Optical phased array on a chip
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Huygens principle (remember it?)

• 호이겐스의원리

• 만약우리가각점의진동
순서를조절할수있다면?

https://blog.naver.com/kokospice/220666372941

https://blog.naver.com/kokospice/22066

6372941
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Huygens principle (animations)

• 각점에서빛이나가는순서를조절하면원하는방향으로빛을
꺾을수있다!

수직진행 비스듬한진행

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

• 빛을모으려면 (focusing), 어떤순서로빛을켜야할까요?
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Pop quiz

• 빛을모으려면 (focusing), 어떤순서로빛을켜야할까요?

먼
저

먼
저

나
중
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You now know how phased array work!

• But how do you make it???

• Use photonic integrated circuits!

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

• Light propagate in the form of 

– 𝑬 𝒛, 𝒕 = 𝑬𝟎𝒄𝒐𝒔(𝒌𝒛 − 𝝎𝒕 + 𝜹)

• Can you visualize it?

And1mu
https://www.rakeshkapoor.us

𝑬 𝒛, 𝒕 = 𝑬𝟎𝒄𝒐𝒔(𝒌𝒛 − 𝝎𝒕 + 𝜹)

z

Electromagnetic wave Wave video

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

https://www.youtube.com/watch?v=l4OwU1p8_tE

𝑬 𝒛, 𝒕 = 𝑬𝟎𝒄𝒐𝒔(𝒌𝒛 − 𝝎𝒕 + 𝝓)

• But how do you make it???

• Use photonic integrated circuits!
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Photonic Integrated Circuits

(PIC)
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Photonic Integrated Circuits (PICs)

• “Photonics on a chip”

• Integrated with electronics

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

image source: cnet

Bulk optical system Photonic integrated circuits

(PIC)

spar3d.com
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Bulk optical systems (= free-space systems)

• Lenses, mirrors, prisms, light source, detectors

• + free (empty) spaces

reddit.com/

Bulk optic spectrometer

laserfocusworld.com
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Why there is “free-space”?

• The miniaturization of system is fundamentally 

limited by dispersion and diffraction of light

Diffraction of lightDispersion of light
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Optical waveguide

Total internal reflection (TIR)

Inside waveguide

• Light is guided by TIR

• Eliminate diffraction 

amazon.com

Optical fiber
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Optical Waveguides on PIC

• Light is guided by total internal reflection (TIR)

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

nist.gov

Waveguide cross-section

~wavelength

www.phiconference.com

~cm

PIC
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Miniaturization Using Waveguide

• Waveguide avoids diffraction 

• Waveguide can control dispersions

www.phiconference.comcmmmagazine.comresearchgate.net

Spectrometer on a chip Actual PIC images

~cm
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Coming back to phased array
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Optical phased array on a PIC

• Let’s look at it one by one

https://www.youtube.com/watch?v=xEqV879qDNE
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(Passive) Components of PICs

• Waveguide

• Waveguide splitter

• Phase shifter (optical path length shifter)

Blue optical phased array for augmented reality, trapped ion

quantum computer and optogenetic neural stimulation.

Credit: Myles Marshall, Secret Molecule, Min Chul Shin,

Aseema Mohanty, Columbia Engineering.
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Waveguide

• Optical fiber is a good example of waveguide

Silicon Photonic Wire Waveguides: 

Fundamentals and Applications

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
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• Waveguide confine light to prevent dissipation

• Controls dispersion, diffraction, etc.

Waveguide

Paper cup telephone

This is (acoustic) waveguide!
cmmmagazine.com

Silicon photonic chip
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• Light is guided by TIR

• Index contrast is needed

Light guiding by TIR

Total internal reflection (TIR)

Inside waveguide

Keerthi, Wikipedia

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

comsol.com

Light propagation in waveguide (~1014 x slower video)

𝑬 𝒛, 𝒕 = 𝑬𝟎𝒄𝒐𝒔(𝒌𝒛 − 𝝎𝒕 + 𝝓)
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Waveguide splitter

• Very intuitive looking?
Compact InP-based 1×2 MMI splitter on Si 

substrate with BCB wafer bonding for membrane 

photonic circuits

optoelectronics.eecs.berkeley.edu/

https://www.seoul.co.kr/news/newsView.php?id=20060818022003

Light

propagation 

SEM image

https://www.semanticscholar.org/paper/Compact-InP-based-1%C3%972-MMI-splitter-on-Si-substrate-Lee-Yamahara/7b931ed0fa513745fd4b59eb33af657cb076b31b
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Phase shifter (optical path length shifter)

• Phase shifter = 빛이느끼는경로를조절하는부품

• 빛이느끼는경로 = 실제길이 (L) x 굴절율 (n)

• 물체가뜨거워지면 n 증가→빛이느끼는경로길어짐
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아지랑이현상

• 공기가부분부분뜨겁다→곳곳에작은렌즈가있는효과

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

Hot air

(n > 1)

Cold air

(n=1)

Air lens
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Phase shifter (optical path length shifter)

• Phase shifter = 빛이느끼는경로를조절하는부품

• 빛이느끼는경로 = 실제길이 (L) x 굴절율 (n)

• 물체가뜨거워지면 n 증가→빛이느끼는경로길어짐

Heater

Phase shifter 단면

waveguide
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All together

Blue optical phased array for augmented reality, trapped ion

quantum computer and optogenetic neural stimulation.

Credit: Myles Marshall, Secret Molecule, Min Chul Shin,

Aseema Mohanty, Columbia Engineering.

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

Photonics for Intelligence

-Lecture 3: 

Photonic hardware accelerators-

Prof. Sangyoon Han

DGIST class material

Spring 2021

Background image: silicon photonic switch fabricated by Prof. Sangyoon Han 

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

Computing with light
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Laser Optical fiber Optical engine



Han 86

Computation

https://www.lotteon.com/m/product/LO1

217820076?sitmNo=LO1217820076_121

7820077&mall_no=1&dp_infw_cd=SCH

%EC%A3%BC%EC%82%B0
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Electronic computer example

• One can do any calculation with one gate (NAND)

• 그냥내가암산하는게더빠르지않을까…….

http://hyperphysics.phy-

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

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

fBJyQr8Uo
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What if you have 1010 of them??

• 7*109 people in the world

Image: Intel

Transistor

(electronic switch)

ourworldindata.org

~1010 /chip

~105 /chip (1980s)

https://pcper.com/2008/11/nehalem-

revolution-intels-core-i7-processor-

complete-review/

• They work at 3 GHz

– 3*109 operation per second

i7 processor inside
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Calculation using light

• 그, 그래…. 

• 그냥내가암산할게…..

Addition (A+B)

A

B

A+B

0

1

1

1

1

2

iconexperience.com
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Calculation using light

• 어, 나보다나을수도 (?!)

10

2

12

0.2

3.4

3.6

iconexperience.com
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Calculation using light

• 어, 나보다확실히나아….

• 그런데, 100만개어떻게만들거야???

10

2

3201020……

…
..

100만개
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Calculation using light

• We have displays (e.g. TV) (~2000x1000) and lenses

• How long does it take to do the calculation?

Lens
TV screen

0 1~ some number
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How long does it take to do the calculation?

• Time takes for calculation: 3.3x10-10s (=
𝟏𝟎 𝒄𝒎

𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒍𝒊𝒈𝒉𝒕
)

• 100만번의덧셈을 3x10-10초만에완수

• 전자식컴퓨터는? (한 clock 당덧셈을한번한다고하면)

–
𝟏

𝟑𝑮𝑯𝒛
∗ 𝟏𝟎𝟎만 = 𝟑. 𝟑 × 𝟏𝟎−𝟒𝒔

• 빛으로하면약 100 만배빠르게가능하다 (fundamentally)

Lens
TV screen

0 1~ some number
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연구실유튜브채널개설!

(Intelligent Nanophotonics Laboratory)

• 채널주소: https://www.youtube.com/channel/UC9xRW1kJITc1s1BsiSC_b7A

• 연구실에서진행되는연구관련동영상업로드

• 연구실홈페이지주소: https://www.intelligent-photonics.com/

https://www.youtube.com/channel/UC9xRW1kJITc1s1BsiSC_b7A
https://www.intelligent-photonics.com/
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학생분들 (및교수) 댓글놀이중

• 아무말대잔치: 욕만아니면와서아무말이나써도됩니다!

베댓

김도윤 (석사 2년차)

AKA. Hottest guy in DGIST

이재홍교수님연구실김진호학생 (키 183 의남자)
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학생분들 (및교수) 댓글놀이중

• 아무말대잔치: 욕만아니면와서아무말이나써도됩니다!

박영재 (석박 2년차)

AKA. 제2의아인슈타인

베댓DGIST 20학번 (총장장학생의위엄)
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Optical neural network



Han 98

Optical deep neural networks

Optical neural net

Ozcan Research Group/UCLA

Science 2018
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Vector-matrix multiplication 

using lens

(렌즈를이용한벡터-행렬곱셈)
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Computation using lens

• Time takes for calculation: 3.3x10-10s (=
𝟏𝟎 𝒄𝒎

𝒔𝒑𝒆𝒆𝒅 𝒐𝒇 𝒍𝒊𝒈𝒉𝒕
)

• 100만번의덧셈을 3x10-10초만에완수

• 전자식컴퓨터는? (한 clock 당덧셈을한번한다고하면)

–
𝟏

𝟑𝑮𝑯𝒛
∗ 𝟏𝟎𝟎만 = 𝟑. 𝟑 × 𝟏𝟎−𝟒𝒔

• 빛으로하면약 100 만배빠르게가능하다 (fundamentally)

Lens
TV screen

0 1~ some number
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얘네가지금무슨짓을하고있는걸까요??

Lens

0

0

1

1

2
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• 좌우를뒤집어서보겠습니다.

• 알것같나요??

얘네가지금무슨짓을하고있는걸까요??

Lens

0

0

1

1

2
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Vector-matrix multiplication using lenses

𝟏 𝟏 𝟏 𝟏

𝟏
𝟎
𝟎
𝟏

×=𝟐

• 행렬-벡터곱셈을하고이따!

• 4차벡터에 1x4 행렬을곱해따!

4차벡터

1x4 행렬

Lens

0

0

1

1

2
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Vector-matrix multiplication using lenses

𝟏 𝟏 𝟏 𝟏

𝟏
𝟏
𝟎
𝟏

×=𝟑

• 정말곱셈중이군….

• 좀더복잡한계산해볼까?

4차벡터

1x4 행렬

Lens

1

0

1

1

3
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Two lens system

• 그럼이건어떤계산을하고있는걸까요?

Lens

1

0

1

1

1

2
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Two lens system

𝟏 𝟏 𝟎 𝟎
𝟎 𝟎 𝟏 𝟏

𝟏
𝟏
𝟎
𝟏

×=
𝟐
𝟏

4차벡터

2x4 행렬

Lens

1

0

1

1

1

2

2차벡터
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그럼이건?
Lens

1

0

1

1
0.1

2

이부분만검은색사인펜으로살짝색칠
(빛이 10%만 통과하도록)

0.1
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그럼이건?

𝟏
𝟏
𝟎
𝟏

×=
𝟐

𝟎. 𝟏

4차벡터

2x4 행렬

Lens

1

0

1

1
0.1

2

2차벡터

이부분만검은색사인펜으로살짝색칠
(빛이 10%만 통과하도록)

0.1

𝟏 𝟏 𝟎 𝟎
𝟎 𝟎 𝟏 𝟏0.1



Han 109

Matrix computation using lens

….

10

1

3

5.5

7

1.2

8.3

1.4

5

4

11

⋯
⋮ ⋱ ⋮

⋯

⋯
⋮ ⋱ ⋮

⋯

⋯
⋮ ⋱ ⋮

⋯

⋯
⋮ ⋱ ⋮

⋯

⋯
⋮ ⋱ ⋮

⋯
….

𝟏𝟎
𝟏
…
…

𝟐𝟑. 𝟐
𝟏. 𝟑

=

𝟐. 𝟑
…
…
…

𝟑. 𝟒
𝟏𝟎

× × × ×
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아지랑이

• 우리는무엇을보고있는것일까?

• 행렬의곱셈을실시간으로보고있는것일까?

• 이세상은정말 Matrix (행렬) 일까??

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

Hot air

(n > 1)

Cold air

(n=1)

공기렌즈원리

https://giphy.com/explore/matrix-code

영화 Matrix 중
부엉이벡터

공기렌즈매트릭스

tenor.com
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Han 112



Han 113

Evolution of cyber world

• How old are you in 2060s?

Pong game

giphy.com

VR

ioi.london

2020s

1980s

2060s

tenor.com

?
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How old are you in 2060?

• I’m 72, you?

• 다들이러고있을까요???
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Neuralink

• Elon Musk’s startup company

consequence.net

insideevs.com
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Neural network

&

matrix multiplication
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Deep neural network

• 다들 neural net 이뭔지는아시죠? (적어도조금은?)

medium.com
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비슷하게생겼나요?

medium.co

m

Neural net

Lens net
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Neural net and matrix-vector multiplications 

• Each layer of neural net is matrix multiplication

• Just like the lens net

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

(UCLA, Ozcan’s group)

Optical neural net

Ozcan Research Group/UCLA

Science 2018
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그것을실제로만들었습니다! (UCLA)

3차원프린터로
만든렌즈복합체 렌즈복합체디자인
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렌즈복합체한층 ≈ neural net 한층
Optical neural net

Electronic neural net
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렌즈를통해보는것만으로답을알수있다?!
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숫자분류
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물체분류
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전체시스템

• ~1mm 파장의빛을이용 (눈에는안보임)

– cf. 가시광파장 (~500 nm)

• 빛을만들어내고읽는데에특수한장치필요

– Quiz: 왜가시광을안썼을까요??

• 그런데, 문제가바뀌면 (e.g. 숫자분류→물체분류) 렌즈를다시프린트해야
하네….

• 푸는건 빛의속도, 하지만문제로딩하는데시간이너무많이걸리자나….
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• Beijing university & Tsinghua university

• 이번달 (2021년 5월) Nature photonics 표지논문



Han 128

Replacing lens with spatial light modulator

• Spatial light modulator (SLM)을이용하여렌즈를대체
– 가시광 (700nm) 이용

• Refresh rate: 14 kHz (1초에 1만4천번문제바꿀수있다)

• 계산은여전히빛의속도로

Beijing & Tsinghua 
UCLA
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Spatial light modulator

• 굴절율조절가능한초소형렌즈 (~2000x1000 개) 어레이

holoeye.com/ J.-H. Yang, et al., SPIE (2019)

ETRI, Korea

렌즈 1개
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Spatial light modulator

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

https://www.youtube.com/watch?v=iX994oL1H-M



Han 131

Spatial light modulator

• 액정: 전기를걸어주면굴절율이변화한다

→전기를적절히걸어주면렌즈를만들수있다

https://www.youtube.com/watch?v=iX994oL1H-M
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SLM demo

https://www.youtube.com/watch?v=iX994oL1H-M
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Replacing lens with spatial light modulator

• Spatial light modulator (SLM)을이용하여렌즈를대체
– 가시광 (700nm) 이용

• Refresh rate: 14 kHz (1초에 1만4천번문제바꿀수있다)

• 계산은여전히빛의속도로

Beijing & Tsinghua 
UCLA
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Waveguide version of

Optical neural network
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Hardware accelerators: what’s next?

• 하드웨어가속기: 특정연산에특화된칩

• 최근일반적인연산을위한 CPU 대신특수한연산을위해만들어진하드웨어
가속기들에대한연구및양산이이루어지고있음

GPU
(Graphics Processing Unit)

VPU
(Vision Processing Unit)

NNP
(Neural Network Processor)

OPU?
(Optical Processing Unit)

OPU
TM
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Optical Waveguides on PIC

• Light is guided by total internal reflection (TIR)

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

nist.gov

Waveguide cross-section

~wavelength

www.phiconference.com

~cm

PIC
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Optical neural net on a chip

• Building optical neural network using waveguides

– i.e. Photonic Integrated Circuits (PIC)

MIT (Dirk Englund), Nat Phot, 2017

~10 mm
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Look similar? 
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Optical neural net on a chip

• Waveguide, phase shifter, splitter를적절히조합하면
원하는방향으로빛을보낼수있다.

• 상상되나요?

Waveguide 복합체
(phase shifter, splitter, etc.)

Waveguide map
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General matrix calculation 

using waveguide complex

2x2 행렬곱셈기

Waveguide splitter
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You can make any matrix 

using waveguide complex

5x5 matrix multiplier
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Optical Ising machine on a chip



Han 144

toddwschneider.com

50개의도시를최단거리로도는방법은?

•
𝒏!

𝟐
가지의조합: 50 개의도시→ 1.5x1064 가지의조합

• 슈퍼컴퓨터로도정확한답을못찾는문제
– 경험적인 (heuristic) 방법으로근사적인답만을구할수있음

• Traveling salesman problem 이라는 computer science 분야의유명한문제

• 자율주행체의경로탐색등에응용
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자석방향문제 (Ising problem)

• It is a NP-hard problem

• N magnets → 2N combination to compute

N

S

Free to rotate

N

S

2 magnets

3 magnets

4 magnets
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Cryptography

logsign.com

Combinatorial optimization & Ising problem

Polynomial NP-intermediate NP-complete NP-hard

Image recognition

diyphotography.net

Circuit design

Thinkstock

Drug discovery

HCov-associated host

protein subnetwork
Cleveland Clinic

Social network

careerjsm.com

Complexity

• Combinatorial optimization: optimization for discrete variables

• If we solve Ising problem, all lower complexity problems can be solved.

Mapping

NP: Non-deterministic Polynomial 

(e.g. exponential)

Polynomial time Exponential time

No exact solution possible with von Neumann

(Heuristics or approximations used)
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By HeMath

Ising problem

• Ising problem: minimize HIsing

• 2N possible combinations (~1015 combinations for 50 spins)

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

• A machine mimics ferromagnets? → Ising machine

Ising model

𝜎𝑖 = +1
(spin up)

𝜎𝑗 = −1
(spin down)

Ising Hamiltonian

𝐻𝐼𝑠𝑖𝑛𝑔 = −
1

2
෍

𝑖,𝑗

𝐽𝑖𝑗𝜎𝑖𝜎𝑗 − ෍

𝑖

ℎ𝑖𝜎𝑖

𝜎𝑖 ∈ {−1, +1}

𝐽𝑖𝑗: spin coupling

ℎ𝑖: external field

𝜎𝑖: spin state

𝐽𝑖𝑗

𝜎𝑖

𝜎𝑗

Phase transition 

of ferromagnet
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Principle of optical Ising machine

• 𝝈𝒊𝒋(𝒎𝒊𝒏(𝑯𝑰𝒔𝒊𝒏𝒈)) = 𝝈𝒊𝒋(𝒎𝒂𝒙(𝑮𝒂𝒊𝒏𝒍𝒂𝒔𝒆𝒓))

• Solution (𝝈𝒊𝒋) emerges spontaneously after lasing threshold

• Realtime solution possible regardless of spin number

– 𝝉𝒔𝒐𝒍𝒗𝒆~
𝟏

𝚫𝝂𝒄𝒂𝒗𝒊𝒕𝒚
(e.g. ~25 ns for 40 MHz linewidth & Q=5x106)

Correlated (Jij > 0)

Uncoupled lasers Coupled laser system

or
Anti-correlated (Jij<0)

𝝈𝟏 = +𝟏 𝝈𝟐 = −𝟏

(𝝈𝟏, 𝝈𝟐) = (+𝟏, +𝟏)

(𝝈𝟏, 𝝈𝟐) = (+𝟏, −𝟏)

(𝝈𝟏, 𝝈𝟐) = (+𝟏, −𝟏)

(𝝈𝟏, 𝝈𝟐) = (+𝟏, +𝟏)
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302520151050

𝑢𝑖

𝑣𝑖

𝑺

Generalize to N spins
Simulation for 8 neural nodes

(by co-PI)

𝝈 = [+𝟏, +𝟏, −𝟏, −𝟏, +𝟏, −𝟏, +𝟏, +𝟏 ]

]= [

Solution

North

Phase shifters

Splitter Combiner

East

West

South

Multiplier element (=tunable MZI)

𝒘𝒊𝒋

8-node example

Init Solve Return

𝝈𝟏, 𝝈𝟐, 𝝈𝟓, 𝝈𝟕, 𝝈𝟖

= +𝟏

𝝈𝟑, 𝝈𝟒, 𝝈𝟔

= −𝟏

Optical multiplier matrix
(Ising problem encoding)

𝑾 = 𝝀𝑱𝑺−𝟏 𝑰 + 𝝀𝑱𝑺−𝟏 −𝟏

𝑱: Ising problem (spin coupling)

𝑺: bifurcation parameter

𝝀: proportional constant

Bi-stable resonators
(spin representation)

𝒗 = 𝒖 + 𝑺𝝈
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삼성미래기술육성과제 DGIST-KAIST team

삼성미래기술센터로부터총 14억을지원받아
KAIST 유경식교수님연구실과함께

Ising machine (자석방향문제푸는컴퓨터)을개발중

유경식교수님
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• https://www.seoul.co.kr/news/newsView.php?id=20201012500072
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삼성미래기술육성사업

• 혁신적인연구를위해삼성에서엄격한심사를통해연구주제를
선발하여지원하는사업 (Very prestigious)

• 삼성미래기술육성사업홈페이지링크

http://www.samsungstf.org/ssrfPr/main/main.do
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• Ising machine 과제
삼성미래기술육성사업홈페이지링크

http://www.samsungstf.org/ssrfPr/researcher/viewResearcher.do?idx=597&pageIndex=1&searchCondition=all&searchKeyword=%ED%95%9C%EC%83%81%EC%9C%A4&searchResearchProgram=ICT&searchResearchDepth1=&searchResearchDepth2=&searchResearchBelong=&searchResearchSelectYear=&searchResearchState=
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• 다른삼성미래기술육성사업 과제들링크

• 링크따라가시면매우신기하고재미있는연구들을보실수있습니다

http://www.samsungstf.org/ssrfPr/researcher/listResearcher.do?pageIndex=3&searchCondition=all&searchKeyword=&searchResearchProgram=ICT&searchResearchDepth1=&searchResearchDepth2=&searchResearchBelong=&searchResearchSelectYear=&searchResearchState=


Han 155

Ising machine 광회로설계도
(한상윤교수연구실자료)

• 현재파운드리 (반도체공장)에서제작중 (8월완료)

~8.3mm

광-자석

• Ising machine (4 magnets)

• 설계자: 김동욱박사 1년차
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Ising machine 광회로설계도
(한상윤교수연구실자료)

양자-광회로
- 홍명석
(학석연계1년차)

광-행렬곱셈기 (8x8)

- 김동욱 (박사 1년차)

80-코어프로그래머블광회로
- 박영재 (석/박통합 2년차)

- 김도윤 (석사 2년차)

반사도조절거울회로
- 허만재 (석사 1년차)

광-초음파센서
- 한상윤
(조교수 2년차)

Ising machine (8x8)

- 김동욱 (박사 1년차)

양자-광계산기
- 김동욱 (박사 1년차)

광-자석
- 김동욱 (박사 1년차)
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프로그래머블광회로

100 µm 50 µm

30 µm

60 μm
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50x50 Switch Array

10µm

Layer-Coupler

Layer-2 waveguide

Layer-1 waveguide

100µm

Han,  Seok, Yu, Quack, Muller, Wu, JLT, 2018

광매트릭스스위치
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Actuation video

20 µm

<Unit Cell> <Coupler & Actuators>

Coupler

Han,  Seok, Yu, Quack, Muller, Wu, JLT, 2018
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200 µm

Photonics for Intelligence

-Lecture 4: 

Quantum & Photonics (1)-

Prof. Sangyoon Han

DGIST class material

Spring 2021

Background image: silicon photonic switch fabricated by Prof. Sangyoon Han 

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

• 과학기술원, 과학기술정보통신부, KIST (한국과학기술연구원)

• 과학과기술, 이둘은원래부터가까웠을까?
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불과대장간의신 (헤파이토스)

• 과학자로보이지는않죠?

Vulcan forging the Thunderbolts of Jupiter,

by Peter Paul Rubens, 1636

pinterest.com/pin/400046379403927149/
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태양신, 진리의신 (아폴로)

• 제가보기엔이분이더과학자같은
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기술: 경험의학문, 과학: 예측의학문

Vulcan forging the Thunderbolts of Jupiter,

by Peter Paul Rubens, 1636

기술
과학

• 경험적

• 만들어내는것 (인간을편하게)

• 생존, 먹고사니즘….

• 사유적, 연역적

• 우주를이해하는것

• 신선놀음….
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대장장이모티프

• 집단무의식(?)속에숨어있는대장장이모티프

2020년대 (철남자…)

Vulcan forging the Thunderbolts of Jupiter,

by Peter Paul Rubens, 1636

그리스/로마신화

demarcatingindia.com
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엔지니어는미인을얻는다…

• 집단무의식(?)속에숨어있는대장장이모티프

Vulcan forging the Thunderbolts of Jupiter,

by Peter Paul Rubens, 1636

그리스/로마신화

pinterest.com/pin/107593878572759307/
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대장장이는미인을얻는다…

• 오늘날에도여전히유효한가요?

pinterest.com/pin/1075938785727

59307/

보티첼리 ‘비너스의탄생’

부부

신화속세계 오늘날
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과학은철학적/종교적/신비주의적

• 피타고라스학파: 신비주의적, 세계를수로이해하려는시도

• 천문학: 행성의주기, 별자리, 점성학…

science.ytn.co.kr

점성술 (또는천문학?)
𝟐의비밀을발설한히파수스
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기술과과학은언제부터친해졌을까?

• 인간의경험을기술할만큼과학이정교해진시점부터

– 뉴턴역학, 미적분학…

• 과학혁명 (16세기): 뉴턴 (미적분)

뉴턴아재
(1643~1727)

slidetodoc.com/

기타줄의미분방적식

http://kyuk2ne.egloos.com/1579083)

운동방정식

http://kyuk2ne.egloos.com/1579083
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과학을등에업은기술

• 경험을사유로대체할수있을만큼정교해진과학

grc.nasa.gov/www/k-12/rocket/flteqs.html

돌팔매
(많이던져보는수밖에)

Rocket science

(쏴보지않아도알~아요~)

spaceplasma.tumblr.com
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우주는자동인형인가?

pinterest.co.kr/pin/326581410472427578/

http://kyuk2ne.egloos.com/1579083)

운동방정식

• 결정론적세계관의대두
– 세상은거대한태엽시계, 자유의지는환상일뿐, 우리의현재와미래는이미과거로부터결정되어있다. 

– 지배방정식만안다면모든현상을예측가능

http://kyuk2ne.egloos.com/1579083
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양자, 양자, 양자….., 양자!!
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양자역학적세계관

• 원자의상태는관찰하기전까지는정해지지않은것

• 0 일수도, 1일수도

• 모르는것이아니라, 정말로정해지지않은것

• 관찰의순간정해진다

youtube.com/watch?v=uLfHssrNxU

k

How does atom looks like?

Dhatfield - Own work

슈뢰딩거의냥이
(살았을수도죽었을수도…)

https://commons.wikimedia.org/wiki/User:Dhatfield
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Superposition principle of QM

• 인간이조작가능한것은 𝜶와 𝜷 뿐 (즉, 환경일뿐)

• 결정은불가능하다

• 하지만환경을조작할수있는것이어디냐!

𝚿 = 𝜶ȁ ۧ𝟎 + 𝜷ȁ ۧ𝟏

motherjones.com

슈뢰딩거방정식
(냥이의운명을가르는식…)

살아있는상태

𝚿 =

죽어있는상태

살아있을확률: 𝜶 𝟐

죽어있을확률: 𝜷 𝟐

냥이의상태방정식



Han 175

슈뢰딩거의고양이

• 원자의 spin 상태에따라동작하는독극물상자

• ȁ ۧ𝟎 이면독극물살포, ȁ ۧ𝟏 이면그냥놓아둠

슈뢰딩거의냥이
(살았을수도죽었을수도…)

devblogs.microsoft.com

전자의 spin

𝚿 = 𝜶ȁ ۧ𝟎 + 𝜷ȁ ۧ𝟏
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고양이를최대한살리려면?

슈뢰딩거의냥이
(살았을수도죽었을수도…)

devblogs.microsoft.com

전자의 spin

• 원자근처에자석을가까이하면살릴수있는확률이높아진다!

– = 환경의조작

• 100% 는아니지만
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새로운독극물상자 upgrade!

• 2개의전자를사용

• 서로같은방향을가리킬때만독극물살포!

• Pop quiz: 자석의방향이 random 이라면고양이가살확률은?

Dead Dead

Alive Alive
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만약두개의전자가가까이있다면?

• 서로반대방향으로정렬하려고하는경향생김 (자석과동일)

• 전자가가까울수록고양이는더살확률이커진다!

Dead Dead

Alive Alive
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양자컴퓨터의원리

• 양자컴퓨터는어떤시스템의확률을계산하는것

• 인간은시스템(예: 전자사이의거리)을조작한다

전자사이의거리를프로그래밍

a
b

c

d

e f
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Qubit (quantum bit)

• Qubit ≈ 동시에여러상태를가질수있는 bit

• 원자에너지준위, 전자스핀, 광자편광등등

Qubit

(이것은 0도아니고 1도아니여…)
Bit (classical)

(0은 0이고 1은 1이니…)
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이동영상기억나시나요?

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

• Turn ion on/off using light

https://www.youtube.com/watch?v=UT3ev9OgkmY
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양자컴퓨터 ≈

전자(원자)를가지고하는주판알놀이

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

• 생긴것도비슷하네…..

양자컴퓨터

giphy.com

주판
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Ket notation

ȁ ۧ𝟏

1 electron system 2 electron system

ȁ ۧ𝟎

ȁ ۧ𝟏𝟏

ȁ ۧ𝟏𝟎

3 electron system

ȁ ۧ𝟏𝟏𝟏

ȁ ۧ𝟏𝟏𝟎

?

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

State of system

(Ket)
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양자컴퓨터의원리

𝚿 = 𝜶𝟎𝟎𝟎ȁ ۧ𝟎𝟎𝟎 + 𝜶𝟎𝟎𝟏ȁ ۧ𝟎𝟎𝟏 + 𝜶𝟎𝟏𝟏ȁ ۧ𝟎𝟏𝟏 … .

a b c

전자사이의거리를프로그래밍 𝜶 들을조절하는것

? ?

?

전자a 전자b

전자c

a b c a b c

• Pop quiz: 여기서 𝜶들이의미하는것은?
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여기서잠깐!

• 모든원자들이양자역학적(=확률적)으로동작한다면
이세계는왜대부분예측가능할까?

chemistryworld.com

𝚿 = 𝜶𝟎𝟎𝟎…ȁ ۧ𝟎𝟎𝟎 … + 𝜶𝟎𝟎𝟏…ȁ ۧ𝟎𝟎𝟏 … + 𝜶𝟎𝟏𝟏…ȁ ۧ𝟎𝟏𝟏 … … .

Molecule illustration
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양자컴퓨터사진

• 원자 (전자)가지고계산하는데, 양자컴퓨터는왜이렇게커??

nytimes.com

Feat: Sundar Pichai (AKA. CEO of Google)
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Inside quantum computer

• 원자들끼리만상호작용하려면극저온, 초진공환경이필요

From slide: The Extraordinary World of Quantum Computing
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자석방향문제 (유사해보이나요?)

• It is a NP-hard problem

• N magnets → 2N combination to compute

• Can also be solved with 

N

S

Free to rotate

N

S

2 magnets

3 magnets

4 magnets
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Optical quantum computer
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빛도양자역학적인시스템이다 (당근이지)

• 빛의세기를줄이고줄이면광자 (photon)이된다
– 광자: 더이상쪼갤수없는빛의기본알갱이

• 마치물질을쪼개고쪼개면원자 (전자)가되듯이
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Photon as a qubit

• 광자도 qubit 으로사용가능하다

• 여러가지성질을사용가능: 위치, 편광, 모드등등
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Photon as a qubit

• 50:50으로빛을나눠주는유리 (예: 슬라이드글라스)

• 만일 In 에하나의광자가들어간다면?

Reflection

In

Out

m.blog.naver.com

50:50 beam splitter 50:50 beam splitter
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Single photon transmitting 

through beam splitter

• Pop quiz: photon은어디로갈까요?

– 1) out0

– 2) out1

– 3) 알수없다

In

Out0

Out1

Single photon
(AKA. 더쪼갤수없는빛알갱이)



Han 194

Single photon transmitting 

through beam splitter

In

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

ȁ ۧ𝟏

ȁ ۧ𝟎
ȁ ۧ𝟎

ȁ ۧ𝟏

Electronic qubit
Photonic qubit



Han 195

How to make a photonic quantum computer?

In

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

ȁ ۧ𝟏

ȁ ۧ𝟎
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200 µm

Photonics for Intelligence

-Lecture 5: 

Quantum & Photonics (2)-

Prof. Sangyoon Han

DGIST class material

Spring 2021

Background image: silicon photonic switch fabricated by Prof. Sangyoon Han 

https://www.google.com/url?q=https%3A%2F%2Fieeexplore.ieee.org%2Fabstract%2Fdocument%2F8252693&sa=D&sntz=1&usg=AFQjCNGL1yXc_VXTe0mu3U4VVJIkSsjq-g
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SPIE JOM 표지논문선정 (2021년 4월)

• DGIST, UC Berkeley, EPFL, KAIST 공동연구

• 데이터센터의서버간의통신대역폭을획기적으로늘릴수있는기술

• 상용파운드리에서생산테스트성공!

– 제품화를위한매우중요한스텝
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Graduate School

• Corning Outstanding Student Paper Competition, 2014​

– 미국코닝사후원학생논문경진대회

– Finalist (341개논문중상위 6개선발)

• Collegiate Inventors Competition, 2015​

– 미국특허청에서열린대학원생발명대회

– 동메달수상 (상금 1만달러)

• 관련기술현재캘리포니아에 startup 차려짐 (석태준박사님, 권경목
박사님, Ming Wu 교수님)

Silicon photonic switch 미국특허
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DGIST에잘오셨습니다!

• 4차산업혁명시대! 평생직업은업따!

• 공돌(순)이에게최적화된세상!
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SCV의삶

• 우리는돈되는건인류의삶을증진시키는건 다한다!

코인채굴중…

공돌이가바라본 SCV (온라인발췌)
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K-공돌이진출진로 (미국의경우)

• 미국 top 20 정도의공대대학원 (박사, 포닥)에서 IT (전자공학, 컴퓨터공학)을 전공하면
구글, 애플, 퀄컴, 페이스북등은원하면갈수있다!

• 연봉, 영주권, 의료보험, 집값….
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• 이곳에서박사가굶고사는일은업따

https://www.pinterest.co.kr/pin/263319909448423543/
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캘리포니아의집값문제

• 날씨라도좋은동네라서다ㅎ……

고속도로아래의노숙자텐트들

Photo by Anne Wernikoff for CalMatters
dailycal.org

실리콘밸리주변도시들노숙자증가율
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빛도양자역학적인시스템이다 (당근이지)

• 빛의세기를줄이고줄이면광자 (photon)이된다
– 광자: 더이상쪼갤수없는빛의기본알갱이

• 마치물질을쪼개고쪼개면원자 (전자)가되듯이
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Photon as a qubit

• 광자도 qubit 으로사용가능하다

• 여러가지성질을사용가능: 위치, 편광, 모드등등
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Photon as a qubit

• 50:50으로빛을나눠주는유리 (예: 슬라이드글라스)

• 만일 In 에하나의광자가들어간다면?

Reflection

In

Out

m.blog.naver.com

50:50 beam splitter 50:50 beam splitter
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Single photon transmitting 

through beam splitter

• Pop quiz: photon은어디로갈까요?

– 1) out0

– 2) out1

– 3) 알수없다

In

Out0

Out1

Single photon
(AKA. 더쪼갤수없는빛알갱이)
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Single photon transmitting 

through beam splitter

In

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

ȁ ۧ𝟏

ȁ ۧ𝟎
ȁ ۧ𝟎

ȁ ۧ𝟏

Electronic qubit
Photonic qubit
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How to make a photonic quantum computer?

In

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

ȁ ۧ𝟏

ȁ ۧ𝟎
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Single photon transmitting 

through beam splitter

In

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

ȁ ۧ𝟏

ȁ ۧ𝟎
ȁ ۧ𝟎

ȁ ۧ𝟏

Electronic qubit
Photonic qubit
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Two photon system

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

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

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

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

ȁ ۧ? ?

이렇게나타내면됩니다!
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Two photon system

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

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

ȁ ۧ𝟏 𝟏

ȁ ۧ𝟐 𝟎

ȁ ۧ𝟎 𝟐

ȁ ۧ𝟏 𝟏

Out0 Out1
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Two photon system

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

ȁ ۧ𝟏 𝟏

ȁ ۧ𝟐 𝟎

ȁ ۧ𝟎 𝟐

ȁ ۧ𝟏 𝟏

Out0 Out1

𝚿 = 𝜶𝟏𝟏ȁ ۧ𝟏 𝟏 + 𝜶𝟐𝟎ȁ ۧ𝟐 𝟎 + 𝜶𝟎𝟐ȁ ۧ𝟎 𝟐

𝜶𝟏𝟏
𝟐, 𝜶𝟐𝟎

𝟐, 𝜶𝟎𝟐
𝟐 각각얼마일까요?
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2개의동일한광자가
동시에 beam splitter에도달할경우

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

• 항상같은쪽으로만간다 (Hong–Ou–Mandel effect) 

• 이건그냥받아들입시다…

ȁ ۧ𝟏 𝟏

ȁ ۧ𝟐 𝟎

ȁ ۧ𝟎 𝟐

ȁ ۧ𝟏 𝟏

Out0 Out1
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2개의동일한광자가
동시에 beam splitter에도달할경우

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

ȁ ۧ𝟏 𝟏

ȁ ۧ𝟐 𝟎

ȁ ۧ𝟎 𝟐

ȁ ۧ𝟏 𝟏

Out0 Out1

𝚿 = 𝜶𝟏𝟏ȁ ۧ𝟏 𝟏 + 𝜶𝟐𝟎ȁ ۧ𝟐 𝟎 + 𝜶𝟎𝟐ȁ ۧ𝟎 𝟐

0 0?
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약간의시간차가있을경우

In0

Single photon
(AKA. 더쪼갤수없는빛

알갱이)

In1

Out0

Out1

ȁ ۧ𝟏 𝟏

ȁ ۧ𝟐 𝟎

ȁ ۧ𝟎 𝟐

ȁ ۧ𝟏 𝟏

Out0 Out1

𝚿 = 𝜶𝟏𝟏ȁ ۧ𝟏 𝟏 + 𝜶𝟐𝟎ȁ ۧ𝟐 𝟎 + 𝜶𝟎𝟐ȁ ۧ𝟎 𝟐

시간차가클수록 𝜶𝟐𝟎
𝟐, 𝜶𝟎𝟐

𝟐 는커지고, 𝜶𝟏𝟏
𝟐 는작아짐
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Boson sampler (광학식양자컴퓨터의예)

Out1 Out2

Out3

Out4

1. 모든 input에광자가동시에들어가면?

2. 약간씩시간차이를두고들어가면? 
In1

In2

In3 In4

𝚿 = 𝜶𝟏𝟏𝟏𝟏ȁ ۧ𝟏 𝟏 𝟏 𝟏 + 𝜶𝟐𝟏𝟏𝟎ȁ ۧ𝟐 𝟏 𝟏 𝟎 + 𝜶𝟐𝟐𝟏𝟎ȁ ۧ𝟐 𝟐 𝟏 𝟎 + … . .

• Input과 output의개수가늘어나면경우의
수는기하급수적으로늘어난다

• 슈퍼컴퓨터를사용해도 𝜶들(확률)을
계산하는것이매우어렵다
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Boson sampler (광학식양자컴퓨터의예)

• Beam splitter 300개, 거울 75개

• 100개 photon input, 100 개 photon output

physicsworld.comUniversity of Science and Technology of China

Boson sampler
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슈퍼컴퓨터와비교

physicsworld.comUniversity of Science and 

Technology of China

Boson sampler Sunway TaihuLight (Super computer)

nextplatform.com

200초 25억년

Science 2020
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Waveguide splitter

• Very intuitive looking?
Compact InP-based 1×2 MMI splitter on Si 

substrate with BCB wafer bonding for membrane 

photonic circuits

optoelectronics.eecs.berkeley.edu/

https://www.seoul.co.kr/news/newsView.php?id=20060818022003

Light

propagation 

SEM image

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

• 내떡은어디로갔을까??

https://www.instiz.net/pt/6856542
https://www.youtube.com/watch?v=jiodj5b8Z1E

Chip scale Boson sampler

• 내광자는어디로갔을까??
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잠시만… 그런데내가이짓을왜하고있지??

• 돈ㅈㄹ야바위 ….

• 재능낭비야바위….

https://www.instiz.net/pt/6856542

먹고살기힘들다….
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Nature 2018
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광자를가지고하는행렬곱셈

https://www.youtube.com/watch?v=jiodj5b8Z1E

𝟏
𝟏
𝟎
𝟏
𝟎
𝟏
𝟏
𝟏
𝟏

𝟐
𝟑
𝟎
𝟏
𝟎
𝟎
𝟎
𝟏
𝟏

𝟏 𝟏 𝟎 𝟎
𝟎 𝟎 𝟏 𝟏

.

.

.

… … .
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분자의거동을시뮬레이션

• 분자들을지배하는방정식→행렬

• 원자들을광자에대응

• 단분자화학반응시뮬레이션 (새로운물질합성, 거대분자구조탐색등등)
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분자의거동을시뮬레이션

• 분자들을지배하는방정식→행렬

• 원자들을광자에대응

• 단분자화학반응시뮬레이션 (새로운물질합성, 거대분자구조탐색등등)
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자석방향문제 (Ising problem)

• It is a NP-hard problem

• N magnets → 2N combination to compute

N

S

Free to rotate

N

S

2 magnets

3 magnets

4 magnets
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Sangyoon Han, PhD

• Seoul National University, 2006-2010

– B.S. in Electrical Engineering, Summa Cum Laude

– GPA: 4.19/4.30 (major), 4.08/4.30 (overall)

• UC Berkeley, 2010-2016 (rank #2 in EE in US)

– M.S./Ph.D. in Elec. Eng. & Comp. Sci.

– 한국고등교육재단해외유학장학생

• KAIST, 2016-2020

– Postdoc in physics

– 전문연구요원 (병역)

• Train Yoga every morning

lawlite.tistory.com

hancinema.net

junilearning.com

Sangyoon Han

doing Scorpion
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Undergraduate School

• 서울대학교최우수이공계꿈나무장학생, 2006

– 서울대공과대학 1학년전체학생중학점최우수자 16명선발

• 대학생공학수학경시대회우수상, 2007

– By 대한수학회

• 중국칭화대학교교환장학생, 2008

– 서울대학교공과대학선발

• 한국고등교육재단해외유학장학생선발후미국대학원진학

– 5년간등록금및생활비지원

한국고등교육재단사옥
칭화대앞
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Before college

• 전주화교소학교 (pre-초등학교 & 초등학교저학년), 1992년~1995년
– 한국사람입니다.

– 한국말중국말잘합니다.

• 중국하얼빈거주 (초등학교), 1998년~1999년

• 미국 Montana 거주 (고등학교), 2002년~2003년
– 미국고등학교교환학생

bbc.com

하얼빈얼음축제

fandangonow.com

흐르는강물처럼
(몬타나)

전주화교소학교
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Graduate School

• Corning Outstanding Student Paper Competition, 2014​

– 미국코닝사후원학생논문경진대회

– Finalist (341개논문중상위 6개선발)

• Collegiate Inventors Competition, 2015​

– 미국특허청에서열린대학원생발명대회

– 동메달수상 (상금 1만달러)

• 관련기술현재캘리포니아에 startup 차려짐 (석태준박사님, 권경목
박사님, Ming Wu 교수님)

Silicon photonic switch 미국특허
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Silicon photonic switch for data centers

Han et al., Optica, 2015

Vertical Directional Coupler
Generation I

Han et al. Opt. Exp., 2019

Horizontal 

Directional Coupler

Generation III

Vertical Adiabatic Coupler

Seok et al. Optica, 2016

Generation II

Polarization Independent Vertical Coupler

Generation IV

Han et al., JLT 2018
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Postdoc

• 빛을칼코겐화합물반도체칩에오래가두는기술개발

• 기존기술에비해 10배향상

• 음파레이저 (브릴루앙레이저) 구현가능
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@DGIST

• Started on Feb/2020

• 2 PhD, 2 MS, 1 BS/MS students

• 1년만에세팅끝내고우수한결과내는중

Y. J Park (PhD course)

S. Han (PI)

M. S. Hong

(BS/MS integrated)

D. U. Kim

(PhD course)

D. Y. Kim

(MS course)

M. J. Her

(PhD Course)
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@DGIST

• 재도약기

– 학생분들열정적이고선해서함께신나게연구하고있음

– 매우도전적인연구들수행중

– 광회로를저전력으로구현하는것에는감히세계최고라고말할수있음

• 다양한기관들과공동연구진행

– EPFL, UC Berkeley, KAIST 등
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@DGIST
석/박통합과정
(DGIST 학부 15학번)

석사과정

• 연구실시작 1년만에 3편의논문국제저명학회에채택

• CLEO 2편 (세계최고권위광학회, 구글 I5 index 기준)

• OFC 1편상위 10% 논문선정 (세계최고권위광통신학회)

박사과정
석/박통합과정
(DGIST 학부 15학번)

CLEO 2021

CLEO 2021
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@DGIST

• 연구실시작 1년만에 3편의논문국제저명학회에채택

• CLEO 2편 (세계최고권위광학회, 구글 I5 index 기준)

• OFC 1편상위 10% 논문선정 (세계최고권위광통신학회)

학/석연계과정
(DGIST 학부 16학번)

박사과정

OFC 2021

Not disclosed yet
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풍족한과제수주, 유수기관들과협업

미래국방혁신기술개발사업기본연구사업

<KAIST>

• Prof. Kyoungsik Yu

• Youngjae Jeong

• Jongwoo Park

• Seungjun Han

<EPFL>

• Prof. Niels Quack

• Alain Y. Takabayashi

Y. J Park (PhD)

S. Han (PI)

M. S. Hong (MS)

D. U. Kim (PhD)

D. Y. Kim (MS)

<DGIST>

정착지원금
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연구실환경은매우중요합니다

• 연구는사람이하는것, 사람이가장중요한자원. 연구에집중할수있는환경조성노력.

• 스타트업패키지 for 석사, 박사, 학/석연계과정 (학부연구생은기간에따라세팅)

• 학회참가기회제공

– 학부연구생도 1저자로 top conference 논문쓸경우해외학회참가비전액지원

학/석연계과정홍명석학생연구실자리
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@DGIST

shenaniganblog.com

학부연구생, 대학원생절찬리모집중

• 학부연구생도 SCI 논문저자참여가능

• 1년이상연구시 1저자도가능

• 학/석연계과정가능 (학부 3학년때지원)

• 5년에학사+석사학위취득

• SCI 논문 1저자로 2~3개이상쓰는것가능

• 석사, 박사과정도절찬리모집중

• Office hour

• 월/수/화/목오후 4시~5시, E5 308호

• 진로상담 (유학, 대학원진학, 취업등) 가능

• 학업상담가능

• 저의대학생활경험썰풀어드림



Han 242

@DGIST

• OFC(세계최고광통신학회) 상위 10% 논문선정 (세계최고권위광통신학회)

• KAIST 및 EPFL (스위스)과공동연구

학/석연계과정
(DGIST 학부 16학번)

박사과정

OFC 2021
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Chip image


