86

PHAN TICH MAY TINH LUQNG TU CONG NGHE QUANG:
TU NGUYEN LY NEN TANG PEN LO TRINH CONG NGHIEP

Hoang Anh Diing'*, Pham Tién Huy', Nguyén Vin Manh'
“Tac gid lién hé, Email: dungha@hou.edu.vn

Ngay toa soan nhan dugc bai bdo: 02/06/2025
Ngay phan bién danh gia: 08/09/2025
Ngay bai bao duogc duyét dang: 15/10/2025

DOI: 10.59266/houjs.2025.722

Tom tit: Pién todin lwong tir quang tir (PQC) dang noi 1én nhie mét trong nhitng nén
tang hira hen nhat dé hién thuc héa may tinh luong tir phé quat co kha nang chiu 16i. Bai bdo
nay cung cap mot phan tich chuyén sau vé POC, tdp trung vao sw ddnh doi cot 16i: loi thé vé
thoi gian két hop dai va kha ning van hanh ¢ nhiét dé phong cia qubit photon, doi nghich
véi thach thirc c6 hiru dén tir twong tdc yéu, gdy khé khdn cho viéc hién thire cong hai-qubit
va kiém sodt suy hao. Chiing téi khao sat cdc phieong phdp md héa thong tin lwong tir vao
photon, bao gom ca bién roi rac (DV) va bién lién tuc (CV), dong thoi phan tich sw tién héa
ciia cdc mé hinh tinh todn tie LOOC dén cdc kién triic tién tién nhu MBQC va FBOC. Cac
chién lwgc sira 16 luwong twr chuyén biét, dac biét la ma GKP cho hé CV, ciing duoc xem xét
nhw mét nhén t6 then chét cho tinh todn chiu 16i. Bai bdo ciing dwa ra mot géc nhin tong
quan vé boi canh cong nghiép, doi chiéu hai hudng tiép can chién luwoc cia Xanadu (CV) va
PsiQuantum (DV), va thdao ludn cdc tmg dung tiéu biéu nhw Ldy mau Boson. Chiing t6i két
ludn rdng, vi thé ciia POC trong twong lai sé dwoc quyét dinh boi cudc chay dua giia toc do
doi méi trong kién triic va san xudt ciia quang tir so véi khd nang gidi quyét cdc bai todn vé
quy mé va do két hop ciia cac nén tang dwa trén vit chat.

Tir khéa: dién toan heong tir, quang tir lwong tir, bién roi rac (DV), bién lién tuc (CV), tinh todn
luong tir dwa trén phép do (MBQC), lay mau boson, sia 101 lwong tir

I. Giéi thi¢u nguyén NISQ (Noisy Intermediate-Scale
Linh vyc dién toan lugng tir dang Quantum) (Preskill, 2018), dién hinh la
& mot giai doan phat trién then chdt. qubit siéu dan va ion bay (Arute & cong
Sau nhitng thanh cong ban dau cia cic su, 2019), cong dong khoa hoc dang
hé théng dwa trén vat chat trong ky hudng té1 muc tiéu xay dyng cidc may

' Khoa Pién - Bién Tir, Truong Pai hoc Mé Ha Noi



tinh luong tir quy md 1én va chiu 16i.
Trong bdi canh nay, di¢n toan lugng tu
quang tir (Photonic Quantum Computing
- PQC) da khang dinh vi thé 1a mot hudng
di chién lugc, mang trong minh nhiing
tiém nang va thach thic riéng biét (Wang
& cong su, 2020).

Khéng gidng cac qubit vt chit von
tinh tai va nhay cam v&i méi truong nhiéu,
doi hoi diéu kién van hanh khic nghiét

nhu nhi¢t do siéu lanh (Kjaergaard & cong
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su, 2020), PQC st dung photon céc “qubit
bay” lam don vi xtr Iy thong tin. Pac tinh
vét 1y cua photon mang lai hai loi thé noi
tai: thoi gian két hop (coherence time) rat
dai do tuong tic yéu voi méi truong, va
kha nang van hanh by xu ly quang to &
nhi¢t do phong (Hinh 1). Tuy nhién, chinh
su tuong tac yéu ndy lai 1a tré ngai 16n
nhét, khién viéc tao ra cac céng luong tu
hai-qubit---mot yéu ciu co ban cho tinh
toan phd quat---trd nén cuc ky kho khin
(O’Brien, 2007).

So sanh cac M6 hinh Pién toan Lugng tu

Dua trén V&t chét (tral) va Dya trén Quang td (phai)

Dua trén Vat chat (Siéu din)

(~10mK)

Quang tif (Mach Tich hgp)

Vin hanh &
Nhiét 94 phisng -

Mach Tich hap © L

Quang tlr (PIC)

Khing y'eu.\‘_'éu
Hé thing Lanh siu

Hinh 1: So sanh m6 hinh dién toan: QC dua trén vat chat (trai) yéu cau lam lanh su, trong
khi QC quang tir (phai) c6 thé hoat dong & nhiét do phong trén chip tich hop (PIC).

Cong nghé siéu dan

Hinh 2: Minh hoa thuc té vé su khac biét nén tang gitra kién trac luogng tr siéu dan va

quang tr.
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Méau thudn nén tang nay d dinh hinh
toan bo linh vuc PQC, dan dén sy ra doi
ctia hai phuong phdp luan chinh: ma hoa
Bién Roi rac (Discrete Variable - DV) va
Bién Lién tuc (Continuous Variable - CV)
(Weedbrook & cong su, 2012). Su lya chon
gitra hai phuong phap nay khong chi anh
huong dén kién tric phan cing ma con dinh
hinh chién luoc thuong mai cua cac cong
ty tién phong nhu PsiQuantum (DV) va
Xanadu (CV) (Bourassa & cong su, 2021).
Bai bdo nay s€ di sau phan tich cac khia canh
cia PQC, tir nguyén 1y co ban dén cac 10
trinh phat trién cong nghiép, nham cung cip
mot céi nhin toan canh va cap nhat.

Pé 1am rd hon sy khac biét mang
tinh nén tang nay, Hinh 2 duéi day cung
cép mot minh hoa thuc té vé hai hé théng.
Mot bén 1a kién tric dya trén vat chat doi
hoi mot co so ha tﬁng lam lanh céng kénh
va khic nghiét dé bao vé cac qubit tinh tai.
Bén con lai 12 kién trac quang tir, noi viéc
tinh toan dugc thyc hién bang cach diéu
khién chinh xac duong di cua cac "qubit
bay" (photon) thong qua mdt mang ludi
cac linh kién quang hoc tré ban thi nghiém
o nhiét d6 phong. Hinh 2(a) truc quan hoa
"diéu kién van hanh khic nghiét nhu nhiét
do siéu lanh" duoc dé cap cho cac qubit
siéu dan. Cau trac "dén chum" nay chinh
1a hé thdng dua con chip luong tir xudng
nhiét d6 mili-Kelvin. Hinh 2(b) cho thiy
mot phan ciia bd xtr 1y quang tir, noi thong
tin dugc ma hoda va xur 1y trén cac photon.
N thé hién ban chit cua PQC 1a st dung
cac thanh phan quang hoc tuyén tinh nhu
guong, bo tach chum dé thuc hién céc
phép toan, ciing ¢b cho luan diém vé kha
nang van hanh & nhiét do phong.

I1. Nguyén ly co ban ciia quang tir
lwgng tir

2.1. Phuwong phap nghién ciru

Nghién ctru nay dugc thuc hién
thong qua mot phuong phdp luan da
chiéu nham danh gia toan dién 19 trinh
phat trién cua Dién toan Luong tir Quang
tir (PQC). Phuong phép tiép can két hop
ba tru cdt chinh:

Tong hop Tai liu Hé théng
(Systematic Literature Review): Mot
quy trinh tong hop tai liéu c6 hé thong
duoc trién khai trén cic co s& dir liéu
hoc thuat (IEEE Xplore, Web of Science,
Scopus, arXiv) st dung céc tir khoa trong
tam (e.g., "photonic quantum computing",
"GKP code", "Boson Sampling"). Cac
tai liéu duoc lya chon dua trén tinh moi,
muc d¢ anh hudng va sy lién quan, sau
d6 dugc phan tich dé trich xuat cac thong
s6 k¥ thuat then chét (hiéu suat ngudn
photon, ty 18 18i cong), xu hudng kién trac
(LOQC, MBQC, FBQC), va chién lugc
stra 16i (Surface code, GKP code).

Phéan tich H¢ théng va Panh doi
(Systems & Trade-off Analysis): Cac
nguyén 1y 1y thuyét dugc chuyén thanh
danh gia dinh luong thong qua mé hinh héa
hiéu ning. Chiing t6i phén tich cac yéu cau
dé dat ngudng sira 18i lugng tir (e.g., mic
nén cho ma GKP trong h¢ CV, ty I¢ thanh
cong fusion trong hé¢ DV) va dinh lugng su
danh d6i cot 16i giita thoi gian két hop dai
va tuong tac yéu bang cach so sanh yéu cau
tai nguyén gitta cac kién tric.

Phan tich Poi chiéu Cong nghiép
(Industrial Benchmarking): Nhan thay
tinh thuc tién cua PQC, ching toi tién



hanh phan tich déi chiéu céac 16 trinh cua
Xanadu (CV, mod-dun) va PsiQuantum
(DV, nguyén khéi). Phan tich nay dya trén
cac cong bd chinh thirc va bang sang ché,
tap trung vao cac chi s6 kha thi k¥ thuat-
san xuat (kha ning tich hop, ning suét) va
danh gia hé sinh thai hd trg (chudi cung
ung, ddi tac chién lugec).

Tinh khach quan va d¢ tin cdy dugc
dam bao thong qua xac thuc da ngudn, uu
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tién dir licu dinh lugng tir cac 4n phém
dugc binh duyét, va xac dinh rd pham vi
cung gidi han cia nghién cuu

2.2. Md hoa Qubit trén Photon

Mot qubit, don vi co ban cua thong
tin lwong tr, 14 mot trang thai chéng chap
tuyén tinh [y) = a/0)+B|1) v6i |af+|B)= 1.
Trong PQC, hai trang thai co s¢ |0) va |1)
duoc ma hoa vao cac bac tu do cua mot
photon (Hinh 3).

Cac Phudng phap Ma hoa Qubit Dua trén Photon

Ma hoa Phan cuc

{ajtlubil Photon

Mi hda Ngén thai gian
Budng tre

| S6m)

| Tré)

M hda Budng di

Ong dan song A

= -_'_'j:ri_'_i_?_ ol

(b) Ong dan song B

M hoa Bién Lién tuc
P (Pha)
Trang thai Nén

X (Bién dd)

Trang thai han khong

(d)

Hinh 3: Cac phuong phdp ma hoa qubit quang tir: (a) Phan cuc, (b) Puong di, (c) Ngan thoi
gian, va (d) Bién lién tuc sir dung trang thai nén trong khong gian pha.

2.2.1. Ma héa Bién Roi rac (DV-
Discrete Variable)

Huéng tiép cdn DV anh xa cac trang
thai qubit vao nhirng thudc tinh truc giao, c
thé phan biét dugc cta photon. Cac phuong
phap phd bién bao gdm ma hoa vao phéan
cuc (vi dy, ngang |H) va doc |V)), dudong
di khong gian (photon di qua 6ng dan
song A hodc B) (Politi & cong su, 2008),
hodc ngin thoi gian (photon dén sém hodc
mudn) (Slussarenko & Pryde, 2019).

2.2.2. Md héa Bién Lién tuc (CV-
Continuous Variable)

Nguoc lai, huéng CV ma hoa thong
tin vao cac bién co gié tri lién tuc clia trudng

dién tir, cu thé 1a cac toan tir tir phuong
(quadrature) x” va p". Céc toan tir nay,
tuong ty vi tri va dong luong, dugc dinh
nghia thong qua toan tir sinh ¢™* va huy o™

; Livonons oo ; ooy o

i = E{” Fa'), p= E[MT a) (1)

Chung tuan theo h¢ thirc giao hoan

[x",p"]=i vanguyén ly bit dinh Heisenberg.
Tai nguyén chinh cia CV-PQC la cac
trang thai nén (squeezed states), trong do
phuong sai cua mdt trong hai tir phuong
dugc giam xudng thap hon mirc nhidu cua
trang thai chan khong (Andersen & cong
su, 2016).



90

2.3. Sw Tién héa ciia cdc Mé hinh Tinh todn

Dé vuot qua thach thirc vé turong tac yéu, cic mo hinh tinh toan doc dao da duoc phat

trién, thé hién mot su tién hoéa vé mit kién trac (Hinh 4).

Su phat trién cua cac Kién tric Dién toan Lugng tif Quang tif

LoQc

50 do KLM

FBQC

Md hinh Dua trén Hop nhét

Transg thi A

Trang thai
HED Nkt

Trang tha| B

Hinh 4: Sy tién hoa cta cac kién tric tinh toan PQC: tir LOQC, qua MBQC, dén FBQC.

eQuang hoc Lwgng tir Tuyén
tinh (LOQC- Linear Optical Quantum
Computing): Giao thitc KLM tién phong
da chimg minh rang tinh toan phd quat 1a
kha thi chi v6i cac thanh phan quang hoc
tuyén tinh (bd tach chum, dich pha), phép
do va ngudn don photon. Tuy nhién, mo
hinh nay doi héi mot lugng tai nguyén cuc
16n, khong kha thi trong thuc té (Knill &
cong su, 2001).

e Tinh toan Dwa trén Phép do
(MBQC-Measurement-Based Quantum
Computing): M6 hinh nay tach bi¢t hai
giai doan: (1) chuin bi mot trang thai tai
nguyén vudng viu cao dg goi la trang thai
cum (cluster state), va (2) thuc hién tinh

toan thong qua mot chudi cic phép do
thich @ng trén ting qubit riéng 1¢. Didu
ndy gitp chuyén ganh ning tir viéc thuc
hién céng hai-qubit sang vi¢c tao ra trang
thai cum (Raussendorf & Briegel, 2001).

o Tinh toin Duwa trén Hop nhit
(FBQC-Fusion-Based
Computing):

Quantum
Puoc phat trién bai
PsiQuantum, kién trac nay xdy dung cac
trang thai vudng viu 1én bang cach lién tyc
tao ra va "hop nhat" (fusion) cac trang thai
tai nguyén nho. Cach tiép can nay dugc
thiét ké dé co kha nang chiu suy hao (loss-
tolerant) mot cach ty nhién (Bartolucci &
cong su, 2023).

Bang 2. So sanh cac m6 hinh kién triic tinh toan lwong tir quang tir

Giai doan Pic diém chinh Uu diém Han ché

Sir d hoc tuyé , s
LOQC tl,gh N8 qUang R0 WYER 11 ¢ thuyét ro rang | Doi hoi tai nguyén 16n

Téch biét chuan bj trang Giam yéu cau céng Phtc tap trong chuén bi
MBQC s . . ..

thai va phép do hai-qubit trang thai

. ~ Yéu cau o h¢ sa
FBQC Hop nhat céc trang thainho |Chiu 161 cao e:l Ciu C?;n & nghe san
xuat tién tien




2.4. Sita 16i Lwong tiv cho H¢
Quang tir

Tinh toan chiu 16i (Fault-Tolerant
Quantum Computation - FTQC) 1a muc
tiéu cudi cing, doi hoi cac ma sira 16
luong tir (QEC) ¢6 kha ning chdng lai cac
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ngudn nhidu chinh trong PQC 1a suy hao
photon va sai s6 van hanh.

e Mi bé mit (Surface Code): La
mdt mi QEC topo, rat ph hop véi kién triic
2D cua cac hé théng dua trén MBQC. N6 co
ngudng chiu 161 cao nhung yéu cau sé luong
qubit vat 1y lon (Fowler & cong su, 2012).

Stra 16i Lugng tii: So sanh Ma Bé mat va Ma hoa GKP

(a) Qubit Logic cua Ma Bé mat

Qubit Vat Iy

B\O 0O O
Cc 0O O 0O
I=el=le
O 0 O 0O

= e ) ° K] ®
Budng Toan U  B6 On dinh Z
Logic Z » 86 On dinh X

(b) Trang thai GKP trong Khong gian Pha

4P (cau phucng)

Logic |1)_ . -

Logic [0) |

X (cau phuong)
Jkhoapg cach 2\%.

Cac tif ma GKP

Hinh 5: Cac chién lugc QEC: (a) Ciu tric qubit logic ciia ma bé mat. (b) Biéu dién khong
gian pha cua trang thai GKP, v6i cac “rang lugc”la cac tir ma.

eMa GKP (Gottesman-Kitaev-
Preskill): La mdt ma QEC duoc thiét ké riéng
chohé CV. N6 ma hoa mdt qubit logic vao mot
“lugc”céc trang thai nén trong khong gian pha
(Hinh 5b), gitip chdng lai cac 15i dich chuyén
nho (Gottesman & cong su, 2001). Trang thai
logic |0), cia ma GKP ¢o6 dang:

+00
0 D x=2mm @

III. Nén ting phin cing va kién
triic hé thong

Mot may tinh PQC hoan chinh Ia
mot hé théng da 16p phuc tap (Hinh 5),
tich hop 16p vat 1y lugng tir v6i cac ting
diéu khién, bién dich va ing dung cb dién.

Mic du c6 nhiéu wu diém, PQC
van phai d6i mat voi nhitng thach thirc ky

thuat dang ké. Suy hao photon trong céc
waveguide tich hop 12 mot van dé then chét,
lam giam hiéu qua tinh toan. Dé giam thiéu
van d& nay, cdc nghién ctru gan day tap trung
vao phat trién vat liéu quang hoc méi (nhur
silicon nitride) c6 do suy hao thap. Bén canh
do, viéc thuc hién céng hai-qubit—vén doi
héi twong tic manh—van la mot trd ngai
16n. Cac phuong phdp nhu st dung hi¢u
tmg Kerr phi tuyén trong microresonator
hodc két hop véi cac hé vat chét (atomic
ensembles) dang duoc kham phé dé tao ra
cac cong luong tir hiéu qua hon.

3.1. Cic Thanh phin Phan ciing
Cot 16i

Hiéu ning cua toan hé thdng phu
thudc vao chat lugng cua cac linh kién
quang tu (Hinh 6).
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Kién tric Phan Idp cia mét May tinh Lugdng tif Quang t

(1) Lép Ung dung | Bam miy
(=

(2} Lap Bién dich Co dién

(3] Ldp Didu khidén C4 dién

8

(4) Lap Lugng tif

P

Hinh 6: Kién trac phan 16p ciia mot hé théng PQC.

. Nguﬁn don photon: Yéu ciu then
chét 1a tao ra cac photon theo yéu cau,
¢6 do tinh khiét cao (ham ty twong quan
bac hai g®(0) — 0) va khong thé phan
biét. Cac ngudn co thé 1a xac suit, dua
trén hiéu tng Chuyén d6i Ty phat Tham
sd (SPDC), hoic tat dinh, thuong dung
chdm luong tir (Quantum Dots - QDs)
(Senellart & cong su, 2017).

42(0) {at(0)a'(0)a(0)a(0))

W (at (0)a(0))2 +0 (3)

B9 xir ly quang tir tich hgp (PIC):
bay la trai tim ctua hé théng, bao gém mot

mang ludi cac giao thoa ké duoc ché tao
tur bg tach chum (beam splitter) va bg dich
pha (phase shifter). Ma tran toan tu cua

ching la:

LY. vt ) @

Bo do photon: Hé DV yéu cau cac

(»M,s' ==

b6 do c6 kha nang dém tirng photon riéng
1é v6i hiéu suit cao, nhu Bo do Nano day
Siéu dan (SNSPDs) (Natarajan & cong
su, 2012). H¢ CV su dung ky thuat do
homodyne dé thu dugc thong tin vé cac tir

phuong cua trudng sang.

Cac Thanh phan Phan cting Chinh: Nguén Photon SPDC va Bau do SNSPD

Ngudn Cap Photon SPDC

Photon Tin hiéu | 1)

Tinh thé Phi tuyén (SPDC)
Photon tii

Tia laser Bom » <

nia Bugnp, deén

Photon Nhan réi | 1)

Dau do SNSPD
Xu‘ng dién dp—D
Sdi nano Siéu dan 1
\ -

\
Photon ditéi

o
\ h
S
N
N

_{Su hihh.thanh Pidm.norg

Méi trudng Lanh sau {(~2.5K)

Hinh 7: Cac thanh phan phan cting chinh:
(Trai) Ngudn ciap photon SPDC. (Phai) Nguyén 1y hoat dong ciia b do SNSPD.



3.2. Phan tich cdc Huéng tiép cin Cong nghiép
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Cudc dua PQC hién dang duoc dan dit boi hai chién luge cong nghé-san xuét dbi lap

(Hinh 7, Bang 1).

Bang 1: Ddi chiéu cac Kién trac Quang tir Hang dau

Pic diém Xanadu PsiQuantum
Loai Qubit Bién Lién tuc (CV) Bién Roi rac (DV)
MG hinh Tinh todn MBQC (trén GKP) FBQC
Phuong phap sira 16i Ma GKP Ma T6 pb (bién thé)
Co ché Chéng 16i dich chuyén nho Chéng 16i mat mat Photon
Phuong phép San xuét Lap rap mo-dun Hop tac nha may dic

e Xanadu: Theo dudi 10 trinh CV,
tap trung vao viéc tao ra cac trang thai
GKP chét luong cao. Kién trac cta ho
mang tinh mé-dun, cho phép két ndi nhiéu
chip nhd lai véi nhau.

e PsiQuantum: Chon 10 trinh DV,
v6i kién trac FBQC nguyén khdi. Chién
luge cua ho 13 “wu tién san xuét”, hop tac
sdu v6i cac nha may duc ban dan hang dau
dé ché tao cac tim wafer 300mm, hudng

t61 san xuat hang triéu qubit.

Hinh 7 — So sanh cac Kién tric Lugng tif Quang tif: Mé-dun va Nguyén khéi

Xanadu: Kién triec Mé-dun

Chip Quang ti
dang Mé-dun

| '\
{ | Iy

e k
i—  Kétnéi Quang hoc
| | 11

[ ' |
\ |
|
By
M& réng

Dang Mé-dun & C4 thé Mé rong
Trién khai Linh hoat

Triét ly Kién tric

PsiQuantum: Kién tric Nguyén khoi

Tam wafer Silicon
San xuf( Hang loat

/ y

B& XU Iy
Tich hgp Hoan toan

A

/

G6i Quang hoc
Lanh sau

Nguyén khdi & €0 thé Che tao
Ché tao Théng lugng cao

Hinh 8: So sanh triét Iy kién tric cong nghiép: Mo-dun (Xanadu) va Nguyén khéi (PsiQuantum).

IV. Ung dung va thio luin

4.1. Minh chirng Uu thé Lugng tiv
va Ung dung

LAy méu Boson (Boson Sampling)
la mot bai toan duge cho 1a khé ddi voi
may tinh ¢ dién nhung lai pht hop mot
cach tuy nhién véi cac bo xu ly quang tir
tuyén tinh. Pay 1a linh vuc ma PQC da

nhiéu 1an chimg minh dwogc «uu thé lugng

t» (Zhong & cong su, 2020; Madsen &
cong su, 2022). Vé co ban, thi nghiém nay
bao gdm viéc dua cac photon don 1é vao
mot giao thoa ké phirc tap va Iy mau phan
bb xac suat & dau ra (Hinh 9). Ngoai ra,
PQC con c¢6 tiém nang 1én trong Hoec may
Luwgng tir (QML) (Biamonte & cdng su,
2017), Mang Lwgng tir (Kimble, 2008),

va Mé phéng cac hé vét chit lwgng tir.
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Sd dd Khai niém ciia mdt Thi nghiém Lay mau Boson

Cac Ngudn Photon Bon

Mang Quang hoc Tuyén tinh Ba mode (Giao thoa k&)

Céc Dau do Photon Bon

Hinh 9: So d6 khai niém cua mét thi nghiém Léy mau Boson.

4.2. H¢ sinh thdi va Tinh bén viing

Su thanh céng cua PQC khong chi
nam & cong nghé ma con phu thudc vao
mot hé sinh thai hd trg, bao gém chudi
cung ung cho céac linh kién chuyén dung
va ngudn nhan lyc ¢6 k¥ niang lién nganh.
Mot diém dang chii ¥ 1a khia canh bén
vitng: viéc bo xtr Iy quang tir ¢6 thé hoat
dong & nhiét do phong mang lai loi thé
tiém nang vé muc tiéu thu ning luong
so voi cac nén tang dya trén cong nghé
siéu lanh, m& ra khai niém vé “loi thé moi
truong luong ta”.

V. Két luin

Dién todn lugng tir quang tor dugc
dinh hinh boi sy d6i 1ap gitra uu thé vé do
két hop va thach thirc vé tuong tac. Qua
trinh tién hoa tir cic mo hinh 1y thuyét
nhu LOQC dén cac kién trac thuc tién
nhu MBQC va FBQC cho thiy sy trudng
thanh cua linh vyc nay trong viéc tim
ra cac gidi phap ky thuat khéo 1éo. Con
duong phia trudc c6 thé dugc hinh dung
qua ba giai doan: (1) tiép tuc tdi wu hoa
cac bd xu ly trong ky nguyén NISQ, (2)
hién thuc hoa cac qubit logic dau tién co

kha ning stra 161, va cudi cung 1a (3) xay
duyng cac may tinh chiu 16i quy mo 16n.
Vi toe do phat trién hién tai va nhirng lgi
thé co ban khong thé phii nhan, PQC da
chung to 1a mot 16 trinh cong nghiép kha
thi va déy suc canh tranh, hira hen s€ dong
vai tro trung tam trong cudc cach mang
luong tir sép t6i.

Tai liéu tham khio:

[1].  Andersen, U.L.,Gehring, T.,Marquardt,
C., & Leuchs, G. (2016). 30 years of
squeezed light generation. Physica
Scripta, *91*(5), 053001.

[2]. Arute,F,Arya, K., Babbush, R.,Bacon,D.,
Bardin, J. C., Barends, R., ... & Martinis,
J. M. (2019). Quantum supremacy

using a programmable superconducting
processor. Nature, *574*(7779), 505-510.

[3]. Bartolucci, S., Birchall, P., Bombin, H.,
Cable,H.,Dawson,C.,Gimeno-Segovia,
M., ... & Shadbolt, P. (2023). Fusion-
based quantum computation. Nature

Communications, ¥*14*(1), 954.

[4]. Biamonte, J., Wittek, P., Pancotti,
N., Rebentrost, P, Wiebe, N., &
Lloyd, S. (2017). Quantum machine
learning. Nature, *549*(7671), 195-202.



. Madsen,

. Natarajan, C. M,

Bourassa, J. E., Bejanin, J. H., Bonsma-
Fisher, K., Bouchard, F., Degenais,
G., Deshmukh, C., ... & Sanders, B.
C. (2021). Blueprint for a scalable
fault-tolerant

photonic quantum

computer. Quantum, *5%, 392.

Fowler, A. G., Mariantoni, M., Martinis,
J. M., & Cleland, A. N. (2012). Surface
codes: Towards practical large-scale
quantum computation. Physical Review
A, *86*(3), 032324.

Gottesman, D., Kitaev, A., & Preskill,
J. (2001). Encoding a qubit in an
oscillator. Physical Review A4, *64%*(1),
012310.

Kimble, H. J. (2008). The quantum
internet. Nature, *453*(7198), 1023—
1030.

Kjaergaard, M., Schwartz, M. E.,
Braumiiller, J., Krantz, P., Wang, J. .-,
Gustavsson, S., & Oliver, W. D. (2020).
Superconducting qubits: Current state
of play. Annual Review of Condensed
Matter Physics, *11*, 369-395.

. Knill, E., Laflamme, R., & Milburn,

G. J. (2001). A scheme for efficient
quantum computation with linear
optics. Nature, *409*(6816), 46—52.

L. S., Laudenbach, F.,
Askarani, M. F., Rortais, F., Vincent, T.,
Bulmer, J. F., ... & Lita, A. E. (2022).
Quantum computational advantage
with a programmable photonic
processor. Nature, *606%(7912), 75—

81.

Tanner, M.

G., & Hadfield, R. H. (2012).
Superconducting nanowire  single-
photon  detectors:  Physics  and

applications. Superconductor Science
and Technology, *25%(6), 063001.

. Nielsen, M. A., & Chuang, 1. L.

(2010). Quantum computation and

. Preskill, J.

. Slussarenko, S.,

. Weedbrook, C.,

95

quantum information: 10th anniversary
edition. Cambridge University Press.

. O’Brien, J. L. (2007). Optical quantum

computing.  Science, *318*(5856),

1567-1570.

. Politi, A., Cryan, M. J., Rarity, J.

G., Yu, S., & O’Brien, J. L. (2008).
Silica-on-silicon waveguide quantum
circuits. Science, *320*(5876), 646—649.
(2018).
computing in the NISQ era and
beyond. Quantum, *2%*,79.

Quantum

. Raussendorf, R., & Briegel, H.J.(2001).

A one-way quantum computer. Physical
Review Letters, *86*(22), 5188-5191.

. Rudolph, T. (2017). Why I am

optimistic about the silicon-photonic
route to quantum computing. APL
Photonics, ¥*2*(3), 030901.

. Senellart, P, Solomon, G., & White,

A. (2017). High-performance
semiconductor quantum-dot
single-photon sources. Nature

Nanotechnology, *12*(11), 1026—1039.
& Pryde, G. .
(2019). Photonic quantum information

processing: A review. Applied Physics
Reviews, ¥*6*(4), 041303.

. Wang, J., Sciarrino, F., Laing, A., &

Thompson, M. G. (2020). Integrated
photonic quantum technologies. Nature
Photonics, ¥14*(5), 273-284.

Pirandola, S.,
Garcia-Patréon, R., Cerf, N. ],
Ralph, T. C, J. H, &
Lloyd, S. (2012). Gaussian quantum
information. Reviews of Modern
Physics, *84*(2), 621-669.

Shapiro,

. Zhong, H.-S., Wang, H., Deng, Y.-H.,

Chen, M.-C., Peng, L.-C., Luo, Y-
H., .. & Pan, J-W. (2020). Quantum
computational advantage using
photons. Science, ¥*370%(6523), 1460-1463



96

ANALYSIS OF PHOTONIC QUANTUM COMPUTING:
FROM FUNDAMENTAL PRINCIPLES TO A VIABLE
INDUSTRIAL ROADMAP

Hoang Anh Dung’, Pham Tien Huy’, Nguyen Van Manh’

Abstract: Photonic quantum computing (PQC) is emerging as one of the most
promising platforms for realizing universal, fault-tolerant quantum computers. This paper
provides an in-depth analysis of POC, focusing on its core trade-off: the advantage of long
coherence times and room-temperature operation of photonic qubits, contrasted with the
inherent challenge of weak interactions, which complicates two-qubit gate implementation
and loss management. We survey methods for encoding quantum information onto photons,
including both discrete (DV) and continuous variables (CV), and analyze the evolution
of computational models from LOQC to advanced architectures like MBQC and FBQC.
Specialized quantum error correction strategies, particularly the GKP code for CV systems,
are also examined as a key factor for fault-tolerant computation. The paper also presents an
overview of the industrial landscape, contrasting the strategic approaches of Xanadu (CV)
and PsiQuantum (DV), and discusses landmark applications such as Boson Sampling. We
conclude that the future standing of POC will be determined by the race between the pace
of innovation in photonic architecture and manufacturing versus the ability of matter-based

platforms to solve their own scaling and coherence problems.

Keywords: quantum computing, photonic quantum computing, discrete variable (DV),
continuous variable (CV), measurement-based quantum computing (MBQC), boson sampling,
quantum error correction.
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