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Tém tat: Bai bdo ndy cung cdp mot bai danh gid toan dién va chuyén sdu vé linh vuec
dién toan lwong tir siéu dan, mot trong nhitng nén tang phan ciing hita hen nhat cho viéc
hién thue héa cdc may tinh leong tir quy mé 1om. Trong tdm cua bai danh gid la kién tric
Dién dong luc hoc Luong tur Mach (circuit QED - cQED), mot mo hinh da tro thanh tru cot
cho viéc diéu khién va do lwong cdc bit heong tir (qubit) siéu dan. Chiing t6i sé phdn tich
cdc thanh phan cét 16i, bdt dau tie qubit transmon, von la “con ngua thé "ciia linh viee, va
cdc bién thé tién tién hon nhuw fluxonium va gatemon, so sdnh cdc ddc tinh va sw danh doi
ctia ching. Bai bdo di sau vdo cdc co ché vit Iy cia viéc diéu khién cong liong tir va doc
trang thai, bao gom cac cong nghé tién tién nhw logic Lwong tir Tir thong Pon (Single Flux
Quantum - SFQ) va nhitng thdach thirc ¢é hivu trong qud trinh do luong, dac biét la si xudt
hién ciia Hon loan Luwong tir Tiéu tan (Dissipative Quantum Chaos - DQC). Mt phan quan
trong ciia bai bdo dwge danh dé phan tich cdc co ché mdt két hop chinh—cdc Hé hai mikc
(Two-Level Systems - TLS) va sw nhiém djc béi chudn hat (quasiparticle poisoning)—von
la nhitng rao can co ban déi véi hiéu sudt cia qubit. Cudi cung, chiing téi thao ludn vé cdc
khuén khé mé phong, cdc vmg dung thudt todn trong ky nguyén Lirong tir Nhiéu Loan Quy
mé Trung binh (Noisy Intermediate-Scale Quantum - NISQ), va vach ra 16 trinh chién hroc
hudng t6i cdc kién triic chiu 161 (fault-tolerant), noi cde ma siea 16i long tir hiéu qua vé phan
cung dang dinh hinh twong lai cua linh vuc.

Tir khéa: dién todn lwong tir siéu dan, dién dong hec hoc lwong tir mach (¢cQED), qubit

transmon, fluxonium, mat két hop heong tir, hé hai mirc (TLS), chudn hat, Sira 16i lwong ti, tinh todn
liong tir chiu 16i (FTQC), logic heong tir tir théng don (SFQ).

'Khoa Pién - Bién Tir, Truong Pai hoc Md Ha Noi
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I. Dit vin dé

Trong cudc dua toan cAu nham xay
dung mot may tinh lugng tir c6 kha nang
giai quyét cac van d& vuot xa tim voi cua
cac si€éu may tinh hién dai, cac mach siéu
dan di no6i 1én nhu mot nén ting hang dau
(Oliver & Welander, 2023). Kha nang cua
chung trong vi¢c thyc thi cac thuat toan va
mod phong luong tor da dugc chiing minh
mot cach thuyét phuc trong ky nguyén
cong nghé Luong tr Nhidu Loan Quy md
Trung binh (NISQ), v6i cot mdc quan trong
1a viéc chimg minh “wu thé luong tir’lan
dau tién bang bo xtr Iy 53 qubit siéu dan
vao nam 2019 (Arute & cong su. 2019).
Su thdng tri nay bat ngudn tir mot tap hop
céc vu diém doc dao: kha nang thiét ké cao,
kha nang mo rong quy mo dua trén cac quy
trinh vi ché tao ban dan da duoc thiét 1ap,
va kha nang tuong thich tu nhién vdi cac
thiét bi dién tir diéu khién vi song thuong
mai (Krantz & cong su. 2019).

Tuy nhién, chinh dic tinh ¢t 18i lam
nén stic manh cuia cac qubit siéu dan—kha
ning thiét ké chung nhu nhiing “nguyén

tr nhan tao”—ciling la ngudn goc cua

Tin hiéu Diéu khién/Poc trang thai

8

nhing thach thirc 16n nhat. Khong giéng
nhu cac nguyén tir tw nhién, von gidng hét
nhau theo dinh luat vat ly, cdc mach lugng
tr vi mo nay lai chiu anh hudng cua su
khong hoan hao trong ché tao va su tuong
tac khong mong mudn véi moi truong
cua ching (Krantz & cong su. 2019).
Su linh hoat trong thiét ké cho phép cac
nha nghién ctu diéu chinh cac tham s
nhung ciing 1am cho cac thiét bi nay cuc
ky nhay cam véi nhiu. Cac khiém khuyét
vat liéu o cép dd vi mo, dugc goi la cac
H¢ hai mtre (TLS) (McRae, 2025), va cac
kich thich gia bén, duoc goi la cac chuin
hat (quasiparticles - QPs) (Winkel, P.
2024), 1a nhitng ngudn giy mat két hop
(decoherence) chinh.

Nén tang cho viéc diéu khién va do
luong cac qubit siéu dan 1a mé hinh Dién
dong luc hoc Luong tr Mach (cQED)
(Blais & cong su, 2021). Kién truc nay,
dugc minh hoa trong Hinh 1, thay thé mot
nguyén tr ty nhién bang mot qubit siéu
dan va mot hoc quang hoc béng mot bo
cong hudng vi song, cho phép dat duoc
ché do ghép ndi manh va diéu khién trang
thai lugng tur vdoi do trung thuc cao.

E Qubit (e,)

B§ cong hwong (w,)

Hinh 1: Minh hoa kién triic cQED nén tang. Mot qubit siéu dan (dong vai trd “nguyén tir

nhan tao”) dugc ghép ndi véi mot bo cong hudng vi song (dong vai tro “hdc luong tir”). Su

tuong tac nay, dugc mo ta boi Hamilton ciia Jaynes-Cummings, cho phép diéu khién va doc

trang thai qubit.



Khi linh vyc nay phat trién, bo
cong hudng thuong hoat dong nhu mot
“bus luwong tir’chung, két ndi nhiéu qubit
(Krantz & cong su. 2019). Kién tric nay
la chia khoa cho kha nang mé rong, nhung
cling 1a ngudn gbc ciia nhidu xuyén am
(crosstalk) (Ni & cong su, 2025) va cac
16i twong quan trong qua trinh doc trang
thai (Oliver & Welander, 2023).

IL. Co 6 1y thuyét
2.1. Phwong phap nghién ciru

Bai bao nay duogc thuc hién dudi
dang mot bai danh gia tong quan toan
dién (comprehensive literature review).
Phuong phap luan dugc xay dung dua trén
mot quy trinh c6 hé théng dé dam bao tinh
bao quat, khach quan va cap nhat. Qua
trinh nay bao gdm ba giai doan chinh:

Xay dung Chién lugc Tim kiém
(Search Strategy): Ching t6i di tién
hanh tim kiém tai ligu trén cic co so dit
liéu hoc thuat hang du, bao gdom arXiv,
IEEE Xplore, Google Scholar, va cac tap
chi cua American Physical Society (vi
du: Physical Review Letters, Reviews
of Modern Physics). Cac tor khoa tim
kiém chinh bao gdm: “superconducting
qubit”, “circuit QED”, “transmon”,
“fluxonium”, “quantum error correction”,
“decoherence”, “Two-Level Systems”, va
“quasiparticle poisoning”.

Tiéu chi Sang loc va Lua chon
(Inclusion and Exclusion Criteria): Céc
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bai bao duoc Iua chon dua trén cac tiéu
chi vé muac do phu hop, tam anh huong
va tinh méi. Uu tién hang dau dugc danh
cho céac bai bao da qua binh duyét (peer-
reviewed) duoc xuat ban trén céc tap chi
uy tin (Nature, Science, etc.), cac bai bao
téng quan nén tang, va cac ban thao quan
trong trén arXiv thé hién nhiig dot pha
gan ddy. Cac nghién ctru vé nhirng nén
tang dién toan luong tu khéac (vi du: ion
bay, quang tir) chi duoc xem xét trong bbi
canh so sanh.

Tong hop va Phan tich (Synthesis
and Analysis): Thong tin tur cac tai licu
da chon dugc téng hop theo phuong phép
tuong thuat theo chii d& (thematic narrative
synthesis). Chung t6i di cau trac bai ddnh
gi4 xung quanh cac chu dé cdt 16i: co s
1y thuyét ciia cQED, so sanh cac kién tric
qubit, phan tich cac ngudén mat két hop, va
vach ra 10 trinh hudng tdéi tinh todn chiu
16i. Cach tiép can nay cho phép trinh bay
mot cach co hé théng cac khai niém tir co
ban dén nang cao, dong thoi 1am ndi bat
nhiing thach thirc va dinh hudng tuong lai
cua linh vuc

2.2. Co 56 Iy thuyét

Mo ta 1y thuyét co ban nhat vé mot
hé cQED dugc cung cap bai Hamilton ctia
JaynesCummings (JC) (Asfaw & Cong
sw, 2020). Trong xap xi song quay (RWA),
Hamilton nay c6 dang:

1
Hjo/h=w,(a'a) + 5Wa0 +g(ora+o_al) (1)
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O day, o va o, lan luot 1a tan sb cua
bd cong hudng va qubit. Cac toan tira’va a
1a cac toan tur sinh va hiy photon, trong khi
c,0,va ¢_la cic toadn tir Pauli cho qubit.
Tham s6 g biéu thi cuong do ghép ndi.

Trong ché do phan tan, khi do léch
tan s6 |A| = |03q —o | » g, Hamilton JC c6
thé dugc xap xi boi mdt Hamilton hiéu
dung (Asfaw & Cong su, 2020):

w0 @)

II{li.s'p/h ~ (UJT + XO'Z) (lT(I, + E

(a) Téng quan
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v6i dich chuyén phén tan y =~ —g¥A.
Hamilton nay cho thay tin s ciia bd cong
hudng bi dich chuyén mot lugng +y tuy
thude vao trang thai qubit, day 1a co so cua
viéc doc trang thai phan tan, nhu minh hoa
trong Hinh 2.

Diéu quan trong 1a xap xi ndy sé
bi pha v& khi $6 luong photon trong bo
cong huéng 16m, dan dén céc hién tuong
vat Iy méi nhu hon loan luong tir tiéu tan
(Leghtas & Cong su, 2013).

(- IRy

(b} Chi tiét: Binh tach theo trang thai qubit

) 1)

Tach tén s6 = 2y

496 497 493 4,99 5.00 501 5.02 503 204
Tan s6 (w/2x)

Hinh 2: Nguyén 1y cta viéc doc trang thai trong ché do phan tan. (a) Tan s6 cia qubit (coq) va bo

cong huong (o) duoc thiét ké cach xa nhau. (b) Tuong tic phan tan lam cho tan sb ctia bo cong
huong dich chuyén mét lwong £y phu thudc vao trang thai ctia qubit (jg) hodc |e)).

I11. Phwong phap, cong nghé va vat liéu nghién ciru

3.1. Kién triic Qubit va Vit liéu

Tu dién

_/U I

Tu dién

Cudn cam

(a) Transmon: JJ + Ty dién 1én  (b) Fluxonium: JT + Cudn cam lén (¢) Gatemon: Transistor + Tu dién

Hinh 3: So sanh kién triic mach cta (a) Transmon, (b) Fluxonium, va (c) Gatemon. Mdi
thiét ké c6 nhitng vu va nhuge diém riéng vé d6 két hop, kha ning diéu khién va do phuc
tap ché tao.



Qubit transmon, v6i Hamilton H
=4E n* —E cos(¢), 1a “con ngua thd”ctia
linh vuc nho kha ning chong nhiéu dién
tich (Krantz, P & cong su. 2019). Céc loai
qubit tién tién khac bao gébm fluxonium,
c6 d6 két hop cao (Somoroff & Cong su,
2023), va gatemon, cO thé didu chinh
bang dién ap cong (Visser & Cong su,
2021), dwgc thé hién trong Hinh 3.

Céac ngudn giy mat két hop chinh
bao gdm cac Hé hai mirc (TLS) trong céc
16p oxit (McRae, 2025) va su nhiém doc
boi chuén hat (QP) do burc xa hoac su tiéu
tan tr mach diéu khién (Winkel, 2024;
Mukhanov, 2023).

3.2. Cong nghé Diéu khién va
Mo phong

Dé giai quyét «van dé day ndirtrong
cac hé théng quy mé 16n, logic s6 siéu dan
Luogng tor Tu thong Pon (SFQ) dugc su
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dung dé diéu khién tai chd (Mukhanov,
2023). Dé cach ly nhiét va nhiéu, kién trac
Mo6-dun Da Chip (MCM) duoc phat trién,
trong d6 chip diéu khién SFQ va chip
qubit duoc ché tao riéng biét va lién két
v6inhau (Hinh 4). Cac cong cu mo phong
nhu QuTiP va cic phuong phap tién tién
nhu Q-TEDOPA (Mascherpa, 2020) dong
vai trd quan trong trong viéc thiét ké va
t0i uu héa.
IV. Két qua va thao luin

4.1. So sdnh hiéu suit va cdc yéu
16 giGi han

Bang 1 tom tit va so sanh cac dic
tinh chinh cta cac loai qubit hang dau, cho
thdy su danh doi giira cac yéu t6 nhu thoi
gian két hop, do phi diéu hoa va d6 phirc
tap ché tao. Hinh 5 va 6 minh hoa truc

quan cac so sanh nay.

Chip Diéu khién SFQ (Néng, Tiéu tan)

s e i

Tin higu didu khién SFQ

Chip Xu Iy Luong t (Lanh, Nguyén so)

Hinh 4: So dd khai niém ctia mot mo-dun da chip (MCM) dé tich hop diéu khién SFQ. Kién
trac nay gitp cach ly cac qubit khoi nhiét va cac chuan hat dugc tao ra boi mach diéu khién.
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Béng 1: Phén tich So sanh céc Kién trac Qubit Siéu ddn Hang dau

DPac tinh Transmon Fluxonium Gatemon
A 1o Ag 1K e . A . Transmon diéu khién
Nguyén ly cot 161 Qubit dién tich dugc r€ Qubit tir thong dugc ré bing dién dp
Thoi gian két hop ~10-110 ps > 1 ms ~200 ns (CNT)
D¢ phi dicu hoa Thap Cao Thap
Phuong phép dicu chinh  Ttr thong (SQUID) Tt thong Dién &p cong
Do nhay nhiéu chinh Nhicu tir thong Nhiéu dién tich Nhieu 1/f
1000
1000

BN T - Suy gidm nang lugng

1 - Mat pha

500

2001

100 1

50 1

Thoi gian két hdp (Us)

10-

Transmon Fluxonium

Hinh 5: So sanh tryc quan thoi gian két hop cia cac loai qubit. Fluxonium da ching to thoi
gian két hop vuot troi, mot loi thé dang ké cho viée luu tri thong tin luong tir.

200 kHz

200 -

— 175 7
N
T
3

= 150 -
N
N

£ 125
<0

& 1004
>
2

5 154
“0

S 50

25

10 kHz
0 1 1 i
Transmon Fluxonium

Hinh 6: So sanh thyc nghiém nhiéu xuyén 4m ZZ khong mong mudn. Kién tric fluxonium
cho thay mirc d6 nhiéu xuyén 4m ZZ thap hon mot cach tu nhién (Dir liéu khai niém dya
trén Ni & cong su, 2025).



4.2. Théo Ilugn vé vit Iy ciia viéc
Doc trang thdai Qubit

Viéc doc trang thai phan tan la mot
phép do khong pha huy luong tir (QND)
trong diéu kién 1y tuong. Tuy nhién, khi
cong suat doc vuot qua mdt ngudng toi

han n =A%4g’ hé théng c6 thé bude

it

Vung on dinh
(Po luetng QND)

Ngirong n

crit
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vao ché do Hdn loan Luong tir Tiéu tan
(DQC), dan dén cac 15i do ludong khong
thé doan trude (Hinh 7). Viée thiét ké cac
giao thuc doc hi¢u qua doi hoi phai gilr
cho hé thong hoat dong trong mot “hon
dao tich phan”on dinh cta khong gian
tham s6 (Santos, 2025).

Vﬁ;lg hon loan

(DQC)

Cong sudt Bc_:?:

Hinh 7: Khong gian pha cta viéc doc trang thai va su xuét hién ctia Hon loan Luong tu
Tiéu tan (DQC). O cong suat thap, hé théng on dinh. O cong suét cao, hé thong c6 thé tro
nén hon loan, lam giam hiéu sut do.

Bang 2: Cac Co ché Mat két hgp Chinh va K§ thuat Giam thiéu

Co ché

Nguon goc Vit ly

Chién lwge Giam thiéu Chinh

TLS (Cong huong) |Khiém khuyét trong oxit vo dinh
hinh (McRae, C. R. H. 2025)

Cai thién vat liéu, xir Iy bé mit,
thiét ké qubit 16n hon

QP (Do Photon)

Bure xa tan so cao di lac, qubit nhu
ang-ten (Winkel, P. 2024)

Che chén RF, loc, toi uu hoa thiét ké,
bay QP

V. Két luén

Linh vyc dién toan luong tir siéu dan,
dugc xay dung trén nén tang cQED, da dat
dugc su truong thanh dang ké. Tuy nhién,
nhiing thach thirc vé mat két hop do TLS
va QP, nhiéu xuyén am, va su phic tap ctia
viéc doc trang thai van la nhitng rao can 16n.
Muc tiéu cudi cung 1a xay dung mot may
tinh lugng tir chiu 16i (FTQC), ¢6 kha ning

stra 16i nhanh hon toc d6 chung xay ra. Lo
trinh ndy, nhu phéc thao trong Hinh 8, doi
hoi su két hop giita viéc cai tién phan cling
vat Iy va phat trién cac ma sira 15i lwong tir
hiéu qua hon. Thanh cong cudi cing s& 1a
su tong hop cua ca hai: st dung phan cing
t6t nhat dé thyc hién cac ma hiéu qua nhat,
khang dinh vi thé cua dién toan luong tir
siéu dan trong tuong lai.
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D3 trung thuc cdng

Ky nguyén NIS
Qubit Vat Iy ¥ uguyen NGO

50-1000 qubit nhiu

Cai thién T1, T2 =

Thuét toan bién phan
(vaa)

—

Qubit Logic

S(ra 161 ludng b (QEC)

Ma b& mat (Surface Code)

Tinh toan lUgng ti
chdng 16i (FTQC)

e

Tinh toan quy mé Ldn

Thuat toan Shor, v.v.

Hinh 8: Lo trinh chién lugc cho dién toan luong tir siéu dan, tir viée cai thién qubit vat Iy,
qua ky nguyén NISQ, dén qubit logic so khai va myc tiéu cudi cing 1a FTQC quy mo 16n.
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A COMPREHENSIVE REVIEW OF SUPERCONDUCTING
QUANTUM COMPUTING: FROM THE FOUNDATIONS
OF CIRCUIT QUANTUM ELECTRODYNAMICS TO
FAULT-TOLERANT ARCHITECTURES

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

Abstract: This manuscript presents a comprehensive and in-depth review of
superconducting quantum computing, widely regarded as one of the most promising hardware
modalities for the realization of large-scale quantum computers. Central to this exposition is
the Circuit Quantum Electrodynamics (cQED) architecture, a foundational paradigm that has
become paramount for the control and measurement of superconducting quantum bits (qubits).
The analysis commences with the core components, beginning with the transmon qubit—the
de facto workhorse of the field—and its more advanced variants such as the fluxonium and
gatemon. A comparative analysis of their respective characteristics and inherent trade-offs
is provided. The review then delves into the fundamental physical mechanisms governing
quantum gate control and state readout. This includes an examination of cutting-edge
technologies, notably Single Flux Quantum (SFQ) logic, and a critical assessment of the
intrinsic challenges in the measurement process, particularly the emergence of Dissipative
Quantum Chaos (DQC).A significant portion of the paper is dedicated to scrutinizing the
principal decoherence mechanisms—namely, interactions with Two-Level Systems (TLS) and
quasiparticle poisoning—which constitute fundamental impediments to qubit performance.
Finally, the discussion extends to simulation frameworks and algorithmic applications within
the Noisy Intermediate-Scale Quantum (NISQ) era. We conclude by outlining a strategic
roadmap toward fault-tolerant architectures, where hardware-efficient quantum error
correction codes are poised to shape the future trajectory of the field.
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