HERIRRYFSIEIC_2025_10__EFTIEITRIESEFLLISA I JISRIERSHE
— =ZNICE
FIEICEERNSEIES: A quantum engineer's guide to superconducting qubits, {EEE

Krantz, 2019 £ 6 B&ZT (Applied Physics Reviews) , XMHAFIEIBEF11.9, B1XETI, B2
ELBRBIZRINMERY,

XREFIEL, B (EFIRENIESEFCEN ERNERSHT) 23R HTEX-FHEAEE
By, #11ME. NERERXHY, B508R, ENRFERIKAINE, XREEENIZER B2
=18

iERIAEE

ARBEIANPAER, B RESAEAEIMT, SEFRELSEHERA quantum engineer's
guide to superconducting qubits 9, £X2W=, Flit2~4hisEE.

A XEHPTHE
1.XEH/

EFkR, BSEFHSNEMAREANRKEFRAIR, i 7T —NMEFLIE XXFR, FRWM
HRIASEREFRE. ATHENFEAEFTHENTREPEAE —LEFEMISHIRE, THR&HRY
Rt (FEZ 5T XBEXEFEA—INIFH.

2. 5%HE

IR T TAEREF A, F(ILREVIBXAIZREFIHEHIZY, EnENAE, XEEEM
.

LB fHERREFRHNF (CQED) SIMREREFHE
S €\§5H§0‘< BEIEHHRE: BMRT, Aigitees CATRF)
WERM: ZHRYE. BFNF. BEOW

terngit
Transmon: EJS>EC (=50), anharmonicity 100-300 MHz, HiERIEE
— Splittransmon: DC-SQUIDE L, ARAIE, RHMREMREHHERSSRE
U Fluxqubit: 3/44M, TRB/EMZEE, Banharmonicity (a>0)

. BFHRBTRE Fluxonium: KBLMEI (~100), BEE, TLAEMHR

- Mt
O< o< YIRiEG: BEEE (CeN'S, XYAEE(FR). BEB#EE (MI2NS, ozozZiBE{FA)
EaY: @ (oxox/oyoy, ATFUED. & (ozoz, AFEFRA)
IEFRER
RARRE: EEREIRE (BRI, ATRE
BENIIRR: BEIRE (1/A%). BOERE (1/AE, AD ~(1udo)/Hz). HFHHKE. BT
SBABTFRE
= BESBAET Blochi{&w: 4% (K@), RES (Rm)
Bloch-Redfield#®E: T1 (M@, SEE3IR). T2 (MR, GHEB+T1RM, T2<2T1)
%7 mitigation
RSIE BEAREE. BAL ERIFR
Ritthie: MABHERAR. T
EhASAEHE: CPMGRFS (NPrbioh, T2#if2T1)
ERTE: AR, RS ANT

L:arin]
°< O< IRah: BEMREHE, MR (RWA), /QIFRISZINX/YiER:
ST #AR: DRAGRKF (MRS, A=0.5/1EILIRIB/MER) . EINZ] (SHYiE), FMEAfD)

[il:asim]
0‘< iISWAP: FIELLFHIR, ZIUHR, 8tiE~n/(2g), g/(2m)=5-40 MHz

O—{ CPHASE: FIRRHESR (j11iej20i), RERE>0.9944, AREPLEHEBE
CR (RXXHR): ERIMELLSE, 0z@oxiBEIER, REEIA0.991

BEGEH: qubit- resonator &K (A>gk), SEESIHE (x), QNDIIE
R i?tb%iﬁ&O{ ESN: SERE (FRE, RBMHEM) . TEME (DC, 1/MRHSER)

fiterR
< o PRl WHQUDIE RIS, Tro<TL

SEMAR: JPA GHRE, EFHR). TWPA (B, 1BHMMES)
o< RifA75E: BFEBA (D-Wave 2000+t645). FEQIP (). BFUHE (RED)
Phél: BESEHIN. BFITENBME (50-100tH5 BT

BSEFIISTI2NMER (2019 Appl. Phys. Rev. 6,021318)

. RESEE

—. EFHIETIE

(MEFEIRFZE Transmon, Flux qubit FtUEFKT, BE / BREESHLH])
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ANZHBIREIBSS TS

BHMEFIES, B REEHETFSIBER. XENREMAILCIBIREBIRATF, —$L%0E
B T IEE BRYtransmon EFELAS.

HERETASHMEFLLISHY?

M ERSCIE FEUIEAI T 5818 e.g., electron spins in silicon and quantum dots,trapped ions,
ultracold atoms,nitrogen-vacancies in diamonds, and polarized photons, where the quantum
information is encoded in natural microscopic quantum systems (B8 S8 FHISRENE:
superconducting qubits are macroscopic in size and lithographically defined, FFANEZEEENMBIR
SEFHUSAIEI

1. LC BIRRIEFiBIRF (QHO)
ELZIBEFILISEIRL? ALK LC BEIRIERL

BJLARFER LC BRI AR E FIUFRIMR, XTI ESEFR SN HNEERATHIZ B ENR
%, FEMEFICRRIBIMER, BIREMIITERQ), (BEH LCBIERTEIEFHR , RAEFH

REERPMIXSOMNEFS (| 0> | 1>) , MEHA LC BENEEERESN. NMREEHITETL,

BERAEIEL, MREDR—MEER, EMERNEETEEEF (AF=hw, hE2EFFEH, w RIR%HM

R) |, HEEEMEFIERT (QHO) (REREMIXINE 1b)

QHOB M H i, SEIRAZER, XN IEEFEE (B 1b) , Bfh—1 "0-1" BRIEAM
kKR, SERFER 12" BRiE, FAETBEER(FAR TSR, (BFHUSRREE0M1 ZEbkal,
TRERREIEfRERZS)

2. 9B RARE

BELFRRRGEENOR1 ZEBkE), ESINIEEMTH—ERRE., OERREHERAMRESAK
KRR (SISER) |, AXMESRMHUEBIRPIERE (WNE1c) |, HMecsr~EIEmiEaeR (sERE
EEpERER =TI, E1d) |, fE"0—-1"F1"1-2" BREATX 5.

e, S ER T IBEERSHNETISE, GET—MEINNAERT) .
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(a) i ¢ (c)

+
L, C,0—v
(b) (d)
5 5
— 4 b= 4
23 23
> 21 &
| 5
0 QHO 0
- W2 0 2 T -T W2 0 2 T
Superconducting phase.d) Superconducting phaseﬁ.‘)

FIG. 1. (a) Circuit for a parallel LC-oscillator (quantum harmonic oscillator, QHO),
with inductance L in parallel with capacitance, C. The superconducting phase on
the island is denoted as ¢, referencing the ground as zero. (b) Energy potential for
the QHO, where energy levels are equidistantly spaced Heo, apart. (c) Josephson
qubit circuit, where the nonlinear inductance L, (represented by the Josephson-
subcircuit in the dashed orange box) is shunted by a capacitance, C.. (d) The
Josephson inductance reshapes the quadratic energy potential (dashed red) into
sinusoidal (solid blue), which yields nonequidistant energy levels. This allows us to
isolate the two lowest energy levels |0} and |1), forming a computational subspace
with an energy separation ficogy, which is different than fieoqa.

LB RARERTA R ML L PR R AU REM MO e PR LESA RS, -2 BERERR, HETDE “0—1" F0 “1—-2" BRiE
X5,

3.transmon

TEMNEFUSRER, —RBEREMSIISERELR, FEE—THIRT (BTHEIEE
1E) . TUEEAMHTREEREERT. RERANENBRIRESLIHBE—MERBES (kEXS
HEBAXRE) FiseiBEBmENERESIESR T, ETIEAAERK, FRLASCREFtRE
MEHEKT, RlERETREZFMNWtransmon,

ET AT AFEBHETNEERE, NEEEREAN. FNIRENEEHE: £ E; >> Ec BER
T, (Ej/EcHRR, BBRIREXIEERNFINZIEEU0E], WBREERMEBaATEE , frlltransmon 2
BERL N EREFEURS.

transmonfii s
1. 3REER/IE . TYESERIE 3-6GHz, NIIFEEEIMAGURIIAES], ARBEKREE,;

2. TSR AIREREIRE, sSRETE (FBTAIARER] 100 HFPLAL, 100/ 1B pgaliRE 15
)

3. {FEESEA . EAFRIEMEAZITAIK (100-300MHz) |, BEBRHIERBEER T .

B. EFLLiFAIIAL

BERDIHEFLUSRIRE, B, ILEREBETIRER. RIGEFAIMEEE.

transmon LS EATFA, EFRBEFERRRENISS, BLnSTEREIRNLS, FLEREE
AR ERIELAS.

transmonfiEB St
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(a) Symmetric transmon (c) Asymmetric transmon (e) C-shunted Flux qubit (g) C-shunted Fluxonium

(b) (d) (f) (h)
. |Ec/h=0.3GHz — o | — —_ & - ®
N |gm=1sGHz P N TR
] 6 ) ) 6 ©e
™ >
g4 g g4 g4
3 3 =] A 3
g g g g
LIL_ 2 I.I‘: 2 UL— 2 — Wy II 2 — Woy
''''' Wis e lWyg

0 0 0
- -T/2 0 /2 T 0—11' -T/2 0 /2 T - -T/2 0 /2 ™ -T -T/2 0 /2 T
Magnetic flux bias, ®@q, Magnetic flux bias, ®@g, Magnetic flux bias, @qy, Magnetic flux bias, @gy

FIG. 2. Modular qubit circuit representations for capacitively shunted qubit modalities [orange box Fig. 1(c)] and the corresponding qubit transition frequencies for the two low-
est energy states as a function of the applied magnetic flux in units of @,. (a) and (b) Symmetric transmon qubit, with Josephson energy E, is shunted with a capacitor yielding
a charging energy Ec. (c) and (d) Asymmetric fransmon qubit, with junction asymmetry y = Ej» /Ejy = 2.5. (e) and (f) Capacitively shunted flux qubit, where a small principle

junction (red) is shunted with two larger junctions (orange). Parameters are the same as Yan et al.™ (g) and (h) C-shunted fluxonium qubit, where the small junction is induc-
tively shunted with a large array of N junctions.

FHERMCERYBIREEYS, E2a, B2c, E2e, Elg, 55I=ZSplit Transmon, ARIIFR Split
Transmon, Flux Qubit #1 FluxoniumBYJERoEBERE,

S/ EXMRY THIERRRERIEINT

TR IMEBEERE (D ext) (HEEF (o) NN, SBE(—mE(T) , MHEHERE (GHz) . Ik
&AW (BEE(0)-B—HAS(1)RBEE) , TeR%Awe) ((1)-(2)rBhE) , RENE
EFRIEEEE (o = wi — wor), REHREES RUEIEER") . METERS ARIHIEE
AAEUR, fETRE.

1.Split Transmon

E2a, Transmon BSIREREEN, MEBFTER, SEZEER/ M USHE—LLaiEeS A FOEkiE B /Y
SRS (RNSCINARELAE]) |, BERSTHERAY Split Transmon FUR L% T . JR3EM Transmon FI—NY
BRFREE, Split Transmon BIXEERRRL T “FIMNEERAYEAEE” (I DC-SQUID, & (2a) ) . hugpaR
Wln (HE) , REEEBMENERNSKHEE, HMEFR, RIS, ettt
BTEEARRR (BETEEES 1GHz) .

(E12b) ¥3FR Transmon AYSTHEERE L

HIZEEXIHRAIBIR: 2 (Do = 0)BT, SAETS, RS 0K, METME, IFEEMIG (w12 < wor).
B(Pext = 0)BTIEEIEMRIEIHER/N — XEHKRE “0-1"F1"1-2" BREIBZEE, BIIMNEA (10
DRAG fkif) HHI=sed R,

2. A33FR Split Transmon

E2c, B2HARY Split Transmon BMAJRE : ESRERAIAHE, 155010 HOBIRAS, MRINARE: 1M IME
A—HER (FXITR) | XEHIERAE SSRGS A KRIFE.

(El2d) A33%3 Split Transmon BY3A=RML

EEAFR(y = 2.5), HARBIEETR, B Bolk EFE, IH, MBRENIIROMINES, i
IMELEBIRFERENIRA (AMEHEGKS, MRBAZER)  RIHMBRE—EEEEE.

Flux Qubit 1 Fluxonium

Transmon BRIFA, BIFEHEMARERRIK, BIHBEESAIVOBEE | 2 ) &, WNREBLLERFERT
5=, MEEIFEEMEARIIZIT —Flux Qubit (F4IELLE) F1 Fluxonium (XFKRAARAIRE FIENE)
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3.Flux Qubit

El2e,Flux Qubit@dEEiE T IERILLSF

HiE Transmon BIAREIEMER "By (|1>— (2>t | 0>—[1>55) , BAETHEEI=#HEM—
BEITHAYE, £—. THZEBRTREET/IVOBEI=R,

{B2Flux Qubit FUFFEREMR "IERY" (|1>—[2> LK | 0>— |1 > ) , BHTHEEI=SML—1%
FHISRE, ATARBEE— R Ak,

ERREIRIER: A 3 18 4 MIBKRREEM— VN, LSRRI, HUSHOTSHEE
PGB ERSETR, 78RR ESHIEER.

(B12f) Flux QubitA93H=EiLL

EMMAESRR: ERHEHBRET (W—r/2ME) , woBRRN A", Mwll & Bk, JFHE
MAEw s > wo—— XEKRE 152"t 01" BERE, BEEMSIREIEMmEER, EEXT &t
EKIRE" HIT=R,

4.Fluxonium

El2g, Fluxonium £ Flux Qubit (IFHRAR, TR (BTEIEK) , 75k BRENMIBRRE
(ELAN 100 4) 4EA "R,

EERMUE:

1. 1BFRIELS: BEREREFERE "BWER", LK Transmon K15%.

2 JFEEMEX: JLFASBE | 2> 7
RE: RITER, BAE, BRIEERENETREERSZSR (L8 FFiE=R)
(El2h) FluxoniumAJ4hZ=ih s

M EMEETRAY “BEk”, Bwi:Swo EERX FEEERBEIER) . XRE: O JFERAEEE
K, @ BRERMRIRERE, O MNHEIBREASR (HETERS)  EETHER (EEEREE
A) .

C. EFLUSHEEIER

EFSZAEABESE?

BB, A THE G EME, XNFERS, F_EETEH TR B
BRETBEREES.
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(@) Direct capacitive coupling

912
v %
1 Cg 2
lex ] Iz &)

(b) Capacitive coupling via coupler
9n 92
{1

| 1 Cor —1 1 Coo
C; L, C, G
T

les

(c) Direct inductive coupling

I Mi> I2

"
il @ 3L ¢ © Hle
wel ‘Dez

) Inductive cou pllng via coupler
Mzc

: eI : : eC : eZ

FIG. 3. Schematic of capacitive and inductive coupling schemes between two
superconducting qubits, labeled 1 and 2. (a) Direct capacitive coupling, where the
voltage nodes of two qubits V, and V, are connected by a capacitance C,. (b)
Capacitive coupling via a coupler in the form of a linear resonator. (c) Direct induc-
tive coupling, where the two qubits are coupled via mutual inductance, M;z. (d)
Inductive coupling via mutual inductances M, and M, to a frequency-tunable
coupler.

1. BFEG---H17
ARSI ERZ BB NEE (WBARS) , FREERES

B BELLR NIRRT, LIS AR | 1> tFB R | 0>, BERREZMARZ | 0>, BE |
1>, SHREPBEF U N —SEIAH 22l ] (ISWAP []) ROERL,

a) EiEHEA4E4 (Direct capacitive coupling)
o £53: MAMEFHRHNBEDR (V1)M(Va)) ZiE, Eﬁ?ﬁ—/ﬁ%ﬁfﬁﬁ(c )e
o WR: —NUFIEBEE (BEEL) 2BE(C,)HRE, (LRES— M, SCHFEE
BFRA.
(b) BITFBSESHIER SRS (Capacitive coupling via coupler)
o . MNMUSAEEEE, MEn B BaESEER— M EtEReS.
o % TEIEADIERSENSY, REEFIRNCHIBSRE, KRR IEETA T

PAN
Ho

2 HERES---iA
ISR RGIE—, RHAERES

1B ASHRRE, REGMAMEURERA | 1>A9BRINAMEN) | ELIRANERERR | 1>, TiRERE—
A ABGL ABEEMEIAPIAE, (BEEEAENL.

(c) E¥ZFBREGES (Direct inductive coupling)
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o 2513 MNEFHUIIBSIAE (BRL,. LozE, BEERMMBE. BiRli. I2. de. de

ERFIEE.
o WR: — MUK (7)) S\ M M7, EBER— s, SSIMEEER.
(d) BIIFBEE eSS (Inductive coupling via coupler)

o G MANUEIHEREGER (FEBRREL AINEBHIE O c[MIZEE, MBERMc.
M A& EHIHIER.

o % BEBEAPARONET, RERETXHAEMNMFIEARE, BEARNEFRIEEK.
s

1. EEEFEIRFIUNEEIE, S2PME-RR: INASKEE, EEEE,

2. BHALVASIARRTIRE SRR Transmon AR, Tift.

3. LUEHIREIRE, RS IE-M@R: Split Transmon F DC-SQUID, BEESRER,

4. Transmon FEEIEARE, BRIMR R Flux RIBESE, JEEHIEELX,
5. LR Z IBIABER R BB / BEHRS.

=, BESBRHET

(RS / WEHUIEEESSE, Bloch-Redfield 8RS, 1/f IRFEEE ISR R AISHEFESE mitigation AK)

OB : A AEFHRHX AR, SagintETadiE.
ARFERYRE
A. Types of noise (IRFEAHRLL)

1. REFIERE (Systematic noise) : ELUNZS qubit B—MLEEE 180°HIELKEKT, (ERKHRE S
4%, CPRREET 178°, RERE 2°, AERUME!

2. BEHIRFE (Stochastic noise) : IZHILLEREEAVEBIRAIR, FrELRENERE (FBERELEE) . ¢
qubit FEERIEBIREREB/N\BEMEMH, BEB/RE—T, S qubit SEFRELIN;, SRA—HE, WK
! BERTHIRITEEISIRE.

3. IFFERE & qubit BURE: IEFEERE: FHAIA/N. qubit BUE: qubit IEFNEFAYHEINA.

B.IZEfIEHETFEIRE

B. Modeling noise and decoherence (IEFEEEASMqbitHY)

FEHHT: ABloch EkF Bloch-Redfield &8, #RRBRIRREEALL qubit EER.

1. 708 HFEK
Jttk: qubit AY“0Z&" (|0>) ;Eathk: qubitRg“1Z&" (]1>)
FRE: qubit B “EINR, LAl —felE. —En (5 (10 > +[1>);

BRERE 475, qubit APIASIRIARE. BRRER: BES, qubit APIRZSERT, skl (REeFHER
| 0>1FZ | 1>) , XHMERESHENEET
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(a) Bloch sphere (b)Longitudinal relaxation (c) Pure dephasing (d) Transverse relaxation
*uz\-w Longitudinal

Z (Longitudinal) 4 noise

. 0)
[¥} = a0} + B[1) ure .
Excitation Relaxation Dephasing )
I My [

AnAn
Transverse X

X X g
(Transverse) » s naise
- Transverse

1) noise 1) 1]

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state [) = «|0) + f |1). The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to o, terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to o
and o, terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x-y plane and drives transitions |0} < |1). A qubit in-state 1) emits energy to the environment and relaxes fo |0) with a rate I"y; (blue arched arrow).
Similarly, a qubit in-state |0) absorbs energy from the environment, exciting it to |1) with a rate I'y; (orange arched arrow). In the typical operating regime kg T < he,, the
up-rate is suppressed, leading to the overall decay rate I'y ~ I'y,. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate I';,. (d) Transverse relaxation results in a loss of coherence at a rate I'; = I'; /2 + I';, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state (1//2)(|0) + [1)), initially pointed along the x-axis. Additionally, the excited state component of the
superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.

2.Bloch-Redfield {&5Y
X MEEUEIRBET O T =fIER, XA Bloch Bk EEFLAI=F3{t, BMEFIARIEEGX, B 489
(b)(c)(d) D BIE TIX=FE.

(1) 9\l relaxation (& (b))

qubit NSEES | 1>1BREBEAINE (FERIBE. HENE) , B MR8ES | 0>, XMNIEAIEA
BEOY T, (bEAN Th=85ps, HUZ qubit M | 1>F] | 0>, BEER 1/e KHIZE 85 f7IFD)

BEDEEL: [1>—|0> (BERR, BN, FARESMIRKEESS) |

BesEEk: |0>—|1> (BEERW, RON, EAEETNRRZ /DRSS qubit) ;
(2) 4% dephasing (Bl 4 (c))

qubit;REREE (ER | 0> | 1> &) , EEINSEEMELT . RAZ[0>+]1>, &
k| 0>+i|1>, &M |0>-1>, BETEsNERAL, §isERE L "B & (B 4(0) .

JRE: NEERE (FCANEEBIRRS) ik qubit SRERELN, SIFSHMAMS (10> | 1>) RaEEA—
¥, BENAELT.

4 dephasing AEfEE (FikiAEREHE, R LET5h) , REEAMEL T, sTLABIKHEEEE%,
(3) t&M relaxation (B4 (d))
FELERTHEINNER.

TARERLIBETEE, ST T SEWREEEL N LTo SHEGEMALIE, 2520& 1/T2=1/2T) + 1/Te,
(W0 T1=85ps, Tz AJRERA 95us)

o 6 BfEL (T_e) , SIkERET &L

o IEtr: BEEIR (Th) , SRMRERIEEIRYGS

o HR: SEkEMEENT B, RRHMEEKPL, BERE.
3.1/f 1=

AUERE T, T2 EPEFEEERRA (FILGaERIREREERY) , ERPE—ENERAEM1/f I8, Stk
SRR FEE (HECEREETER) [ XMUREEEEA.

XF qubit FIEZIE: 1/f IRERMTREIZ, T DRAEEE, MEsHE (KiEER)
TEZN T 0 T2 ILRER, NMEXINARNETSE:
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(a) (c) 0
[O)r ——— Fit, T; = 85 e ---- Fit, Toe = 120us
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B 5(a): M T, £5qubit&ZXmhkd GLEM | 0>—|1>) , FERIEEFIUFRES, ERERHT
B, & Ti=85us (1/efk7S4t) ;

B 5 (b): Wl T: GRIGHRIEER T2) — A Ramsey 58, KA Xn/2 fkd, Hhia&Eadia r, ERE
=R, =R, PIEH T2*=95yus;

Bl 5(c): M TE (i T BB ESAERSRT T2) — FAHahn [ELR, FEFAN Xm/2 SRiEII— Xm ki (1=
TEEBN) , =EEE, UEH T:E=120us (Eb To* K, RABHEIH 7885 1/f 1875)

5(d): PF=RRE — IEE S (b) EIERREEERD (T S5 MsiEts (/FIRESE) |
MIMEESRRIGFIAESEIOEE, BB 1/f RSSO ZIREE T,

C.E AR HIF
C. Common examples of noise (AT TR [UMPEEIER)

1. EBfaIEF (Charge noise) : E#FETH
FBERRERY /NBPEM (ERENRER. SBEREMEE) , BREMEREEREE.

2 FEIULET TRE (BEEHE) |, R qubit B9 EJ/E_CAGEX ( Transmon i&EF) , E2iLT o
5 (HBAEL) .

2. WEERE (Flux noise) : WLiziEEND
qubit RERIFIE (RMNESSF. EEXREAIREXIEF) |, HEE/REER, SEERMTKE.
2. EELT o TR (MBAEL) , EANGEEIIELE Split Transmon IXZERTESIERRY qubit STEREL,
.

3. YFEGEEN (Photon number fluctuations) @ Z¥3¢F#E
qubit EHANEHIEIRIEEGXEN T (NERERIAIK. BEARFTERCT) | R THEBRRES
T,

LT o358 (BAEL) , EAYFHERURILE qubit SRERERFR.

|=0A
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4. #ERIF (Quasiparticles) : EBRREBAY/INIYER
BSMRIEAREE T (EEBSEETFAXNN, BRFRRNETF) , JhkE. B4t

LT 38 (BEEREE) |, EERIFEwEqubit R9BEE, EAJRELE qubit IRBEEISREER.

D. Operator form of qubit-environment interaction (EFLUFIMNERENEF)

EIAE

E.RRRIRRE
E. Engineering noise mitigation (EAEBRFIERS)
1. BRGSO WIRSLRRRE
BiaeR SRR ROV, RDERTERERE (RIERTEIRRS)
IBKALEE : BEREIAEEIERE, iLSBERENREEED (FOHIBIRS)
DRI FPeR : TEFBEREENNPERS, DRI FREHEHE, AS2W qubit (RERIFIRRS) .
2. 1% ik qubit RAEE
BEEAAN: 8 Transmon RIRESRARIEIEMR, 1LFABH/ M EAIAEFRE (R BREIRAERE) .

ARXIFR Split Transmon: &8 DC-SQUID BMMEMA—EXR, FHENHBEFISRE (F-=if
o) .

3. oSS ENHRE (B5E 7 & $=E DT 28%)

il idea: F SSMEKTHTHTIRARISINE , qubit fAANEIEEL, SR—RAJEA— mikf (L qubit#
180°) , ICARLL “FHEIE",

BENEK: CPMG 551 (B 7 (a))

4 {RRTE:
InERERs: AEERAERINGIRERRS, HOERERNET (BEFERE) .
MEORITEA R TEFREREEINGIRIRAAAY, IR stray iR (RADYEFIRRS)
HAHES: IHEEAEN 10mK HEEFRE, BORESHRENT (FVERFIRES) .
ING

1 IERESTEM: BN (RAERS, BeRE) . BBYIAY (RENURRS, ZE0h)

2. BHBFTo=fM: T (F8eE) . T_o (BAEL) . T2 (XEREENELENA) , A Bloch BF1E 4 88
BEWEE,;

3. IREEME: FLEIREE (M) | IRUTRBE (510) . EhiliE GISHHE) . MREIES (]
i) .

N, EFLbtsEsl

XEE(ILNEE ARG EZ—.

XEHNEXTUEREESEFIUS, NSEZENEME, FoTEEIEFISINEREET
i%.
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A LT ENPRmRRIZE]

A. Boolean logic gates used in classical computers ({ZB25E%)

FEHRTEHEBRNSEANNEERINTR, ROIBERT, FRAT. XEEMRNEHETERE
ARIIEMNEGEE, NERESREETEMNEF IHTHER,

CIRCUIT

SYMBOL TRUTHTABLE

NOT The outputis 1
when the input
is 0 and 0 when
the inputis 1.

Input Qutput
0 1
1 0

Input Output
AND The outputis 1

only when both g ? g
inputs are 1,

otherwise the T 0 0
outputis 0. 1 1 1

Input Output

OR  The outputis 0

only when both 0 o 0
inputs are 0, 0 !

otherwise the L 1
outputis 1. 1 1 1

Input OQutput

NAND The output is 0
only when both
inputs are 1,
otherwise the
outputis 1.

1
0

Input Output

NOR The output is 1 0 o0 1
only when both
h 0 1 0
inputs are 0,
otherwise the 1 0 0
outputis 0. 1 1 0

. Input Output
XOR The outputis 1 —

only when the two 0 0 0
inputs have 1 1
different value, 1 0 1
otherwise the 1 1 0

outputis 0.

|
XNOR The outputis 1 _Input_ | Output

A

only when the two 0 0 1
inputs have the 1 0
same value,

d 1 0
otherwise the 1 ? 1
outputis 0.

FIG. 8. Classical single-bit and two-bit Boolean logic gates. For each gate, the
name, a short description, circuit ion, and i truth tables are
presented. The numerical values in the truth table correspond to the classical bit
values 0 and 1. Adapted from Ref. 171.

BAIJE: TEFREIT], (NENOT+ANDE I NANDEREH NOR, BIaJBESHEEMIOBEE, thanin
N 37

B.EF TR HIEFZIE]

B. Quantum logic gates used in quantum computers (EFiTEHANEIEI])

EFHEALE0T 1, X8R 0 1 NBINS. EFIIFEEEENNS, BIYNKIERE (AIF) |

1.E8Lb5I]

ETHSIOINSEmSHERETR (—MRAEK, HRE 0%, mikE 1S, HELNRESINGS, KW
HBURBRETRIRE)  REFIURIMEIAEHK CNREE M iEEERE. (FERATERE
WTARIINEIR. BEFS. BERr. BER. highfikie.
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MATF TRUTH
RE TABLE

GATE

| Identity-gate: 10 Input  Output
no rotation is Amf 1= (0 ]) 0) 0
performed. ) | g

m n

X gate: Input Output
rotates the X= (0 1) pu P!
qubit state by 10 oy I
n radians I 0)
(180°) about g
the x-axis.

Y gate: .
rotates the - Y= (0 -I) I"IDUt IOUtpUt
qubit state by i 0 10) iy
n radians " o)
(180°) about M
the y-axis.

Z gate: i
rotates the 7= (1 D) nput Output
qubit state by (=] 10} |0y
n radians i) -1y
(180°) about
the z-axis.

S gate:
rotates the 5= (1 Q") Input Output
ql:jbwtstate by % 0 e'z oy |0}
radians (90°) \ i
about the m et
z-axis.

T gate: Input Output
rotates the . T (1 ?”) Input Output
qubit state by - 0 els [0y o)
radians (45°) \ i1y
about the m e
z-axis.

H gate: Input Qutput
rotates the 1 11 \
qubit state by H= E 1 ]) ) [0} +11)
n radians (180°) V2
about an axis \
diagonal in the m |0) - [1)
x-z plane. This is V2
equivalent to an
X-gate followed
bya 7 rotation
about the y-axis.

Identity (18%]) @ Fhekk, KSR,

X )58 x HlEke 180°, Y [)5% yHliliEsk 180° {EAAEFHINOT ], iHItiR—Ftk.
Zi7]): GRzAmbEse180°, WIBEEARAL, ST, 5%z 4hhess 90°, T, SRZAHNEHE45°
HITJ: tHIURSIAISI], Sex-z3dAdihliede180°, AL MIIDBINIS. 1HtR—-RE.

2.3%Eb451]

WEFHAF TR MR AIEFILSEUE (— EFHUSIIRSSERZMA—, BMESFHE
KEX)
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CIRCUIT MATRIX TRUTH

GATE REPRESENTATION REPRESENTATION TABLE
Input Output
Controlled-NOT gate: 100 0 I
apply an X-gate to the 010 0 |00) 00)
target qubit if the CNOT=1 4 o 0 1 [01) |01)
control qubit is in state 0010 [10) 1)
I 1y o
C lled-ph Input Output
ontrolle -phase gate: — —_—
apply a Z-gate to the [1) ? g 8 |00} |00)
target qubit if the CPHASE=| o o | o [01) 101)
control qubitis in [10) 110)
state |1) 0 00 -1 s iy

CNOT ] (Z4=dF)

BiEHtEBRLE. BHtUFRORSAERRTR RS, RESEHIIRERE 1 i, A8 Ex
Ebis, =HIEbSR 0 Y, BirtbiEAZE.

BHEX (EHtkisEsr, BMER) @ 8 0000, 01—-01, 1011, 11510,
FRAELYYE! MINIEHIELES: (10>+[1>)12, FENEFIELE: | 0>, BIHERZAL ([00>+]11> )42
XRHEBIURMEDS, MNEFIVEBEISERBIEIARS, W EEMUENE ST,
HZENX
B EARKEHEMTESA. BN, XFEFRFA. BB REEEEN B

Hy,Hp. EEEFFTH [Vap), R V) = [Va) @ |Pp), W |Ty) E HyF
MR, |¥p)2 Hp IR,

R | ¥ 45) FEIDEN, NERMES, bAER, MRS |[Vy) @ (¥p), W
TEZA. BIEHELZE,
2 IFERfR
BMANER RO, BHMZBERMEAXS?
EFERFR ST, SHREISERSES MUSHERETS. MEINBELLFIIRSES.
CPHASE ] (24=#8{uI], Bl CZ17)
EFEEHMBERER NRO, EHAERCS T ERE,

REAEHIES BRI 10, FERREII— 0 8 (FRNELER, BamENSN
Fi¥)  BfbiERA%E.

BfE%: ®A 00-00, 01-01, 1010, 11—-11 (-MUFRBNEER) . (NBEREAL

1 CNOT [JREEAEER R (DOFIAN H JRkAT) o 1B H 55 ——
Ucnor = (I ® H)Ucprase(I @ H) (H{ WeERTB#RELSE, CPHASE 3508 CNOT)

3.EMINIE

EFRENERANERHE ”1%“*%"%;?%%] + —PMUENE L), B ESHAEEFE(F
(B#EShor Bik. VQEEIX) . XSLMEAIISE (NAND) RE. HEEMRMEFISE, BELSITR
BEMS.
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C.2H[ ]SS F IR

C. Comparing classical and quantum gates (FUERSXE)

(a) Classical NOT gate (b)

bD—B |!"-'l.:|'-l'l'l:::I X |r. I()u[:}

|'I-'-11'1:|;' ‘ |f-' 'out }
b E (1 h‘
b a
FIG. 11. Comparison of the classical inverter (NOT) gate and quantum bit flip (X)

gate. (a) The classical NOT gate that inverts the state of a classical bit. (b) The
quantum X gate, which flips the amplitudes of the two components of a quantum bit.

Quantum X gate

ZEANOT ] (B 11a) : BWA 0 1, B 15 0, MRKEHERIEE, RBEMMAEE.

EF X1 (B11b) : WA | 0> | 1>, B | 1> | 0>, EMRBAZEIS (Hen (]0>-
i|1>)12) , XIISBEESIFSHMRIE (B (|1>-1|0>)12) , NMREETE, EREBEFSAEN
="

KR 3 NMXH!

ai¥itE: FrEEF IR (KIEERERIEERIEMALKIERIE) |, #F Loy, (BL8[JRZA0]
1%, AND [Jii 0, I&EMEHINZ 00, 01382 10,

EBINSRE: EF]aCEERRENE, i H B | 0> TSNS, SHIREERE 0/ 1.

NWES: EFERANIFTEERREFILE] + —MIENEFILR], JrttSlifmaEAtE. &
HBEANREE—AH , BecsKHEEMEtE (BE— NAND [JsiseAE HATEIEEERIF) .

D.EBEFLUISI EE

D. Single-qubit gates ((EAERIZEALVIE])

BRI ORIk B R SR S I 2 F LSS,

1. RGBT

AN{aI BB RK R S8 F LU AYBESS?

BESEFLUEF (10 transmon) EBREMKIKTER, BORMKIKENEIIE FIUSHIESES.
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Valt Rw  Cq

room =
temperature  wiring on-chip

FIG. 12. Circuit diagram of capacitive coupling of a microwave drive line [characterized
by a time-dependent voltage V4f)] to a generic transmonlike superconducting qubit.

EORER FRIKER, AOREETHITH ERESE IS, REBIRE (Cy) BE5. UK
NS HRERT LRI Va(t), XN RERBESR SRR TR, R FHAOIRSIER.

2. hiEREA9SEI
BATIX, Y HEIMHERS?

(a) (b)
LO@ HAWG R o L e e e L
carrier| ! | Q basel-bandg _é
% A; pulses S
ﬂE|_| _. g
w s(t) <
° NoR Wawg .
Q‘I‘Q (c) 0} ime

%Til =W otWawe W'

to qubits L

FIG. 13. (a) Schematic of a typical qubit drive setup. A microwave source supplies
a high-frequency signal (e g), while an arbitrary waveform generator (AWG) sup-
plies a pulse-envelope (s(f)), sometimes with a low frequency component, e,
generated by the AWG. The 1Q-mixer combines the two signals to generate a
shaped waveform V() with a frequency wy = w0 Zwawe, typically resonant with
the qubit. (b) Example of how a gate sequence is translated into a waveform gener-
ated by the AWG. Colors indicate the { and Q components. (c) The action of a
X2 pulse on a |0} state to produce the | — i) = —"5 (|0} = i|1)) state.

13a: HURERGRIE | AHREES (LO) IBMEMER (30 5GHz) , (=R ALRE (AWG) 4h
FohEE (s(t), BHEOTRFAATIRR) | MEEY 1Q BINEES, ERERENRNEIT Vi(t), (
Wy = wro £ waweEZRNEFLE, a1 XY HRbEEE,

B 13b: BRAEETMET] : HAESCIIX 11, AWG 5L | Bisitohion; ST 1], 46 Q il
Gk (1 Q EMRIBMESSD R, TIRLX Y )

o L (FHE) ROBKAPRIRIX FTbEss

o QiEIE (EX) HIBKHIIRLYTbESR:

o BROBHOREITRHAE, BRI 180° HER, /2 BHSIAL 90° hiEk
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B 13c: BUGIF : — X, /28K (58 X it 90°) 1B | 0> TR ([0 > —i[l >)/v2 7, ik
AFER L MACHRAEE) T FREROEEES,
3.2l Z1]

REHIZ M)R5% 2 4hRONERE, IERTERMAVRIKEKS, BEMN Z AR . CEld i RERREKREHE
R3EH Z [ JRORER.

FE— Xo B (52 XHEE0) , BE—MBARE 1/2 B9 X BT, BEERATRMEST
Xo+ Zr + Xg", HEN Z, SEEM Z1].

Wb AL FREYMTE, RESERRET, BER/DE TSR decoherence (IBIET) | IREEHIZER,

N

4.The DRAG scheme
DRAG J5Z2BEfRIRBE It RIRIRR,

BSEFHIFRSBIRERS:E, T 0> | 1>, BF | 2>, |3>5EkR. WRAREKTRIER
BEAR, SAIVE | 1> SHAER | 2> & (XUiE) , SHEFITEHE.

14, 9 a-g tFE, B~ DRAG SFENFIESHE:

(a)

2E1 e, (b)_ g (ns)
c:I E] —%
E,———— E —2
o
) :
<
— -20 10 0 10 0
£ (c) Time (ns)
~
- : \
{ g
o
wS‘ Eq <
205 -025 0 025 05
Frequency (GHz)
(d) (e -
p}tim
s \
3 --Q
s
= - X
Ela o]
< |/ L\ \
0 10 20 30 40
(f) time (ns) (@)
=05 & [=1
=
&
B
£
<

0 10 20 30 40
time (ns)

FIG. 14. (a) Schematic leve! diagram of a weakly anharmonic transmon qubit subjected
to a drive at fransition frequency ey = e (b) Gaussian waveform with standard devi-
ation . (c) Fourier transform of (b) showing how the short pulse lengths lead fo a sig-
nificant overiap with the e}~ transition, separated from aq by the anhammonicity o
(d) Waveform of a X, pulse without DRAG modulation. (e) Effect of the waveform from
(d) on a qubit initialized in the |0) state with & = —200 MHz and @, = 4GHz. The
dephasing error is visible as a deviation from the |1} after the pulse. (f) Waveform of a
X pulse with DRAG modulation for a qubit with anharmonicity » = —200 MHz and
DRAG parameter A = 0.5 to cancel dephasing errors (see the text for details). (g)
Effect of the waveform from (f) on the same qubit as (e). Calculated using mesolve in
the software package QuTIP."

14a: transmon EFLUFIEERE, |0>— |1 > ABRRR w,, |1>— (2> AER w, + o (a2
A9, SCBREL wg 2N 200MHz)

B 14b. c: EERHIKTHBREEEE (B 1400=irikitE, #imEiE) 285 | 1>—2> 1
Eﬁj}_'_ﬁ_ﬁ (wq + a) 1 ( 14C E"J FFT I *ﬁiE%ﬁﬁ;ﬁz) 1 '%"éiﬂﬂ-i}l—':lﬁo

14d, e: {28 DRAG 9 X, kit (Bl 14d) , 2UEFEHRS | 1> (B 14e, HIMBLRE) .
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14f, g: | BEASHE%, QBENHESHE. 1T DRAG BkkH (B 14f, Q BEMTHKHIISE
IN) , BEHDELEERFEMIRE, EFSERIEE | 1> (B 14g) .

.
SERASHOAN: s(t) — {s(t) TS 35 scaling 85, oS0 5BF R EE

X-§(t)/a Qi
£, A = IBFRHR)

DRAGHIFIER : BIYEXBNFMIERSE (QEE) , IMAKTEEINSHI, HEESERIVEER,
WERURBR RIERTF | 0>— 1>, Al | 1>—|2>, IFEHNREEFLUES], A DRAG BIREERESX
2 99% LA k.

E.aliREEF USRI E F LU

E. The iSWAP two-qubit gate in tunable qubits (iSWAP [7])

WEFLIF IEER N EFSHEEIER, aEEEFLES (40 split transmon) BILUBIS VASRERSCI
XFEE{ER, ISWAP [J2ES—FhE RN,

iISWAP [Ja9%0y: HHRITHEEA

HERPEFHEFRUIEREE—E (HER) i, BISBdBESRaENA. MEFHF1&E | 1> 2
FLeE 2 7 | 0>, HRESTHREFIIF 11T | 0>, EFHE27E | 1>, BERSIN— i B98EG (FrLA
0l iISWAP)

HABGRE g (REMRAIE, gk, o) , HBEERE 5-40MHz, Zi%ATEEY 50-200ns,

IR, RN EFISETEHR IHERAERSURRIR) | FTUAREREIL Z M EMRER
R SRAYERI MBI,

E15EMER T iISWAP fUiR/EIdE:

(@) |10} « initial point
- final point

Frequency (GHz)

4.5—'\01') - \
|

i i ]
0.0 0.1 0.2 @dgypp 0.3 0.4
Magnetic flux, qubit 1 (®g)

b) (©)
m

T |flux o, ‘7-[4"'_ =Py — P
s} \-‘q ’I/

=<
-~ N
~ rd
- -

=7
- ~
e ~
~ e
~ -

=<
e =~
~ rd
“-__‘-“-”
/” -

=)
o
n
=

Magnetic flux, qubit 1 (@g) Probability

FIG. 15. (a) Spectrum of two transmon qubits (written in the combined basis as
|QB1, QB2}) as the local flux through the loop of qubit 1 is increased. The black/
dashed lines with arows indicate a typical flux trajectory to demonstrate operation
of ISWARP gate. (b) Probability of swapping into the |01) state as a function of
time and flux. The pulse sequence corresponds to preparing |10} and performing a
typical ISWAP operation (for a ime <). (c) Probabilities of [01) (black) and |10}
(gray) at @ = Digsp (white dashed line in (b)] as the time spent at the operating
paint (z) is increased. This simulation does not include any decay effects.

o [B15a: MAMAHEEFLLSAIEEE (MMEMR, WMEE IS 1 0HIE) . ROELRERF
il SSIEETFR 1 ERIME TS 2 iRk (Piswar &) |, ILEIISHREK, BERFRESR

BRRRE:


af://n316

1. V067 EFHR1E | 1> EFHWE 27 | 0> &1 10>) |, IEDIAw . we (Rt
i®)

2. VARGIE: MR E S 1 A9RGB, EUAERAw, (HRRPiswar)

3. THEHA . IR AL BIT R SBA3MEEE, [10>—|01>;

4. WESRER . BREAE, MECSIEIR, 5ok ISWAP 2(E;

o [E 15b: RIGZIEAYEFIIBIEZM . £ Piswap &b, BIRSFEHMERE (IUERIGERE
MNPy 1, RO SR NAVEE) .

o E15c: EEE Piswarkt, |01>F1 | 10> AOMERMEREER K. B 7/(29) B (g RABER
E) MRS | 01> 38Rk | 10>, LRI,

1 0 0 O
0 0 — 0 N e . =
Uiswap = o —i o ol BOERMR | 01> 5 | 10> F00- i 480z, EmkidiehEF S
0 0 0 1
FRREIMEN

0, = [(w, — w(t))dt, Bl BEHl 217 1Y, FBIRJREDS, B4 ISWAP + ETEEES TaA
B CNOT], EEEFEN, BrRISAT4hRL 10 Euks GHZ 44875,

F.AlEE S F USRI E FLLHS ]

F. The CPHASE two-qubit gate in tunable qubits (CPHASE |7J)

CPHASE [ JEC ISWAP [TEER, BRNERIRERERS (20.994) , THERIREE, sEERATEFH
. ENAEEFIUSHNESER (Fkan| 20>) SEISFMHRLAL

CPHASE [JRIIRE: @HBRRIAR

RESWNEFILREME | 1>7, B11>0, 2@ | 20 > RBERHERSXE m B, EfbiS
(100>, |01>, |10>) A=ZF0M,
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(a)

120} CPHASE |mt|a|p0|nt
10 « final pomt
11"
9L i) 0
[02; I
o |
£ 8 |
g [
= 7 |
o [
3 6r |
110) I iswap
5oy } /
ar . L~
0.0 01,f fo.2 T 0.3 0.4
- Depriase Piswap - .
(b) Magnetic flux, qubit 1 (@) Tl
9.6
Wy ===
LE4r === ==
e
= ¥
iy |
3 I
0k |
02} |
8.8 I .
0.15 Deprpse 0.2

Magnetic flux, qubit 1 (@)

FIG. 16. (a) Spectrum of two coupled fransmon qubits (using typical transmonlike
values for Josephson energies and capacitances) as the local magnetic flux for
qubit 1 is varied. The two lower branches coresponding to |01} and |10} are
involved in the iISYWAP gate operation at @ = dgyap. The avoided crossing indi-
cated in the black rectangle is used to implement the conditional phase gate
(CPHASE), at = ®¢pyage. The black line with arrows indicates a typical tra-
jectory used to implement a CPHASE gate (starting at the black circle and ending
at the gray circle). (b) Zoom in of the [20) « [11) avoided crossing highlighted in
the black box in (a) at @ = dgpyase. The parameter { quantifies the difference in
energy between |11) and [01) + |10} and £(t) is the frajectory in (®, t}-space.

16RIFIEINIIER, fEMNEF LA 1 AURLE

Bl 16a: @5EERK (|20>) BIREE, SHERZR | 11>F0 | 20>A98EK3IX , 2 CPHASE |JRIKiER
ER (PoprasE) -

111> 5 | 20 > WEERFERBGTERF (BEEZX) , M (01> [10> 558ERLHEE, BERAE
16b: FARLI@IITHERIXE, B | 11>H0 | 20 > BEERAER. BITRERNE IR 1 f0HE (48

ewt J

PadRE) | 1L | 11 >S5 | 20 > HMERFKRE | 20>, NTIEFERE— m 0981, BEtbSTEAEE
&,

EERER (120>) 2B, ALFREA, REETE
FKiFEARE,

ERAERRES | 11 > IMEAL, ERT ISWAP IR

UL N
1LEREFS, | 11> |01 >5F;
2. ERAEREIBE® cprase, FEMEITEE | 11> AR w BRI
3. BAERGE, FIREPL Z GBS RIMBNT;
1 0 0 O
- R N 01 0 O
4, BRRSCIRIIBAAIERE: Ucprase = 00 1 0 ] 11> 7500 - 1484,
0 0 0 -1
f:
1. 1REES: WERGAR 99.44% AL, BITEFMBEREBNBTERE (99%) , EANEEFT

Az,

2. JEEATEFHE: REREFHIEFESRER CPHASE ], BRIBEAEXEIMT 5 U
GHZ & (—ThZEFIFHETS) |, SEI 5 FESRS, &) Hubbard 22,
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G. 2B EFLLHSI]

G. Two-qubit gates using only microwaves

EEEFISHNIIREREE, SSINGERE, MEFKITAERER, EEEEMERE TS,
FIRRE.

1.CRI"]

CRI] (ZXIRD) BEEMEEFLLISHZCT (B 17) . CRIZERINABER AR,

CRIIJMIFE: BERRNIHRING, Ka— M EFUSRSIERS TR — IR, IR ESERFIEA
PNETFI, SEHEFIS 1 RS E TR 2 RObEE.

2 R,

(a) —~ — |11}
g T
-L-01
gZ - - |1O 12 101
2A12— |1D
coupler QB2 [00)
(C) lOHl:\U; (d) _¢|uul’¢‘|11ym
% \’(\_\\\ f/r?\’\\ Al
~ o LAY /s B
0 oy ©
] o N s A\ \V/ s |2
T oLl A N ~
z [emi=m g
S 1 A
=2 Q
2 0 2
g |—tod ©
Xzl { 0 i
0 100 200 0 100 200
Time (ns) Time (ns)

FIG. 17. (a) Schematic circuit diagram of two fixed frequency transmons coupled
through a resonator yielding an overall coupling coefficient g. Qubit 1 driven at the
frequency of qubit 2 leads to the CR gate. (b) Schematic level diagram of the
always-on coupling leading to dressed states |01) and |10) with A, = ) — w,.
(c) Simulations of the expectation values of () and {s,) for qubit 2 as a drive at
the frequency of qubit 2 is applied to qubit 1. The upper panel shows regular Rabi
oscillations when qubit 1 is in the |0) state. The bottom panel shows a modified
Rabi frequency when qubit 1 is in |1) state, in accordance with Eq. (134). (d)
Difference in angle in the (z, y) plane as a function of length of the applied drive to
qubit 1. At approximately 200 ns, a -phase shift has been acquired.

Bl 17a: MPEEEREFIFQBIFIQB2, BEELMIEIRFES (FRER) |, WaNEBFLLRF 1 R
BIERET B AU 2 AW, = we.

E17b: 8ERE , QB15 QB2 WEEREMEETERERHH, IKa) QB1 HIRIREIBEI MBS/ QB2
AR .

B 17c: EF08F 2 AUERMEA RV E , MNREFLUEF 17 | 0>, EFUIF 2 #EHE Rabi #85%; W0
REFUE 17T | 1>, KEIERET,

: QB2 i@ Rabi X% (SARQ)
. QB2 RHIERT A (U # Qo) XEEMHRS, %OE CRITHY

R,
17d: 1&im9 "IRENATIE)", AEH “QB2 7E (zy) FHIBEZE".
HBRIERERTIEIRS Y, £ 200ns B, FRREARI m, SCELCR[D, Ucr, = e 139:8%
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2.CR a9 SR A
BUHTTE:
o echo-CR: il w BkiFiHac-Stark #{u (IXZNSERILLRHIRRR) , (REERFE 0.93;
e aceCR (EaMHEE echo-CR) : INEWHMEHRRKH, REERFE 0.991;
v FH
o EESMERIRAIZO];
o AFEFME (4IENRSERGN) . EFNEFEY (FIFBUER) | HFEEtHE
(VQE EiXItHE Hz, LiH BEE)

3. Efth{N RSl

Other microwave-only gates
bSWAP, MAP, and RIPELf{i&I]: bSWAP, MAP. RIP

bSWAP [J: FJF | 00>7#] | 11 > ERIEKIE (BIESRERIEE) , BER-EUE, BEEUBIER
5.

MAP []: itEFLURESRESR (Fban | 12> 70 | 03>) ik, BEIFRIEF4E&HEM, RRER
BISHILECE SRER AR,

RIP[]: BNEFIFEREIR— MR, BILRIEIGIREKT, LB FHRHEREINSMIRATEN,
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FIG. 19. (a) Simplified schematic of a representative experimental setup used for
dispersive qubit readout. The resonator probe tone is generated, shaped and timed
using an arbitrary waveform generator (AWG), and sent down into the cryostat. The
reflected signal Sy is amplified, first in a parametric amplifier and then in a low-
noise HEMT amplifier, before it is downconverted using heterodyne mixing and
finally sampled in a digitizer. (b) Reflected magnitude |Sy;| and phase ¢ response
of the resonator with linewidth x, when the qubit is in its ground state |0) (blue) and
excited state |1} (red), separated with a frequency 2y/2m. (c) Comesponding com-
plex plane representation, where each point is composed of the in-plane Re[Sy1]
and quadrature Im[S;;] components. The highest state discrimination is obtained
when probing the resonator just in-between the two resonances, [dashed line in
(b)], thus maximizing the distance between the states.
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FIG. 21. Schematic of an I-Q mixer. A readout pulse at frequency wgo enters the
RF port, where it is equally split into two paths. A local oscillator at frequency o
enters the LO port, where it is equally split into two paths, one of which undergoes
a n/2-radian phase rotation. To perform analog modulation, the two signals in each
path are multiplied at a mixer, yielding the outputs /(f) and Q(f), each having fre-
quencies mgro*twmyp. (f) and Q(f) are then low-pass-filtered (time averaged) to
yield /g (t) and Qg () at the intermediate frequency wir = |wro — wyo|, and sub-
sequently digitized using an analog-to-digital (ADC) converter. If wr # 0, then digi-
tal signals lir[n] and Qie[n] are further digitally demodulated using digital signal
processing (DSP) techniques to extract the amplitude and phase of the readout
signal.
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(a)  ANALOG DEMOD. (b) DATA SAMPLING (c) DIGITAL SIGNAL PROCESSING (DSP)
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FIG. 22. Schematic of the heterodyne detection technique. (a) The signal with frequency gs from the cryostat is mixed with a carrier tone with frequency g, yielding two
quadratures at a down-converted intermediate frequency wmie = |@ro — o, and 90 out-of-phase with each other. (b) The two signals are passed into two different analog-
to-digital converter (ADC) channels. To avoid sampling the resonator transient, some readout delay (c.;) corresponding to the resonator linewidth may be added, and the two
signals are sampled for a time .. In this case, the white dots represent the sampled points. (c) The sampled traces are postprocessed and after some algebra, the sampled
data points are averaged into a single point in the (I, Q)-plane. To extract statistics of the readout performance, 1.e., single-shot readout fidelity, a large number of (I, Q)-records
are acquired, yielding a 2D-histogram, with a Gaussian distributed spread given by the noise acting on the signal.
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FIG. 23. (a) Qubit state distribution throughout the course of sampling the readout
signal in the presence of noise. The separation between the peaks (solid lines)
increases linearly in time, whereas the peak widths only increase as V1. Image
inspired by Clerk et al. ** The three black arrows represent line cuts for three sam-
pling times: (b) For short sampling time, the states are not separated, resulting in a
weak measurement (SNR < 1). (c) After a longer sampling time, the peaks starts
to get separated, (d) finally getfing fully resolved, resulting in a strong measurement
(SNR > 1)
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FIG. 24. (a) Circuit representation of the qubit (orange) coupled fo an environment
(blue) with a load resistor, Zy, via a capacitor C,. To study the decay rate, the
Josephson junction has been replaced with a current source, ((f). (b) By adding a
resonator (red) with frequency ¢, in-between the qubit and the 50 € environment,
we get the case found in a regular dispersive readout. (c) A Purcell-filter (green) is
added to the circuit, providing protection for the qubit, while allowing the resonator
field to decay fast in the environment. (d) Transmission spectrum of a Purcell filter
(dashed green), centered around the resonator frequency (red arrow), whereas the
qubit frequency (orange arrow) is far detuned.
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2. RAABUERK

(a) AMPLIFIER INPUT (b) MIXING PROCESSES (c) AMPLIFIER OUTPUT
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FIG. 25. Schematic illustration of a quantum-limited, phase-preserving parametric amplification process of a coherent input state, a,, = /i, + iQy. (a) The state is centered at
({kn}. {Qn)) and has a noise represented by the radii of the circles along the real and imaginary axes, respectively. (b) Scattering representation of parametric mixing, where
the signal and pump photons are interacting via a purely dispersive nonlinear medium. (c) In the case of phase-preserving amﬂpliﬁcaliun‘ both quadratures get amplified by a
factor +/G, while (in the ideal case) half a photon of noise gets added to the output distribution (blue). Image inspired by Flurin.”
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FIG. 26. Phase-sensitive parametric amplification. (a) In contrast fo the phase-
insensitive operation, phase-sensitive paramefric amplification allows us to sup-
press the noise along one axis. Consequently, the noise is added to the other quad-
rature. (b} Voltage gain as a function of pump-phase angle, in which the
amplification depends on the phase of the pump, providing either amplification or
de-amplification of the quadrature voltage.
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4. AZRZRSEIIKER (JPA)
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FIG. 27. Circuit schematics and pump schemes of a Josephson parametric ampli-
fier. (a) The device consists of a quarter-wavelength resonator (blue), represented
as lumped elements, shorted to ground via a Kerr-nonlinearity consisting of two par-
allel Josephson junctions {orange) forming a SQUID. The pump (red) can be applied
in two ways; (b) either by modulating the current through the junctions (four-wave
mixing) at the resonant frequency, @, == ey, or (c) by modulating the ac-flux @,
around a static DC-flux point dy. using a separate fast-flux line (three-wave mixing).
The flux pump is applied at twice the resonance frequency, wy, = 2c,.
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5.17RSEHIARE (TWPA)

(a) Josephson traveling wave parametric amplifier (JTWPA)
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FIG. 28. (a) Simplified circuit representation of a Josephson traveling wave para-
metric amplifier (JTWPA). The characteristic impedance for each unit cell is set by
the in-line Josephson inductor, L, (orange) and the shunt capaciter, C (blue). A res-
onant LC-circuit (red) is used to phase match the four-wave amplification process.
(b) Schematic of how the signal gets amplified in each unit cell as it propagates
through the device. (c) Gain vs frequency for a JTWPA, with and without the reso-
nant phase matching (RPM). (d) Dispersion relation of the TWPA, where the LC-
resonators collectively open up a stopband at the resonant frequency. By applying
the pump close to this frequency, the wave vector of the pump can be set to obtain
a phase-matching. The optimal pump frequency depends on the pump power, as
indicated in the inset. Image courtesy of Kevin O'Brien. ™ **
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A: EFIBX

(Quantum Annealing)
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Quantum Error Correction
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