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HBSETFIRE:
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o JE&ME (Anharmonicity) : BERBIERH P, FFHEERES (hwoi #F hwie) . LASEDA]FRSSESAR
woy ERERMEE {|0), 1)} HE==E,
2.1.2 HBRHRE

AR ER LR FARBRAIZE (0) 7 | 1) (U ASRFESIa0R, MARSINIEE T — — B XTREE (Josephson
Junction) . ZBHRRBSA-BSABSE (SIS) SIHAGH. LAEEA LC BEREIEEE (\E
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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 b, referencing the ground as zero. (b) Energy potential for
the QHO, where energy levels are equidistantly spaced fiw, 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 ficag,, which is different than ficos,.
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2.1.3 transmon

BHEFBSEFLR (%0 Cooper-pair box) XIIMEARRIEBIEEIREHR, HREMIHINRNSSEUFEREIZY
R, WARFEIE, FETHREDEEMELIA. ARRAX—ER, MEFRELNSRIREN R FIKT—1ABE
Cy (RRFEBSHEE C)) |, NEETRENRBTIEEE Ec. THE E; > Ec (8% E;/Ec ~ 50-
100) ROREIRBIRXT, BEERENEERIKTSIENEGIESEHENG, BTERA THNER, XML
BEAD MY RIESE SR, R Transmon (Transmission line shunted plasma oscillation qubit)
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Transmon BI= Kt
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B, NEEEFEFE (W0 FPGA) FUTHERI HRFRIL T RapIBTFrIEEN.
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B) , BiZARkECEBIAIRIREIEEMETE {(0), [1) } iTE=E, B3R (1) — [2) i,

o IEHISRERRAYFIRE: TIFERNDIMEISRETE 3-6 GHz, TREBMEINETIVAIRIBEMERRN, TEESRHKRAN
2 HETSTTRMG SHRURIERR,  RIERHME 7 B84 T2 T,
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2.1.4.1 IGFMERMHA?

IREMRE (Hamiltonian, f3 H %£7) B—OERE: THERTFHFBEMARG SR IEEEAR, 21
FH: DEEE -oM8E + BRE. BT NFE: IRERE - RANSRERN. ERHAIESITH.

BHETHASKHAR (REER) © BRENATRESAEELAE Hy = By, BHRINEEAEE
Ey, E1, E; ... RRBEATFEFENEMNEER. REAERSSNIIEBTE (K wo = (E1— Eo)/h
~ 5 GHz) . [RBEIREWE, ©RIEMAMERIMKEREEHIME.

ESEFIUME (SHitE) - EEEsEnROR Y = Hy, iR REREEERE T B F SR
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WEKATE), HesksHE SR Bt (X |]) S8 (Hadamard |J) .
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EHESEFITES, LCIERE (FIRIEIRES) BRI ANERWRTF KRR, SEBIRZALBREF L, FRE
BESHTHE RHSHAESIEEMAOSE) Bkt iBETESHMIEFREMAZART M5 IRET.

L ESHERR: EREERRA LIRS
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o FXURT > BER O (MBS ¢) : SEHEURERIER, RGBTV — &,
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H=% + & =4En’ + L E1?
Sk B — £ pmmysss, Fr— (L) L hamse,
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H=4Ech® + L Erp?
X SRR — SR TIIRT (QHO) BEMR H = £ + Lmw?2’ fratee—§. BeRE—:
o ZWER - > 4Ec

ST S SEcE
o BRI W, = LIk - L

3. Bt SReREta

J 7 ENUEIHEBIREE S O T, SIN EREM o 5 e ol
H= ho, (afa+ 1)

KEYSNRIEEEIS SR, 1BRIRIAERER Y-

E,=(m+ %), m=0,1,2,..

o JMINGEEBRED: ZEEBERIENNRSASREIRS Vy(t) i, SEREIRETS I NG FId(t) x a+at, BFE
TEHRAE PR BB F
ZUEXSKA
o PARELMEFEILES: LCEBIRAIBERE FRSEIE N (AF = hw,) , GUKETSS | AEEETmISEMEE
Fttie, FELRFELEZERTRL (Transmon) K5I NI,

o BIRIFMEIERIR: SRTEEALURE, Bzt LCOERIEEBIREFEMIF (cQED) FEAATHERN
EFEL% (Bus) *5* BEIZENE (Readout Cavity) , TIRTHEEFHSHRSUESHEEE,

Fl14  (a) Zetkiphe Prufoniild (b) Zethiadi Treddhimr s

5

(a) ¢ (b)

P15  (a) Transmon &t J-LEF§F % k2P (b) Transmon i §- LR HES: 85 Fy 73 25 P



2.1.4.3 Transmon BIBERSEIR?

Transmon FWIREMBE—MNRREEHEK—MIBRREMAL (WE a Fix) .« HIGEIEREERE e (FREE
BE) + 388 (LUBKAREENERS) "RIZA:

H,=4Ecn? — Ejcos $
Hrh Ec J7eEgE, B RABRIFEEHEE.
1. BEERF SRR

ZEREES A EMEEERIIN S EREL (Mathieu Functions) , RBHIERIEHEITRE. {EHF Transmon
TYEE E; > Eo WREIESIRK (IBAECER/N) |, TERZERERD (¢ ~ 0) EFEINMIN:

52 ~4
cosprl— L+ 5

2!

RNIABARB RIS AFHERS -

o EIREFR (DRF) : 4Eon? + 1E,0?, SREERHIRE w, ~ LI

o JREMRIRIR (HUMIR) - —%cfo‘*, IZINEESF T 7 H0MD S5 TR AR R I,
2. R AR S AF BT
FA—MRELICXS LIRS ZIRERAE, SEIAERER £y, ROEURRTHE:
En~—E;++8E;Ec (m+ %) — £2(6m? + 6m + 3)
R AR RSP > B BRI T A R -
homms1 = Emi1 — B ~ V8E;Ec — (m+1)E¢
BB RAERERIT :

o HEREIE (|0) - (1)) : hwn ~ V8E;Ec— Ec

o HHREERIGE (|1) — (2)) @ hwie~ V8E;Ec—2EC
3. 3E&ME (Anharmonicity) EY¥IIEEN
FIMESBERITATRAE (AR AR GH BIHESY o

Ec

@ = Wiz —Wer =~ — "

o BBRAFIE: BTRIFEM a~ —Eo BFE, wiz twe 7% 100-300 MHz,

o [EEWEER: SERABAEN wor RIGIREKPIKEIRSRS, FBIIERS wis FEXKIE (Detuned) , TiFFER
1) — [2) BRE, MTIRIIEEAZRHIE {(0), 1)} “HitEF=EN,

2.2 EFLESRIMAL

transmon LSRR, EFXRZSFERRNFEMNY: BLRSFEEMRIS, FLEREES RN
Eeks. X—UHEFIUSIARE, BEMEN, IEEEBETINE, RIEEFIIMEE,
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(a) Symmetric transmon (c) Asymmetric transmon (e) C-shunted Flux qubit (g) C-shunted Fluxonium

(b) (d) (f) (h)
_8Em=o36mz .. _ _° T
= N
N |gm=15GHz w| N T 56l
56 © o6 86
> | > g 9
o 2 g 5
g4 <4 S 4 a4
S 3 = 5
g g g g
x 2 0 2 2 — Wy w2
""" Wis

0 0 0 0
- -T2 0 /2 T -T -T2 0 /2 T - -T2 0 /2 T -T -T2 0 2 iy
Magnetic flux bias, @y Magnetic flux bias, @, Magnetic flux bias, @gy; Magnetic flux bias, @y

FIG. 2. Modular qubit circuit representations for capacitively shunted qubit modalities [orange box Fio. 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 dy. (a) and (b) Symmetric transmon qubit, with Josephson energy E, is shunted with a capacitor yielding
a charging energy Ec. (c) and (d) Asymmetric transmon qubit, with junction asymmetry y = Ej» /Ejy = 2.5. (€) 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.

H2 HE (o o e g) BRTIMERESATRRTISOBEEN, TH (b, d. f. h) AHTIIRI0ERE
FESREREYMITRETE D v, BOVIRTHALE,
o L SMIRGERE oy
o W BOER (GHo) . RS NESHER wo ((0) — 1) , ARENE—SESTERE v (
1) —12) .
o BUIEIT: FBEEEENH IHEEYE (0= wi —wo) . RERARE ST SR AR T,
EREEAORRED (T£BRh) TR BEBESERAT (Sweet Spot) , BERMYEE 220 ~ 0, HW—MHGERARE, 18
FRIAEK,

4

@ ¥I#¥RAJif Transmon (Symmetric Split Transmon)

o HERIE (B 2a) :

Ie; 57
P13 ST T ds stk
o FELE Transmon WEIEABIENHER MERNBRRE (I 186) MANASHE——BReSEF TS
{% (DC-SQUID) . BITIREEHITMNELE Coxe RERMBIRIBSAANIE, TMEHMIBRFEE £ (Pext) B
L
I = 1.5sinp; + I sin ps
ITFHBRTREN, TEHE 02 — o1 = Tt MRERT (In = Lo = 1) , FIBMELRKER
HBSER:
I=2I.cos (%Z“) sin (901 + %;"“)
X RIS S BB RAREE S



I/(®ext) = 21, | cos (g )

HNIMRLERIER B £ 0 ~ 2B ZIaEiE, N EERERIERE (B 2b) .
BEIEISHE (& 2b) :

BEE 2REIAEME, IEEEEAR (w2 <wor, ar —E.) . BF o NEIHEENER (29 —200 ~
—300 MHz) , EiFEEHIFNBEEESES DRAG (Derivative Removal by Adiabatic Gate) {RGEBKFHIALAIN
(1) — |2) Bttt AFHBRERGCIENEES, BiECEdESHENHIBE MR8,

! E}((I)ext)ZQEJ‘COS(W%m)‘

0

@ AXFRAE Transmon (Asymmetric Split Transmon)

Bigit (B 2c) :

NEREXIFR Transmon AR B IRE S EBURAIEPE, % SQUID MREBHRNERITARRRY (B4
SIFREL v = Lo/ Ic1 = 2.5)

CIETHE (B 2d) :

FHRABRREERIMERTB NRIEE, MERETRER ~ (v — 1)E . EEHERRBELTFE (IR
EESOEIKERS GHz ) |, KIERMET %ﬁ’; RIRIZR, BN T OB ERREN, FRET T SERAT
MSTERRES.

@ BB L TELIELLS (C-shunted Flux Qubit)

Bigit (B 2e)

REA—NELERFRESHRABRKERE (7C) MBS, FEYMNTERRESRHTOR. HBEEEE
BINHHE, ESSHASHEIMNSHRIIRE $ SIFER TR RS BN,

BEIRAE (B 2f) -

EFERER (Poxt = /2 M, BI £0.5P¢) , wor HIVFEMIEERRNR, B iSRS
IFE (w12 > wor, o> 0) . [EFEEMHEESEIKTIIMES, RAMETH |2) SitFiIIEE,

@ BB RHEIBEF (C-shunted Fluxonium)

Bzt (B 2g) :

H—NNERABERFREN— B+ E LB/ KREERABEERES (Superinductance Array) 3R
Bk, SMNEBEDR. BEBRE TIRANZHEBREISEHEIERE, MRER T ERMBSTIEIERS
FETATIRRS .,

BEIBISIE (B 2h)

o BAIEFEEN: TFHMBRER (£7/2) &, wn &TREES (BERB/LE MHz £ 1-2
GHz) , MM wio #EFERI GHz Z £ (w12 > wo) . EYMRGRRIIEAREIEYE, ASERRERtR.

o BIETFHE: HESKRMEFHBEREEENNTEEBRERF, N ERENRERER, &5
BERERTRS MR B IR BB RANER W (EUVRETHE) , ERANESRESEEF I
BREERNGRE.

2.3 EFIUISHEHEER
BT ZAEXBESIHE?

BNSEER, EATIHE——BILEZ @i EUE, XHFERS, X—HEEHRMMESTI0: BES
BEBERHES.
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(@) Direct capacitive coupling

g1z
Vi Vs
Cq
Iex 5] Iz G

[ ¢ 52
le C: _L Lr% Cr_l_ G2

(c) Direct inductive coupling

I Mi3 I
e
leadl @ 3L L¢ © Hle
¢e1 ¢'.~e2

(d) Inductive cou pllng via coupler

Mzc
lex @ A ez
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 ¥y 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,;. (d)
Inductive coupling via mutual inductances M- and M. to a frequency-tunable
coupler.

1. BE#ES——HBiE

ERNCHIESRZABR— MBS (WBEEE)  BREBERES. (FRRIA T SEETRRE: itk
HARL. WEBR|0), BaFEMAR|0). BR (1), eEHA aFEZfo“SZF“ (SEIRLHZE] ISWAP [JRIE
fit}) .

o (a) HIZEEIES (Direct capacitive coupling) : WNEFLUFNBEETR (Vi1 V,) 2 EBEEE—E
AEE Oy, —MUSHERNE) (BBESMH) B C) FBBERER— I b, SIS EnEE/ER.

o (b) BiIIESEERIBEIES (Capacitive coupling via coupler) : ﬂ’ﬂ'/\tUHTE?%*EL, MENIEEES
BEAEEE— MRS, B ATIBRSBINSHR IEEFHR MRS SRE, Ree R IEREITAILL
FHBESCIES,

2. GRS ——WHin

UM REIE—R, BHERES. (FRERTRRS, RAMMNUSERA [1) foBRmMEz: tan
BNLSERR (1), RRERE—1 7 18, ESZ*’WLU, (EEEET VA

e (c) EEE@%E“ (Direct inductive coupling) : BNEFLURFIESIARE (BE L. Lo) ZEBIER
Mi> #8&. BR L. Lo, . b2 SFBE. —MUSHBERIKS (HEA5K) S8 M Bi5EE
BB, *EME_EJ’E%O

o (d) EdESERAEBEMES (Inductive coupling via coupler) : B NMURRBIIHEEEE (FTUBEXRZE
I.. TOGNEBREE o) TBIEERE, FIBER M o. Moo EBEHEHER. BEERAET, ERIEF X
EERNMUSIEERE, ERAENEFRIERK.



2.4 1EE5EBEF
ZbaEE: AHALEFISHXAE? MESIMETFIE? (IEE52E. Bloch-Redfield 8, 1/f IREEE RS
B, LARSHESEIESINHIRIA)
2.4.1 EERYSEEY
o ZRHFIFFE (Systematic noise) : LLUN4E qubit Z—MLEEEE 180° BURUKEKS, (BEFTREIRELF, LR
7 178°, BIRERE 2°, IXRIEE BEBUE.

 FEHLEER (Stochastic noise) : I=HI&ERERIBIRARFELIFHENERS (FBEREHEE) , &6 qubit FERIE
BRREA/INEETEM. BEERBE—T, S qubit SERELM. BRA—H, HEE, ERTHIRITEEISE

e
N

1Mo

o [EFSIBE & qubit SURE: 12FGREIETHAIAN, qubit BURETS qubit ISEFMIEEAIKTL.
2.4.2 IZEBEIETEIR

IRFSREAFE qubit £9? F Bloch kF Bloch-Redfield 188, MBRRIZEEALL qubit E(ER.
1. THigHFEK

o Jbi%: qubit A0 " (|0)) ; EEtR: qubit B "1 &" ([1)) ;

o FRE: qubit {9 "B, i —4EIE, —HETHE" (%(|0>+ 11)))

o BRERERHA, qubit FURZSRBEH; HKUEPERERE, qubit BIREMT . tbanskhuly (SE2FAIER (0)
ERZ (1)) , XHERESHAEET.

(a)  Bloch sphere (b)Longitudinal relaxation (c) Pure dephasing (d) Transverse relaxation
o AaA=  Longitudinal i
Z (Longitudinal) z z noise z
0 0 0 0
!‘> W) = cr|0) + B[1) “ Pure L} D
" Excitation " 1o, Relaxation  Dephasing " Decoherence L
] 3 r1 1 :I '.‘ M Iy \‘ r2 ‘.‘
R - | i v R | 5 ' - 1 . '
S T ey - -~ m) S o ¥ ——y
- T/(Transverse) T A = e
X A X \ 4 Transverse X EP A X A
(Transverse) " A N/ noise p e v
- Transverse y.- - st
[ noise [ 1Y 1Y

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state |i¥) = « |0) + /|1). The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to &, terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to a,
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 fransitions |0) < |1). A qubit in-state |1} emits energy to the environment and relaxes to |0) with a rate Ty (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 << fiwg, 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'y /2 + I, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state (1/1/2)(|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 &5

XAMERUBEAET SR =RMIER, I8 Bloch Bk HEFL=TIaM, SREBIIRRIRAGXE, B 48 (b)od) HEIE
TIX=FIER,
(1) 4\ relaxation (B (b)) : qubit AESEE |1) IEALEMEAING (BEREES. ABRIN) , ERNTLS
0, RANTIRAOBNEREO Th, (B Ty = 85us, B qubit M 1) 3 [0), BEEFI 1/e AMEE 85 47))

o HETFL: (1) — |0) (BEEN, SEN, EAEENERLERES) |

o BETHL: |0) - |1) (ERRK, BON, ENEETNRSESOMERE qubit) |
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(2) £ dephasing (B4 (c)) : qubitj&E#EE (ER [0) F [1) K9BIN) , ESNSHIERELT. FRAR (0)
+ (1), %Rk 0) +i[1), BERL (0) — |1), BESZEHANBEEN, SELEREL B &,

FRRHNEERE (FCanBiBIER) ik qubit SRERELEL, BIRSHEANES ((0) 0 (1)) ReDEEA—H, BIEHAR
£7. 4 dephasing AZ8E8 (BiLAE/RER, R ET#N) , REBEMAELTY, TLARBKHERREHEE,

(3) t&n relaxation (B 4 (d)) : S EEREISIIZER.

T, RELBETERE, £F 1) SEWRELINL T, SEE0EMEE, ARE1/Ty =1/(2T) + 1/T, (4
Ty = 85us, T, AT4ERE Pps) .

o s MAREL (T,) , SEMERET &L

o Kt BB (T1) , BEANTRERIEEI RS

o R SEkEMEENYT B, RRMEEKPL, BERES.
2.4.3 1/fIg/E

RUERE T . T, EBRIEEE=A (FikGEEEEREER) « ERhE—ENERAEN 1/f 185, 1L "Ik
180" (ARECERERETER)  XMMEAIREREEA.

3 qubit BIFNE: 1/f BERANZ, T BRAREES%, MESHHME (KI8ER) .
TEREN T 70T, RERER, W ERINARNESE:

(a) .
[0)F ——— Fit, T, = 85us v s L 100" Fit, T2 = 120ps . N
~ Flad . -_t_'_-r-"‘.
[ ot
° o
o:“.‘.: . ’,‘—.’./lo'. :
* .# ., ;. .
-..‘ o (a4
Lo .,.5’
b Xn Reaglout o X n X
rs ) - n/2 /2
S Relaxation: T ¥ P Echo: /2 § t/2
[ = > t ,6‘ - == t
ILire )¢
0 50 100 150 200 250 0 50 100 150 200 250
Time (us) Time (us)
(d)
10} . ---- Ramsey fit
H a 1 —— Without oscillatory comp
—— Gaussian comp, T4, s = 98us
Exp comp, 2T, = 170us
l“m", ''''''''''
: e
ity
IR IR
"o
? ’ ? Ramsey: [«
|1, t 1)
0 20 40 60 80 100 0 50 100 150 200
Time (us) Time (us)

o El(a)l T}: %5 qubit & Xmikidh (GLEM [0) — [1) , FETUEBEFUERES, SRERHTE, HadH
T, = 85us (1/eka&4t)

o E(b)WTy; (RINBMSERRYT2) © B Ramsey T, &M Xn/2 fkif, HiEERE 7, ERERZ=
W, FERR, EH Ty = 95us,

e B(OWTYE (EMTIOETIEREN To) © A Hahn @, 7ERAS Xm/2 Shighn—4> Xm ki (B4 TES
1860 | HEIE, WA TE = 120ps (t Ty K, HBBRETERD 1/ 185) .

o [E (d) pERRERR: BE 5 (b) NEIRIFAIEEED (T, 82 s (1/fIREFESE) |, mANImRERNI
I SSCIOEERE, 5088 1/f IRERSCL ISR T,


af://n386

2.4.4 ERRIEFEGIF

1. E75IER (Charge noise) —— BTl ERESTENY NBATIR (ERBHRE. SEBHEOR
) | ERATIB/RBEKRBEE. EELT) 3G (BSRIIE) ; FIE qubit 9 Ey/Ec REA (transmon i&fH
1), ERILT, THE (A .

2. EEIERE (Flux noise) ——RIBilEN: qubit REAVEIE (RMESSF. SEFREAIIREXTEF) 8
KB, SHEERZR. £ELET, T (BEL) [ BARZREIELE Split Transmon IXSEEESREARY
qubit STERFELER.

3. % F&iBEa (Photon number fluctuations) ——#KFHE: qubit FDANEHIEIRIEERKELT (M
EIRERAIMRE. BEARTTERGT) | ATHEEBRESED, LT, TE (BfEl)  BATHEl
Sk qubit SIE(BRIRE.
4. ##IF (Quasiparticles) ——FBEEBRVRE: BSAHHENRENET (EFEBSEETRXIN,
FRBENET) , UHHAR. BT, LT T (RREHE) , EAERTFSEE qubit EEE, 1FF
gELL qubit IRBEZISHER.

2.5 SFLbiFEH

XERIERE=ERARABZ—. AEHNTRISESE IS, NKEZENEMHRE, BLEREFIRS
RIBEMEHITTIE.

2.5.1 ZETENPRIHREZE]

ZHIRS: FEATREBRNSEAFINEERIMER, HIBBRAT, XBEFARF. NEEMRILSETE, #
RARIEIMNESEE, NERESREETEMNEF IHTHE.

CIRCUIT
SYMBOL

TRUTHTABLE

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

Input Output

0 1
1 0

Input QOutput
AND The outputis 1

only when both g ? g
inputsare 1,

otherwise the 1T 0 0
outputis 0. 1 1 1

Input Output
OR  Theoutputis 0

only when both 0 0 0
inputs are 0, 0

otherwise the 1T 0 1
outputis 1. 1 1 1

Input Qutput

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

Input Qutput

NOR The outputis 1 0o 0 1
only when both
N 0 1 0
inputs are 0,
otherwise the 1 0 0
outputis 0. 1 1 0

. Input Qutput
XOR Theoutputis 1 — | =——

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

outputis 0.

|
XNOR The outputis 1 _nput_ | Output

A

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

. 1 0
otherwise the 1 ? T
outputis 0.

FIG. 8, Classical single-bit and twe-bit Boolean logic gates. For each gate, the
name, a short iption, 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
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BANE: THATEI], (NFE NOT+AND, EEASRAY NAND, =iEiMA NOR, BPEIBEHESA/RIBIE, thalimx,
Fx.

2.5.2 EFitEHHRREFEE]
BTLURARLE ORI 1, FAER 070 1 MBS, BFIBHRRENS, BI9N KERME (W) .
BLURS HRME, ST EUSTEMSH CRNERIR(E, AIREEMER ECHAARZ:

H X Y Z S T st T Ry Ry R,
{0 1] [0 _i} [1 0 } {1 0] 1 @ [1 0} 1 0 cos¥  —ising]|[cos§ —sing {1 0}
. . 1+i . 1—3 .
1 0ff|ILz O 0 —1][0 ¢[|||0 7 0 —i]|[|0 -1 —isin % cos 2 sin % cos g 0 e

WSS R, BESERREE (BT %z T”ngf}"*‘ (EREFRERIER )

sl &l
NI

X CZ CPhase CCPhase

AN I IR

B

1 1 0 1 0
H=¥2 X = Y= ("
1 —1 1 0 1
e 1 0
- 0 eiw/4
R cos% —isin% R cosg —sin% R — (1 0)
! —jsin £ cos% Y sin% cos% T 0 et

I 0 I 0
CNO (0 X)’ ¢ (o Z

1. BBLEHS]

BFHSIORSHEMSHRER (—MRAEK, tRE 0%, BiE 1S, BNELNRESIS, RRSNZRET
ERIRE) . BEFIRIHMRImEHK ENREE MlEREEAE. TERREEN T ARIINETR, BT
S, BlERR. BIER. ighikigie.
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GATE uIT TRUTH
BAlE REPRESENTATION REPRESENTATIO TABLE

| Identity-gate: 10 Input Qutput
no rotation is 4@7 I= (0 ]) o) 0
performed. 10) [0}
m o
X gate:

Input  Qutput
rotates the ) Py P

#
>
I
—_—
- o
o -

qubit state by |0) 1)
n radians 3

(180°) about m [0)
the x-axis.

Y gate:
rotates the Y= (0 *i) Input Output
qubit state by i 0 10) i
n radians n i[0)
(180°) about D
the y-axis.

Z gate: I
rotates the 7= (1 0) nput Output
qubit state by 0 -1 10y o)

n radians 1) -1y
(180°) about
the z-axis.

S gate:
rotates the 5= (1 ‘?n) Input Qutput
qubit state by & 0 el o) o)
radians (90°) [ el 3”
about the /
z-axis.

T gate: Input Output
rotates the T= (] ?") put Output
qubit state by T 0 e 10) |0}
radians (45°) 3 iy
about the m ey
z-axis.

H gate: Input  Output
rotates the L A \
qubit state by _._ H= vz (-‘ 1 [0} Jo)+]1)
n radians (180%) V2
about an axis \
diagonal in the 0 Joy-[1)
x-z plane. This is V2

equivalent to an
X-gate followed
bya 7 rotation
about the y-axis.

* Identity (1B%I]) : FhgdE, IKEFZE.

o XIJ: 5% xihbiEs 180°, EAEFAINOTI(], iHtHR — FEtk.

o YIJ: %y HhiEEs 180°,

o ZIJ: %z ihhEk 180°, MBIESHE(L,

* SIJ: %Rz HhEE 90°,

o TIJ: %z ek 45°,

HIJ (I8EI81]) : 48 x-z JIFRHHESE 180°, B NIITBINR, 1Rk — FRE.
B INS/NIER HF T, Bin—MWEERH] CNOT, sl LASSEEE— 1SS,

=3 (0)

RIAIDI): 0 5E X HMIEAM [+), BFEE (10) + [1))/2XAN A0, 1 558 X #itRrsE |—), BHe (|0)
— [1))/2 X471, FBRIXEIIRILINERIZ [—) FEN |+) BEARR. JUILHESE xz JR5iniess 180°,




1 0
T= (0 ez’w/é‘)

TIIRR 0 BAZE, 1 EAEMN 45° 4802, 5 Z MidRdstiEn) 45 B (TEERGFENRAMREE) .
2. JRELHSI]
WEFLUF IRELLR MR NEFIAETEHE (—EFURIPRSSERMAS—, BESFHBXE) .

X CIRCUIT MATRIX TRUTH
GATE REPRESENTATION REPRESENTATION TABLE
Input Output
Controlled-NOT gate: 10 00
apply an X-gate to the 0100 |00) |00)
target qubit if the CNOT=1 4 o o 1 |0T) 07)
control qubit is in state 00 1 0 [10) [11)
B 1y [10)
c led-on Input Output
ontrolle -phase gate:

apply a Z-gate to the g] ? g g |00) |00)
target qubit if the CPHASE=[ 0 o 7 o |07) 01)
control qubit is in 7 00 0 -1 [10) |10)
state |1) 111) -|11)

CNOT ] (4=dF1]) : BFItFMBRtLss, EHtIRNERERSEIEBRS. RESEFItE 1 19,
ZEBE BRI IR R 0 RS, BfRtISAR. BER (BRI, BinERE) WA 0000, 01-01,
10-11, 1110,

Ber=aEalgE: MRS (10) + (1)) /V2. BfRts (0), MHERER (100) + |11))/V2, XEHBI/RLY
S, MPEFIUSBHIRIERAIRZAVATS. W R ERENIIT.

HFEEN
BR—EAFREHR N FEFA, BFTEMN, XWNFREFA. BIBRAFETELSA

Hy,Hp. BEGEFETAH (Vap), R |Vap) = |Va) @ |PUp), W |Ty) 2 Hy &+
KRz, V)2 Hp Bhi0RE.

R |V ) FEIDER, WESRLUES, ek, MESTESH [U,) ® (), U
FRFA. BIEELIE.

10 0 O
CNOT — 01 0O
0 0 0 1
0 010

CNOT [ YRR TUEEEA, EANEWELEE T, BN 00, 01, 10, 11, FJLAKTE 10 B9RHEEE 11, 11 A9AHZ
i 10, EREE— AT ——EREFIE R 1, B BirtikiE, WS IR ealERIEE T,
224,




i Iz ES

T
cNOT (0 )0() ESBIES T 1 BRET X
I 0 . _
cz (0 Z) IS 1 BT Z
SWAP ST CNOT + &/ HEASH

AL R SRR S A R X, 7.

IFERE. WARR RO, BHMZBERMEZX? —EF HRMFIR SRR, SR
LENIFHIERE . SERRIERRIVISHIER ST,

CPHASE ] (SR, B CZ]) : EHAEHMERER N, EHAIBRSTERR, RAESEGE
FRNBTRECRFER N 1 Y, AR BRIEII— n B (FRNEER, BaWENEHNTY) | BEibERAE.
B{g#&: WA 00-00, 0101, 10-10, 11—-11 (-1 {LFRBELEER) | (XSERENL

1 CNOT [JBEEAEER R (D0 H IJ#4T) @ Uonor = (I Q H)Ucphase(I ® H) (H I WERTFBRILEE,
CPHASE &0 CNOT)

3. iBAINE

EFHBENBANETHE "TRREFIET] + —MUENEFILRE]", AITASHATEEFRE (BfF Shor &
ik, VQEEX) . XELHEBERAIIE (NAND) AE. MUEMNHRHEFISHE, BILHITRAREME.

2.5.3 KH[ISEFILLER

(a) Classical NOT gate (b) Quantum X gate

b -DJ- B | {':Ji” } X | rr';'lliill.l[.}

|T."-1j1:|,l:' ‘ | out }
b B (1l b
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.
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temperature  wiring on-chip

FIG. 12. Circuit diagram of capacitive coupling of a microwave drive line [characterized
by a time-dependent voltage V{f)] to a generic transmonlike superconducting qubit.
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FIG. 13. (a) Schematic of a typical qubit drive setup. A microwave source supplies
a high-frequency signal (wg), while an arbitrary waveform generator (AWG) sup-
plies a pulse-envelope (s(f)), sometimes with a low frequency component, wawe,
generated by the AWG. The IQ-mixer combines the two signals to generate a
shaped waveform V4{f) with a frequency wy = w0 = wawe, typically resonant with
the qubit. (b) Example of how a gate sequence is translated info 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) = —15 (|0} —i|1}) state.
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2.5.6 DRAG
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14 93 a-g ©ANFE, B7= DRAG FEMNFIESHER:
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FIG. 14. (a) Schematic level diagram of a weakly anharmonic fransmen qubit subjected
to a drive at transition frequency wqy = y. (b) Gaussian waveform with standard devi-
ation . (€) Fourier transform of (b) showing how the short pulse lengths lead to a sig-
nificant overlap with the >}~ transition, separated from c, by the anharmonicity .
(d) Waveform of a X, pulse without DRAG modulation. (e) Effect of the waveform from
(d) on a qubl inifialized in the |0} state with & = —200 MHz and w, = 4 GHz. The
dephasing ermor 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 4 = 0.5 fo cancel dephasing emors (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."
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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 ISWAP 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 z). (c) Probabilities of |01) (black) and |10}
(gray) at @ = ®gyue [white dashed line in (b)] as the time spent at the operating
point (7) is increased. This simulation does not include any decay effects.
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FIG. 16. (a) Spectrum of two coupled transmon qubits (using typical transmonlike
values for Josephson energies and capacitances) as the local magnetic flux for
qubit 1 is varied. The two lower branches corresponding to |01) and |10} are
involved in the iISWAP gate operation at @ = ®gygp. The avoided crossing indi-
cated in the black rectangle is used to implement the conditional phase gate
(CPHASE), at @ = ®cpuase. 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 @ = ®gpyase. The parameter { quantifies the difference in
energy between [11) and [01) + |10} and £(t) is the trajectory in (@, f}-space.
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FIG. 17. (a) Schemalic circult 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 = g — .
(c) Simulations of the expectation values of (o) 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 modlﬁed
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 drlve to
qubit 1. At approximately 200 s, a m-phase shift has been acquired.
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XEENEF RS HASER,. FEH INHEIRIER, MBEERBMHA CZ. CNOT 220, C {3 controlled,

=R,

o CNOT BX¥=F]; CZ 2%4Z ZBAI]. #E—MEHIELE: CNOT =HIbbism 1 78 ERS, AAF
B}, CZ 2EN 1 FERXANEIMELL, FTLAT C FRIBBENELE], EABEHMNZEE,

AL CZ, R CZ. #BhR CZ NEMANE? SvIMERERES, RBETERGR, Mas CZ PEg—id
EREGRRITRIEG., ERVAFERT, BRRBSAIIERR, F2bE 2% IHEARIEERES, SEEREA
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WEH: SN TERT S IR NEIRFRRER, MESRA @ A, BHNKER A BRaNE:
BTN A (UERT 1 S, EEMES B BT 2 SIS, AERNEE.

KT BHTFIRE |10) H[01), RE—AKTF; WHF=EHEFHMCETER —H45 2 LS8, thm [11).
02). [20).

2.6 =SFELIFIEL

AEEL: CEUZHFRIE, Purcel JEREIHIEAIES, ABKHFSERARE (PA) /TRSENARE (TWPA) £
FHERELEEFRIR.

EFHASIRS (10) 5 1)) SSEEENN, ESEEIE ISR AIRE R HBEEE,
2.6.1 BELEDL

EFEFIEIRE, KERNEREEIZEY: LEFIF—MEHIBIRES (—MAURHREE) 85, EFHSR
RELBENEIREEAVAR, RNBENEIRIRETRREE, RERERFIUEE (0) B2 (1),

1. At 2 EMiEiR=R?

ETHEARSS T, BERNESUICHEFSHER. RERET. MigRsasE— M hE=st: EFEtiigiRasE
THEE/BREES, MRERSIR, BUERRSBINER, BREXNEFITRS, RO EFHNERTIT
(BEFIHIANE, QND) .
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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 /2. (c) Comespanding com-
plex plane representation, where each point is composed of the in-plane Re[Sy]
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.

o E19a THEETEE (SSNFEIRUNSHE © 0, SENEEMTALSE (AWG) FAERu
h, BEAEEEMEER; TF, (MRREFRURHEET Purcel RS (FIPRTHIS) | Hixs
S FREHIREE TS (B8) ; A, EERNRS——EREREIIS ST EASE (5
KMEHED) | BRTBERAE (HEMT) , BB S RS SR S, SSrRramee
GMBEY 1/Q (52, XM EBNIEREFERIEE. I HESNB TS SISRER, BERREESHt
AR RS,

o B 19b BIRSEITERS: BRERVESIE (wrr)  HBERSHESHEE (|Sn|) FHEG (Tt
Bsk) . @S BFLSE 0) SN, BIREMURIES o), EESEAMURRKESE; TEims:
BFHIE |1) S, SREOHRTRSRE— NG (2y /27,  BEEIBA, BEE1-10MHz) |, &
Ao, BAiERUESEE o Mo hiE (Edeght) | XA |0) 71 |1) ARHIRsTaaE
BX, BESKS,

o B 19 1-Q PEMKSRES: SERNSLEALNMETS, BUSEENE |, JHMEFXHE Q. KEs2
BFHTE |0) SHREHESSIRA 1/Q B (RREIKEY &, WRBSH) | ITeASBFHSE |1) &
RISSRIA 1/Q (8. J9HABERSS? B3 [0) 71 |1) A LSRR, SERSHSSMaRIRRE, KITE 1-Q
FESEF DTSR, BNRSEESEERN S, RIERTHISE 0) R 1),

3. BEEHAVET
o NtAMEEP? EAEFIEIRSEIIBEIISR—, IHERS[IBIERS T,

o EFIFHUA (QND) : RERWESHDEFEASZ, ERSIEFISZEASTIMEE, RSEEERE,
EFHRSIIREAMEBIR, EEEUE.




o MRRMESKE. HFEHKE, 25 "ac-Stark BAL", ILEFIUFERAT, FILUEEFIRGESHERE.

2.6.2 igiRERRIEREFIMERIATNIE

METESERESIERIEE TS, T—EREARRNEIERSIIBEREM. XEERZINGRESLHIERA,
IODFIARZ |1-Q JBSTFNINE R

2.6.2.11-Q i@3|

Q BSEHIR(ESIRRM N B T O,

A
gO COS(wRot ol BRO)

si(t) =

s(t) = Aro cos(wrot + Oro)

sqlt) = 220

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({), each having fre-
quencies wmgro*wyip. (f) and Q(f) are then low-pass-filtered (time averaged) to
yield fie(t) and Qi () at the intermediate frequency wir = |wro — w0/, and sub-
sequently digitized using an analog-to-digital (ADC) converter. If e # 0, then digi-
tal signals /g[n] and Qi[n] are further digitally demodulated using digital signal
processing (DSP) techniques to extract the amplitude and phase of the readout
signal.

AN EEESHNBIRES:

1. RF (5 : NiZIRERGIERNGES, G2EFUFIRSER, HBE 5-10 GHz, IR wio;

2.LO B8 FRZETENSEES (FE wro, FlRFEY wre SRR, #E 10-100 MHz) ,
ESMBRRIRE:

1. 18 RF{ES5RLFREE (I 880 Q BR)

2. 1B LO (S5 oRMER: | B LO {RIFEMANAI, QB& LO In— 7/2 16 (RF LO BRIZES, MTHIE%

=57)
3. FROEIMETR: BB RFx L0, QB RFxQ I LO;

4. HHES: BERESEN (wro + wro) MEM (Wro —wro, MPHRIF) |, BETRERKER S
M, AREPIES ([r MQrr)  XEMESHER, B2HFN,
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5 BN | BIETIIEST Q BETNES ([1r 71 Qrr) SR, PIEIEA ADC M.

18 RF (ESLHEFHESBINEMERK, LO SSU/EMiSARt. BINesABERUCSMZRMREIZES ([1r 0
Qrr) , FERSLE,

BisdER: S H—REEA—1NEIA0E (XMEERFAMEBRES (1IQ) IESARIREIMMmA) , BREXE
HETFOH. EREBInalEIRIHES, TTHEH AD X&, AR FPGA WEBETEANER 1IQ B (FEA
=®)

Iprobe = Ez COS(wati) ' Wprobe (tz)
Qprobe - Zz Sin(wsbti) : Wprobe<ti)

NEREIRRNAIRYE, ERRNERRIERE. [ ERET RERPRRSESD w., NS,
B 1Q T, HATTLUENEIEE A = /12 + Q7 FHEGL 6 = arctan(Q/I).

2.6.2.2 YpERRRE

MEFESRRMBTS. SSBRE (a- IR, b- BUERE, o HorE)

(a)  ANALOG DEMOD. (b) DATA SAMPLING (c) DIGITAL SIGNAL PROCESSING (DSP)
. . Vi A w e—éwu:t Viy A
1 — Trg — Ts ! g @ Po
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FIG. 22, Schematic of the heterodyne detection technique. (a) The signal with frequency wge from the cryostat is mixed with a carrier tone with frequency g, yielding two
quadratures at a down-converted intermediate frequency wie = |wro — @iol, 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 (<) corresponding to the resonator linewidth may be added, and the two
signals are sampled for a time 7. In this case, the white dots represent the sampled points. (c) The sampled fraces are postprocessed and after some algebra, the sampled
data points are averaged into a single point in the (/, Q)-plane. To extract statistics of the readout performance, i.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.

o Bl 22a tR{URFRE (JERS5T RF ¥R IF) @ WAEHE 21 —5l——RF 55 (CRBERIEM) L0 FSRE,
W Irr M Qrr (P37, —ARJLE MHz) . FRZEEELMNENSIMKRES (GHz £3l) BlES,
FAEE ADC (1&il-Eaifas) KiF.

o B 22b HiERE (ERMESERUFES) | HMENE, AMEESIEE. HER Ir 7 Qrr RIS
S (hEEiRs) ; B8ERRE ADCHIRER. FAESIERN, BEFNINRKPRRS, FERkSRERE
—EREJEEOARE. ATAESRE? RIIHRUKPIHERSBESEERS, RIARRELRIS, RF
SHIRE, FRNBRERE, HEEE,

o B 22c HFESNE (REMEEFD) | 58, ERHBINEFES (ir(n]. Qrrln)) ¥Fs%E
55 (L0 FEBRZRAIRIZ/IEA(ES) HRFHY, X—2LBHRESHER DC (ER) 55, 52—
Bf— QME: F=¥, EBEZRNER I/Q EEFE I-Q FE, MM NEE (B19c) ; $=£, HBNAERE

DEER, BEHITERNENETS.
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4hE vs homodyne (BE) , EFRMEZE (FERT) .
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REE IR s E17 RIS

LO 5RO TSRS (B 1/f 18 S (RN SRS
HANERRTE arhyE ) ;2 RSl (5 fiﬁi?ﬁ (REUMEE H(h0 10+ B
(IF > 0) HASERARR IF, FTFit) == HEHMESE)
LO 5RO 1. SRR, BB A
H d 8 =i DC 5 . . e .
e e ;‘fﬁﬁ% (EEMHDCHE ) —oom (simsE R (0 qubit
(IF=0) S198 DC, LX) RIE)

ANERERE: LO SR RF SRZEE—IVNERE (PR IF) , EBEEMESNEFE (BNEFHISINARR IF, &
SBBFH) ; Homodyne f#8: LO SiZA RF SR eERE, WHE DCES, BRZZMNREN, BAREEE
FHEZ N EFEU.

2.6.3 85ill= vs s@M=

EFEHRARES. NEPRIBETIREISIE -Q SFERIREH B, R EANEE,
TRET .

1. REMRERENSIRE

0) 71 |1) MASES, WER

(a)

Integrated det. signal (a.u.)

(b) (c)

Integrated det. signal (a.u.)

Weak:
SNR <1

Counts (a.u.) Counts (a.u.) Counts (a.u.)

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). (¢) After a longer sampling time, the peaks starts
to get separated, (d) finally getting fully resolved, resulting in a strong measurement
(SNR > 1).

o E23a KEHERENDNTM: BHETHAND, NHE -Q FELE |0) 0 1) AUIEE (HEE) . T£: |0)
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o E23diEE (CREMARBIK, SNR>1) : [0) 0 [1) HMREDT, LFREES, PERANET
&, HERRE, AHAME? REREREBIK, FSHEIEE (SNR>1) |, BERBEFSHTREE, I
BEETESRPESR (0) 5 (1), FEBEBNS.

2. ERiEY (Single-shot readout)
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BABNIER? BRAREEERN, —MCRUEEME, BE#D, 2B Ty = Ty + % + ijgz + o (

Ty ABE—RHARREEEE, G HEER) . F—RNEAENESEESER (SR T, EAEFRR,
#90.1K)

4. iEHREEITE
o NWRE ., FEESHINRAMER, AKH e, = serfc (L) (erfc HEINRERE) ;

o DREE I TESEFISRET (RHE 7, A |1) STEEEHKRE (0)) , AXAF =1— €5
— e /T (T AEFHSEERRAE)

e BiF: BIREHFREEE 20.99, ZEHERMED.,

2.7 Purcell jBik22

EHEFBITE: EEHR, JELERENTERE —R, EFEARSUIEFILEERBET, X2 Purcell
ML, FINEETT: EFHEG—NERKEIRT, BiRSEEET, EFHE (FREEE) | KEEERR (EFHUSEE
BEBER) .

2.7.1 Purcell 3

MREFHWIFIIMEZ BEBIE (FINEFHFFIRIER 500 FakEE T MEReS) | EFHENEESBITIX
MERREEFEEFNES, SBIRET (1) BEEE) .
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FIG. 24. (a) Circuit representation of the qubit (orange) coupled to an environment
(blue) with a load resistor, Z;, via a capagiter C;. To study the decay rate, the
Josephson junction has been replaced with a current source, K(f). (b) By adding a
resonator (red) with frequency ), in-between the qubit and the 50 €2 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.

o B 24a gHRIPHER: EFLE (BEE) BIRES O, EERERINE (BE&env, Z,=50QHHE) . &
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s fw, MEMRYE, E588Y, Fw, MEBRELFH 0, ESEFE, EFUSEEDRRAL
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2.8 SHIMK=R

EHESIEES, RE/IVINMIRYT, EENESWIREREE, HIISTEAKESEEESHK. (BEENASRSINER
ZIRFE, MSECKES PA BESLHIEFIRIRHK, RMEDHIERS., B 25 (IBAABRRIKR) . B 26 (HBREUR
X) . B27 (JPA) FIE 28 (TWPA) a5 T BIRSERIEIRFEEY,

1. A AREETIRFEIIK?

BFNFRE): HAIRASFERAGESH, EDEMFENECFIIRRS (hw/2 per bandwidth) |, IXZESHRENHEN
[RIEBRVEER, EBMCARR (Ebal HEMT) SINMRZIRAE (KBUE 10-20 1EF) | EIRIERTTE, SEECREsINg
BRI IEF, BERRURTHEIRL, BEEF . BBUIFAMETH (NBRRE) IRBES (RHEEE)

SCHIRCK, BEBERURTHEIREL (MSNR=0.5FZSNR=3)

2. tRIASURAK
(a) AMPLIFIER INPUT (b) MIXING PROCESSES (c) AMPLIFIER OUTPUT
Qi t GIAIZ + 1) Vac. noise
@y VE@uy s
g
p (AQ2) oot
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FIG. 25. Schematic illustration of a quantum-limited, phase-preserving parametric amplification process of a coherent input state, ai, = [, + iQin. (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 amPIiﬁcation‘ both quadratures get amplified by a
factor /G, while (in the ideal case) half a photon of noise gels 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 parametric 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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(a) Josephson parametric amplifier (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 [umped 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, w; = @y, or (c) by modulating the ac-flux @,
around a static DC-flux point @y, using a separate fast-flux line (three-wave mixing).
The flux pump is applied at twice the resonance frequency, w, = 2.
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JPA RIFAS R
o MEEFETR: 18%E 15-25dB, IEFAIRE 0.1-0.5K, 8 10-50 MHz;
o BB IBFEIRE, EEREFIVSSRBERL,
D WE, —RXBERK— N EFHRNES, SHRESNIPA, A5,

2.8.2 TIRSEHIARE (TWPA)

(@) Josephson traveling wave parametnc 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 capacitor, 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 vecior 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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o HB: IR PATEE, EBIEIHEERAKAE 03K,
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Memory Constraint: 9.2PB Memory Constraint: 762.2PB

Experiment Fidelity

1 Amplitude| 1 Million Noisy | Runtime on |1 Amplitude| 1 Million Noisy | Runtime on

(FLOP) |Samples (FLOP)| Frontier (FLOP) |Samples (FLOP)| Frontier
Sycamore-53-20 (2.2 x 1073| 7.2 x 10'® | 6.5 x 10'¢ 165 59 x 10 | 6.1 x10'¢ 1.5s [1
Zuchongzhi-56-20{6.6 x 107*] 9.3 x 10" | 2.2 x 107 588 1.0x10% | 1.5x10' 36s  [[2
Zuchongzhi-60-24(3.7 x 107%| 3.2 x 10** | 1.6 x 10" 3840s |3.0x10% | 23x10'® 552s  |[3
Sycamore-70-24 [1.7 x 1073| 1.7 x 10%* | 8.2 x 10 62.1yr |32x10* | 1.4x10* L1yr [4
Sycamore-67-32 [1.5 x 1073{ 8.2 x 10%* | 4.7 x 10*" [3.6 x 10° yr| 1.3 x 10%° | 9.6 x 10** 7.2yr
Zuchongzhi-83-32|12.5 x 107%| 5.1 x 103! | 8.4 x 10** (6.4 x 10° yr| 1.3 x 10%° | 7.5 x 103" [5.7 x 107 yr| [5

K EF BN R E i

® 10000 years V.S. 200s google [Nature, 574, 505 (2019)]

® 19 days [arXiv:2005.06787 (2020)] o
® 5 days by using only 60 GPUs [arXiv:2103.03074 (2021)] 2

® 304 sec with 18, 1.2 Eflops [arXiv:2110.14502(2021)] [2022) ek

® 15 hours by using 512 GPUs [PhysRevlett.129.090502] E4] Nature 634, 328 (2024),G. Q. Al
[5] PRL 134, 090601, 2025

1 Nature, 574, 505 (2019),G. Q. Al
] PRL 127, 180501 (2021), USTC
] Science Bulletin 67, 240
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—EIECE: FRIAEE - SRR - IRELLS — FTESR] - TEW]). 8—SfEuarn—22 L, #iEE
KE4.

4.2.2 HEZMER
4.2.2.1 {SERBSSR

—FIEEEL DES 6 MERE (REFUREHNGERE) |, SRR, e MEREANERIERAE
sk, FHIAEIENRE.
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Q30

1.2x107 —— modulus

0.8

0.6

0.2

6.1 6.2 6.3 6.4 6.5 6.6x10°

o B4E: WRESLEURE, HHRESHISEE, M — I TS (RKE) HE— MR
R,
o REUE: EF 6 MAMITE, HR 6 MUTIHIEE,
o {ER: SIEESTARUIBAEIR, SRS AL TR, RSN, ZEESMH.
EEOBBLENT, BHNEGIAY:

1
3
<

;
<
=

|S21|
N

& b &

6.5 6.6 6.7 6.8 6.9 7
Readout Frequency (Hz) % 10"



A 440 S 28, thUgEISE: S21 i8R 1 mHBWA. 2 imOMt, WEFERE, S11 MRHFRE; S22 IE
HRGERE, S12 WRFAZFERE.

R LREEHGK, BN EFUHMIMEOST, FrLUEIRIE RIS T /1 AR ERE X,

EIREERURR, BMNEERLFERERIEG, HEIRIE, tHNEET 0 SEERKE A 8, MREFE 1S,
IRIE RS, LRTFFTIRIE A (ZERYRNR, SMERILFER, TAERENRS, NERIEFER, Xt
EFMBBERES.

4.2.2.2 BEI(E
MR IRE—ER, MNRZHINRRFAN, FRIESBIRSEEEAE I, SEEFIIEZEIRM.

BETHA: EEBURRMERIRER NS R LM 4T, SSRGS ——WEREEE, KIZIIEE
REZENZ K.

Q08 modulus

plitudes

readout _am

1
5x10%

readout_freguencies

o B4ZE: HMEEEURR (EXE)  HHEENEE, RERINEFESRE. BhHIl EENFE, £
TNEZSER X [BHSEEN R N R

o XIBIE: MEMUEENEEFRHXE, MEESITIFINZIUIRXE; FRITMEFEEARTLH RA R AiER
=R
o {EA: O MIALREE, @ RE—EEANZIIEE, HEEENUIE.
FEFVBE TP HERUNER, BRI LASER SRR :
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1S21|

S
s, 04
P 10
L=
=
= X 6.622e+09 1.2
[= % Y 4187
E B = = = zo
o
5
Q
E Safe Readout Power
o
-B
Wwr— =10
6.621 6.6215 6.622 6.6225

Readout Frequency (Hz)  x10°

4.2.2.3 {EiEENIE(E
BETHA: BECEEYF, WEEETEYE/), BREERITNEE, FEmNSREIEME.
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Q08 | Untitled Figure

2x107

1.3

-1 -0.5 ] 0.5 1x107

readout frequencies

data
----- optimal_readout_freq

o B4E: HHEEEURR (HEXHE) , HHE IQ EF5EE. HERRER (TeELINIL) MERESESR

/)
/i N
°

o XHEUE: @B optimal_readout_freq JIRANER.
e {EM: B N E TR, REEBESERERE. &all. AfeEAREAKX, RERZEEMIE.
4.2.2.4 tbi5 Z 154

BEFHA: SR EREZCN 255, REIIEBRER, B2 —K—4E. /FRRE N8 ZiZf%ER
8, FITENL "R SRR R,
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Q20 modulus

1.2x107

0.8

plitudes

0.6

detune_am

0.4

0.2

I
0

readout_frequencies

o B4E: EMEZRERE, NEREIURER (HEFS)  BhE—SUEMIEHNS
o XIBMIE: =AY XIFRM M EEHRRRE RN RE .
o {EM: & ZEH%IER, SEIXFESNME, 57F, BSRN—REENES. XEICTRIXIFRIGE
8, 5 "mERMBLR" IER.
42.25 858 ZiHl&%

BETHA: FREOLS 2 —, AZRRENNERERLE. BT BERSEMIRLLISINZIUEER, ATLAIRERTSEE
IMELIRER), NHRIABESS Z &KIER.

R

°
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Q26 modulus

0.6

plitudes

detune_am

0.4

I | '
0 4x10°

readout_frequencies

o BLE: HEMEBSRZRE, MR ZBURER, NREEUTREREBEHE) (& T/ZH) |, 7EES
A AN o=
o XHEUE: EEUERMERETHAIXIE,
o {EMA: MIABAESIHITH, BERMRZE— T, REF—IHNEREERESE.
4.2.3 PIEH5E
EEMEREYE, S—4IFEE MMES/MLLISE) fo1 (TERZE) . 01 4T, SEEI RIEAE.

4.2.3.1 =4k Rabi

BEFHA: ERIEHENE——XY KR (25 f01) MIKMEE, MREHEITE 1) R (5558
B) . XHEFRE—XRMEE "R 0 IR RUAERSE B EREER.
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Q45 modulus

3x104- 3.5x107

2.5 3

[]
2,

.g 2.5
=
a
£ 15
Iﬂl 2
3
1] ]
o 1

0.5+

-2 -1.56 -1 -0.5 [1] 0.5%x108
f01_detune

o BAE: XEKNE, BIMEIERAE (X 01 fRE) | MHEIREE, BeRE (1) #R. BhaE
I ZEMIRIERNER: AR "VEF" FHE, AR 01 WRAEEZE,

o XIBNE: RDEERMINTRMAE, MRAEELITHRE f01.
o {EA: XENE 01 RAURFR. €101 FapEhimEE, BMreEdBEEN "#HR".
Z/NEETIOF, 5.8 BT —HEE:

«10"  Measure Data (SNR)

e
iE

MEESUI’E Data (P1 :!_

.-n—:_
8000 -—- -
. o
| e—

[=1]
[=]
=
=

Driving Pulse Length (ns)
s
=

[~
L=
L=
L=
‘l

Driving Pulse Amplitude (a. u.)

N
-40  -20 0 20 40 60 a0 0.2 -0.1 0 0.1 0.2
XY Driving Detune Frequency (MHz) XY Driving Detune Frequency (MHz)

Pel 5.8 bR s e il i Ped

I8 XY RRARERE R E R AR? IRERERE O AR LE—FRR, WIREGRER, RETEFHIREE [0)
1) ZIEBEERIRIE, FREERFEERE. ERE QU <n (n2(0) = (1) 5(1) — |2) BRI ZIEM
£) , HERVEFRT 1 F00 MR, e #H Qu. ISR REEGEME, i |0) SHHERESE 0.8,
e 5.8 EEWMETRIE: GO P KEAES, REAT, EEEMRRAE. 950, APtEEs, 558
KHE, DO KRR, WaiR. EEES/MER TSI EIEE, 2 IEEHE-RE. XY BRASE
SERZERIS D, BEAMASY, LR T, 7/2 SR, BE. iHE, SPaEE TR,

4.2.3.2 —4 f01

BEFHA: Rk, ER, BESERTEESHREL, REAE,
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Q45

3.5%107 — modulus

2.5

il

-2 -1.5 -1 -0.5 0 0.5 1 1.5x10°

drive_frequencies
o B4E: HMEWINE, HEESEE, LR {8 (BiFE) B 01 Mk,
o XIBNE: RFNIBE.

o {EA: fEA fO1 ORIESE, EARBEGRE (WLERLL: Rz EL. [SHABMT) | Ll REBINTEDEM
ERREkRE 01, R{ELHEED.

4.2.3.3 Rabio1

BEFHZA: AL X2 NREE. £E40f01 £, SRR, BHUSREREANER, NReE "—1 X2 1J%
BEZRHIBE",

Q45 | X2P

0.8

0.6

signal

0.4

0.2

1] 1 z Ix10*
gate amplitude

signal

signal_fitted
----- gate amplituds

----- gate amplitude pre cal

o BAE: MR MEE, HHEES (1) HR) . %2 BEHRS.


af://n1208

o XEEUE: B—MEXNNEE, M2 X2 IHNENEE (BhI8ELTMRERLIE 0.5x104) . EM5T
—ANSEIX ], HRSRIZEFEE (1),

o {EM: @RINRMFE "NE", BEEBNBNIMER. X—LSRZUSHE, FEATEERA.
4.23.4 EREE

BEFHA: B 1Q HALE TR, BHESASIESITE [0) 1 (1), SHRSR, EFRENRERE IQ
TE LEEFAEST

Q45 | F, ., = 0.9890, F, , = 0.8928

L

gx107®

probability density
s

—4 -2 a Zx1n”

iq projection

W o= - o=
W o= - 1=

o BAE: THRSET, BEe—HE|0) SONRER, Te—HE |1) SONRER, BEER YRR
ANSTFO HE; B ESERRA SIS, IREE Fo o M Fl_) SRERHSS SRR,

o XHMUE: MIEHZEN 2R NE, UNIEFIREESE (A6 Fooo ~ 0.989, Fi_,;
~ 0.893) .

o (EA: O AMMEBERFREENE, © REEZEENCIEESE. iHERAL 1RR".
o NER 1 SHEESLE (TAE BRTFRE) 1R 0 SEEXRERIT 1 5L, FTEEEHES
Pk, FEAE.
EFVBELENTR "EFSHASEFRCNARRERE " IR T RFNSE, (EENFEEOT T BT

TR RIFERS, ZWLFR, EEENAE 1IQ REEE L (BEeMRE) . B—MRIZEFRIXIT] (7 Kif)
EHSBREIAS, BRUITX (U8R B30, 1M1=,


af://n1218

E 0.04 current
-t
_E = previous
T 0.02 m o=
E m i
0
2x107
] :
o i}
= |
—32
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0x107
I

AT, LRRBESHABHNPORIEN RS (RF4H) | BREINRER HR" REEIXFRELE, X
7 LENESE—mAA S (NE) . BPPORRIESEE—FR hEE, 55— Hiik: AESEoE%
i, B —OKREER |0) &, EEal, #—OKEER (1) S,

28R (FZ24(0) B) |, BRBER—BIISER Hig" BSHRT (1) &, BEXLER 0 7
B, PELHANSSH—ED.

LRRBINEG, BXEPOBETRERTENMER P ihema BEHR, REERZEN BREEFHAN (BIXF
BRI 5.7) -

p  _exp(=hfor/kpTenv)

1,thermal ™~ 1+exp(7hf01/kBTenv)
FUOHCRITE fo REAN, BUXAARRE, RS EERS SRR T, 250, B59 8L
S Fooo : 0.9838 40 11 : 0.9359, BHR "2 0 MIE) 0 AR 98.38%, B 1 MIER 1 AR
93.59%",

4.2.3.5 Correct f01 by phase

BEFHZA: AL f01. BIERY Rabi JE 01 2T "AEUE", X—SRBEMINEE 01 BMERIE T,
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Q45 | f01_shift=-0.516MHz

o

—0.5
=

=
o

P
= -1

—1.5

a 200 400
time (ns)

data
fit

BLE: WMmENE, NHEEN, MERESMEN, USH—FKEE.

KRGS PIAEZNZE M 01 REE (BHtRE fo1_shift = -0.516 MHz) , REIELLERNE f01 1%

;E@%O
{ER: 1Ef01 173 "B, RIFEERERAKE, 01 XalEaf I, BERERNREBRRERE,

4.2.3.6 JPA
BETFHA: JPA (NUEBZRFSERAER) BiEBUER FRYTERRES. SEEBES K5, FEBESHK, EBIREE
TEEE. X—EHMELR JPAE=SANEE: RE. MIRRIE. IR,


af://n1248

401 | Untitled Figure

o

1] 50 100 150 200

evaluations

target

o BZE: IGKHLEDHET=1248 (RE. R, IhXR) BRCRERIZRWL, LIR—1 target (B3
R) . SHREHBN "8 BREE.

o XIBNIE: HHZMEIZNEI WS (TF) RIBBER, MERASEL target RUERHEMA, BUCHERMYT.
o {EM: EEBUSSHK, IOEBREEM 28" #HE "ITA" (BRX—IESHEELR 75% LAL) .
o /MR MR target JLFAA (BIHERE 1-2) , EHE JPA RESERIFEES.

4.2.4 KB SRS

tefs BB G = EE, MEEEENSERETN. X—THERRE HESNMESHM "XEfR"—— 8550
MEBLLEFEATI, NMBEE—MMRETTE.

4.2.4.1 TR

BETFHA: FTLUEHXETR. B—NMUSEREEMNELS, FNEEaRmETGRER. HlEERM "X
W' B, WP ZERBESRAER, B& LRI "HR/=E".
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Q44 modulus

4.59%10°-

S

n

@
[

quencies

drive_fre
-
in
g

4.56-|

4.55-
g i " ' '
-1 -0.5 0 0.5 1x10°

o B4E: HHEBGHRE, NHENMIR, REAFMAEEE. EEXERESER, Ximtshi—
FRBESH "ERERET".
o XBEUE: EPRY BT / SRX YNAYEMTHEBGRKETR (FF1£2979 8000)

o (EA: HESMBGHRIXNRE. FIEBas AR SIRIRIEEEMRZR, XM EEERGA B
BIESENFIbT.
4.2.4.2 Z 4 f01

BETHA: ALY "RE < MR AR, ZRIRAERMRE TR 01, EfrEEEESR Z REXEIHE
SHECAFIER, IXASCIeIIH EUInERhE 7 (RE3E (LRI R,

Q50 PO

0.6

quencies

drive_fre.
-
o

0.4

4.5-

4.4-

1 ' 1 1 ' | ' g
—-8000 —6000 —-4000 —2000 0 2000 4000 6000 8000

detune_amplitudes
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s B4E: tEEITHRE (B ZRE. JHnE)  AERISHR 01 ERERIEL.

o XBMUE: ISHEAS, BRE—MIEHNIMETXRE (FR=1MXESE) . SENFENEMERN
zbias2f01_mapper,

e {EA: LUEE "BLEERARIENME", REEXKKREHNNRERR., XEEHHIE. &HtREIEN

EFLOEELIeXH "t HRRERirE" M HhERE:

80

=49

T
60 | =48

Q

g
Sa7

Sw g
F L 46

2
= 4.5
[s]
> 4.4
>

4.3

4.6 4.65 47 4.75 48 4.85 -3 2 - 0 1 2 3
XY Driving Frequency 210° ¢, (a.u.) x10*

P 5.7 PRy SERR 01 5005 itk

FA XY BIE—MAERR wq AU, RFTIDEN. R wq FETHIRER, IWEHASESXNER, WHEHE
07, WIR wq NIFRIRIR, MW, TS, FERBEAEREL, YA SNR HESBEEAS.
SNR #X, XMIEGREEFINE, Fic: xy BN 521 53R,

| $21(w,) — mean(521(]0)))|

SNR(w,) =
(@4) std(S21(|0)))
A SIS (4.65 GHz) MUSRATFEREE (M |0) — [2)) ; BMME—m. B—mfolg (4.77 GHz) ZREA]

FRAOLCRM 0) — |1) BRI fo1. FMERIZEERBT Transmon LU JERTIETE.

5.7 BINMRE 7 ZAREFN XY FUESARAYTHE, =R SNR KRS, MESHIRINER, FRIEH 72 ZRIBEMN
AR, RRClE: BIE Z 3 XY 35, 3758, M Z-f01 RGIE, HLpiEH Z-01 BREF, MXIARIE—
=220

4.2.4.3 QQSwap

SEFHA: SLUSERNTS, SIRRAH KB SIS, X—SEEA: ST (1) 0 (0), 58S
LEEATE [10) #1(01) i8] HEIE" (Swap) , IHHHEASRENIRATE.
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Q38,044 P01

0.8
| 0.7
. 0.6
0 0.5
0.4
-500-
0.3
-1000-
0.2
-1500- 0.1
-2000- 0
0 100 200 300 400 500 600

plitudes2

detune_am

delays
o B4AE: HWMEIRATE delay, NMERBARRE, AEHAE [01) #F. BE+ BA—R=LREESHE
BEX.
o XIBNE: FARMMARE (0KHE) MERHXES.

o {FR: BWERRMRINMEEE, BENTMR. XGHISEXEERE, Z/EFREHNM 01 FHein—&E].
4.24.4T1F0T2*

XANMSHA MBS TG "Sa" 5 "BTaE", SEESRENTN KRS, A RIS (L
SR TIE) HEERKIE.

T1 (REESIREIE) : 1BLUSHTEI (1), BEsABAEE (0),

Q44 | T1_idle = 52.2750 us

0.3

0.3

0.4

1] 1ad 20 30 40
delay {us)

pl
pl_fit
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o BAE: WMELEHATE delay, NME [1) =R, a1 IS T2
o T1EXEIF, FoREURSRE "o ISHA.

o XIBMIE: MEHRITI EHE (&FIT1 idle = 52.3 ps)

—HT1 AEAEMETH T, BATHHMRRE,

Q64 P1_diff

6x10%

delay

1x10%

detune_amplitudes
" [

BLE: HHMEME, S delay, HiRME |1) R, Fgis o MTEEH R (BR)

xETLS (ZRESRERRR) TERAY T1 L.
o XIB(IE: EFFEPL "R, REIXET1 K. HESABARKI(E.

EeAF B INSHITBAIRIFRT A,

Q44 | f01_shift=-

T2 * (fRASHFRESE)

0.732MHz

time (ns)

+ data

— fit

o BLE: HHMEME, HHE (1) HR, HELRE FRERS.
o XBNE: RZ=AANEE/EH, T2 * EEAFHIRERELRNRT, MEEEAERITEE (W4



T2*[E) .
o {ER: T, T2* —iE)y "ETLHERIBR MR IRIMATE, BREIIES Z 1 BRIET/ARERIR L.

4.2.5 BBLLRSIIRE

EURSIRESEF 7. SRERRSIETIEE T, X— 1T HTE BAMLSRINRGE, BRI R MREERTRS.
4.2.5.1 SRfitTRE (EHHEER)

BEANG A LS THERIEIHNER . BEATHEMEIFISIERS L. BHMNEaE:

o FIF ERHUAERE: MHENMEFRHMECS. KaEN. RINRIEMETISm, B —MER, FARAMEISZ
IBRYERILE;

o IEFHRERKTI(ERE: THHMDY 01 EEEMER, BRIERIEN IR  RE" FHREHYNA Z RE.
PR LREINERE Ve TRIBIRIN NXEFSRY, BEARAEXIORET, BRNTHEEIREC.
EHEEREET, AT REM XTIREFHRERIE—E. TEMEXE: — 2857, T EEER—H.
Q44

4x107| — modulus

3.5

2.5

[ 1000 2000 3000 4000 5000

drive_lengths

WERR, ICRIRHEM. STRATESINTIRE, RITAMEHRMIKIERE, FREMAEN, EITHERREIKEL
55 (PINSE—1TRIRL QOO #BRzN) , FIEERRIRALET ($5—FIFRm Q00 ehEftttrss) | (EE—TuRYEUE
A ZATXIN AR AR B SAVERE / 125 SRR ENZA TEUASRIER. RZEEI— A% EATEIN
791, EfbARIRAIVINT 1 69%EFE. MIBRRAERIECISETINAYTS. BHIKIKTTEN e i EKa/Ait
TNERY, XILAMERBEEIZ—IC/ 30000,

000000000000000
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B f01 fT/HMRE/LFeeBdN, RERN, TLUANIHEREMEN. FEEX—F, EFETH
f01, FRLABEFHFAMN X I IRETHAITRE, 1ER2I 2.7 WA ZEMEMRERXSE. HYRH X I IRER
ZikE, RIFEBANMETRIBR FinE X 1], BRI CiEMSEAR. 01 AR EIEEREER
TE. WIS XY B RFout imtBiRERREs, (EE N JIBERIFE 10000 Z63(H. BINEFEFTUE 401, A
QQSwap HEMEG XN, ERXMEEEBERIFE f01. X[ IJIREES, JRIRESRE, FEM0
MfgO—2—25ehk, BRiE.

EFDIBETEXH, BEEFMRHEA.

B 1 MBEIIATIEHIZRERLRE: TESEFDRLE, SMUSHBEREEMI0XY &, AEEMN Z %, X
e, ENYIET=ERERIE, PR TFR —iRERZ ENEEEShaf Gt E" SZtsE, XHME
B, BESEEKATIRINERN, FRNEZEMETS DS,

Qubit Z frequency detuning pulse

Qubit XY driving pulse

Pel 5,13 VI il bl ik e ey A58 FE

XY ZR9BRH: NRBAIENE "EEAS Qdrive" BIXY 1512, 3T "BFREEEUEE Qread" FFET SRR R,
ERMEREGENE. B2, Qdrive BIXY IEHIETEISERMEI BRERET Qread; MBRIBHIEELS Qdrive
Qread BRI T, KFREHHM.

EEDIJEEEJJ E erive EI‘J XY ;?E%U%J:, EﬁA—/Fﬁﬁ@IEﬂ?%ﬂ: Qread ﬁ5ﬁ$ (f 01,read ) E’\J?r*»ﬂli)ﬁ%)ql,
IS EIS EIXMEREIES Qdrive B, BETF Q drive FSRECSEGHER T, BXXMOKETCRIL;
BRE: AMEEHEZEEENL, XNMIRESS T —SB0E] Qrewq RUEHIZE L, TR MHERK
BISTERRIEFAD Qread TR, Qreqd MSTFIABIBES HiktbHR% (Rabi Oscillation) ;

SUEIRE: WELRAGRGEE (BMEE) 8K, Qred SRR, BATEBTNE Qreoq BINLLIRS R
Trapi, BEERIEREETSOEEE.

FRIBAZIKDN Qreaq BRI, BUEFIEEMETHEMIEFRIXY &L, B Qrewd SASERRIL, FLCHEZRY, =
R,

BLTMIRNEWNTE: BIERABLE, FTLANE—N"HEREMIIR Trapiris, HEHFITER 1) FES « DR
EHILINSRERT, 58 7 NMURERERIRILLERE. B TR E SRR R AT

1. XY Crosstalk;; = Tj;/ Ty
2. XYCrosstalk;; = Ti;/Tj;
#HENES.

Z YR 2 EHSEEENRRENERRE, BrrErSaiiAR LR KB ZEMER (Mutual
Inductance) . % Qurive B Z Z LB, FENEIARET Qrewd BSEFTHE (SQUID) HIBEKE, S
H Qread FIIERRETRANZENER (Z RHESBUTERE) .

o MBIMRE: 7E Qrive B9 Z & LHENI—NERRIERIBE 1 irive



o EEWNARE: MEBIRHEF Qreqq LATZER #iBREE Ao, (AFERE T, IJLUBIHEMSEITEEEN
HEBENTE) ;
o HHER: EXSEMBERIEETER

MCrosstalk;; = By

1 drive,i
XMEERENT "BR(rfRRSERIARENT T S DHIE" .

MxLe XY Crosstalk #1 MCrosstalk #8i5f5, SEEEZSEREXI (11T Ki¥i%ERE (Crosstalk Matrix
Inversion) , FEEEEHIFHITE A HERIER, BIEREE EEREIN—RER "*MEES (Crosstalk
Cancellation) ", FiBEEIXLHEENIRITFERINIKERE, FRLUREE/ERSR/D BRI,

4.2.5.2 fah 5 Rabi12

SEFHA: DILUEFHRERELS, SREVAHELASE 1) A5eHE) 2) Sk, LHEEGYE 0 F1HE 0" TR "0 17,
ITTRERIE 0 ZEERRTIE). IEFHRELRS, fah 3 F12 475, Rabi12 455 |1) — |2) MO 0GRS,

i5efs, EBURPR FRESS—E " 1 BFTp 2 &) AT 1Q BEE "IF 0 5" HIIFNEK (1 BKF0 2 Bk FF) ZIE
g, BER (BSEFRIWGERE——MREE) B 4.2 075,

nnnnnnnnnnnnnnnnn

e - o
[ BN Ee

4.2.5.3 FEHBGEI EE

BETA: FIHE Rabi01 REEETIEE, X—S@E BMSN X1 (BRINREKNK) KEBAMREEE.
o BAE: HEIMEE, NIEE 1) MRNIEE, EE (P1I15E 1) WRNIEERESME.
o {EM: iLIJR(E "B BHEIRER.
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o B (BSEFIEIWRERE—RFE) 89 4.3 /05,

Q45 | Untitled Figure

0.3

0.8

0.7

PlL=

0.6

0.5

0.3

0.95 1 1.05 11 1.15x10%

—— fit cosine
- data
*=== data

4.2.5.4 DRAG
BEFTA: SIIEZEN—MEER (INE a) | BRI HREHERIMBAIRE.

o BAE: Affia, HIE (1) MERABIRAN oE; TEBMSON 1], BRI o &

o XIBME: BEMNAa (—HR-2Z2Z2E) . aBIX, [FEXEBERE,; HIBERCEEMRER drag 3
0 FFE.

o BRI (BSEFIEIWRERE——FRFTE) a9 4.4 /075,

Q45 | Untitled Figure

0.3

0.8

0.5

0.4

alpha
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4.2.5.5 BALL4S] XEB

BEFA: LU IEMISEAT. BREIUIFS, St TIENRE EINRHRER S AR, ML B
RFREE (ERF) .

Q45 | Untitled Figure

- alpha
sart_p
—— alpha_fit

o BALE: HEHWIEIMENRE, INHEREREERXE, RSEENRERSINMm =R, ISHeBFEWT. x
eyt HESS Y XEB error,. SPB error,
o XBUE: WESERANERE. HLUEF XEB error —fZA/INF 1%, BREFE 0.5% AT,

o« BABRE: 4. BLRFREE=MRRENEL - RERBRET, FTHEER, RE—FRRR - REX
BEH, FEAGE (JUH Drag) .

o {EM: XEBIUIRER "R, XrRREHRETT, e TIE T,

4.2.5.6 XHXiZERY
BEFHA: SESZEENSEM—RE—NSLT 01 S8, SASFMEMIINERER (RS
i) .

o B4E: EEMUE "EEMILLT 0& vs 1 SE IEEIRAVEE, Bin2ICaEERESIE 10% LA,

o {EM: ELFHHMRESEEMAIRR (TREERIESBIERE A NE, TRIFERE) . X—P1RE
AT, 1RMHEE.

(a) EfthkbsF 0/1 ZSATECIFIE 0/1 ZSESUE 0/1 SHERE
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Q00 | Fidelity diff

qubit readout FOO check
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(b) Eifthtts 0/1 ZSBILEATE 0/1 ZSBTIUAE 0/1 SHER(E

Q00 | Fidelity compare

FOO compare

\
\
0.95 |& l:\hl-}ll ‘*‘\f',:)‘ * |" :1 l* Iy
1y %' ' A gk N
I lA I 1[! J_ Y YO | =Y
\ A \j 1
A y I 1
A I i !
0.9 \ o
atl il \
1 i
0.85
DO0000000000000000000000000004040
cooon LR R RN R DR W TR TR
SHREBERNEGOHEUBYBEUEEELEEEENES B2

0.9

*
e fiow dema b, A
3 f
|
i

0.85 ¥
F'S

=% FOO_other0 —&— FOO0_otherl —d— F11_other0 —&— F11_otherl

b B, FOO compare EF'“F@,NiTHﬂﬂtB%T 0 SEIELIFALTF 0 Z5BiNE 0 AR, éI@,m%%Tﬂﬂﬂtls%Z‘1 =
Hﬁtbﬁ&fﬁ 0 SEE 0 SHEZ; F11 compare @ mEREMECEETE 0 BATELRERLT 1 SENE
B R REMPECESE 1 ST T 1 SEE 1 SZ, a BIE7RT FOO compare #1 F11 compare EPE%KE’J

%@, HAMRE BRI EEESHIE 10% LUA.
4.2.6 FLLASTITE

BF T, RERM AL (CZ1]) . BFFMERSGE: Bill (REESEFER) f13&5H1 ExEREm

HERT) .
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4.2.6.1 XYZ timing

BEFA: FJLUBRFRIST. MIBESIR, SSRESTETZZERT BIERXST (XY 52, WFSHEaeR) | BRiK
ARV SEUR(FEIR. X—FRMMLERIIERPEE.

R TEEEAs E X TIM Z IRIZRIENIRIIEERR L, JWEXITS, Z RERFEHERERSE. X[ "&R", W PO
ERAXMAYRTERAIERRF (LERNEGBRELL) .

-y
— Q45X

— a5z

nnnnn

"
uuuuuuuuu

(a) IR FE] (Z RERZARE) (b) 3#EUEE
EbHs XY Z timing: 13 X [0 Z (REAVEXIE.
X—/SAILIEZDSEIEAY 5.3.1 /e
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5.3.1  LL#FRt T

Qubit Z frequency detuning pulse

Qubit XY driving pulse
PS5 EEREEI DI R S

4.2.6.2 BHifl'J

B BT ESAT AR SUSASERE NI R, SCIISHEEAL ). ERK:

1. HERRFIE: RO Z BIPRY "BE" (BKPEREAEIVEAIER) . FIMTRE: response ILBEERIFE 0,
phase B{m57H7E -0.2 E 0.2 Z[8);
2. BEEE vs Z: IBSEE g RENZIL, (EAIRIERN BEFH",

3. Rough Point: BIEAIITIER (A% detune SHBEEE g)
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54438 | Untitled Figure

detune
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B M Lezkage B @ Phase error B W Target
®  Opt point

o BAE: =KAEDFIZE leakage (HHEEZEI|2) HAMEZE) . phase error (BENRZE) . cost function (

8% .

—15

V=LA
= g

o XHEIE: AT costfunction BFRRILRZ (Opt point) ——RIRNHEEORE/N. WMENRER, RR

BiENEMER.

4. %813 detune / B3 g: EE—E. FHEBE—, #—SELRMNIIES;

5.CZ XEB: RZFPENEENRLLIS JRERE.



G4438 | CZPauliSPB = 0.987622, CZPauliXEB = 0.98779

o 50 100 1s0 200
Cycle
L] SeB
= SPB Fitted
® XEB
s XEB Fitted

o BLE: WMENENRE, HHIREE, SPB I XEB MAHIEG LT EBLT.

o BT REPAYREESE (A CZPauliSPB~0.988, CZPauliXEB~0.988) . BiF: MAESESRIFH
THREIFREEEE 98%.

4.2.6.3 3l
R INESTET, MRA R BRI AR PIKaFEE=REI CZ 1], MEERE:
1. Rough Point (3(S%E) : RS RINRSEE, BEMRERIT(FA.

G5751 | detune: 391.1MHz, snr: 5.6
5000~ .

5000-

4000~

rmplitudes

" 3000-

2000-

1000~

! ' | ! ' ! ! '
3.75 3.8 3.85 3.9 3.95 4 4.05 4.1x10°
fraquencies

e signal

—_— fit

o BATE: HHMEIE, NNRIEE, Edaeas(11) 5(20) ZENIREZR ("4 Rabi)
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o XBEUE: ERMMHRO/MIMR, BUSHIIERR (BRI, RELH detune SFIREE snr)
2. fBENERE: FREII0EE, $E leakage (ttEE) S/NIBE, BRIBHULD CZ MEBKSEIR—IBE;
3. $BASRER: TS mERMAAS, #E phase error S/NTSRER;

4. CZ XEB: E#59I.

G4843 | CZPauliSPE = 0.975424, CZPauliXEBE = 0.982758

L]
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L
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0.6
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i
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o 20 40 &0 80 100
Cycles
L SPB
SPB Fitted
& XEB
XEB Fitted

T4E: EERI], HSPB/XEBREE (FH£798.3%) .

e RPREERE, BirEERER 98%.

Bifi vs RitBaik: EXREEERS (F1Y>98%) BRIA7FHE, B Hill), SNEE. BiRE 98% Bkl
. .

b

X—I\EEEMBETIEIL,

4.2.7.1 iBtHFHEEEROITE

1. GESAtIRATIE

BFHHFRISERRS |1) SR P, BEEEEE ¢ ., SEEER (A 5.8) -

T SBE—ITE 1 &, FAENEKEERE:
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o HME: BAMIN—N XD (B X/2 (EHohAR) | BATES |0) LSRR EIRES [1);
o ZiF: USHE (Idle) —BRERAIA taelay;
o EHN: HEAMEENAKF (Qubit measure pulse) , URILATEAFLTF (1) AR P ;
o W& Bty BIKE, WH—FF P #iE, B8R iL SRR RHIERE 11,
2. {AEET AL

tHAGRMATF (Dephasing) RISHTREASZRINRRRNMED, S5(0) f1 (1) ZIBA0 EXHEGL REFIER, *
PABE © — y FREFE AR, BRRMRREIBUEREXT.

Pl 5.11 ek ol T r el

IR, SRS REEESIR RIS, "REE HSRAAEY. N "TSEELE" fEERE: B— X IR
FPREL, FREE, BE—NXFEIR], KEERRERA, FTLMRRARN 1. gk mEne: SrExH
A "FIEENE" BRI 1 RREEMBSER, eifEReEFE (X — Y FE) EHMeER HETS" mEaR
H. EEEFE L, XHMEUAHEMEENRE r = /(X)? + (V)2 M1 ZipEEEianT o,

eSSt (1) FMEMOEET (1,) EENEEN, FIITEEZNREEN T, mEWEENERIERNER,
AT, (Ramsey FERdHE) . Ramsey SLIENHEWFANERA, FAE2RHENELERTRIERRNT,, ZEAAN
B, —REIWEN T2 TR Tye

1 1 1

T, T, + 7

Ramsey 3C38: BHERINFESCA 0 FIRIRE FH, F—=, B1E1, NEHN 1 SRR, NRKEEETHE
100%, 1EfBFHEI=/NF 100%.,

Qubit Z frequency detuning pulse

tdelay

Qubit XY driving pulse

o HEBIS: ¢ = 0 WiE— X/2 1), BHSSEmEHRIREL (P S WE) ;
o BRI S oy, MEHARNEN 2 SRR, (LSRR T

o 2FME (Phase Tomography) : FENB—Y /28 X/21], {EHREFENBERIRTEITUERN 2
Wl AmuEd (X) f1 (V) RE. —MEEIREREM S, RFERE, PEHRSBET o,
EAnBZRAEEILIKENSE;



o HESHE: WERETE ORIRE r(ti,) = V(02 + V)7, SEHIEHRAR 5.11:
T(tdelay) = T(O) - exp <_t§:%)
HETHE T2, BRANGH T; FIENERET), MARIEHEEOBATER T,

SRS ATV RIRE r = ((X), (Y), (Z)) 5 [0): AR 0,041); |1): @R (0,0, -1). Fr/mEE
RE (Z) =0,

EENEE (1V/FIRRE) SEER: 7 (taciay) = 7(0) exp(—taeiay/ Ty ) (UETRERAE N R (SITREEINS)
FIARST. (EFESSPRBSS AR EAETHEA RN [RSRER (1/1185) . IR 1/ IBSES, ISEEREaT exp|
—(t/T(2)"].

BiEEiEEA (Spin-echo) : AT HEMRXFMESMIRAERIFNN, SEIG ESRA Spin-echo £k : FEZREFAIE ¢ deiqy BY
IEREBZ FOMEA— X 1], XA X TESFEISERSHEIRE LAVERLE © T —R "SEEE". X
B, APEER telay/2 RNENERSRIERSS EAVEALER, ¥R tidw /2 NANSHTHERRZEBRE L "1
M (B FIEREEREE) GRS, 1 Ramsey SL—E—HE, MERTA X1, XEEHEOBRL,

4.2.7.2 B S HEERIIRE

«10°  Measure Data (SNR)

4
T
T 30
Q
[ =4
o 25
3
o
p 20
'S
o
Z 15
2
£
Ea 10
% 5

500 1000 1500 e —_— !

22 225 23 235 24
b (a.u) Qubit Zpulse Amplitude (a. u.)  x10*

Pel 514 RE i 5 S0 M e

- EEBEES: —REEEN, BEREIERBEXIRE;
o TEAESER (Coupler) : JLIBEXEHMERATREGRE, EEILXBETEEIT (KIFR) .
AElGEREgiEE, TLETIERKET, AT SEREGEE, B RT.

1. geRi R (MNEE) 1 SEEHIERRS (BN 4.64 GHz) |, 2 SRR (Fkan 4.56 GHz) , Bi1&it
&0, BEATH. HIEEEADHE, 1L 1 SRR #TE X150 2 StbiF. IRIKERE, 2 SHUSHSRERN
Z—ERS—FKFE (WIRNHIER 1 SHEH) |, Ml 1 StURERERMZE—RRR THES, SEMKLE
X, B2, WHEREHIE, SEe(BiRRERR (k) NekE eRliR, AREIRREEERE 7 —
MEO. XFRERE EERENIBMNERER (Gap) , EETNEEERENEFET 2¢. (RELEERE, REREE
rh B SEARAORTR, MALFRAOIEEEAHER 4.64 — 4.60 = 0.04 GHz = 40 MHz, A g = 20 MHz,

2.8E8: BUlT |01) 5 |10) 2 @mEHRZERE. SEEHP— MURESIIRES BNEESET (01) &) |
REBIGRRE (Zpulse) TUEBREMUFHBERERE A =0 (HiRR) |, FRISEHES "Swap Time", REN
£ |01) SHfEE (R Po) .

MEBIRE—MURHTE 1, B— PSR 0, ARIEE— MU RZIFAE NS FRRE—RIE, REE
WE—NECRE, RIMERERRMYRS, BT, RERIUSZIEEREE. XMZERSBSHNE, &
RENARaSRIESEE,

REEEIF—EE (W132, BN 2B 1) AEEMNNERE— fR%EE T

o EE: EERE&L, M—PMIEEIFOERIT—MIEXEIFL, IR AEEKT 30 ns (IXTL2EHE
T) ;
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o RBAR: XMIFART = o

o R g= m ~ 16.6 MHz,
FEREEM ST, ERAEMN HTETF, BIHEE BAEE ¢ BEFRE BN, BRI
SR AMERER 9.

B =y

h. zEEHCR
5.1 EFII5EFHIS
5.1.1 CRII2H4? 0 CZ IR EI?

B CRF CZ #BEXNELEF], €2 RE CRIIE 0 = 7 RIR94SHI, CRIIEZIE, NUfH Cross-Resonance Gate (32X
HIRID) .

BREMMBSBFIE: #4ItkE (Control, Q¢) FIEELLIE (Target, Qr) . MRIAIA Qr HIHIRITEREIR
M Qr, CECAHEE. AT CRIBIE RITMRINTIBRRIZA Qr HIHRITR, (B IBXMEEITE Qo L. BR
WS Z EEHEHYIEREES, Qr EEIREURT Qc &TFHARE: R Qe = |0), Qr 2LUEE +g IFRt
EHiERE MR Qo = [1), Qr RLUEE —g TRTEE.

CRIJEIAEIRE ESINT —MZORBEMERT: Zo X7, BMEHEEN 2083 (|0) 56 (1)) RETESEE
X ey e, BTSRRI RIREPRIEE, EERIEFIER 90° (B 7/2) , BSEEL T —/MRAER CR I, BT
XN IRIEIN EERERLET], MELMRESHUtE S HERA AT CNOT ],

CRII5 CZIMMEKR: CRIIZ—H "YIEEMBR" (FEM) , W CZIIE2—A" "iZigee" (BBI1/3ERE) . ~ig
EBSEFUES, AMIBEEL "FIRSERAELCRFSEIE CZ 1" BN CZ 1],

1 0 0 0
. .10 cos® —isinf O .
CR|7J (Cross-Resonance) %5[&EH o (BB 0= 7) ; CZI] (Controlled-Phase)
0 —isinf cosf O
0 0 0 1
1 0 0 O
.10 1.0 O
*aES 00 1 0
0 0 0 —1

5.1.2 3ZiRALLEs 12 A?

N FBESRREEATHE FIvE £, WSRSIEREL EMERERN, TAET z iz, MRBLLFMIEAEN
Eedsr=42dsE, RERSBIHERBEGEE, REP—MUFAST—MEEENRAHIEK® (AC/Microwave
Pulse) , XMEEATSREREFEIES T BIRLYS (Target Qubit) HIEEIER w;, BITXMRECRIEREN, &
NS FEE "X HNIE" (Cross Resonance) , MMISCEUMAZSHIASIREABALES], ELAIZZRAHRIT (CRID) .

ZEANGIF: BHIEKR (Control, iB Qc) WERIERR we; BiRtES (Target, ich Qr) HIEHEIERRE wr.
NENBERE, RIUZEIFEME. XRSEGRS (Dispersion Coupling) . MEEHIELE ()¢ FREI—HRIH
iR, BRIRATRERTESEET R BRI AMRE wr b, 3 Qo kiR, XRAURABARIRE T2 NEE, FLIERS
WEEAA, BEN Qc M Qr ZABHE, XRMRSET Qc 158 "BMR" 5 "HA=R", EEEESE Qr. B
TIXRMRABRERNGFET Qr BEGIRER, Qr RaREHR, FHakIEE (RERS) .
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Qr IEFHEET LR TESILR Qo WEFHARE: R Qo 2 |0) KRS, Qr KLUEE Vo IREEHEs
MR Qc B [1) K, Qr RLUERE V) Fidst (REATERIEE) ietk, SEhtiSLbbiRiE SIS, =
Eig. SiiE, BR5nK. L. TR XY Liras, MUBRIUERS X — Y FERAE MAEE,
BRIEAERRRAEHEHLEN 7 KSRE.

5.1.3 CZ NIRRT ERERINELFS]?
CZ MR LAZERMWEAF ], R LARSSARXECHS .

o HRAD FEIMEAE: WMURFPIRET, 2 CZ i, EHiRiIA— T EREERKD (DC Flux
Pulse) , MUERIBIEHILUFATSIERIEIS BARUIFE BRI — MRS (FRA [11) 5 |20) 5% |02) Bgk
ERAERRZNA) .« EXMIE L, RENESHBASRTHA—MISNEEEIER, B [11) KS
FRE— 7 i9EM (EHMERS) . BINEERFET/LN, HERIR,

o WA AUELCROMIENER, MEERERMERERIRZNIIR (CR) Y EHIELRIRE BfRttFSE
X Hhae, BREAERIT CRII (Znkkid) HEIECS BARHUISE SRIBICISIEE:, HAEELRRURERE T™E
Z X HEE{FRERAANER CZ 1],

HEEFURET, ERREISMTRARER, XIERETIAE CRIIERE CZ I WE/IREE:

o IRRA: IBM B (BIRESEE + CR1D) . BMIAHAVBRRISARAIRT, SHER ESI—RB0E
Bk, BMESIIN—HUE, FLEHSTRERS, FIRETSOMRZIE, 7 CRIDHRSRE, 2
2 CRITHISIERIE—S (BH—WEWD) | EBNES (T)) LSS,

o jRE B: Google / #iKi& (FIEASRE +CZ1]) . BHFHEBAIATY, TRV IR Rz TR AT
SEEASITIRH. BEATIN, ERMNHMRESERINMECISRRALE, K4 "ifE" BHXErE CZ1]. X
MITEERR (JLH999) |, ERFREVERRICSEZXIEERFTE, T2RESR.

5.1.4 CZ [ J#1 CNOT [IHIX B SEAZR?

10 0 O
01 0 O
CZ=
0 01 O
0 0 0 —1
10 0 O
CNOT — 0 1 00
0 0 01
0 010

XA: CZ5esxdtR, WEREHIN. EREFMIRANBXE—— "SR 1 9 1 8, P4 2 52 7 4% 180°" F1 "HLL
52791 B, PURF 1 SR Z 8% 180°" iRXBI. CNOT INUZEBRHS TH: — M ESeEL EHi", 53—
WENBEERY " BRAL

BRR: oL H D5, 18 CZ 3pk CNOT: {RRFEAE CZ NHER—iR, SLHEP—IUSHRIESN— H 7,

BMEM T CNOT []; 8 CNOT Zpg CZ: B8, & CNOT BRI RIESI—" H 7], EMEET CZ

. EAWMSEE H (e X NWiIA (B0 H - X - H) , EMSEA Z 1] Ridsk, WSRE H IIME Z ML
(BPH-Z-H) , eaZi X i,

5.1.5 BSESFRIFIMILINBMLE, REEEAN?

RB (Randomized Benchmarking, BEHIE&EMK) BTSSR TEOEINTYRE, S8R/
REE.
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THENBEN LR —FRETFIER] (Clifford Group, —XERNETFIIES) ERMNEFLRE, HXHMHEHLERN
RE—SHEH— "EERE (REN) . XMNEREOERR: RAEAEETFIERZ 100% 5e=69, AN
EIXAMNBIRER, EFSMIZES ZEEEIRIIKES (Han (0)) . BEEMBTZLEOKE (BFIIRME) Bk
K, BT ORATE, &EEE (0) IHRSGES—H= (TWAIEWY Clifford Decay) . MERFMWIAAR
KE (FEa8E 101, 504 100 M) AIBEHIEE, BElH—FKiE=mMLG. BIUGXRMEIRRE, mMa
PiseseREiERmNER S INRIRS, BETEHFSIEFINREE:

Psurv(m) = Apm+B

NEENSH p R TBSIN—NIARNER, SEEIRNIMREE. WS RB RETS—H, REMRE
HUFPFISFIIN T FRECRS] (20 CNOT 8 CZ) , HRBIEEERLEFRIRS, NMeeEETFREBLCS JRIFE,
BRI A IREE.

AR SEFIURHIRNTE (0) 7 SR m M REUERR Clifford 7], IHRNEFESEER "WE" 7, &
BEETEIMMRINTEERAE m + 1N T——Clinerse; WEBFHRREREET (0) 7. Clifford A2ELIER: MR
{FBERERA Clifford BRERNASE—RE (EEHT) . BNNIREETEHENS— 18— Clifford (], MEE
IR E— N E—R0ETT, AR,

XEB (Cross-Entropy Benchmarking, 3Z3JEE i)

XEB 2HEM] (Google) HBAMEIERR "EF " (BRATR) AR, EH DRSS MEFIS, it
MNERPIT—RTEBNNETF ), XSSHEFSEERMFREFTEHRITME. TR, REE—MRE
S50 "EFRES

o FEEGIBETENLE, AROTEAEIIRESS S HORILHE, SHERCEERS TREUE
RS (A0 (0010), [1101) ...) REZHIEHSIIESS;

o EEIBSEFGH HEBXMNREIEITRTLERR, WESLFREERSLIREIR DT,
o FIFBSITEHM "X (Cross-Entropy) " SRXSLLIX AR,

BN ZH2AN? BESM (P)  ERERIITENALENTE. BRFNER FTEHNE— 1 EFSHMANES
%, WLHH (Q) : ELHESEFORETHT ERXEFRITHRNE— 8 FSHIMIFRR.

o MREHZERBERE, CEHFNNLSH  HEMBEEHRESH P —&—, BeiIHARE
A, BHAR—MUIME, XMRIMEREIES EE—MEFRIBZFIUERE (Shannon Entropy) , FBK
ERELCR7TEERTEF 50 RBHEN"

o MRCHR—ETHBET, IENEFTILEEEL, RENENEHEER -9 TF, B
"TEHSNSH Q" IEEEHN BEEsOh P HwART, BHRNRUBEE—MRAE.

XEB #ESMHESR 1 #iF, 2019 AT 53 NATHE TSN "B4A" (Sycamore) BETR, EHITT SERES
RN B FEINE, EHIRIERSE XEB (REREAY Fxps ~ 0.22% (£50.0022) . T 2023 &, ATELET
ETREE 70 MEFIUSIEES S, [EERHILEE SRS XEB (REEAHN Fxep ~ 0.1% (£90.001) .
EIRRTES T, (82023 F T —FHES HAT E A0TSR 53 MUSHZEANE 2°° ~ 9 x 10'°, 70
MASHIZEIANE 270 ~ 1.18 x 107, SHERRIBRITEEMERNSFEE E/UEE, BIAEIHX
0.1% HIE-FHELL.

BAREITRER: R R TERRE 99.9%. LR TERRE 99.4%, WEERRE 97%, JRE 53D
EUASEXADEERMM LRI, RASREEMREEXE RIS FEERFRE—iE:

0.999™1 x 0.994™2 % 0.97% ~ 0.22%

EAE 2019 FAYBRIAEE S, ATIHERBRITENMEEARS, MIBNERRIITHEEER: WHIHFIEE (N))
KAWITT 4300R, BLURIEE (N1) KREAHITT 1113 K,



"NREGBRITENERFIULF, IPAIIE 2023 FHELINARHER, EFAETERR? RBNEESR, B4R
tH XEB /2 0.1% We? " thfi =it T ™t i8HaeH. (BEFCRRERGHERME (VIR AR T ER%E
ARt R —HERY,

5.1.6 JPA 1 HEMT B9 51?

JPA (Josephson Parametric Amplifier, £JEXHFSEIIARR) RESEFITEIEBRPIE RS (BIUED
BEMARR)  BEERTEERRESTREBIREETFX (£910mK, £9-273.14° C) , JPA BIORARHFERE
ENESHEM—NERRE. RFERSM PABA—FERN. FESRERIRIR (FRAREYE Pump) « Z{H5589
BTSS (Signal) A JPARY, IFEMRBRSFIRARBIIVEENEHSSHTERIFBA., ERJPALTEBESIK
B, RBATEETRES, SERKGESHSIANNEYNESIAR T EFHFBREFAELRERITAIERIIET
P

HEMT (High Electron Mobility Transistor, SEBEFIIBREAERARR) SENEBEPHIE_RBAR, BERR
FEFISHAY 4 KIER (89 —269° C) . JPA BRIREIRE, BEE— 1 HHBR: SRR/, BEEER. m

HEMT 2—FMSTARISZN RS (BEEIRMUER GaAs SBHUIR InP #HEIRk) |, EFBSREFREAAA—ER
B, BalERERIRIN B FS (2DEG) kS, £ 4KRIRET, XEBF/IFARIRFRSIRMAIESET,
EHEE (FBR) SEHEE. SRTFIBERES HEMT JLIEEFERRBINER (RADER, AETBIREISTIE

im) RERY, RERERSRHFIEFE ARSI (BHEAT 30d8B) .

5.1.7 EFEEF SR LRI HREREAHAY?

Qo01 Qo02 Q003 Q004 Q005 Q06 Qoo7
Q08 Q009 Qo10 Qol1 Qo12 Qo13 Qo14
Qo15 Qol6 Qo17 Qo18 Q019 Q020 Qo021
Qo022 Q023 Q024 Q025 Q026 Q027 Q028
Q029 QU30 Q031 Q032 Q033 Q034 Qo35
Qo036 Q037 Q038 Q039 Q040 Q041 Q042
Q043 Q044 Q045 Q046 Q47 Q048 Q049
Q050 Q051 Q052 QO53 Q054 Q055 QO56
Qos7 Q058 Q059 Q060 Q061 QU62 Q063
Q064 Q065 Q066 Q67 Q068 2069 Q070
Qo71 Q072 Q073 Q074 Q75 Q076 Q077
Qo078 Q079 Q080 Q081 Q082 Q083 Q084
Q085 Qo86 Q87 ~ Q088 Q089 Q090 Q091
¥ X
Q092 Q093 Q094 <\QU95 \\ Q096 Q097 Q098
~.
N
Q099 Q100 Qlo1 Q102 \\Q103 ~o Q104 Q105
Q&2
— -
ﬂﬂﬂﬂﬂﬂﬂ

S, RERSHBE—RINELIENERSHFIENTEMMIIETS (0).

PIFERRAIEIL Q068 NS FEE XY #Z2Hlk L3 T—1 X 1DRKH, XRGURINE R SRRSO,
B5YZEI Q068 L. Q68 HIESHISIRI THIKEER, K4 "HtliRS". BIFEERFIGIRIEMN (RESR X M2
Y ii%%) FORERVATE (RERSVE, ©/2 #2i 90°) , Q068 FaEaEiti |0) KSR TBINE. KSR
SRHNT SR, (BRAERS0R Q060 (LLAISRERE 4.8 GHz) FTEARITAS, Q060 ZRELAE, {RiFsslt, M7,
Q060 £ |0), Q068 2NN,
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ERILCISIIRE: FIEHRTR OB CNOT [ (RELAF)) |, XEeRahFEeiNE LB INEGsR (A8
Ger) o AFEFETEIN Z EH% (ERGiEL) | [ Q060 1 Q068 SRARIAIEB G I A—MIEHIER
R, XTERRESFHEINEEGRIMIEER, FAXDREER S8, Q060 1 Q068 ZRRIFEMIEFF
saIERR., EABETF, BENEEERERRE, Q060 RS (BR0KRE 1) SEREALREM, YIRS
Iy Q068 FRRMANEE, BITIEHITEEIRIKP4ERFAIRIE (K40 30 ns) , SJWEBAVRLENIFHIHES © (A
S) i, HEERRKE. XK, CZEYIELEESE M. B2 CNOT ], BFT—MMiKSE X #itE 90° B2 7.

HRMLLF]: EIIPENELRNRS, XAL. BFERAAZ4ERE, MEEREY Q060 RIRMIKEFIN—
FIMRET Q068 (wes) AIZMHAEKIT. Q060 BRI, BIEREEELST Q068, Q068 FHinlek:, Hietkss
[5eE% Q060 RPREEH, XM EiZE CRI7J. SEFRZERY CZ REBFT— MK,

IEEVBRER . RIFRECHRIUEIEHREE (Readout Resonator) FTA—FRIESAIGNK, XERHHKERT Q060 F1 Q068
MHERIEEH. RIBEEFHFNEEERRE, LT 0) T2 |1) 2SENERAEIRIR A EREHNORE.
R RBIIREIRE (XMERENAEHES) HHERR, fXET JPA (IMEBLIRHMK) 1 HEMT (4K KIh
FKR) , —EIBNERZIERIMNEAIIRER L. RETBIRITHIRAVERARIE, EFE LI HEEZNEEE.

BRI LATESPASILS? BEAFNCRSABEERLE] (0 X 1) LR (i ONOT'|)) 2EbEG—
B, AARFEFRMNEEZROTIESH EE 53 4N 70 MEE EENMURIR? EAELNETERMNEFEE,
FEJRERTBRNTERRER MU ZERE: SRNEERE (1 1 Q2 4 CNOT B9ERS, Q3 1 Q4 BIEMISIAIS
17, Qs Qe M CZ1], XMFECHBEBE /Y "HHER". AT IASHEEIRE, mIESHOSENTEEAR
SIERIELAS 7R "AIR", ETELRR SWAP MIBEIRIEIE X, 7 "SRR f "IREEHE" A, e BRI
BLAS KT, NEIREBERRS (LIS IRE 99.4% FUERER) | IXFNGH REESM ETRIRE, 55
SMNETRIRE (RRERRETR/L)  ATERXNIE, RFROMEINEFHIEFD (Quantum Error
Correction) : B—PELFHENEMGET (FLAIEFAY Q060) , EITEFHBEEL/LTMEE LT MRS
"GE—ie", FIREMZENHEREREE. maEfiR. &€, X EFMERMSERGER SRS — 5ok
TR, BAHIERY BB,

5.1.8 BETHEEAME? T2, T1, T, ZEAHXE?
{REUERM RB TR, MBETAIAEREMMF Ramsey L3,

ISR T, (DUUALESLTEATA 7)) BRNEBTIENSES (HES 1) SRMEEIRES &5(0)
FOSEISRIE), SCIRNEE S FEIN— 7 Bk (EMT X)) |, EHEES T ERENES 1), SRR
BORHTE] ~, UBELRSAORTS, REESEENA r K, B 1) MRS SR /T, AR ERmE, H
5)1/e (4937%) SAGRHAREE T

HIBGIEE T; (Ramsey ST) BEMRBFIREBNSY, SRERSTNSHIMISSERNEL (418
) BERN—A /2 Bk, BECRAEBIFREE EOBNIRS S HASTERAR BRI (Free Induction
Decay) Efie) v, TEMMBEINSISERART, BISEOIBREIATHA AB; BRI SHIE —
SIRE (S | LEURSE 2 fiEs, KHESHREEN. BRE BIENETD /2 eRENE, MBS
SEMBAIIRROESENES (R Ramsey BHES) | HOGLIENEREENE T).

EIEEEARE 15 (Hahn Echo 3E48) : BT Ty & TIMNEHIRL "EITARSURR", SLRYIEFZE T —
NREEXBOANRE R, WHESLASRETHRR, XHBiERE (Spin Echo) . RHEFA— /2 Bkipil
PURHERIBING, S5A01E) 7/2, IWATHRTIRR, ARBROHEMGKBENR—HHTTT, XN EERDE—
A Bk, FRAKIFREH; BEE /2, EOL EINSEN /2 B g, XHSEHERS—F, Bign
ARSBAMRIREIERE 7. XENEER 1o iE) (B556) BEREERT Iy, eARTENFRNEFETS

Al
Ty (RHEBEMENE) 2—1 "GHaER", M1, (AEBRMEE) REFXMERN "Hp—MRvzREER"
1 1 1
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o T1 (NrDStbIRESIE / gEEaig) - ARUFREERLIPNEPIOEE (FLIMWEIATS (1) BEERIES (0)) |
o T, (£26ZXAB(IAYE / Pure Phasing) : ARIEREEXREEEMBMELT. NS —BRFESINGS

L) o, ERaTRERIARE, (0) 70 (1) ZAMERER (B34 £ S) SBRNE—HER;

o Ty (HEEBEE/ BEEG) - ERLUNTNENSSES, BT T HROE "BINSEHERSR,
REENSHHER T, T SRRERT: SERSEEEET, XMNEER 1 USERM |1) BET
0) (RET)E78) | BRABHES |1) #987, BISERERASHET, BHEH T) dRamTL T)
BAHARRER o TAR 7 B2 BN 11 MMENRIE (Wavefunction amplitude) , TIEFUENREMR
(Amplitude (9F7) . ERFNFHEST, RIBTANBEREAE—MRSXR, BREER L, HSHHERtR
SHEREERARIRE—, B 5.
o MRTAMMEERPERETR, WHARTN £ = o, BT, = 2T, TSIRIHRSARE,
REG T, EERMEE, T) EFREE 27}
o WMSREEFSRA. BRI (T, %) | Wh 7 JBEAT o, BBAnTrh T AORmAATLL2
B, WER Ty ~ T, {RESSIRERENHRA To, HSEARSE R A RSTERAS A RAENL,

i b, BAJBEERESIRRSILSRAR T (F3bHeESe) 71 Ts (A Hahn Echo BIESER) |, T, B%i*

-1
ERNEN. STRMESREREEUE T T, REESERA AN, REH T, = (£ — o) . M
WSESTAS K RO S S,

5.1.9 FESR TR T, XY RliBSTEEMEFFIIRRAIRNIERER?

s, EFSNERGINE w, FES (KI5 GHz) |, XEREESLHR=ERSELEMAT, tSH Bloch RERE
FoEE I ERIEIERE 50 128! MNRFAIMXAEEE, FEIWHEEAT (ELAIfUIRRS, J1 MHz AIKIE)
HX 50 (ZBRPERIEEMRER. NTEBET, ILENRE (BirR) RIRELGIKAIER W, e,

EEFHFE, BEFIUSHREERTE T BR Z MIEEAEE, SRIVARRIGIRIAER w ., IEERT, RIEEE
R, BETEBIRGEN T —MRER "EUEEN", XSLRFIREMERE— P IELT w,),, FIBEE. R
ALCFSHIBEE (HEAIER w, IRE) 25 Z WHEsRYRR, TERZETHIKATIER, RITHBMEEENZRT

A=wig— wyw

HETHFH, REZ pHLEREE A, WEHALE 7 ik, SHRARENFHEXKIEE A, 7 Bloch
KE, AEENFEEIMER Z HMAVBEERERN: WSELT— MG, B "REEEE A" FEREUES
B, FRE Z MLURER A #HTHRIRREE,

%% Ramsey XX, BHEFAR T B /2 BPESHCIUHEIRE TR BAIE T/REHE; KX TBHREY

7, BREY "BEI" (SERH) TR w, BiYE, BAFEREE A, WRHERERESLEMFTRIL A B5REE
7 gEfNEE L "B, B 1/2 bt REREGHWEAEEEEREE (han X i) Eiks, Rtk
BE% Z M T ARNAE, SHERItEREmk, MaeBRTeArearE 5 2 TS R, L, %
EEMEIEEAMTRER "HMANE", ©7E Bloch IR EBESHEI, MELHISSE Z MANELIRE,

5.1.10 WELAS JUER 2 MT A5 E?

EEGHENE, W) (FLalREk ] XOR) REEN. BRRXANERE: "MMRAR 1, AL B L. "EX
B, ARBYNEE, BERMNREE, ABAXRTEATEE BIKE., BEEFHRE, WA (W0 CZ 5
CR) —BF R, ERXRHENT, WIMFRRT "BENRER",
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IACZ (SZH4EMD) 1740): ERBEENR "NREHER 1), MEEsmn—as (r18f) . BEEFS
Frh, XMASEIERNCHRERIERRS (BHE [11)) £i, RORBEIER AEHT B, X2 B iz
T A ENEENTSEMZIBAIER, BEeaddnsET. X RhEk. RPE[R" AIERE, MENEE.

EEIBESORE, UEFZETTERN, SRBTYESR "seaaiE":

o CZIJERY "geEHIST" (BERHIR) | BRHWNEFILRS AT B, IRIBE(IERMERBENFEEER, BiE
LFTHE, TRYPESRETIESHITSE AT B ZEA—IRHMNSE (BF) BEEET—E., BALT (1)
B BT [1) B (B [11) K7S) , ATFESHMERS, XN SRENRSEF-EECHIFRSERFE
TEA, TEESHENBERALER (Avoided Crossing BHRRZR) . BTREERETHININEE, &
FERU—BEEE, MR |11) RS EREH— M FONIERN ENRENRS) . RRARZEBH
RETFEINSHERHHE—E, BEEAXESYWIEEEN BT T, SlISBRIRIANKRER "§E" £7—
e, BtiIfrHT.

o CRIJERIEEEMHR: SCIORBRIKERIE A LU, ERIKAISRERER B LSRR, R AT B ZEEYIE
TS, ABRRIM— iR, ANNRTE |0), BIEESEIRIKLL B IR, AR 1), BEEidE
AU B 1ERTETEE, = B FHAIRIE A ROIRE "BRIRET S+ SOSRTE Tekehd (B A BEBEESNE)  BE
HIEREHAERSBE 7. B IERIE—IREE, ERRRMZI LT A SRPRSRISED,

TECRS WER 2R, MMUIURERER "TEROHR 89 (AR ARPIRE) x (LR BRPIRE), XEREIRRT A
HEIN, BN B, ARNEGRET (1) 3t8) . BiREEE ST, BEXE] (Fil—4 CNOT
1) fEARZE, ENRKREHEERITRENR T — MM AR (FiURE) -

|00)+]11)
V2

XANETE, "EEARF A" D RS BN XML STEMIE LEAEKT . FEHPRGFE—EFUE "AB EA1K" B9
R, RS, MIRIMREENFA BT —BE (SHMARETAERBMT,) | R B IR HSBRHERE. W
BRI BAEEFHHTITEREONERN, hiEmEMESSERIE T —E. XMENTAXLE IRNREE (&
HTE 99% 2l 99.9% 2Z[8)) Imin{EF R (BEEMHE] 99.99%) AYIERE(HFITE.

IRELHSIIMEE, TErEt ERIEFIRREESEE. MRASYIEFR, A MUSIREERSRERXIITY, HER
£, BRERRTENUSIPRZIAR, SERMGH— BRI EN S RIE TR,

5.1.11 WELFH 4 1NE, EREE 4 MEER?
FWNEFIE (UEERS) #sE 4 NES: (00). [01). [10). |11), XEFRERSRE 4 MRk, EEFE:
BERXIRIROR "BEE", MHIRAISTENI AR EERZIAR "HKT",
BERATERMEZRBESIE Q1 1 Q2. BIINBENRIDIRSEIE wi M we, HIBENIHMIE—IEERT, X 4 M8
KRR (EREBERT) BXESH:
e |00) (BZ) : FAMUSEREE, BAVEXMRSHEEEENATR (Ep =0) ;
e |01): Q 7EME, Q2 i&k, 8EN Eg1 = hwo;
e [10): Q1 ¥k, Q. 7EibE, 8EEH E1g = hw;
o |11): BNMUSEEHAS, BBEA F11 = hw + hwa.
RANERFEL, SRt k" #hiFn we" (F= hw) ., mPEFHD, IHNERETEERENHmE

A9, Fe(IFRNGAT SRR FERR R TN — 1 EERBREI S — e R AR BRI RIS, EAR 4 TMEER, BI1Z
BRI EFFE 6 MATRERVBRTEIE, (BESEARsEi I IRI ORIZIA T IR BRSBTS,

LR A EYIERSE, MENEERET: Q1 NIRRIBRESZE Q2 JRbTHAREAIE, AR
RPN T TR
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o B4 (B Q. WIKE) : MR Q2 7E |0) KT, Q1 M [0) TH [1) BIRFM [00) — [10)) , FBEIRK
SRR wio; MR Q2 7E 1) K3, Q1 M [0) ZH (1) (BIRSEM [01) — [11)) , FEHIBIIER wii.
EYBERE, wio flwn FAMEF! SNZEEE—TFEXRIE, WF x (BEWEAL, Dispersive

Shift) ,
o BT (FQ KT  FE, H Q4T 0)8k (1)K, Qo RERMERMEARBAR (DBIE wor M0
wi1) .

FTLA, RS ESE 4 PeER, FITNHENARX 4 MERABHIER, MREX 4 MEERMMAESERTRT FTXINAY
ZNTEMBIER, XESREZ BRTFEAREENMNES (BEE/L MHz BIJ1+ MHz Z[8) , IERFAIA%
BEE TR, SIELYERT "WIEATH,

5.1.12 EFITERTREALINA?

o EFEN FETLUENIR: WHEE 300 MREATENIIESE, SER—RERER 250 NTase
IR —4; 7 300 NeENE RS R —BRaRNFRX 25 MIE, XN R RET R
HEES,

o EFME HER RS MIEFISTLHN—F "ORBE" FORS: —EFEMUSRELE, TCTiES
Sin, RERUBHF—IMRS, B—MURKSHOBERE. EitES, YESHERTFIS B f—
ANEER, IR E R R I I SRR K.

o EFIRTE5FS: BAEFIEERMTELSFTEE, ISEEUENTATSMIAIR—MERER? &=
SHATS. BEFSNREEE B (FTUERNRIEES) 1. EFEE0RTER, fEsdny
i FRERRISHESMNTA, IHESRESRORIETRASEERY, BEIENERERMAIER
100% FUMESEHSR,

SRR L, MEREFREEK LA Python REEFEE, XEEXEHR—FRFEF] (1 Hadamard [J. CNOT
i) ERAZERE, ItENIEXEEF I IFHEREANEESIGES: WTFESEF R, REESEREME.

SFERHKRRIRIKY (BEE/L GHz) . itE=KE, FEREHFNNERRE (NBSiEkiE) = "&" —REFUE,
EFSHRHERMEERELR 0 5 1, BHEERITEN. BREHA. BHAABEA B4R, alLAE—T Shor &%
g} Grover &%,

5.1.13 YiEB2EAMER? AHALF d3. d5, d7 ZX/#H? BiEEFTEREALTINAY?

ARG (RHEYUE) K REVAIER, REBLTENRIIET.

SHAE:. VHIRMNSE. RIRITERE—IIWRRIER: 0 & 1, MREERHE, BEREF—T AIEFTI,
0 3Lpk 1, FWTTHANERHIR 7. A THRRXNEE, HEPAIMERBII=ES5H (Repetition Code) : FAIFE
TEBER—IUE, ML 0 JRiBA 000, 1B 1 RS 111, BKAKEIEIEEHITOSRMSERIFTR
(Majority Vote) :

o BRA BEA—RIBFESE_NUSET, BIU5IE) 010, RRERMN 0—N1, FLURIRERSE
2 0 (BIDZIE 1 MEIR)

o BN B: RENEMT, ERIAMNURERE T, BIUTWE 110, RRERWD 1 —10, BUITRFIR
BERR 1 (HERW) .

EFNHERERR, BARBEEFNSE, (RIEEEEE (UE) EFREIIRTS, —EEISHIE%SET. BBEAX
BRI 77 RIS TIRENSIHIEASIE (Syndrome Measurement, EENE) : LIIBE=ESLL
FUEE—R, BIANERNMCRER 0152 1, MERGIKIPENUE "5 1 MO 2 MUSIREEEER" LR
"% 2 NI 3 MUBHIRSEEER". WREBIANERE (HE, AMERE) |, XHiRESE 3 MUEFraEmmEE
T BAERER, BONRMET "EER—H" (XIEFREE) | B2 8E85RSEASRBHNEFINE. &
&, AR —MOREKIEEE 3 MR ER, TEER!
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IMraBd=3,d=5d=7TN#M? XBM d ETEF EUMESEE (Code Distance) . ATHAEFVIE 3.
5. 7 XtHEMEFE? RAMBEOZOARE:

B4l ERRR A ¢ = 4L

d = TEJLMTERRYARSE 3 MCEIRAGERAERS, d =3 REEFE1 D, ATARE d=4? FBASKE—BF
RIEBEE T 2 /NEEES, BBOTRUWE] 1100, XEHERFEA 1. B4 0 NIEFEF, BKDTRERILET , (BRRATEH
ERRIZAERMELE,

EETHIBRSEFHTES (HUEIAY Sycamore BREL IBM AU F) |, ARKKEEELDAY "REHS (Surface
Code) "HiEEIR d = 3,d = 5,d = 7 KAFIEMHN., RERERMABNERRITTTE:

o BE—: RE"HEIS". 51, REFNHFENE, BMNRAUTERkREEFHENRAR FEEREEL
15, WT—NIESRRINEERS, MNRERIBIER d, BMAEHHEENEIEIFENE

Hepig Lok 8 = d?
Hd=31, FE3IX3I=9MEEIR, Bd="TH, FET7 X7 =49 N UES.

o KHET: 2ERIT (TYHTRYIEILSE) . BELHFNESEHREGL, XEEESEARAEN, EALE
WA IRIERMR, BAIFBEEZNESUENS, YRESMIN SN MRS BEHE— N EIRTFIEEN
"IHBNELSF (Ancilla Qubit / Measure Qubit) ", B E{IAEENEEREE. ERNERIESFEREBH
FMEND (HEf3RMER3, Rotated Surface Code) 1, ATMHAENEUEEIEIIEAI:, FENHLFE
BREd® — 14, XEHR, S EATHEPX— BB, REESNCSWIRISE (S08 + #8)) 7:

B E = d® + (d® — 1) = 2d* — 1

Bd=TH: 2x (7°)—1=98—1=97 M2tk Hd=3/F: 2x (3?)—1=18—1=17 MLkl
ELFFIAEORT, TR (LB TERRSII d = 7 2U5Er) AEERETER d7 = 97 ML,

5.1.14 AXHMENETEFFEMNTA, BAXBPIMBRREEAFIIME?

MERNAER, B—X "TEERIIENNIE", FEFHRE, EFHUE (HNBSHBEEEN—MUSHERITS) X
N KRSST . 1REX"E" B, RO IiieREYIRERM,

HESEAENE, X1 "E" IERXHFIIN: ©h LB NESIUSIZ U RREX G — RS SHiS
g, DU RHHIEIREE". FHAMER (WE) B, EEESAST—RRER. eI RIRPKPIEDXRIEREE, X
RRESIRIZEES, ENBHISTISINESEFIUS RETGENBRIEEER. HRNRE [0) &, BXX
RRASSEA T, WRR (1) &, EANNRS—MET. MKEEX M ES TR, W=
NN i O E

XHRMKAIREEMIMRANEE—F, BN THRNBNGRRCERT. ENEKTIIAZR, HRELT %
RIBNNRS, JXREREANEMSREIERR, SMSZEBaAETRZIENRET, WHRaSERIEENT
BN FREME, CRAEmEHIKREE LIUHERER "EFRAER" BHEWARR. #KF. EXPMERFH
EHET, IWSLEBRSRUINFNEINES, REREEisE— N5 mu—EAtREE2RER (10) |
BEAMEEAR (]1)) |, XA IRREIBE".

MRIKAE, BIERE "WE" 13?2 &, SRS 100% 1848, RENERRIOPT TS, MUNEFSHESR
BRNIATERES (EIRAT. BOKER. £e80) 45 "SR 7, KEREK7H FiXXYENE, [FERERIHRET =W
F. EFALXNRREREEMEIXNMER, REAFHINIEER. EEALIR, RRREHE—MABAYEFN
"BE".

AL, BFAFER "MER" ARAXRIREBE, SEARRERN (FERRRER) , ME B—1"ZEWaEUY
BRE (NRGER. #MHAR) XBTHHEMMRR, FRINERIEE (BESMIETY) .
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5.1.15 IENEBHNEFEXEETA? "NB" 2a58?

— M BEIEFLLEE (Random Quantum Circuit) BEEHIFSNEF JHFIBEEMAN. ATiLGREMEEEH
B17, RIEEIBXE UGS T —BR—RIEE R, XHmE "B (Layer) ", HBESEFOHP, tERN—
BEEES TR MNERIEE:

o ERLUIFIIMER: O EArEREF RN HRITZEMTBRSS] (Ebanigsn 90°) |, XANEMERR, J1+

NEEF—EM, BEATI;
o WELAFIIMER: EiE, USRS ErIEESR (Pattern) FRIFRECKY, BEIRIHITINECAR] (Ebgan CzZ 1]
g iISWAP []) RF=4244E,

X "—zh (BREEAED) +—E (WD) "HES, EVEEFEENAS—E (1 Layer) .
BERETMERN "TE" S5 "RE". BSCH EAOSEEENSRERN, — RN ErIEAEAMITAILL
BSHONEEEE], 551 B LS A REEAIRE TR B RELYE; 52 B tkts B XAIB—MIRIELEs C R4E24E,
Ltht A BEEIEIE BE4ET C (AT CEEMETY) . BEHE, BERECH LIS MIEHRAGSHER. F
T 20 EROEHE, SHEEJLHNCEESRIE R T — MEEREX. IRATEEEF EHITRR o BAVBRUES.
BERETZHBRITEINN BEEE". STIETh 2 SHIR "PEYEIEEE" 155, SLuitENEEEIIXAME
%, EEBIRX 20 EREE—SFEReet. NRRE S5 B, KMBR—IHEEsRT; AT 142, 16 B, &
BBRRITENZEEREEHENR; HAF 20 2 (Btd 50-60 MNHis) BF, LB RitEMER FSiRkaTk
AURBEEERF (Lbl Frontier HEE) BEE AT, XEFUHMERSCINT .
BEIERETCHE "8 B3R, EFHREEEEGN (BSUSEEREG/LTALEME) , B2FaE—F, M
SEEFE/LEYFARTE, BT
AL LR PRI R B A~ (BN TR B ) BT
£ 20 ERI&IR Bt S 7 EE MR JFUEMNWES], RO JRERERE 99%, JLBEMNIFET
Xk, RMREEEEAE. 1CXERN "SSIT 20 EEFLE", BERELREERSHRATIA: "B E MRS

B%, MEESHEERK. NIVBERES, SEITLULXILHMUFERRDT 20 1SR IRIRIR R ERRIZY
AdgmlE, ARBBRETC, KREHIFRNEFTEESR,

5.1.16 Shor §;ZE{t4&?

Shor &i% (F/REX) HEEFERFEF/R (Peter Shor) F 1994 FHEH, BEFIHESE FEEEXNAT. FHAE
BRI RSAMIERE (RIPERIIMERNRGT. MEBENESIE) NREREEG, HE BEERTENEEES
o Go ST N D PAES b 8

HizOZER— MO NARMBERES: B—1 "RHFHECHE", HiRE—1 " LAGETFEEE". MR
ERIEFIENEIERELN, BERAT. REFREFEANEN, SFRHCEN— TYEE (RAEEIE
1K), BRI N BRI T SH—ANRERIFEA.

BIRBABABAKI N BEEE—ANL N NOHF o, 19E—NEE f(2) = o* (mod N) (BHEHEH
X7, BN ERE) . HEXNMIER, XPOREERE f(r) BEE v BEN, —E2EMEENFMEES.
ENERNOF: RSENIEDHR N = 15, BIEEB—a=T:

e z=1: 7" (mod 15)=17

e z=2: 72=49 (mod 15) =4

e =3 73 =343 (mod 15) = 13

o z=4: 7"=2401 (mod 15) =1

e x=5: 7 (mod 15) =7 (FHAEET! )
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e £=6: 7% (mod 15) =4

ERREENER 7, 4, 13, 1| 7, 4, 13, 1 | 7, 4..., [FH) (iEAr) ME 4. RERZTHEHY r, EHFL
MALUES EEAT ged(a’/? + 1, N) (REAAKE, EoATENERMRER) EEREH 15 MEKE 3
9,

% N E—ANUERAGBRASE, XN BHENESKETL 2208, EHRITENRE—— © =8, 8355
SR AEIXANERE, TE, SEEH r WHEREERETEFTEN, EFTRNEEDS A MRERIZDBRYIE
T

1. BFHT: ICFAwREH "—MTR". BSEFTENMEIN—HHNREKNT (Hadamard [7]) |, iL—HEEFEUS
BHEEABINS. EAR—M—1EN o, MEBE—HREEREN ¢« (W1 2J1512) RBAREFTH
B, KIGRNBNEFRSERRESET TN (v, f(r)) BIEX,

2. FERRIRA., TR 2« BERMEE, XUHERE f(v) NEFSES FERGTEEEKEL
FEIRSY ERRYESR (RERED) . BRARMEREEMR, BAXLEFRANKIEIRS R A AR MZ AR
[EEREHER.

3. %K EFEEMNETR (QFT) . XEENEZNRR. BATRNEMNE, RERFPE r 98 L3
REXERIER, EFTENSMEII—EBHURITAEPASHITEFEENHER (QFT) . QFT BIAX
FR— MBS CARIREEBEEN: BEATESEHPNENRILETS (BRER) EPs5IS TREHE
HTE (RIEMESR)  BXREEEE. 3T, MELaELEN r MMM ERENETS (EHER)
BEBKTFE (RIEXRE) | SSHARMK.

4. MELRGE. = QFT FERAI—BHE), BNEFCHEREMBRNIEREMMHK HE" T, "R T— I ESEKIE
—— B MUREEBRERNE TS, XAHERSEIE A RAFHRE JHTIE (Measurement) , EF5I548, EHRY
SR (HTEHERA r) L 100% AOEsesminER L.

MEEBSEFITEN LM shor BiETIS? HRERESEFIHENIHLEEILUSRIT Shor EiZERIEBAIRIEK
M, EEEIE—MREBRATHA——"15" 2ERMEIEAMEE. SEER Shor EiEMINS AR HEFZ—, T
BEDHRFZRMRENAY, PEEEE—FELIEMATSE.

2001 FRIFFABEFITENDET 15 (15 =3 X% 5) , BPIVEAR 2026 F7, DEN21 (21 =3 % T7) 8&E 35
PAZBURER? IAMELRAR:: . TEAURAE Shor EIATEREH LEDMR 21, EHMEFIRALLS R 15 Bik
T 100 f8LALE. 512 15 BURHR, ERTEEFE LAUREILNS, BIEAPRASECREILREZMN T "SR 1", EF TR
LA "t &ERAT 20 WNEFIIMBET, (B2T 21, XEHFILIGEKT, At EMAEETET
i, FERZRLTISBENNEFILE] W CNOT)) . £ERRNES SR, MKIKRTESSTLTFR, EF
EURSRMENRRIRE (LXBA Ty MNEtER T,) MIEFRT, RAERAIRETIHERSE.

AR "RAE RSA INZ" RBEZim? HREIRVRT. WBBEERIINEELRE RSA-2048, ERFECHEESHE—IK
29617 (R HHHER AL, EFESEFIEIWIRIGE, FERMER: BRRS (TIRE) FEAL 4000
PNERRIBEEFIUR, NTIHRER, BAFER/LT MRS RIRIEHER SR 88 "aky" tH 1 M 5e=hY
BiELLES, REBEEEKR: RERNEY, HIEMIR Shor EiEHITT RSA-2048 i, BE HEANMEELFHEMY
BESEFIS.

5.2 GhHiEHR
5.2.1 dBm 2t4? NSD 214? A4 EfAH?
dBm 2(+4? dBm (HNEE) 2T BRINE Wi, BEsREa 125 (1 mw) |, EitEasth:

Papm = 101og; ( e )
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0 dBm ERRNIEFETF 1 mW, ATHE: F1t0 +30 dBm = 1000 mW =1 W; #/hhER: filt0 —30 dBm
= 0.001 mW = 1uW, Xf dBm HEEERSESRNEERA (MNEEREIER)  EESEEaLIIEE
TTEGL AL, BESSIERR/IMISIE,

NSD 2f+4? NSD (Noise Spectral Density, IEFEZEE) FoRIBMHEE (BER 1 H2) WHIIEEIER, 7
RS E R, NSD RUEARALE dBm/Hz (BB TISSHEIN dBFS/H2) . EM: TR TIERT R THvEs I
RERIERS, SITEREFERIE, NSD SRRIEXLISEAMEIE— 1 Hz SENTE tHBIRES SRR,
#: NSD FEMERIEES, FFT SREEASEL (Bins) RSN, BElEEWlRBus R ASHIERS RARIERE.

B LBEREEAN? AROEIHAERE THEERN" (MEDERTEAR) , MESSNIEEMSEE
HERTEA: MR (P) NFEEBEE (1mw) B, tie <1, Bidslog (< 1) BaEzns. REES
HEANF 1 mW, LA dBm FRUEIER—E 2 RmA0.

NSD (dBm/Hz) JHHARRARIGE? YRS FHPISEIRR (=8 290K F) # kpT ~ —174 dBm/Hz, iX
BERETE 1 Hz USR8, MIEMERTIRRE 101 mw (£ 0.00000000000000004 mW) , & EASHIEBEE
SHYNEINER, FEHSIRRGRE] NSD @57 —140 dBm/Hz % —165 dBm/Hz 2j8l. ®iS#E (i
K, 80-160 Lk -140 E/)N) |, HBES HAVEIREAE. MEREHLT.

522 HRARREMA? AtARMRIRE? MBEERHAXER?

WE (Bandwidth) EESAMENICHME, AR EEEEBEMUTHENENES "MEERIIA/N . BAEN
BRE—MIRKE (REMRSRMRENEHE) |, MACHRMERINRSAMN——Hz (F§%X) . kHz 5 MHz,

P AHERRMRE MHZ? EBRX—R, LUBESEsMAS: ABSIREIRRZERKX a2 20 Hz # 20,000
Hz, &4 "EXIXIE" BIESERLE 4% = 20,000 Hz — 20 Hz = 19,980 Hz ~ 20 kHz, F8, MFEERHR
g8, W5 (B) = fuigh — flow, BMR (MHz) iR, BRINEREMBERMKAR MHz,

ATHE "HE" FIREREP "Mbps/Gbps" &8, BILIBAEFRLLE: 5% (Frequency) UERZEAER EAYTIE
BE; (55 (Bandwidth, MHz) URBENEE (B/LREE) ;| #iEEHER (Data Rate, Mbps) {UFRE
RIEMSERETRIERE. AREEE (5 MHz #X) | SEBRNEMHNERE (BUEE Mbps) Hiiks.

FERICRSTABES, B8 (MH) RETIFREERSMEE, MERAR (Shannon's Law) RE:
KRR ~ 9 (MHz) x log, (1 + {54:E)

B AR EBSITRE T CREIEI IR, SR, SiREREIRETE.

B AEEMEEESME Mbps? (SS/AEHE (WIEHE) A MHz, JSREIANENEESIEER; Ho/MNE
B (BUEE) M Mbps (EHASER) |, ISNBETX MIEEEEEIHIIHERT SO THEEIE (0 1) |
5.2.3 HEFENREFEEN oYX BIFIERR?

o ¥UEE bps: £7R bits per second (HAFEFY) |, BNE—HRERHGIETZDANTHEI (0F11) .
100 bps FR—FO4MEL 100 N 08 1; Kbps = 10° bps (FEUASE)

o RHfE (SPS, Samples per Second) : TG A—IHIESESEF TSR (EHENESHFER) .

o DUE/BWMIE (Bits) | TREB—MRERBZMI 01 HFHURBRICR (BEREERE) .
=FEZENEER (OITEAR) - REER (SPS) . RIFEEE (Bits) FEUBE=R (bps) ZEBE—MEEEZE
SX&:

HyEd#E (bps) = RFEZE (SPS) x #ARH f %L (Bits/Sample)

BHSRE— S50 ADC i SRRE== 44.1 kHz = 44, 100 Samples/s (—Fb4TEX 44,100 NREES) |, REEEE
16 bits (B—MNRERA— 16 I-#HHIEERR) | NEHREE (bps) A:
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44,100 SPS x 16 Bits/Sample = 705,600 bps = 705.6 Kbps

=t TR EAviagtd] aX (kbm)

FHE= SPS (Samples/s) MSPS / GSPS —FERT ZOPN R

SR Bits 8-bit / 16-bit B RAVFTRIRTAEL, (A S
BRiER bps (Bits/s) Mbps / Gbps FUFERNSEUEERAN

5.2.4 NEREMERMK? BB ppm E14?

IIERISEM (Power Stability) ZEISROHHEBIFEFRE, ARNELFBIMNERERN WEREKEN. BES
o). BMFEN) i, HEHIDREFIEEAZIED. WRRETHEHIIERN 100 mW, E£TF 8 /M\itfE, EirkE
HRLERFE 100 mW MHERGANEIKS), E2BIEERET 95 mW B¢ 105 mW? IXFMHREIERRIBE DI EINERIZE
.

FEFWERE:
o BEFE: INFECHARASHAREBSHEN (REENRER) |
o AR (BM)  REESTFL TS LB/ ERNEARTR;
o HFERE: HEEENSESHRVEHINREXR,

(i ppm B+A? ppm 27 Parts Per Million, BIEASZ— (10°°%) . BE—MEXIZHEAtLAIEAG, Ak
FTNOTUEIRE, KUTFESLE (%, BH9Z—) | BRELESESES. 1% (AH2—)
= 10,000 ppm; 0.1% (F4r2—) = 1,000 ppm,

RAHARE 7% W ppm? ERFCH. SREESHIRSEERS, HREERRS, DEEBRBERGESZERT
F/l. MRABDLLFRTR, BHRKE 0.005%, FMXEBASEZEHE, BAEW, MiRER 50 ppm HAFEEH.

ppm AT BTN 2
ohR A = kiR x (22 )

ppm HISER/N, REETHIOYEREIEEE, M AT,
5.2.5 AfIRFRA? B AR -dBc/Hz?

BRIRERRT ESMENATERE, BESHEUIENEE, BIFEESE (iR%E. MESM=R. ButhH
PLL/CLK) {5S4E%EAIZOER.

EEERT, — NS RaENIEZRESEE EiZ 2 —RARMH "¢ (B—RE fo, iRERE) . BT
B, ATEHRERRERS. RS (1/fI875) FA0RE, SSABRMSKERMIBEIELIRE (Phase
Jitter) , ESMEELE, XHRIEER "H" [REPSEMLKTT, PR—ME "BE —HRNIREEED T (FRONIATIER
) o ERENENHREXD "R BSA——UEEEETOME (FiK fo) RE—EERS (4010 kHz 5 1
MHz) R9HETS, IRFEREEMENTHOMESREERIRN.
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AN xevsiGHT

Ref 9 dBm Atten 20 dB
Peak

de/ l
J1II\
/111
Wl $2 A/ l‘ \A
RRWW‘W [ lll ;‘*vwww

Center 18 MHz Span 108 kHz
WRes BH 1 kHz SUBH 100 Hz Sweep 818.5 ms (401 pts)

A ABHIR -dBc/HZ? XANBRAFAILUFRD A=ER IR dB + ¢+ /Hz,

e dBc Y c B relative to Carrier (HEXITEIRIIR) , ERE—MEWINR (Hal dBm) , TE—ME
XFECAI -

A B TT0y A B A b, 1 Hz % g 7 ;:Pnoise
HILHHRIRS L(Af) = 10log,, (BERMLAL L LR BRNIAFIE Pse )

MERR "REIIREHRNERNLSZIL".

o /Hz KFRIP—HE 1 Hz HE., IS ENEEFUENER MUETRE (Resolution Bandwidth, RBW)
HREINER, AT AFHRARCHHREASR, YWREREINFRRLINESS, |3—HE 1 Hz BEERNEEL.

P42 GE (-dB) ? FABREINRTNFHROEIRINZER (Phoise K Pearrier) » RIZEMBEFOSRE 10 kHz &b,
1 Hz HERNIRAETIRRE KRN —EASZ— (1079) :
101og;,(107%) = —60 dBc/Hz
HTFIRAELCER/IMES, s8R BAMEE T RE. FORERE 100 kHz LAIBRIERS X
—120 dBc/Hz, &X2: EEBHOIMMR 100 kHz BIAE, B 1 Hz HERRUINRER, BEAEAEIHERILFHIR(E
SINFE[K T 120dB (AIRBEKNAIZDZ—) . ffS#E (EBXHEHK) | HBIREEZEEE, ES8EsE, ©
AOMEREET

5.2.6 dB ZJER %10 iR R x20? WELK?

8

cli

S (dB) FREERMHEUAEITE, (ARBEERERRIERR T2
MBS Kz MERIGRS  REAR
ThEREY (Power) aem. % (P) 10 dB =10 log,, (Z)
IBEER (Amplitude)  EBIE (V). FBE (D). YAIEE 20 dB = 20 logy, ()

AR AEERIESR 20?7 YIRS, DISAIRBE/FIRAFEIRIELL (P = ‘%) o IEFATERIRARNE, RIET
MR, FoRYEE 2 SEEREREZE:

V2 v v
10-logyq (V=) =10+ 2 logy (&) = 20- logyy ()
WIEMR: MEHAETR 10, IBEEH T 20,

IRRE/ERER (20 Ig) iEE: (EER 20 dB BEAENR? 101B4/20) faumeE i, AIHE 1043, 6 dBIE? 1049
3/10 k75 =1.995, 9FEF 2, FiE 2 1Z. £ dB LAY + 8 - METHIZ(ZECLEK: +6 dB = EIFfE, +20dB =% 10

f&.
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5.2.7 SFDR 2{t4?

SFDR (Spurious-Free Dynamic Range, FT/REENZEE) REIEEIEES (ADC/DAC) mlMEine—, BENER
SEEF, EENBERNMESIHERSRENTHIZEL (Spur) IhERZERIERILLE.

ERHERN S AR
o @ ABXINR (dBm) EIEE (dBFS) BEEMEM (TEPHEMA) !
SFDR (dB) = Pygnal — Ppur

Pggna: BRES (BiK) BIIR (841 dBm B dBFS) | Py AEMHRRAAIBMRIRE/IERINNE (8
fiI: dBm 8% dBFS) .

° Q@ FBEMINENWEITE (FRENHAH) -
SFDR (dB) = 101logy, (M>

Pspur, linear

NRERRIRREMRERE (V) , BTIEEEHFS, REWEE 20:

SFDR (dB) = 20log;, (72)

7114 SFDR BIEH? FAHFRAMEENEESIIE (BFERRE) , oEERABHINSEAREIERINE (BF
?ESE) ' %%ﬁ%%ﬁﬁjﬂ:z—’? {ﬁg%o l:lﬁilIZIEE%%IJJE?—‘ Psignal =-95 dBIIl, %K%ﬁﬁlﬁ]?ﬁ Pspur = —85 dBm,
IR

SFDR = (—5 dBm) — (—85 dBm) = +80 dB

SFDR ${E#AMIF (IES#MZHLF) . 80 dB §I SFOR IIBAMRAEESHELDZ— (1078) , EKRESHH
HAESIEETR. TR

5.2.8 EEMREEMNERTA?

EZBEROR. BEEEHRERS (2 ADC/DAC) 5 MIMO T&BERAF, BEWVISIEMZE (In-channel /
Inter-channel Initial Phase Difference) E—NMNEEXBIUIESE, RIS Y MEBERMEKEASTE—NR
FNIFBEERN, mWRETUISBER*MER "YIISRE" T, SNEEZBESHEMNEEARA—HE.

AtALE "EEE"? BRRET, NRMRETHIEE A iEE B MATEERIEZKES, MEREHAT
KENZseE2EE (BAZER 0°) . BEEFRRHIHISHAER, [ESESHMIRIREAATREEINTR, s hH
REBEBESHRUNEREGE F MR PCB IR ZELAFRKES, MatMENEERUAFHIBR.

TERBERST, REUEAX, BESEENRITIFIART, YREER Y. £ ADC/DAC BE%K
HESHMEEEREDNEIEER A E WAL, WATEHERNETEN, KESEREARL.

5.2.9 DAC fIuEAIRRNE? ERTABRNERTARR?

DAC (BUssLiass) B9 "2 HI\EL, @==21E ENOB (Effective Number of Bits, BX{UE) . FAECRME
F_EEZIRY "16-bit DAC", FERNRTCHINRRIYIEENZEL (Architecture Bits) , XEEH LH 16 N FSEEE, HiS
HREE 216 = 65,536 NARBESSR, BAELFLIESR, BT CHRSEERS, KB, IEEHEnnE, —
16 {ifY DAC SCREHAYESRE, AeeREHT— "TELEEM 14.3 i DAC", X/ 14.3 MLEBRIBRNEL
(ENOB) .

ARHSEHE? F) ENOB RNEE TR (FLalsE LI BEETTR) ity MEETNER
SHRE (EKRL) , BEFE BT E R,

i+5 ENOB Ry iZiE8R : ERUERT "SEPRaIZSERE" XILL "EAR DAC RUERICIRIR"
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o 55— IEfFIEME DAC RUIBIS(SIRLE (SNR) . XHF—N5EEM N 388 DAC/ADC, REREEBRIEIE
AR, HIECIRREERIE AT !
SNRigeal = 6.02 X N + 1.76 (dB)
6.02 A93RIR: 201og((2) ~ 6.02, EREEEM 1L (bit) DR, FESREEFL 6 dB (IBEBZ) ; 1.76
SRR [EXR(E SR SERIYSIENIRARIIENILEHES HATELIR.

o 5”4 MESCER DAC BY SINAD (fS4#Lk) . ESCiE=AH, 4150 DAC BMA—NHERENIEZK, BenE
SE(CNERSY, MEH SINAD (Signal-to-Noise-and-Distortion Ratio, {555BERKEL) . SINAD &~
NBETHES, ®ESHTEREKAE (THD) . Z¥8 (SFDR) £8#E7T, RMTHIEFNGEESHKR

==Y
o F=%: EIEEE ENOB, EF—AIBICARNITR, ALFRUER SINAD EHIEERT SNRigeal :
SINAD = 6.02 x ENOB + 1.76
RSEEH ENOB ITEAR

__ SINAD (dB)—1.76
ENOB = 502

ENOB #Si#liF (HIEmYIBfamRAE, RS M. [RIEFNLEM/)N) . BEESH/EE DAC BJ ENOB 487K
EVERBEE (Eban 16-bit 10GSPS DAC B9 ENOB AJg8RE 10~11 i) ; M{EESHEE DAC 89 ENOB RIEERZIAIRR
VeS8

5.2.10 1/f IRFEEAEE? AtaR T, &E?
1/f 18RS (LRRIDIRIRAS/ANLINERS, Flicker Noise) R—TINSREREE (PSD) SHER f AR HUAVTSTER
S =g (am1)

STFEFNESEFR: (KR 1/f 12ESSMEFISIIEEREN (0§01 1 ZIEIMRRE wo1) KREMHLER, S
EFHETHEL, A, EFNSEREMERE (HF u s 2R ms) REHEEE 1/f 1BEREN——XETidEs
55, U4BE 1/f IR ELTTEE,

EEFIESSEERIRD, SREETRERRA Ty (Ramsey MEERIATE) , BHESPSERIRE:

=t
o T\ (BBMHBEHE) : BTUASIEAR 1) BOSEIEER |0) S (EITFIESR) ;

o Ty Tyo (H8XMETHIE/ Pure Dephasing Time) : IXFLERRE &S 1/f IBFEZOER! BERXIEHE
LZR, NEKREEEER, mMEL, T, 51/ IRFERE 2 BFEERENEFEMRET,
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