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BACKGROUND

Field
10 This disclosure generally relates to physical implementations of
universal adiabatic quantum computers, and specifically relates to qubit-coupling

architectures for universal adiabatic quantum computer processors.

Description of the Related Art

A Turing machine is a theoretical computing system, described in

15 1936 by Alan Turing. A Turing machine that can efficiently simulate any other
Turing machine is called a Universal Turing Machine (UTM). The Church-Turing
thesis states that any practical computing model has either the equivalent or a
subset of the capabilities of a UTM.

A quantum computer is any physical system that harnesses one or

20 more quantum effects to perform a computation. A quantum computer that can
efficiently simulate any other quantum computer is called a Universal Quantum
Computer (UQC).

In 1981 Richard P. Feynman proposed that quantum computers
could be used to solve certain computational problems more efficiently than a UTM

25 and therefore invalidate the Church-Turing thesis. See e.g., Feynman R. P.,
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15 in order to operate. Quantum error correction cannot be performed without the

circuit model quantum computer’s qubits being capable of maintaining quantum
coherence over time periods on the order of 1,000 times the single-gate time.
Much research has been focused on developing qubits with coherence sufficient to
form the basic information units of circuit mode! quantum computers. See e.g.,

20  Shor, P. W. “Introduction to Quantum Algorithms”, arXiv.org:quant-ph/0005003
(2001), pp. 1-27. The art is still hampered by an inability to increase the
coherence of qubits to acceptable levels for designing and operating practical
circuit model quantum computers.

Another approach to quantum computation involves using the natural

25 physical evolution of a system of coupled quantum systems as a computational
system. This approach does not make critical use of quantum gates and circuits.
Instead, starting from a known initial Hamiltonian, it relies upon the guided physical

evolution of a system of coupled quantum systems wherein the problem to be
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"Quantum Adi.abatic Evol ution Al gorithms versus Sinulated Annealing
ar Xi v. or g¢ t-ph/ 0201031 (2002), pp 1-16. Qubits

10 As mentioned previously, qubits can be used as fundamental units of

information for a quantum computer. As with bits in UTMSs, qubits can refer to at
least two distinct quantities; a qubit can refer to the actual physical device in which
information is stored, and it can also refer to the unit of information itself,
abstracted away from its physical device. Examples of qubits include quantum

15 particles, atoms, electrons, photons, ions, and the like.

Qubits generalize the concept of a classical digital bit. A classical

information storage device can encode two discrete states, typically labeled “0”
and “1”. Physically these two discrete states are represented by two different and
distinguishable physical states of the classical information storage device, such as

20  direction or magnitude of magnetic field, current, or voltage, where the quantity
encoding the bit state behaves according to the laws of classical physics. A qubit
also contains two discrete physical states, which can also be labeled “0” and “1”.
Physically these two discrete states are represented by two different and
distinguishable physical states of the quantum information storage device, such as

25 direction or magnitude of magnetic field, current, or voltage, where the quantity
encoding the bit state behaves according to the laws of quantum physics. If the
physical quantity that stores these states behaves quantum mechanicalily, the

device can additionally be placed in a superposition of 0 and 1. That is, the qubit
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Mat hemati cal |y, a Sapenpeietd eompitatinmising eaudd, heatetetaf the ayhit is

measured {i.e., read out). Typically, when a measurement of the qubit is

20 performed, the quantum nature of the qubit is temporarily lost and the
superposition of basis states collapses to either the |0) basis state or the |1) basis
state and thus regaining its similarity to a conventional bit. The actual state of the
qubit after it has collapsed depends on the probabilities |aj* and |b]* immediately

prior to the readout operation.

25 Superconducting Qubits

There are many different hardware and software approaches under
consideration for use in quantum computers. One hardware approach uses

integrated circuits formed of superconducting materials, such as aluminum or
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10 overall state of*the qubit, which is denoted IT), has the form
[1P)= 0)+1)11), where a and b are coef¥icients corresponding to the
probabi | i tWex0sa22128nd 1, 612, respectively. The coeffi creEmcs008/@n61 b
each have real and imagi nary conponents, which allows the phase of
the qubit to be characterized. The quantum nature of a qubit is
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respects to those used for conventional integrated circuits.
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can be i ed.. i i - At i i I¥pL.cal
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scal afg | ipajrs ardCaopergeiehal 4 ghargasf Ceiand cdapietsdifitgo@edtivasboyad cal
properties used tqQ encode informatjon including, for exanple, charge

and phasdogRIDPIRS fopmaeriera PheoryiBlaTeeln. mas ¢-4- didiseeéndSfange
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20 information in a variable related to the difference in superconducting phase
between two regions of the phase device. Recently, hybrid devices using two or
more of charge, flux and phase degrees of freedom have been developed. See
e.g., U.S. Patent No. 6,838,694 and U.S. Patent No. 7,335,909.
Examples of flux qubits that may be used include rf-SQUIDs, which
25 include a superconducting loop interrupted by one Josephson junction, or a
compound junction (where a single Josephson junction is replaced by two parallel
Josephson junctions), or persistent current qubits, which include a
superconducting loop interrupted by three Josephson junctions, and the like. See
e.g., Moojj et al., 1999, Science 285, 1036; and Orlando ef al., 1999, Phys. Rev. B
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Charge devices store and mani pulate information in the charge states
of the device, where elenentary char g@s consi st of pairs of electrons
cal | ed Coowerzoasdizpasrs. A Cooper pair has a charge of 2CTatakocsonnsdsst S
of two el ectrons bound together by, for exanple, a phonon
interaction. See e.g., N elsen and Chuang, Quantum Conputation and

Quant um Bof P5308. | Other ERaMPIcd @ sLbéncondudtiyig RUBRS calCasitisuriy for(3G0)ie,
pp. 343-345. Flux devices store information in a variable related to
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(wher e apsividgscan) extepias Gux piasdo ttenqutst. rEp laceldidy device prwyal$einclude
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the i kegro%%%s Bay h%@hjco%[)ﬁféndiﬂ%ﬁ)%al si6s 8BGiBe 4B therd 9Rf; baRdvdPidcando
et at, 1999, Phys." Rev. B VAN 259421-0008316537461. -6 - W

2008/1022 bBRIEVICEA2008 40065 6h B01e arBBogmedth chawesrgredsesdout and local
super conduct i n ubits can, be found, , f.or. e I in Ll chev at,
2003, phgga.s <3 Bey .Beé'i?d-o(g%é%‘?qdoﬁlt 3?‘('8‘?@%&?‘1“"5@%,p"gﬁ(ﬁ.o‘c & 5
63, 17455huidndafhétoniBidrs abact indd&tiiRly dsaheERd46 @ diffidrent quisilittiih @n,

hybrid charge-phase qubits may al so be used. 5The qubits may_include
a corr espeitgyy Thecesadpubdevirs/mer pravide pyelaomraeresi Jo8 desSQUHEI ude

ot or na e rder nChhbodsRp BB TRSRERU R DA el RRb M R ciEa

i ncl ude anglygsebhdoy johctibhssa rediknownahitiensrt. Each super conducti ng
qubit in the quantum processor may have a corresponding | ocal bias
device or there may be fewer |ocal 10 bias devices than qubits. In
somne enbgﬂj Pro&happe- based readout and | ocal bias devices may be
used. Th e(s) may include a plurality of dc-SQU D
magnet onet ers, each donghutds pretgssoo maydalesl thedfoam df &h enalug grobégsowifohi n
a topol ogy. The readout device mﬂg Erovi de a voltage or current. The
yciaa gdpet

dc- SQUI DI BRI PIREPERAT GOy PETCONGHEY T MATRY MR OTRASEE | Al
i nt er r upsGheR¥ndlicting@Rlantum processor may include a number of qubits and

20 associated local bias devices, for instance two or more superconducting qubits.
Further detail and embodiments of exemplary quantum processors that may be
used in conjunction with the present systems, methods, and apparatus are
described in US Patent Publication No. 2006-0225165, US Patent Application
Serial No. 12/013,192, and US Provisional Patent Application Serial No.

25 60/986,554 filed November 8, 2007 and entitled "Systems, Devices and Methods
for Analog Processing.”

A superconducting quantum processor may include a number of

coupling devices operable to selectively couple respective pairs of qubits.
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dc- S(%JélD). The coupling devices may be capable of both ferromagnetic
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inplies t@g}%’?nti -paral lel fluxes are energetically favorable.

Al ternati OTRIMPE A DEQVIdRD IRSTAMRENGEG ioF astifriyoradgnstiscousling Ot her
10 coupl ifgyE&YLGEes. can be found, for exanple, in US Patent

Publ i cati on No. 2006- 0147154 and US Patent Application Serial No.
12/ 017, 995. Respective coupling

15 Effective Qubit

7

Throughout this specification and the appended claims, the terms

“effective qubit” and “effective qubits” are used to denote a quantum system that
may be represented as a two-level system. Those of skill in the relevant art will
appreciate that two specific levels may be isolated from a multi-level quantum

20 system and used as an effective qubit. Furthermore, the terms “effective qubit”
and “effective qubits” are used to denote a quantum system comprising any
number of devices that may be used to represent a single two-level system. For
example, a plurality of individual qubits may be coupled together in such a way that

the entire set, or a portion thereof, of coupled qubits represents a single two-level
25 system.
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strengths of the coupling devices nay be tuned between zero and a
maxi mum val ue, for exanple, to provi d@‘ferromagneti c or

anti - f er r owagnestizzizgoupl i ng bet ween qubits. 15 Eff ecti vCT@A®048/000661
Throughout this specification and the appended cl ains, the terns
"effective qubit” and "effective qubits" are used to denote a quantum
system t IBdsigmay be represented as a two-level system Those of skill
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"ef fecti vggﬂgbélquﬂé%g %rggfgég ct)(5 gg%%ttgeggetc?ﬁggﬁﬂ%%yg e ’cogrl}g%g ng any
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syste For ex | e, plural ity of individual gqubits nmay be coupl ed
{oget er PRCSUER! SXampler M bastolaendasd seelal Grargsign OB ear cof | of
N VAN 28910 SEB oS e g S e a8 B Eo AU ThCT e 8b boses
Basis  mathematical phyhice wdhappretiatesthapbasds may berdefined fdrepepgended
clainms, the terns, "basis" and "pbases" are used to denote a set or
cets T e SHRETTRUED 25707 Yk oy RRR e BRI ot or s hat may be
combi ned to conpletely describe a given vector 5 space. For exanple,
the basis of standard spatial Cartesian coordinates conprises three
vect ors, Gdiemutaliohs, the y-axis, and the z-axis. Those of skill in
mat heyjpati cal physics w .| _appreciate that bases nay he.defiped for
oper albr  spaces. s TR LTS RIG o SFkiabTF BE Rl ol B 7
fComrut at igxamplé)|dte GERMoUTDMRRAGNF B8y cbep tiEPRIAlar s or bases (A and B,
or

[4,B]= AB-BA=0 (a)

Of particular interest are combinations of operators or bases that do

not commute. That is, operators or bases (C and D, for example) for which:
15 [c,D]=CD~DC 20 (b)

Throughout this specification and the appended claims, two bases

“do not commute” if they follow the relation described in example (b) above.

Quantum Annealing

Quantum annealing is a computation method that may be used to
20 find a low-energy state, typically preferably the ground state, of a system. Similar
in concept to classical annealing, the method relies on the underlying principle that
natural systems tend towards lower energy states because lower energy states are
more stable. However, while classical annealing uses classical thermal
fluctuations to guide a system to its global energy minimum, quantum annealing
25 may use natural quantum fluctuations, such as quantum tunneling, to reach a

global energy minimum more accurately or more quickly. It is known that the
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exanple) are said to "commute” #f they obey the relation: [A B]= AB-
BA= 0(a) O particul ar i ntder est are conbi nations of
oper at ors wo 20esses128 hat do not commute. That is, oper atRITCAMIAGHES
(C and D, for exanple) for which: 15[C D}.= CD - DC = 0(b)

Throughout this specification and the appended cl ains, two bases "do
not commubhitionfto titeyd bedblaw, $uuh asch abinbimatteiat optreitation probigrhemép be
above. Quant um Anneal i ng %ant um anneal i nngl S a conputation net hod

that nay SHEOLREN the 92@1'?4 tea0f| %WS@{B @@9 tagrgiase quapiuEnANRealpe Meavadt y

the ground.stékisd ﬂ%f%&u $ dénqg? concept to classical
anneal i ng, t he net relies on t e un ying principle that natural
systens tend towards | ower energy states because | ower energy states

are nore stable. |Ie cl assi cal annealing uses cl assical
’ systemto its gl obal energy m ninum

quant Lgn anneal ' ng 3\5 rﬁ@%uoH%@ p?é‘ilélfs%} At GuAUAT S5thhGRon BRFHAIRS

quantum tunneling, to reach a gl obal energy m nimum nore accurately
or nore afnuouaswvolwngasmemwfrmmaﬁkndw initiel_Manilzedarp{the blaggiiaeavaang 1
- 9 - wo _2008/ 122 §8PCT1 CA20|08/ 000661 ;so ation to hard gbl ﬁm

such as &NCRAFFRLFOPPRPISSHYAIHFS 414 DR JPBH SCTIES © SeNEsHdC T e

ground stgirgiltehiad b?)@ﬁé&iﬁll@%ah@ﬂgﬁ@HénﬂmmM%ﬁﬁﬁé'éxﬁ&p@dfé?ﬁ used
to find the solution to such hard probl ens
adiabatic evolution is:

10 H,=(-s)H +sH,

where H, is the initial Hamiltonian, #, is the final Hamiltonian, #, is

the evolution or instantaneous Hamiltonian, and s is an evolution coefficient which
controls the rate of evolution. The coefficient s goes from 0 to 1, such that at the
beginning of the evolution process the evolution Hamiltonian is equal to the initial

15 Hamiltonian and at the end of the process the evolution Hamiltonian is equal to the
final Hamiltonian. If the evolution is too fast, then the system can be excited to a
higher state, such as the first excited state. In the present systems, methods, and
apparatus, an “adiabatic” evolution is considered to be an evolution that satisfies

the adiabatic condition, wherein the adiabatic condition is expressed as:
20 $|(11dH, 1ds|0)|= &g (s)

where s is the time derivative of s, g(s) is the difference in energy beiween the
ground state and first excited state of the system (also referred to herein as the
“gap size") as a function of s, and & is a coefficient much less than 1.
The evolution process in adiabatic quantum computing may
25 sometimes be referred to as annealing. The rate that s changes, sometimes

referred to as an evolution or annealing schedule, is normally constant and slow
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Adi abati ¢ Quantum Conput ati on 5As* nenti oned previously, adiabatic
quant um conput ati on typically invol vedOevol ving a system from a known
initial Hawiol2oesmizzms (t he Ham | t oni an bei ng an oper at or RATIGAR2008/000661

ei genval ues are the all owed energies of the systen) to a final

Ham | t oni an by gradual |y changing the Ham | tonian. A sinple exanple

of an adiemoaghthatihé gystom is siwdydHie thd ihstamldiebusidréund state of the  Where
H is the ipnitial Hamltonian, H is the final Ham|ltonian, H is the
evol uti or?VBP"“PHﬁadmtﬁWEBGé'”P&mq eYRlution, apd dragsitigng at antbEiessipgs (.e.,

coeffici sn% 'idé A i"sC&hnzat\lFegg a{rﬁ%ﬁ%%d Sl HP%IIRB'H eﬁfé{tuf: C():@'aﬁ{‘utm S

goes fro egl nni ng process
t he evol lmhmmtlhlgrsyme«m mth@dsequdlapparatumnerdetscabedﬁz B mRdtetrNan and

at theff—la?ﬁd f% H;e process the evolution Ham ltonian is equal to the
final 13%A If the evolution is too fast, then the system can

be excited to a hi Qﬂﬁbaﬁé%hﬁntuﬁp%éﬁtaﬁﬁ?ls‘cé éﬁ’éc@)&‘ébé%ﬁ §hdthfy N the

pr esent syst ens, met hods , appar at us, an adi abat 1 ¢ evolution is
consi der @cmneahnmfoarwlmrdhatayatem hegmsand sémaigs i s giumdatate thmughouton,

wh b d d
where 1 186 pRRb R fiuf M5 okl AR B ST RO BRiatiR aldRlly Snreaned by
bet ween trh@thga@bma@ dentAlyadiniplérfibnted Ontffadibbdtre Qlantiif cBMputsn &dd SO

referred to herein as the "gap size") as a function of s, and 6 is a
coef f1&i &ine vaisd [bughpuinthe speedicatien, the impediedetic nua RitmetRaEper

are ¢ nat® DoRh I hetbe B bRt deha o BRr R G e

anneal i. nguaatied gb@puistions bralor YiusMoat airieating. sl ow
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enough that the systemis always in the instantaneous ground state of
t he evoI lﬁdl\%}s |£l§eﬂﬂ:' Galq A%m U@nSrYOl ut| on, and transitions at
anti - smal | est) are avoi ded.
Furt her det ails onTaellcabedzptcof Quravdrsality” is understood in computer science to
15 describe the scope or range of function of a computing system. A “universal
computer” is generally considered to represent a computing system that can
emulate any other computing system or, in other terms, a computing system that
can be used for the same purposes as any other computing system. For the
purposes of the present systems, methods and apparatus, the term “universal
20 adiabatic quantum computer” is intended to describe an adiabatic quantum

computing system that can simulate any unitary evolution.

BRIEF SUMMARY
At least one embodiment may be summarized as a quantum
processor including a first set of qubits; a first set of coupling devices that are
25 operable to selectively couple information from a first basis A in a first qubit in the
first set of qubits to a first basis By in a second qubit in the first set of qubits

thereby defining a first coupled basis A;By; a second set of qubits; and a second
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conputing systems, nmethods, and apparatus are described in US Patent
No. 5 7,135, 701. Adi abat i c1duant um conputation is a

speci al cawe 2008/gust um anneal i ng for which the system EYCARO0I0661
remains in its ground state throughout the evolution. Thus, those of
skill in the art will appreciate that quantum anneal i ng net hods may

general | y setof opuping leeites thatraradpakidle © spietiveIn ROPRUNRIMaBEfrdM a
Vi ce versa. Thrgggihout_ this specification, the term"adiabatic

quant um cFFADE PeSisAa B gdirstubidr thareecend sebat ‘H%tssi?@tﬁﬁfpﬂﬂ@ﬁsisﬁr;in a

desi d ' ' .

anneal | ng. oo drSRIPAISTRERNS SSRGS SRUTEAY Bohil  RHOR oS Bis

"uni ver saIAsz."threimaltdeastquubitdmMmJ![irgt setaif q:nbim Isg\:oﬁ?h?gftglg lb@uﬂ:lh@
f f ti a conput i system ; s

conput et * T RSt AUt irFerniiset et ednend whsraR el sEoanler

that can epdlsad @.a b @@éorﬁpea}ﬁldémeaﬁy%spa&hot cdmiLer terns, a

conputing systemthat can be used for the sanme purposes as any other
conputing system Fdhetir coupledbasisol B meyivees basisSPE brdrthe saiohdds

. " unj L | abat i nt u onputer" is
"t endod CaUEg AR il b SRl 20T RS Rt PR BsB A 2 an
simul at e aagisUX had yheyedond ipldR ek SMMIRYbAL Ha8RSk7 OfRe %F&%Q#Sﬁm

may be summarized as a quantum processor including a first set o
qu%i t st0 a Pt and ghe srcans st phgubitsvnay st kenat partiallyx®esppr susihethabat least

el EoL Y eBhoRURry 6L A 03,0 el bofe i D bEplar '
the first qebits.oTheabantant precessordedy fuirther dckide st dsiPealredddhir BasisAl 81;
@ second gelrgh af1tst She S e banas A1 B ol Ao i 105 same bace oot
readout basis. At least one of the qubits of the first set of qubits may be an
15 effective qubit comprised of a plurality of individual qubits and individual couplers
that couple the individual qubits to function effectively as a single qubit.

At least one embodiment may be summarized as a quantum
processor including a plurality of qubits; a first programming interface that is
communicably coupled to a Z-degree of freedom of at least one of the qubits; a

20 second programming interface that is communicably coupled to an X-degree of
freedom of at least one of the qubits; a first set of coupling devices, wherein each
of the coupling devices in the first set of coupling devices is configured to
communicably couple information between the Z-degree of freedom of at least two
of the qubits; and a second set of coupling devices, wherein each of the coupling

25 devices in the second set of coupling devices is configured to communicably
couple information between the X-degree of freedom of at least two of the qubits.

The plurality of qubits may include a number of superconducting
qubits. Each of the superconducting qubits may include a respective qubit loop

formed by a closed superconducting current path and a respective compound

PM_VAN/259421-00083/6837461.1



WO 2008/ 122128PCT/ CA2008/ 000661 set of <coupling devices that are
operable to selectively couple inf ormd€ron froma second basis A2 in
a first quptzodsn2ithe second set of qubits to a second lPaIVEA2B/000668
second qubit in the second set of qubits thereby defining a second
coupl ed basis A2B2, wherein at |east one qubit in the first set of

qubi ts i sioeepmsom JQﬁ&lidﬁ thatiptedtlipts et dubittiodeasd isodbemed biy ta dlosddne
second set of qubits, and wherein the first coupl ed basis A/B/ and
t he secorﬁd'P@&Qﬁﬁ@@Fl'lﬂa@réenAﬂB@ that isdnterdntedily at least two JosephspRe f| rst

coupl ed

poBp mmy RS BBy R rotE Rt AR b S R G PEogRI Ty

ZX and t hre gabid obpasiud |t basofsthé&bea}onbecm\gmmnsm agétmnfdl rst set

of 10 qubits and the second set of ub| ts at | east rti

over | &, ROFRMARE IRPripes ScHBURERP vcma[a'egﬂ J éﬂ%ﬂrﬂmﬂsﬁq Fﬁﬁ uded

in both tfgish e lat Pe@@té B s ddbhdﬁ%{msgt@Jbltgh@a%H%‘FEH@&dUp}HﬁésSor
Hero one 8 readout basi

may furt ncl ude a |ne wherein at | east One of
t he bases:le&lqean theMfirst s&tcbf BBupling devicesanay basonfigused tcecoLMULmnbml S.
At | t .of t h f t b
o oct v hasle BeREERSbS gRbiladPs ctprossaie hal o WS Rt uCleh
I ndi vi dUQ:iubﬁQ“E'a@ﬁ of iH@éth?H@wb@@id tﬁé's\ébéhtﬁbetqjﬂébhﬁ]trt@dé\wé‘stmﬁylbe
[

effectively as a single qub | east one enbodi nent
may bE0 sentigireddo ssupleqhargesign?le betaan a rﬁﬂpaqil\mgp@r pitheal ity of

bi f h
o tour auPerRhBERR AR Al bh SR vid ot b FRITPS G GlpBOHRY ¥ 1
progr amm figeffdttios Gabk comptiséd of® piukalite abindividuapheisitst anceind Xidder ee  of
freedom of at |east one of the qubits; a first set of coupling

devi ces, Gmeless Habgewplsthe mé*lvwﬁmph@s tedvnetion sfieciivaly b Astngig bl
ot Bhnd, o1 es s BB pALERR A B FEN L JALRER or,
seconth sgirocdssop updludigg depli mety ofwﬁmbrtgl anfirsbiptogedminirey ioteufaice tigat2$
Sﬁmrﬁﬁ?c;p&mbﬂﬁwééﬁ B CPHPBH 1B eI HACUEPMLERSIRIE X AUBISEE LFT ESUIH b at
oS SR BRERb g TS WEPR Rl 9B ) B by oo
i ncl ude afrefeselspecftat\ieasfqtmetof treoguibits; ered atpjuralitylob sedpligpdavicasd wbeiainy
current p acn o? e coup |n8e etv{c\ég lscgo %ldpedd BNICO\F/TIAI"I‘\II{J r%‘éa?b )2/ 1008 p gi?n opngg’t?oé}lm 1
20 between the Z-degree of freedom of a first one of the qubits and the X-degree of
freedom of a second one of the qubits.

The plurality of qubits may include a number of superconducting
qubits. Each of the superconducting qubits may include a respective qubit loop
formed by a closed superconducting current path and a respective compound

25 Josephson junction that interrupts the qubit loop and is formed by a closed
superconducting current path that is interrupted by at least two Josephson
junctions, and wherein a first programming interface is communicably coupled to
the qubit loop of at least one of the superconducting qubits and a second

programming interface is communicably coupled to the compound Josephson
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- 12 - WD 2008/ 122128PCT/ CA2008/ 000661 %osephson junction that
interrupts the qubit loop and is f or med by a cl osed superconducti ng
current pawo 2008422128 i nterrupted by at | east two JoseplavCA20080006N0S,
and wherein a first programrng interface is conmuni cably coupled to
the qubit | oop of at |east one of the superconducting qubits and a

second 5 puedioarnfiahtpashore bhihe supemomductingadibits c @agh e tHedcdupfin
conpound %ﬁeﬁ? hson ljjunctilon f at | east one of the superconducting
E

qubi t s. GF MHECS GoMIqURRE Hetupis magneticlly signals betvegencibasiubiidoop
qubi _ _ _ or
evices My aAisiCai draHe eobRoR@iing (IBRYShA thd LAl MR pRELNRRRI4N

qubit | oops of a respective palr o e superco I'ng g
of the cowbkisegoneeneof thensupeecareivoting gebitsofAtdeagilonedf dey qaisiss dtaye be

the” supbr dovase! iR UBeY B2 erRle adhiESambiing ol aombe bro mev dot
set of qubjubis &Ry iMEviamaleblktd Wt %@Iétf@iﬁﬁ&iﬁl@gﬁ%{?it@to%ﬁﬁtﬁhity of

i ndi vidual qubits and individual couplers that c e the 1ndividual
qubi t s t o SffgRlivahbas arsingle avlity as a single qubit. At |east one

nbodi ment b i tum 15 i i
olural ity of qubit o TEet GEeRBedrntiiay e fubafesd fe manod of ¢ *
comuni cabimyulatptatbling interactiogs Betwalenfat eRA WO Effédtive @bits OMeIRfind he

qubits; a second Progr_armi ng interface that is communicably couprfgted
to an W dEgrRNIInTorMakienifrara hasis dusta fiyakqwiit toraebapinBtis a mediator qubit;

luralit I ] ' . o | i deyi ces
s Cont 1 i age P BBl fom HR eEls b PR RS oSBL RaBRs Eif s

fZ- degr ee EECdn@@dD-Thgrehy ]‘:csh:lﬁatirrgmcb_ ;Ebuplhfg leptlyebs t!ﬁdlg_%éibﬂl i%ﬂﬁtieﬂ{sﬁéulgf
reedom o second one, 0 e its. e plurality o
qubi ts naé‘”?ﬁ’&? ﬂ%sgo'ﬂﬁ%é?‘?w %H:bter conducting qubits. Each of the
super conduct i ng qubTﬁécéi‘ﬁMinp'Héw&&m fhe' it ahd tﬂH%édiétBP%&P@%ﬁ% by
a closed superconducting cufrent path and a respective cofpou 5
JosepH$onapuAteoupiinghihe doupling bettveen fiee qelidtor quirt smithesctondrgdbiby a

| d i - th.that | i nter| ted b t | t
Do’ 30sep B 424 BRue A in Bestina i ulaled BoGRina s S ot saiting s
comuni cabkiwezdUné Gitkt P disReosd Blibitd. Ot &fupﬁﬁg beRnderPRS ikt c{u?ﬁ and the

superconducting qubits and a second progra ng I ntertrace
comuni cafedidteipitiioney bere X4 apuning: theswopplinmbetween the mediator qubit

DMLVANL2584¢ #::D00836 RBA My B a 2XSipiNg) 49PRE 135048 ST 413398/,909061
20 may be an XX coupling between the first and second qubits. The coupling
between the first qubit and the mediator qubit may be a ZX coupling; the coupling
between the mediator qubit and the second qubit may be an XZ coupling; and the
resulting simulated coupling may be a ZZ coupling between the first and second
qubits. Coupling information from a basis A in a first qubit to a basis Bin a
25 mediator qubit may include coupling the information from the basis A in the first

qubit which is coupled to at least one other qubit to function effectively as a single
effective qubit.
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junction of at |east one of the superconducting qubits. Each of the
coupl i ng devices may be configured to-d6uple magnetic flux signals
bet ween t hewocpi221280p of a first one of the supercondurtiiexpocpioidss
and the conpound Josephson junction of a second one of the
superconducting qubits. At |east one of the qubits of the 5 first set

of qubi ts BRIEFIBESCRIPTION ORTHESEVERADMIERS OF BHE DRAMNG(Df
i ndi vidual qubits and individual couplers that couple the individual

qubits to function &t thedrayings. Wentical refgrancgunimbers identify similar gements
| east one [ : %@T&f (o) [l atin
coupling icﬁ?gggcﬁ%%é%é?%%n at éétgoﬁé @%&@ﬁé@f ?’\%Jraﬁ’l')ﬁgs??é hof

i ncl udi ng ne@essariy dregvri tof seatat Farexbmpie, ahd alasestofivariaus eledterfislbhd to
a basis. B in a nedi gtor qubi t; ang coupling information fromthe

basi s B i P9I FEdchimwhinicale @nd 98 &f teesaelgmestoare ajbiviarly enkrgesy
simulatin HRG i i I [ i he
basis Ci %r@ﬁbec%gelﬂg%ﬁg@aﬁ%@?ﬁ%{%ﬁuﬂ@éﬁ?!lﬁg%ﬁ@%gﬁe Phgéﬂaﬁgﬁé%eu i th%nd
t he nedi atedgmeuiisias drayntage b6t intendkd co sphveygnytinormation rewsrdiag teeactt ble

medi at or bi t dth ecgnd bit may be a coypling; and the
resul ti ng%g'iaﬂﬁpgﬂ?opacfﬁﬂ%?ri ﬁﬁnﬁak} Bad QHX%EB%aééfyn’@eﬁl%é? PRI i r st
and secongeéidhitich in the deeiRgd.ng between the first qubit and the

medi ator qubit may be an coupling; the coupling between the

medi at®t qubit and Figersdsbawsguisihemadip disgramzX aceanyentianal aontraltaéle
resul ting EBU ed coupling 20 may be an XX coupling between the
first and seco qubits. The coupling between the first qubit and the

medi ator qubit may.PBiguee ZX% & eukmas dikfrnt 688 sistanebyRendese
medi at or %Ublt and the second qubit may be an COUB| ing; and the

resul t i ng SYPRIFCREEEINgSAYPIaR Garable 9t ransverse XXHeaupling baknaentwe fir st

and secon bhSe I i L.on. i ina first
R e R S T M
i nforretion from thBighes8 ss Asthembtic dingsim abidsystahi bt insluges pltethtl®
at |least one oth ion effectively as a single

r qubit to funct i ng
of feot | ve SHRBCPNIYSHG QPSS sanallp 0% Wimblsaransyense XX-caupling estween two

2008/ 1221 08/ ; EVERAL VI EW5
OF THE DR%\g %%ﬁétﬁgﬂg%ﬁ n%dg,}:ti entlggtgyg ero-éﬁg%rﬁhurrbers

identify similar elEigura4ioa saersaticitiegsing oba aystemahat ingledpo aittimabis
of elenments_in_the drawi ngs are not, necessaril rawn to scale. For
exanpl e, %’H%e@ﬂa%‘é%'”8f°°\98%f8agae%? Qﬁwﬁ@%am%eéﬁ&%@%@grkﬁtwa%w to
scal e,20andupérebn@ictingerieits! KITBRTiSg & SrAhd ilitatdy efBbaingsd. and

positioned to inprove draw ngwlt?egl bility. Further, the particular
shapes of the el enehigyres isse dinstionad dirgrammfendzrdbedimeohofey uaingrsal

informati i [ : ; of -4 he icular el enents,
and have Boaf SRR hIERE A pCURRES: 2o CobRoeBRIT Spgramy ©
dr awi ngs. one illustrated embodiment.
Figure 6 is a schematic diagram of a portion of a conventional
25 superconducting quantum processor designed for adiabatic quantum computation

(and/or quantum annealing).

Figure 7 is a schematic diagram of an embodiment of a system that

includes two superconducting qubits and both a ZX-coupler and an XZ-coupler,
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10Fi gure 1 shows a schematic di agram of a conventd onal controllable
ZZ- coupl er. Figure 2 is a° $8hematic di agram of a system

t hat i nc| udex0@/132IP#8r conducti ng coupl er capabl e of tr arsIRCA®08/000661
XX-coupling between two superconducting qubits, according to one

il lustrated enbodi nent. 15Figure 3 is a schematic diagramof a system

that incl edes owhishablcenfiguped e@ostuaiunit@biyasabis infapakibs befwdantabhgo
transverse XX-coupling between two superconducting qubits, according

to one il [UBHS. AR HMEHYstrated embodimentri gure 4 is a schematic
di agram of a syst e”?:i?n?é 8lid5 desng éi#gﬂ%m cg( %u@rﬁﬁ&?ﬂ%lﬁgéfggn%%%'l er
e WO

capabl e of tunable transverse XX-couplTng ween

super condyabitegupliny drshitectomer ttahigcdporates REr and EXsdauntingl avcbatimdarent .
Figure 5 is functjonal di agram of an enbodi nent of a universal
qubi t-éouﬁf‘??‘){j‘sgla&erd %@6@@}%@ ‘hat incorporates ZZ- and XX-coupling,

according o one il kystd 9ed rRABAAIRRIan P hibe)shert BAIBERGIG
di agram of a portion~ of a conventlona super conduct i ng quafit um
processor effesivgniubits @ndaalineditorcqupitaateanicgip ohailiustralearehiosdimeant um

[ ) . ' " henat di agram.of an .
e ool of a syskiara 1 Ricliand GadSBlanehied sobt ap-amLsePrishg
both a ZXtg®ufb&v itaBand4 GRURKGT qubMAMAONIRG % dAe ARQBALE]H| ént. -
15 - WD 2008/ 122128PCT/ CA2008/ 000661 each of Wwhich is configured to

comuni cably couple information between the two qubits, according to

one i | oS et B MRS ERFFHoN

In the following description, certain specific details are set forth in
order to provide a thorough understanding of various disclosed embodiments.
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details, or with other methods,

15 components, materials, etc. In other instances, well-known structures associated
with quantum processors, such as quantum devices, coupling devices and control
systems including microprocessors and drive circuitry have not been shown or
described in detail to avoid unnecessarily obscuring descriptions of the
embodiments.

20 Unless the context requires otherwise, throughout the specification
and cfaims which follow, the word “comprise” and variations thereof, such as,
“comprises” and “comprising” are to be construed in an open, inclusive sense, that
Is as “including, but not limited to.”

Reference throughout this specification to “one embodiment” or “an

25 embodiment” means that a particular feature, structure or characteristic described
in connection with the embodiment is included in at least one embodiment. Thus,
the appearances of the phrases “in one embodiment” or “in an embodiment” in

various places throughout this specification are not necessarily all referring to the
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Figure 8 is a functional diagram of an enbodi ment of: a universal
qubi t-coupling architecture that incorpdrates Xz- and DC-coupli ng,
accordi ng wo 2b0sanz28 | | ustrat ed enbodi ment. Figure 9 i s ECTICAROGS/00GEL
di agram of a qubit system conprising two effective qubits and a
medi ator qubit, according to one illustrated enbodi nent.

Fi gur e 10 sameserhbioditicanakudhergiors) the parizule fesiufdist sty eonpri sing
two effective qubits and a nediator qubit, according to one

i || ust r at CHREHSIBAR ARY beocamRlined FORMESHRDIETNERNEHNORE GTéierew ng
descri pti @updefhbigsnh specific details are set forth in order to
provi de a thorough understandi ng of various disclosed enbodi nents.
However, one skil | edsiused irethiseémacifitatian BniMthd apmaedictamishe singular

enbodi nents _nay ,he practjced w thout one or nore of these specific
dotail & S G 80 hed i, el delBltb HsHOt Ul enbie e ceday daiatos

ot her i nsiy@iGhfse. WesHoid oMb bat Adisd H{a@%@éﬁgggﬁgggeﬁ%m ghﬁ%clbygmn ts

processors, such as quantum devi ces, coup ' ces -and fro
syst ens i sehsalinstydimaciangfaotessss theaputaht iclearlyidictaties ojhdraise. not been

Gescri pti ons.of ¢ helBrdati s ped AbBlrAr A RBSRsHiTnevREd g are for
ot her w se cohVdrastdetstily Bhe dsRRE irtb@adtitRs sécﬂ:ﬂah@r' rAbamnYloF &2 érﬁbb&mgnwe
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DM_VANG25baicdinads 6 §d@é4Bdhitecture of the qubit-coupling (that is, which qubits are
coupled together and in what way) influences the capabilities and performance of
the quantum processor. In particular, the architecture of the qubit-coupling
influences the Hamiltonians that may be realized by the quantum processor.

Adiabatic quantum computation may be implemented in a variety of
20 different ways. Examples of particular implementations of adiabatic quantum

computation are described in US Patent Application Serial No. 11/317,838 and
Wocjan et al., 2003, “Treating the Independent Set Problem by 2D Ising
Interactions with Adiabatic Quantum Computing,” arXiv.org: quant-ph/0302027
(2003), pp. 1-13, where the qubit-coupling architecture is used to realize a 2-local

25 |Ising Hamiltonian with 1-local transverse field as given in equation 1:

H = ihigf +i Ao +i J,0.0; (1)
=1 i=|

i, j=1

DM_VAN/259421-00083/6837461.1



- 16 - vvo 2008/ 122128PCT/ CA2008/ 000661 same enbodi ment. Furt hernore,
the particular features, structures, ot/ tharacteristics may be
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adi abat i ctaihent-ysis ORBHERH USRE oLy tér?r@wécﬁ%t.@n Rhahe bHyQLaifP! t S

and qubitcoupling devices coupl lerg ) that are use

comuni cafqalieeq by sawpling the &-bmasmi pais béguisitn(qghits £ and jThespectively)
archltect %ﬁ)ef the qubit-coupling (that is, which qubits are coupl ed
t oget her £ what way) influences the capab| lities and performance

of the quant um procla@@éhavm apalibéreshdlot bk
qubi t - éoupl i n%bl nfl uences the Halgr)n I tomoalﬂgtalfé %}]%@@w@g%fleag?a

the qd¥nt T3 %fe%ae"@metﬁﬂilPékﬁ&gf%eﬁqgfdfﬁagim’bﬂib‘@satdegreaswfneedom may

I mpl enent wa | es of . partjcul ar

i mpl ementg('%i t) srérgﬁddﬁ%gag g%uaﬁé {‘Jﬁnsgg%%‘uf’%@l B?I‘Euﬁlfr ograup| eqys}erm%s

Pat ent Apgesoriabd imUSePataht AfsplicafidrB$éridNo. andsieTé nF@thétnore, 400D
"Treating, the | nﬁf endent Set Probl em by 20 [sing | nteractions with

Adi abat i cHgi&Rt AhiT PIGHile mgans by@rgwrouﬂrawhwbﬁh%ommmm) pp.
1 AR ORI RHSE MBHTaEF RA Tn
i n eqiiat i nthe: coplingeokiaformaaa bétweehemtagree of freedom in the first qubit and a
degree of freedom in the second qubit. The influence or effect of such an
interaction depends on the type of information being coupled and the degrees of
freedom that are involved.
As is understood in the art, each degree of freedom may correspond
20 to a respective basis element defining the Hilbert space of a qubit. Inthe case of a
superconducting flux qubit, the persistent current in the qubit loop is commonly
associated with the Z-direction in the Hilbert space. Thus, a Z-Z (or “Z2Z7)
interaction may be realized between two supercond ucting flux qubits by coupling
information relating to the persistent current in the qubit loop of a first qubit to the
25 qubit loop of a second qubit. Communicable coupling of the Z-degree of freedom
of a pair of superconducting qubits may be realized by a superconducting ZZ-
coupler, such as those described in Harris, R. et al., “Sign and Magnitude Tunable
Coupler for Superconducting Flux Qubits”, arXiv.org: cond-mat/0608253 (2006),
pp. 1-5, and van der Brink, A. M. et al., “Mediated tunable coupling of flux qubits,”
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2008/ 122128PCT/ CA2008/ 000661 -18- Here, n represents the
nunber of wolwessizziag is the Pauli Z-matrix for the ith mpabeA2p08a00668
the Pauli X-matrix for the th qubit, and h,, a; and J, are

di mensi onl ess | ocal fields coupled to each qubit. The hiternms in

equat i on Newrdyurpal it Bteysial 1 (P006RpR3G.A Uil destpiptiog of h goavéentdhal 72! ds
to the Z-basis of each th qubit. 5 The ternms in equation 1 nay be
physi cal ISPUPH §#9\dee IBynoRiPVIdsd:. si gnal s or fields to the X-basis of

each th qubit. Theg; r ' el V-¢Re I I |Zed
by coupling the Z- E@é‘é%@‘ﬁ’%@%ﬁaﬁ%@%ﬁqﬂ% %@%ﬁgﬁgjlﬁn&aéblg
r espect i -yguplegtitheThis theploehdliser loop of speercomdlioting meateridli 0 | S

typically controlled b 10 plurality of paraneters or, "degrees of
1 ed ¥”1?HHE@dJ§’g? deserbeon idnstion Raypndds bseshicratiple adrsiguRit 110 and
Pr ogr amming syat@mit 19698 & ih @c&ﬁaﬂéag@w%ﬁtyﬁe@@gﬁ%ﬂgs%% r3elfS

Pat ent Application Serial No. 11/950, 2 ese degrees
of fr eedofragee ptisupeseorsiubting matdriab ddh intkirgptet thy scpepaondinsephspn

bi I, it h h A fi [ i nt t . with
2 o ec ona b 112 oyl kBuE s P eblerbiplat ol Risbiofdte X iRsgR e "ot
freedom ifpxt108 Hetwedn Butiilér AITMard Arepa@st Pf0.f seesyubh 1teisTeRPded

qubit. The influence or effect of such an interaction depends on the

type 6f iohdeemel spapeonsyctngimateriahid interrdeigd by edmpowsddosephsan ar e

| nvol VEd'junction 122 and is coupled to controllable coupler 100 through the exchange of
flux 104 between coupler 100 and second qubit 120. Loop of superconducting
material 101 is threaded by flux 105 created by electrical current flowing through a
magnetic flux inductor 130.

15 ZZ-coupler 100 couples information regarding the persistent current
in the qubit loop 111 of qubit 110 to the persistent current in the qubit loop 121 of
qubit 120, and vice versa. Thus, ZZ-coupler 100 couples information between the
Z-degree of freedom in qubit 110 and the Z-degree of freedom in qubit 120.

Flux 105 produced by magnetic flux inductor 130 threads loop of

20 superconducting material 101 and controls the state of controllable coupler 100.
Controllable coupler 100 is capable of producing a zero coupling between first
qubit 110 and second qubit 120, an anti-ferromagnetic coupling between first qubit
110 and second qubit 120, and a ferromagnetic coupling between first qubit 110
and second qubit 120.

25 Variations and, for some applications, improvements to the ZZ-
coupler design shown in Figure 1 are presented in US Patent Application Serial
No. 12/017,895, and US Provisional Patent Application Serial No. 60/915,657, filed
May 2, 2007 and entitled "Systems, Devices, and Methods for Controllably

Coupling Qubits.” Those of skill in that art will appreciate that the present systems,
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20 H= ih,.of +i Ao} +i J, 0707 + iK,.jafaj 2)
i i i ij

H= Zn:hiof +zn: Ao} +i.]fja;"crj + iKijcrfaj (3)
i i if if

where K;;is a dimensioniess local field coupled to each qubit (similar
to Ji). In Biamonte et al., both of these Hamiltonians are proven to be QMA-

complete and suitable for universal adiabatic quantum computation.
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Two Hani | RSWEER GE%" asgge %g@eu%g%an%-c q‘%ferésrﬁﬁ)&ﬁ%\réggé&ficc quant um
conput at | QP eREShARERSE RiehuplerBardRIlly desériRld. in UReadvisiend] ®atent

Ham | t oni ans for Universal Adiabatic Quantum Conputation”

ar Xi v. or gAppligatiop Be0ai0do.1878024,229 7ijed ganuary 28, %@@H‘Pas'?ﬁt@!’f’@;
That mmy BEvEeba e By SrEar o el CopEbbafe) PLsSBaRG 20 e
exanphks, &RenfagSeXicoayigdBricekss Meisdsidend appar at us descri be
super conducti ng qubit-coupling architectures that y be
physi cal |y reali ze [t Wasshewnin ﬁﬁ?ﬁ”h%a’wws@ﬁ'd%‘?‘ﬁ%%ﬁt?ﬁ%ﬁg%ghﬁ%m
g[ogfzsg{ 003) that funa {eo%%%gititéllﬁé@ogﬁﬁﬂd LATHRDSe PIESRIPEM o rhalbA Befb&eret
supercanducting qubits. Figure 2 is a schematic diagram of a system 200 that
includes a superconducting coupler 210 capable of providing transverse XX-
20 coupling between a qubit 240 and a qubit 250 and is used to transversely coupie
qubit 240 and qubit 250. Qubit 240 may be comprised of a loop of
superconducting material 241 interrupted by at least one Josephson junction 242
having an intrinsic capacitance graphically represented by a capacitor symbol 243.
Qubit 250 may be comprised of a loop of superconducting material 251 interrupted
25 by at least one Josephson junction 252 having an intrinsic capacitance graphically
represented by a capacitor symbol 253. Qubit 240 and qubit 250 are connected by
a conductive path 220 and a conductive path 230. The conductive paths 220, 230
may, for example, take the form of one or more wires or traces of material that is

superconducting below a critical temperature, to form superconductive paths.
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Review Letters 91, 057003 52003) t hat, tunabl e capacitive coupling can

be used t®nedRHPRSPRIWICHAR 243 hBEingesNEnsisrcapaatatcertiapipallys. Figure

2 1s a sc i jaqr 2 i

super cond%??%léa ?%%h%ﬁg?%%f%gﬁ’ééf gi%f ag?%?’ ?@jiﬁéﬂ%éfjgﬁz‘e@?esdec}f)&-oog 8 f
coupl B9 Sgiaremtduating dter2d G5arictequptelity & 3€ashode iJosestesbntjonction 352
transversely coupl Engubi t 240 and lilbi t 250.

/ it 240 may be
conpri sedNGa . at
hafingan J¥pnse Canaianss GiRRNIGRYY ReRTess PB?XP ‘F%F%u?ﬁ”é@lws’

oraphi car 107 SADER i skoafo i B9 Sapkes s sppRAg.S Aty
conpri sedpath 330l dde edndeoider pathd 320i 33 may clior ekadple, takedhe mrmad?/one
or more wires or traces of material that are superconducting below a critical
20 temperature, to form superconductive paths. Superconducting path 320 includes a
coupling capacitance 322 and a coupling capacitance 323. The coupling
capacitances 322, 323 may take the form of discrete capacitors. Alternatively,
coupling capacitances 322, 323 may take the form of inherent, intrinsic or parasitic
capacitances (commonly referred to as parasitic capacitance herein} associated
25 with the first superconducting path 320. Tunable inductance 311 and capacitance
312 connect superconducting path 320, at a node 321 located between coupling
capacitors 322, 323, to superconducting path 330. The tunable inductance 311

may, for example, be provided by a tunable or adjustable inductor.
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t enpefat uample, thike thesioparaf ond wehmore vimshes fraSepef pateHat thatgs pat h 320
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the formof inherent, intrinsic or par I C capacltances (co
ref err ed capagianee 423.t Couplapavpactarechd) 433 aaydakathedo2d ohilishretde

first supercaonductin ath 320.. Tunabl.e ind apge 311 an
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| ocatggl bpk&veAL iREHEIL 0P BafBRRUHPAERaned asdddateH Yviipgeg&nduct i ng pat h
330. The tunable inductance 311 may, for exanple, be provided by a

t unabl e CHPEEFANSEINEPRARZE: o comppuiNioEDhsan POOHE1 BRRAUIGL having a
first Josephson junction 416 with an intrinsic capacitance graphically represented

by a capacitor symbol 418 and a second Josephson junction 417 with an intrinsic
capacitance graphically represented by a capacitor symbol 419, connects

25 superconducting path 420, at a node 421 located between coupling capacitor 422
and coupling capacitor 423, to superconducting path 430. There may exist
additional coupling capacitors along superconducting path 430. One coupling
capacitor may be positioned along superconducting path 430 between qubit 440

and compound Josephson junction loop 415. There may be a voltage difference
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ar aphi caly TPAB) 2agnb AR e JBCa e IoaRn | 0bd, L1 e FPRRAFR0 G

L5 e g i s, 20 e et
For m of SHBNGINGEP @rig e B Droa GibpuEl JcerbRa kinction 65 413;the
super congu ii@a{p@ﬁ@m@aﬁégﬁé&cal tenperature, to form superconductive

pat hs. Superc ucting path 420 includes a coupling capacitance 422
and al@oupl i ng capatateordence2sith teupksen sysfeatd, reetbeds d@Papgdatusathe

take the f f  di et | & AR ively, l.i ng.
capaci  arBeRgFamBeniaa esailerd heequatong 3y bemuricaly MAIE g ¢ or
par asi ti Gy RRARIpeeE8sr RRS 2L éﬁn?ﬁ(%ddblihg?gfw%e‘ﬁ qUUHRE CaRiliti fong pat h

420. A conpound Josephson junction | oog. >, having a first Josephson
j unct i on cpLpling the eanche’ terrss inte gpele aubible & igiraShis salungtionsb tiegeam ol by

i1 nei ettt B o Hehel AR o PSR S et fdos ol f o
419, emNnaRf XXLouplitRer Conslingtdrofiitaeaird 588G hoat feumdfitetive fubiecsd €804,
bet ween coupl i ng capacitor 422 and courllng,caFa0|tor 423, to

super condhevahiiosach s dn thereleyanbgrt wil recoariap thad RlimEdLEAUPHEI
R e el e
conmpound jdstaapddoanjanaytdrdattice® opquldts, cdlding amehitebrira 500 Iviadk provide
differ enC{?oti?lw)ﬁgé%zf’gég&ﬁligg%%%gesnsrzggr%'stland next-nearest neighboring pairs of
20 effective qubits. In Figure 5, the couplers are represented by solid lines joining two
effective qubits and in each case the type of coupling (“"XX" or “ZZ") is indicated
next to the solid line. ZZ- and XX-couplers do not commute, that is, [ZZ,XX] =0.
As previously stated, those of skill in the art will appreciate that a
similar coupling architecture may be applied in a quantum processor involving a
25 different number of qubits. However, it is recognized in US Patent Application
Serial No. 12/013,192 that the operation of a single qubit device may be adversely
affected if it is connected to too many couplers. In such instances, it is possible to

combine two or more individual qubit devices as one effective qubit such that the
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- 23 - W 2008/ 122128PCT/ CA2008/ 000661 between the two | eads of
conpound Josephson junction | oop 415r2€bnpound Josephson junction

| oop 415 nwp 2bes/izie® as a shunt between superconduct i n@qracA808486s61
430. The tunability of tunable coupler 410 is achi eved by adjusting
the 5 i npedance shunting the path through coupling capacitors 422,

423. By ofeairgd mynibee of bouplémrmadbs appliapeitislit JaserBRTdctAg tHeon | oop
415, the inpedance shunting the path through coupling capacitors 422,

423 is cHpfgeien ofibe apbit8eviggs.changi ng t he anobunt of flux threading
conmpound Josephson-j A hﬁﬁm 471 . i SL T i :
affected. 10In accypggﬁi\}g?%lt tE%r?r%rrmg%gﬁ{b%g;{gjt(ié({T?%’tBFr}rgterﬂgﬁgegﬁ&mcally
appar at usealidee inma quears@h priseasisboby eplaeentindthe dubitespupting architesturee
physically realized i uant um processor, W th ZZ- and XX-couplin
bet vech GSMAN FIGHTS i FPURVT AT BARYIOURY Todeatas. s ftpI8% neessran eougkch
qubit). Kj J td hagr. n i f

i ver sal a5 e &b S SO ddaton 210 oBEh QLR TEORAETEY QB syeh
and XX- cagralninto Saprrtomidnciing lgubide aner knomdlinghewad. ffobiiefefesedptioneof

qubi ts 53%-504, thofu?gh t hose 04 kKill in the relevant art will
recogni z ?%IeCB”GP 1OV BI erq; scheme may be applied to any number
of qubits in a quapigiis B9 aahematiEBlagrdih R BGRtidMofd cEiVeRYoR4l

| attice of qubits, coupling architecture 500 woul d provide both XX-

and Z0 c aupercegdbetingguanierrnsatessaticd desigeed osadiebajnlooatug pairs of

20 effect]yve it LQur . . db

sol a1 r@0 R Gl dbbFbEE pduedilf) e Pr A SupEREERIRE " yre o
coupl i ng duaiiim Procedéon 60Gshdwh Patiggrer@xtivdes the sepéicondudling oGBits and
XX-coupl ers do not commute, that is, [ZZ XX] , As )
previ ous|8P1s 682 @Ad & tipakleqtZ-eqynier 61 eaypliag infosmationiRersbrhveen: Hhile
simlar I rchi il L . r
ol vi g e oL LERRh AR pilcBsTEdRRrERl i Fiodrd cAnBARE BERABSERAL
i n UStFPataartt 6069 @nd oak conipfee B &) thee ofl SKilDik3tha @2t will aipptduiate pleatajuiaatunof
a single qubit dgvicerr_a affected if it is connected to

oo many RIBEHISEF B00 FRSUOLHOS AGY ZHERS! Of §uRIG. BGS ankPUmPs: CEHBIIES  wo
m_wwzg%#%gg%%@g@.ﬁggq@ gﬁt\“{égﬁ_ effective qubit such that the
The portion of quantum processor 600 shown in Figure 6 may be
implemented to physically realize the Hamiltonian described by equation 1, which
20 includes the same ¢* and ¢* terms as in the Hamiltonians described by equations
2 and 3. In order to provide these ¢° and ¢* terms, quantum processor 600
includes programming interfaces 621-624 that are used to configure and control
the state of quantum processor 600. Each of programming interfaces 621-624
may be realized by a respective inductive coupling, as illustrated, to a
25 programming system (not shown). Such a programming system may be separate
from quantum processor 600, or it may be included locally (i.e. on-chip with
quantum processor 600) as described in US Patent Application Serial No.

11/950,276.
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| vo 2008/ 122128PCT/ CA2008/ 000661 desired nunber of couplers may be

. applied w thout adversely affecting t’t?é"oper ation of the qubit

devi ces. Ww02008/122128 The uni versal Ham |toni an descri bedTiayA2eepmnbdson
2 may be physically realized in a quantum processor by inplenenting
t he qubit-coupling architecture 5 shown in Figure 5. However, as

previously indi cat édthe prograrainiy dfepasimn prdcessenayoe pidtgatmingd 0X
terms fromequatigon 2 into each qubit. Techni ques for coupling such
si gnal s iiRtesa6aH B2 GRE S2ftimay §at be usedtaGrype A HUX BiEnat into a resmestive
descripti h o T ' ‘ iy r ' -
schormt i B REgehSEGRIRo)F GIPNraLEN 868 andg8Y) Befetyreliing
quant um phedetsos i6Hk s\estegitainitoniaadiTalsataupling arvidesdbeanat tertrisosf

b bcech orBaBioah Jnh SHERY: prE0GRR e iBE e P LS HER BEA dt Sord BRI
601, 602 t@rﬂ:@uﬁl\ﬁﬁ‘ﬁ%@%iﬁnéﬁn@%Fésﬁéct@%]qm%&s B8quBHsBIBIALE02, thereby

t her ebet ween. e portion of quantum processor 600 shown in
Fi gure 6 realitingithe bieyng indheepstes Mambionians Thisveliping prodigesthear,

those of skill_ in the agr i Ll appreciate, that gquantum processor 600
my i nol JRENS Ry eRies 1o HLEmuE P BhPol iRt ef S SRR RRETRR cos
coupl i ng jhdfacERED Q5246 PSR Hamiltonian is indicatdiEinRxks 8214%62g5ant um
processor 600 shown in Figure 6 may be inplenmented to physically

real i ¥@ treepeelivelyt oni an descri bed by equation 1, which 20 includes

the sane a2 and ax r i i | o i . )
equations 2 and 3. ﬁhﬁ)sg?)&gﬁlliﬂgth%}&mgppheg@éetggﬁatgﬁ%ﬂgﬂ@%}l%,deaﬁg)ﬁa um
pr ocessorpyoéflidtionl 16as berdgsiRENy fglized by taqemgGrdnitdfurbd #iat aiffer froad

to configure and control the state of quantum Pr ocessor 600. Each of
pr ogr amm GRYPling arghifeelyires 530 6‘2@!’”%@/': Bure 2afPEiBg qgl{j;eamrsggﬂpﬁa@mpg@ments

i nductiv i j t ; ) t-em ( not
shown) . SV b dibroffatl (4 HERR Bltcol ich tetBe SR ABTIRR, SH3 27

pr ocess orcdaPling betvdennsomd quiitss butiedt riecesddrijy botheXX-aamdcBZgoupling

o 11 ToBsaeen SHRPARY D oNDIECRuGRS/ nagme ETbOIment, it may b8 pretered

- 25 - WO%Q%WQQ%%%@HWQQA any given pair of qubits, thereby

providing a coupling architecture in which XX-coupling and ZZ-coupling are both
present but never shared between the same pair of qubits.

20 In accordance with the present systems, methods and apparatus,
quantum processor architectures that provide physical realizations of the universal
Hamiltonian described by equation 2 have been described. However, in a further
aspect of the present systems, methods and apparatus, quantum processor
architectures that provide physical realizations of the universal Hamiltonian

25 described by equation 3 are also described.

The universal Hamiltonian described by equation 3 includes the
same ¢° and o* terms as described for equation 2, but substitutes o’c” and oo’
terms for the oo” and ¢*o” terms of equation 2. In accordance with the present

systems, methods and apparatus, the universal Hamiltonian that is described by

DM_VAN/258421-00083/6837461.1



In the programm ng of quantum processor 600, programm ng interfaces
. 621 and 624 may each be used to coupl-&6a flux signal into a

respecti vewoaogaunds Josephson junction 631, 632 of qubigcrE&bosatkst
602, thereby realizing the 4 ternms in the system Ham |Itonian. This
coupling provides the c? terns of 5 equations 1-3. Simlarly,

progr ami élidtiohe magee ghdicandinfismBniededdgint-be@sing réniklpe hdt! ux
signal into a respective qubit loop of qubits 601 and 602, thereby

real i zi nghelHEenidX epsesZ-epuming debvesn aus| (inoardition torgouptirgitiie efgand o

provi des od| eguatd 3.\ E 1,..1.h ntribution
of each ot%nﬁ? @é?%%?n%ﬁ%%tﬁ%%%@tiéi%@?& Sbﬁg‘ﬁé'%sr%)( é%%ﬁé iltonian
i's indi cabestriptioh®sEXZ62hZRbapietd arepioeilet i B Patent Application Seage
of skill in the art will appreciate that the Ham |Itoni an described by

equat i ®n BO.rHASEENGAYHIRE AIPriy4 2045, 28d epjliashiffS HeMar METHRPEANP t hat
differ fr%ﬁ%d@ﬁgﬁfﬂﬂ-@%ﬂﬁﬁﬁ@ MEGOPLINGT Ay D'S%ec}eNo.

i nstance, in sone e ments It nmay De appropriate to’i nc

XX- coupl i 249 1108t4626n ).s Arde sqigiticnsofasxd mplary X7 - @od (AX-ogudliet weeites Emow
qubits, but not necessarily both XX- and ZZ-coupling between every
pair of C‘UBWBQQ' qubits. In sone enmbodiments, it may be preferred to

use only one type @igGRUPkidEthRRIaNB bdRE% diia\ﬁ\;\eé?hwiwt@ﬁiiﬁeﬁfoioé@sttén 703

t hereby providing a Toupling architecture In XX-coupl1ng an
ZZ- colipl ithgt incladpestwo pupsrennduniing mpbis 78haflddarsbbaibenZXtoouplené paind

of qubits, In acc anc i th the present, systens t hods and
appar at ucn SCeme R oo Begue Wch R eeliiGR B PR L SO o
real i zat ijaRymation BetvetnvQiLie!7oMad 210201 QibitPST inchReds Ryqsituasp 991 2
have been described. However, in a further aspect of the present

syst ens, RENEDHY Samesethpiescansuchog auent pedc ket isrinteraipiadl ar es t hat
provi de p I I j heg. unive 1 i

descri bed&%@ Og%{?a O%%hhé&{afrugegqrgﬁsgeé@%‘éﬁéﬁ Td?mduagg a%eb%ﬁ%?%?eﬁ% al
Hani | § ®nifarmee ¢ a deskdsuppacmiduetng ciimeitpaesthab i inkmRipest iand odv
terms as described for equation_2, hut substitutes azci and axorz
terms forSAMROUWK, JoseRheAmINEIOMES S Sl@éﬂ?z‘ittq BArtion of FURRTEBRGHLAIRE QkAPM

e P! 2 Bles e O R IR R RRRY, SRR Spshiy e SAbuten  on ar
- 26 - WprageshhRliarate A2 0024 0d0d6mhay be used to realize the o and ¢* terms
of the universal Hamiltonian described by equation 3. Each of programming
20 interfaces 721-724 may be realized by a respective inductive coupling, as
illustrated, to a programming system (not shown). Programming interfaces 721
and 724 may each be used to couple a flux signal into a respective compound
Josephson junction 751, 752 of qubits 701 and 702, thereby realizing the 4 terms
in the system Hamiltonian. This coupling provides the ¢* terms of equation 3.
25 Similarly, programming interfaces 722 and 723 may each be used to couple a flux
sighal into a respective qubit loop of qubits 701 and 702, thereby realizing the h;
terms in the system Hamiltonian. This coupling provides the ¢* terms of equation
3.
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equation 3 may be physically inplenented by a qubit-coupling
_architecture that includes ZX- and XZZ&oupling between qubits (in
addi ti on twocoesl2e12g the a2 and ax terns into each qubirQr/CABDOH/ DG 1
end, ZX- and XZ-couplers nay be used. Descriptions of XZ- and
ZX-couplers are provided in US Patent Application Serial

unassi gned, filed Apmictorian2®@@h tiaaprezehi §ylstsns, W&ﬁ%an%ﬁk@é&sAND
APPARATUS FOR ANTI - SYMVETRI C Bl T- COUPLI NG' (At ti/) Docket

240105. 469F19M 7ROGHORH IBEigste ”@R@%ﬁ%ﬁ&iefﬂzla%ﬁ@ psimest of 2 -aeunlefes
i's now pr%‘fogﬁrgan r?g(tgH{p%crY oﬁrrﬁ&h%ﬁ')@z 9&3@9%@71?23fz>@'&?8598f‘11’m”t of

a system t es (W0 supercon ubi 702 and
bot h a ZXncladps arciokkd armércmmdh(ﬁir@mml'eﬁﬁ oF:1i 1944 B‘emfahasohdwmwely dosipled to

703" Bt 1S IR BB A OB B BT PRunS el R 720
super condugdii b, %J&@(&mﬁﬂm rb§|d QES IMBtt%T:@%w PR féfé f
1. S , i nc e

Josephson'junction 75 02 S a qu oop
742 15 f ofresstHnipin qubil &belntttme)(degcamffmgadom|nemb|tﬁé)ﬁ2rbytihdmctwsly

of - Super cCOMBING PRPUBRIT A oLB 80 AL B Bobi AP ol f oS cfBpnist

700 s hOWrUds@{)ES&Wuﬂct?orﬁ ns? uelgshiPT®Ar ﬁlqnbmm rst tﬁféta%ﬂésthéﬁ 1he7 dife M &N
may be used to realize the az and ax terns of the uni ver sal

Hani | 1©ni Rersigtent curent floy mquiditiloep 341 milbinflegngertbg magnitage 26the

coup! 1 ng. £a8éaels ke F0rritht BBtepteliki R0 ma T AHBE Bhown)
Programm ng i nt er f ag esangZppiostionddit prefrdtl toehaveelinkiblet ebp@ ovef thex
signal into a respective conpound Josephson i}é_gctl on_751, 752 of

qubi ts 70%CURiRg stiongthinshuegn aebils: Andke ease of Lécaupiph? 1 hdlrghility s
Ham | t oni r%ghzew)?t\nﬁpﬂﬂliﬂd;% Q. %%g Qa%%%gétgfﬁg%hrrgﬂygﬁthﬁ@g 3 t 05

Simlarly, programmng | aces eac
coupl ¢5a ifktemuptadymabt Ilea*s'mrae Jasephson jubctipb?T1 koo pioséd gupercendictingnd

702, thereb reaI| i the hi ter mthesstemHamIt ni a Thi s
T e et hat ToL et hy SHPeg A HRosming inenacs 731 *Thess

DM_VAN1 25942 1- D081 CHid AR shsceptibility of ZX-coupler 711 to be tuned Bed -
VO 2008/ 1221§8PCT/ R 008 55 aggertibility of ZX-coupler 711 1o be tuned as, Jescpis

present Sp#. dmsseﬂtmod@nmlmj@r Hews). Fﬁwst'érﬁ(ml(ﬁoeﬁbvm in Figure 7
i ncl udes an exenpl enbodj rent o ZX-CcQ r. /11 and an_ exenpl ary
enbodi ment. of an’ X3 bsa ot ekl Frbe Sadfarene b e sulttdted st
super ggndwetram SWZ—%B&pIBﬁVm iodifdchiadly tive frafeEirhaEd’ mfetwwn%iuﬁe%r@
both the qubit 741 of _qubit 701 and the_conpound Josephson

junction CﬁEZafdﬁﬂ @|f cogpler 7Thu§hatZ$’ri§6@QU(é|ﬁr ﬂalr}ﬁhﬁbﬁ@e@omﬂml i ng

{1 eodom | fegti Ees BBt P AR phuringn AR elallio ARGl ione

in the qukizof gt TDQIarﬂ:f thewdmpo(Bd Jo@éméqum@tmolmdofmﬁﬁmoﬂ“hus
junction 752 of qubit 702. If qubit 701 is bi-stable, then the

i r oct | orX@odpIep i S PN caphan beRTas the Xodeares b fBeden manbit 701

I nfl ugBce, 1N oMRgRLEUdR #REdbREn qubit 702 by inductively coupling the persistent
current in the qubit loop 742 of qubit 702 into the compound Josephson junction
751 of qubit 701. If qubit 702 is bi-stable, then the direction of persistent current
flow in qubit loop 742 will influence the magnitude of the tunneling rate in the
compound Josephson junction 751 of qubit 701. XZ-coupler 712 may also be
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tunneling rate in the conmpound Josephson junction 752 of qubit 702.
In many applications, it is preferred2®8o have "tunabl e" control over
t he coupl i w@ 2tvemngsh bet ween qubits. In the case of Ztguneieoerooissi,
tunability is realized by two tuning el ements: closed superconducting
current path 761 is 15 interrupted by at | east one Josephson junction

771 and Ghae@inabReCihBGaaibimdiond Wt hed turtdd Bledfehtd: Tldsed Weibbkehiucting
coupled to a progranm E&BI nterface 731. ese tuning elenents all ow

the susc&pfepl pathy bafis iercentpd by af lepst onedosanisan iuncier ¢r 2 ised dases.,
heasen ReERaBI B P 2 Ry st SRR RESC

skill in e ar Ciate ructure eration
of XZ-coumbdace122.is effectively the "mrror-inage" of the structure

and operation of ZX-coupler 711. That is, ,XZ-couEI er 712 includes a
cl osed® super conduct Pege eLskilbinthe attvilt gppiesiate that theiembpdimapte st ed

to both i e it .7

| Uncti on 8 EpolplbRYalAn Tia i dro oF iR hrbfSec OFRE pRckeh SERORET
bet ween thethadsiangd epparatds; edelded to seals 4s Em@laneadelitdseordy deg deamobf
1 the qUBI R EERe A BPHRRT CVETS, e adsenb RIS fo CEPREEAIAtoNS
j unct i on of % Ghd Q0bburIAHS exhbinsPliavfOR Figubiz. stabl e, then the

direction of persistent current flow in qubit |oop 742 will influence
t he nEyni t ude of t heacaondrridervgth theerésent systemsp nethbdsaanehdnpmanatus, the
junction 751 of ,guhjt .70L. -cqupler . 712 may,. al so_.b . .

DN VAN 256R515% bRl el Fascrben B astiatin 3586 P S pDTus Rk rPRIERUB 00661
nmade t unaphatudyY pkdtesSEHBMATL sy ZK-dowlind Db ehl RIBRE (iA adeltionad
superconducting current path 762 is interrupted by at | east one
Josephsosopping there” zng cﬁftgr%s péraadupeibomivse Brigadungtionsl dagrarmyed i s
i nductively ; ] " T i
LS AR 6 oo AR AT B AR foo TRl o

XZ- coup! eing Ztowpling. Fiqupling arebitectut@800 browsi faue effecive quists(B0ds304,
systens, nethods anigﬂgﬁ)par atus, intended to _serve as exenpl ary

devi ces dhoyahinases I theirelevant arbwl eepanizaethat a simitar cpupling |

et 23?; §§H%@§%ﬁélgpgrgerde@m@éﬂo@@ﬁm@g % quaitinsfot sk SESr
instance, in an array or lattice of qubits, coupling architecture 800 would provide
both XZ- and ZX-coupling between nearest and next-nearest neighboring pairs of
20 effective qubits. In Figure 8, the couplers are represented by solid lines joining two
effective qubits and in each case the type of coupling ("XZ" or “ZX") is indicated
next to the solid line. XZ- and ZX-couplers do not commute, that is, [XZ,ZX] =0.
As previously stated, those of skill in the art will appreciate that a
similar coupling architecture may be applied in a quantum processor involving a
25 different number of qubits. However, it is recognized in US Patent Application
Serial No. 12/013,192 that the operation of a single qubit device may be adversely
affected if it is connected too many couplers. In such instances, it is possible to

combine two or more individual qubit devices as one effective qubit such that the
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10l n accordance with the present systens, nethods and apparatus, the
uni versal Haniltonian described by eud@tion 3 may be physically

real i zed iwoaoepmamem processor with XzZ- and ZX- coupl i matbhetzessamno661
qubits (in addition to coupling the ¢, and ?terns into each qubit).
Figure 8 is a functional diagramof an enbodi ment of a universal

qubi t - coulsirad nafmbdlt bEeIupPiEts B dapplicdomtont abesrsi affibbtithe
ZX-coupling. Coupling architecture 800 shows four effective qubits

801- 804, aprEAlgn afer gulgit deviees. in the relevant art will recognize
t hat iml i . Li.ed: f bi t
al a simiar COUPLHH&@?%S%%@!%%Q ah%lll%ﬁg%ﬁat?ﬁ%eo qubrts

in a quantum processor. S in"an arr ice of

qubi ts, dtpiltonign alesiitiezicthyequtiaa Ivoay e physicdly kaliteddy cansing
ZX-coupl i ng between nearest and next-nearest nei ghboring pairs of 20
ef f ectd v@rgutseiyes m@tﬁﬁtsafrengqoqmeg areeee 8@ shewn dsBigHEIS b5 ol i d
l'i nes j oind | I ' { :
coupling lrzg@%;et,‘(f)}?sﬁéél %q"\sﬂﬁf‘ﬁ I étﬁlg%ﬂ%g;prot%glﬁt @E@F?%%ﬁé’nog@@é- and
ZX- coupl eetveln sarne qobitsibegd ZXhaduplisg béidiegX]some qubits, but ndishepessaribus| y

tated, th f iJl int t will i ate that iml
ST I AR AT SRR A
a 25 di f fepRidimBREDR A bcﬂﬁ%‘férﬁed tHQ)@%Vcﬁfy ohé type JrReapHZ S wkBn Hﬁy

Patent Application Serial 12/013, 192 that” the operation of _
si ngl ¥ quiven resvdfapibitaythbrebydveyidispya efuping edchitecture inswkioh peetaplingo

many coup] er In,such ingtances, Lt | ossi ble to .conbine t or
mor s | naepdasroRIbe et SoTt BBEER i bl EFE Befish S SBSAYS, he
DM _VAN12%@412d - 00083/ 5837461.1 - 29 - Ivo .
2008/ 122128PCT1CA20081000661 desired nunber of couplers my be

applied without adfduebenaspertelithegraseat systemsi Bathorsend apapratus is

devi ces. : : I o . ]

appr oo at1e HRs P 7 st ARhoN LT Coth yuh e OaT s 5 etisbnidl L s gicbha
phys: =l Isgt Dﬁ(&'ﬁé%ﬂd c@)péeurguwﬂimghéreay cbhﬁrﬁcstS theemivdnediitydof the firdt rsetrof
coupling architecture shown in Figure 8. For instance, in _sone
enbodi nermpg-qqmrﬁat}nga@olaﬁ?fﬁoﬁpr Hséancs: 8 REURINY sereprBUpYPMBI BN EEHARG e

0" Lo T SRRk, LR ent® sl i d R ntid Yt
enbodi membeplers, amdyideevgrsaf Sucle teaupian senaatign’onay bg pecarhplksbed|throggh
bet ween arrr'r]%/ediator qubits” which may be similar in structure to previously described qubits
20 but may be used as intermediate coupling points between two or more effective
qubits. Effectively, a mediator qubit may be used as a transition point between two
types of couplers. Full details of such mediated qubit-coupling are described in
Biamonte et al., a brief overview of which is now provided.
Figure 9 is a functional diagram of a qubit system 900 comprising two
25 effective qubits, Q1 and Q2, and a mediator qubit M1. Actual couplings are
physically implemented between Q1 and M1 and between M1 and Q2 in order to
simulate an alternative coupling between Q1 and Q2. The actual couplings that
are physically implemented between Q1 and M1 and between M1 and Q2 are

represented by solid fines and the actual coupling type is indicated adjacent 1o
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10 given pair of qubits, thereby providing a coupling architecture in
whi ch XZ-coupling and DC-coupling are3®oth present but never shared
bet ween t hwozasseizpasr of qubits. A further mIpechosahodshe
present systens, methods and apparatus is the use of a first set of
non- comuti ng couplers to effectively sinulate a second 15 set of

di f f er enteagPUipt €T effdttive cbbslir@)oas@@ﬁulefeasw {he defial iciRatbl Y:o@;ﬁllﬁgz
first set of non-connuti ng COU{D ers. For inst ance, a COUp| I Ng scnene

i nvol vi n§esysn kr- h”arﬁifezml%@‘ﬂﬁj sdR s apg Ris indieated Hya dashedding Wibupei ng
h |
schore "k o QYO B R, VSR PR

be si m | ambodiraéntugHowing hmp()e\arﬂﬂ-yowlﬂsrsrm@pﬂequmursadaﬁrdmgh amy be
used as intermedi ate coup Ilng oints_between two or nore effectjve

qubi t Efﬂ%%tpr%@'ywatorﬁéawé Z 4o £Xhequrhiegud &g HBUIIed XA SPHRIEY
pol Nt D Rpdbrt 42 driRSS iP4cMHSAES by EdingOLR Irbf O 15 WA adPay HoRd

qubi t - coupling are descri r| ef overvi ew of
whi ch i s Mibte @RoWsddwwrAnduguere®, s XX-toupded reap coribagrwith o fZZacapplernt

9 0 ff bits,,6 01 d
S o AR Rl B B S B
bet ween @by, a0 t\@élsdrl) SRty &dyuBRIQ9ander fRfurd 9 i§bﬁ'ék§ﬁ1§la?ﬂ
1 ng S at are

alternative coupl etween 01 and 02. The act'ual coupling
physi 1l lepntiodihentdhatbasdwmetiective aultsN@1.4A2 abdoneanedintonqubidMlar e

represented b I|d||esand act ua oupl ing type.i,s indicated
adjpacent thﬂﬂ" bfgﬁ E' ‘"6‘6%@%”@2@%8&'3% % F% sagw)xpnmples may be
2008/ 122%%%?@(0@@9&8&%@%. P&ty hirfBer ditfub®ideoreve coupling (as.

sinmul ated by the actual nedi ated coupling) between the two effective
qubits 01 and 02 i Simildlychigere b9 isse fnsHerp! diggsam afte gubit estase 100@

couplin t I

emboci mesPrERSEBRERSE b a5 S L G2 o o eGatohibi JFL,PREGal bl B
5 nedismt ere guizm&allyllmbterﬁemudj bbbveéh Qaaddlm) an@bptwemgx MT ed<2vin ated
XZ coupling between 01 and 02 i cconpl | sheg b _(I;oupl [ nlg XX from 01
to ML ande #mylatsAnvaltarpaliye coap! @%gwwqeﬁ @1 g0 Q% highastyel %@Bn%?thﬁ‘hy
conbi ne [ e
coupl i ng Lo PR bR TR oML PrE 2 o ©
qubits Qle}zaradelﬁléd biyi splid énds esd the actealoaplng @ped vdioater adjheentdses

Tt . g T A U T o

appl igy tb%tv?eérVﬁbQWo@!&Méhtﬁlﬂtsadﬂ, 02 MiRbicaiedibh Hadtdd KeSwith the
effective coupling type indicated adjacent to the line. Thus, Figure 10 is an
embodiment showing how XZ- and ZX-couplers may be combined through a
mediator qubit M1 to simulate XX (or similarly ZZ} coupling. The simulated XX
coupling between Q1 and Q2 is accomplished by coupling XZ from Q1 to M1 and

25 ZXfrom M1 to Q2. As shown in Figure 10, an XZ-coupler may combine with a ZX-

coupler through a mediator qubit M1 to simulate XX coupling (or alternatively ZZ
coupling) between two effective qubits Q1, Q2. Figure 10 is an exemplary

embodiment that uses two effective qubits Q1, Q2 and one mediator qubit M1;
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Simlarly, Figure 10is a functional di agr am of a qubit system 1000
conprising two effective qubits 01, 03'and a nediator qubit M.

Act ual coupbiznapsizdds ar e physically inpl enment ed bet ween i@ir/esrdosidbosand
between ML and 02 in order to sinmulate an alternative coupling
between 01 and @. The actual couplings that are physically

i mpl enentrevebet, Wesse lskaniel the: as ) bppﬁe@i%ﬂe Wbt Bedsdire BFifciplRBNeSeHY ed
by solid lines and the actual couplin is indicated adjacent to
each | i n@ppiierbiocd PEHeMOreRyising Agy 1wy gr@ﬁ%t@uta@vwa he act ual

medi at ed coupl i ng)

i ndi cated by a dasﬁég Pﬁ%‘éﬁ\%ﬁ%ﬂﬁ%éﬁ&?cﬂ% mg\é%éﬁgﬁnh%&rseﬁlzary& Cat ed

adj acent nhuitiplbeypdsnsf.coliplirsy toPba@tatizddby fewast aetdzd donpiai typboWThig daﬂw
XZ- and ZX-coupl ers may be conbi ned t hrough a nediator qubit M t
simul & e p)’@é”%gr eateR Y%gﬁti}'tYZ'Z)a %ldﬁmll”i"'riﬁoceﬁ%@f whaig t&?@dcb(%c%ﬁﬂﬁ ’P?ﬂ’

bet Wee”m%khé'&"%r%%ebﬁs %g%‘%’mlcbﬁ IEFE blyorqq%,gh e e‘i‘é ug'&nrggu%uﬁi”d 25

Z Xfro I gure -coup conbi ne
with a Z)m«mgsber thiah foughataverediatmris asi-duitst to mpiemdnabaly)bz caupbdrs ng

or alter ZZ couplin et.we ctlve its 01, 02

P oure. 1 GMASOL ROt B P8y TiahiRra s e fouriing T dl metpC uklisdP s «
Q, 02 angypBanaRebaker siibledWz ARV YANBRE21- 00083/ 6837461. 1

- 31 - WD 2008/ 122128PCT/ CA2008/ 000661 however, those of skill in the

art wiG | appreci at§h©$faof sHﬂbtnﬁbﬁeﬂmlllappqﬂC@éeﬁmﬁfbetmrpesﬁ&ad a
system COI’%I’ISI er_o L{bt devi.ce

ol at oo BB PR e P ot 58 iiTie pepertysigs fRSihods

mul tiple ahld@ﬁb%)aﬂaftu§ aHevaAgus emBedirRid aEdxh Y exer aaﬁw«a&omal er
types. This can 5 provide greater versati I|ty in a uantumRrocessor

wher e t hé&egerdad l&rﬁmr@pressenéa@n@mittng@mmpl%qo@fcqu&n@ gpeses At aliprer s.

For i nst ver
omson . COIRIGUSHAR SRUBEN 1 et B HERRAREMods ¥Ha ap BRI L
may i ’rfcorbpcmatﬂlﬂeG tmud:c&irﬁdod@t&phe r@qtﬁrbnwmwwtadlsaéaﬂc gydtbtrsintwhictethley ze

the effects of si mul ated XZ and ZX coupl | ? 10Those of skill in the
art will 2®pBelgiapenenied, grdp pf%deparsae%% Uprctiorality thah i aguantageous

qubit-co i lnes taught in the present systens, nethods
and appa?*g%tﬁjs%%&&ryp?ﬁ%uwsn enbodi ments of XX-, ZzZ-, XzZ-, and

ZX- coupl ers descr i Ibbe phesesi aystemsemeﬁtoda@mdlapmtatug dexcarqel tes pbfsical

ot eSS ehS orbheRn Aee R AR e SRR bk R leritton of a
acconmpdadast hh@drf@%htrc%ﬁsmgsmt:hémang meghé bfoce¥sdedrchitbctiteClEdchey are

being inplenented, or to provide a specific functionality that is
advant ag@gugl[ngqmgclpmlsmmpudeap@;ph@gtheimeen a first and a second basis (for

example, coupling between X and X, X and Z, or Z and Z), thereby defining a
“coupled basis” (for example, XX, XZ, or ZZ). In accordance with the present
systems, methods and apparatus, qubit-coupling architectures that each include at
25 least two different coupled bases, where at least two different coupled bases do
not commute, are used to realize the Hamiltonians for universal adiabatic quantum
computation. For example, the various embodiments described herein teach that
universal adiabatic quantum computation may be physically realized by the

simultaneous application of off-diagonal couplers in a qubit-coupling architectures.
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The present systens, nethods and apparatus describe the physical
realization of universal adiabatic qudAtum conputation by the

i npl enent atvioeoosp2i@ag 20 | east two different coupling mei@eUo8B000d31
one processor architecture. Each coupling mechani sm provi des coupling
between a first and a second basis (for exanple, coupling between X

and X, deeéf skl irdthandh il agphéedigethatethisiiongest mepeRiepd tdasigers( f or

exanpl e, é’)ﬁﬁ? , Or ZZ). In accordance with the present systens,

met hods ingipde theu¥-bagisbpucicanlY.ngXardhi Z\écﬁm' aZ-elergach i ncl ude
at 25 | east w0 di {hgieat ol s RESERenIBELRIAL obEab: diRicl T er ont

coupl ed bases do no are used'to rea I'ze {%hi ans

for uni venprRimentatiinatdfceslirableUtamitopidng foramiveredl selicuatceuanhtuen var i ous
enbodi ments descri bed herein teach that universal adiabatic quantum

conmputtat iCOMAVERSS By demanstaling uparsel aebibgounieg srehileciiepushere is a

o ehi ¢ sctoreeon Ber o RR e BB oD Robo s doscribes

2008/ 122 h28haT4roNRa0 R/ the 0aplEnEmatonadf o kadst twandiffarsnd setswiflcbupling
appreci atge tha hIS nce exte coupl ers,that incl he
bt s uiens hetwah GibKG; RhelE theGstetie bases Batmisa by e b ateient
Thi's spegpfd @@duﬁfhg?‘BQY|&ébe GRBEEIRGUE, T B AT BRI iR theP B NilF bpreciate

i npl enent ati ons of I zabl e Ham I toni ans for universal adiabatic
quantifm Shaicampnmemduymd‘mmmm@sum@/ o resdizedhin qum:ety@tbdmﬂeremj

archltectures ere ji.s 0 enbodi nen of.

b ver coeERmens e el e TRRh S e R e FERE SRR} Rusticaly
i npl ementatdigdlosdfd |ﬁtthlh€s%§blﬁbéﬂibrﬂl1frf®r enilly tﬁ@tpﬁygéalcemmf;nm@n&emcxx-
bet ween qubits, where e respective bases coupled by the two

di f f er ent Zsféwha@ apahiipriung aad the &4- %cmlm@@mﬁmeéturerrﬁfgéie&”egmemm| n
the art hlth@ﬁ)géc?ggn t%etpépaﬂb% oF $&il |Hﬂﬂ; r%?évt%g éH%iFQ ol @I Ons

realized'in vari rent enb and enen

and a3 wmsm&ownymnfaatmarpmﬁesp@ra@thmitmm Jimpledmanlngm ¢omrnbtisg
speC|f|cat|on Thus, only ysical enbodi nents, the XXzZZ COUE}“&
ar chi t ectcQHB ea?ndFlﬂrm@Wrtthe%ﬁjaﬁ Wbﬂné% ﬁﬁt"é‘ﬁ?ﬁ?'@c'a&? Bageedpingyansing n

with the ggﬁfft heb %Eﬂgrﬂlﬁé cBRYPARsFhay hhidse! rﬂlnfrﬁl.‘?mrr@éﬁ}’éiﬂéntébh the ! |

acknow e extension to any qquantum processor architecture
i npl errenmung)enoﬁeﬁmtwetqu’mgsmvthm quaniurfFprodessomare]/ot thesendferski | | i n

the art wll eC|ate certa tum al gorithms or har e
Constr ai wouPieEs " e SRl Ailaris, BRI AR coP i A B e 4SO

ef f ecig venguat &&Jmérstta%nﬁma@xznaﬁa %@éﬁ&:‘ler@“@ﬂ REN b eh s8I XPland ZX
couplers. The present systens, nethods and apparatus describe the use

of XX 20 canplepztoctimplade Mmttzmpuplérmqaw Evigipaks pair@sneed | as

t he use of Xz .and ZX couple r t her eby
proving RGP ER S dnh PlegeStiinal ot Dkl SRIBE oiescocsor
may be U%@dplbﬁsaiéméﬁt e ot her coupl er schemes. Throughout this
specification, reference is occasionally mde to i
Throughout this specification, reference is occasionally made to
25 “each qubit” in a quantum processor or a qubit-coupling architecture. Those of skill
in the art will appreciate that the term “each” is used in a general sense, where in
fact some embodiments may include a qubit or qubits that do not portray the

specific feature or characteristic that is generally being described for “each” qubit.
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= 25 "each qubit" in a quantum processor or a qubit-coupling

architecture. Those of skill in the aP8-will appreciate that the term
"each" is weedoym2asgeneral sense, where in fact sone edmciAxesnosssoay
i nclude a qubit or qubits that do not portray the specific feature or
characteristic that is generally being described for "each" qubit.

DM_VAN 259421- 0008 3h6&B 646 Hedcription of illustrated embodiments, including what-is 33
- lvo 2008/ 122128PCT/ CA2008/ 000661 The above description

of i Il ustdescebedingbaiARSHES! 15 nriiniandes (ke exkaustive pT tedimit thet he
ADSIT At orhiSodifibnls b 3RS Becidt BAnEURRIILY Y AuRbudiPsdddiid erhBSdiments of
e p . ug

enbodi nents to t reci se tornms disclosed specific
enbodi merarsl efanmies arcadgrcebedherdite &g illustdtiveep@iposénvariblisistdiaslene
pur poses, V‘?ﬁi Qus egui valent 5 nodjfications can be made w t hout
depar t7 nd"P¢1UcANORS CEpiie PadnyitsedRensringfEonitae pRIELRRA sepaffithe pe
recogni Zeflsdysurbofewi e r'e@.g%t'l!}ge% p;gg@i%%mea ifHe rem%nf 5&0%89@3%&93

provi ded herein of the vari ments can be applied to ot
syst ens, pretited bewiniobibpaasious eothodinzents nac ba@pphed tnothaosystems,

Commot ot tinbEF afd BPBaflds S alhtn ARphBRosr ot BERE e he Seriiley U™
descri be%g f2PYE neARodea®BPparathstior Qushtleomputiain @é’ﬁ@?ﬂiyf@e’h"c?sibed\' '

of the U. patents, U.S. patent application publications, U
pat entO a@boveat i ons, foreign patents, foreign patent applications and

oo in the 15 aSBEvRUbFLfbEni s Bes e MBEF oS B PR eq <o
U. S. Progreviga flrtHaaeeibodhnents C liligdtheSars. alatdis, B8 Bafdnt4pplidatibed

April 5, 2007, and entitled "Physical I nplenentations for a Universal
Quant um @GYRpeAtONs o F- matet agrtigsiions Jgraiey patests, faneign patent Applgations

2006- 02228 RAEAEANRonG réfbrreiiBn Wik SBe ey Bhi 55 i,

gr 0\2/i0‘6§37omgjtfligﬁt:c??ﬁ)aetgrfﬁﬂéamhbludinsm 22‘[8 Ikbii%cﬁw @.ﬁg Pg&?lsoifr)hﬂ%tgmenber
Processi R"C@J@fbé?f&lH‘%@bf%&%ﬁﬁ'@ﬂ&ﬂ@gﬁa@lw é‘z{‘,ﬁﬂ?ﬁsuwsé%ﬂ

Appl i cat il%leﬁ%rﬁé’{ior‘lﬁ‘%r 22U et s QuardinRedBRiteNand Related €8hplifd> Pat ent

Application Serial No. 11/317,838, US Provisional Patent Application
Serial N&evBBsY 1S S6EatentiNoe8,808/0H, L2H0FatentiNa57,885 808 dS Fytentens,

Devi ces, &4an t hod (o] I upl iLn bits",

Provi si o ﬁbﬂﬁ%l\@@nh@o‘%%%%}%%‘ ggﬁl—f’%&%nt%pﬁlg#%&%iﬁﬁofﬁ%b%@ y
28, 28108 Rvdsientl Patedt ASYREEOR SePaMIE.a80/088)854VRled adis ehler @RDOPRhADI Y
Coupling Qubits", US Patent Ap{ﬁl ication Serial No. 11/950, 276, and US

Patent ASptiedi$sterserPavicaipand MethadgieuAnalpg Progassingl, US Gaterind

entitl ed p Bfehidive Molld b 2 /8e, M PLN ARSIRARNPSERARGE 131 7hogs, Us
Patent No. 7,135,701, US Patent Appiication Serial No. 11/317,838, US
Provisional Patent Application Serial No. 60/915,657, filed May 2, 2007 and

25 entitled "Systems, Devices, and Methods for Controllably Coupling Qubits”, US

Provisional Patent Application Serial No. 61/024,125, filed January 28, 2008 and
entitled “Systems, Devices, And Methods For Controllably Coupling Qubits”, US
Patent Application Serial No. 11/950,276, and US Patent Application Serial No.
unassigned filed April 4, 2008 and entifled “SYSTEMS, METHODS AND
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-+34 - WD 2008/ 122128PCT/ CA2008/ 000661 APPARATUS FOR ANTI - SYMVETRI C
QUBI T- COUPLI NG' (Atty. Docket No. 240395.46201), are incorporated
herein by wefmesnereg in their entirety. Aspects of the mymoghorsnbe1
can be nodified, if necessary, to enploy systens, circuits and
concepts of the various patents, applications and publications to

provi de wetpARKTDSTFGR ANPRERIETRICTRIBITRCOURLNRG” ¢hdy) IRsckeBRobe
made to the enbodinents in |ight of the above-detail ed description.

| n gener 8101057462@1)f are ipoprpgrasedhemsin by eefewnss, indeeir shisatyd Armectseof

" he o frbblimest G of niBudh, IR BB O SRR YRR iy RE 5P o
i ncl ude abhcdfls pothei valrieus phtshitsTepbicabns anwipublidatient td brosadepget @lirther

equi val ents to which such clainms are entitled. Accordingly, the
cl ai n® aPEBSiMentsi t ed by the di scl osure.

2008/ 122128PCT] CA2b0RTO006 ST CE IR S FE g aage to the embodiments,i light
quant um pf theestsve-dstaiied ddsegptian. f inrgenesaf indhe éplloivirgg claims, the terms
used should not be construed to limit the claims to the specific embodiments
disclosed in the specification and the claims, but should be construed to include all
10 possible embodiments along with the fuli scope of equivalents to which such

claims are entitled. Accordingly, the claims are not limited by the disclosure.

DM_VAN/259421-00083/6837461.1



a seeond set of qubits; a first set of coupling devices
that are selectively operable to co@é)re i nformati on between a first
basis A/ iwoaobsmstsqubit in the first set of qubits amCTacA2008u00661
basis B/ in a second qubit in the first set of qubits thereby
defining a first coupled basis A/8/; and a second set of
coupling devices that are sel ecti@ehw®perable to couple information
bet ween a second basis A2 in a first qubit in the second set of

qubi t¥e&R¥Ma second basis B2 in a second qubit in the second set of
qubits thereby defining a second coupl ed basis A2B2, wherein at | east
one qubit in the first set of qubits is communicably coupled with at
| east one qubi . i n Algpastoopobcessoradonprisirigs, and wherein the first
coupl ed basis A 8% and tkbeﬁ: second coupl ed basis A282 do not conmute.
2. The quantumagf'lr SELCHAURYS ¢l aim 1 wherein the first coupled basis
Al81 is a basi §S§50,Q@gett(;‘fq#u§g§,ond coupl ed basis A2B2 is a basis ZZ
3. The quantum processor of claim1l wherein the first coupled basis
A181 is a basi 8 filX sehdf cduplisg devides thap healsdlaslivelyQRZable ta chagles XZ.

of munaHat PRRER BTRE vfbie Bt B 4 1iet ARELE e sEER S MR by s
5. ThrsBURYThwadeons {eBRlin e fsedalol ofibitd AeFetyABIhiNg dé?fst %ﬂﬂéd p&sls

readout basis wherein at | east one of the bases Al, , , and B2 is
in a%Bmeansasi s as the readout basis. - 36 - lvo

. . . Th f
o 1 whor o fogpord 8Kt shuplina devices it a8 stV PR IR R O
i s amnfefrhatin ewebhiatseeoRp biasie o ,ah adirgt dubitlin the sdcontl ey bgeits@ndid S

and individual couplers that couple the individual qubits to function
ef f e SEFAR basis Ba i sgrendygulit in the second set of qubits therepy defining a second

coupled basis A2B>, wherein at least one qubit in the first set of qubits is communicably
coupled with at least one qubit in the second set of qubits, and wherein the first coupled

basis AsB; and the second coupled basis A2B82 do not commute.

2, The quantum processor of claim 1 wherein the first coupled basis

A;Byis a basis XX and the second coupled basis A28, is a basis ZZ.

3. The quantum processor of claim 1 wherein the first coupled basis

A;B4is a basis ZX and the second coupled basis A:Bqis a basis XZ.

4, The quantum processor of claim 1 wherein at least one qubit is

simultaneously included in both the first and second sets of qubits.
5. The quantum processor of claim 1 further comprising:
a defined readout basis wherein at least one of the bases A4, By, A,, and

B, is in a same basis as the readout basis.
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7. A quantum processor conprising: g plurality of qubits;
a first progranmng interface that~ Q- communi cably coupled to a

Z- degr ee oWOrmesadozs of at | east one of the qubits; PCT/CA2008/008661
second programming interface that is comruni cably coupled to an
X-degree of freedom of at |east one of the qubits; a

first set of céupli e desntuasproshesceion claanh aierbimeatdeaqlone®f teyi ces
inthe first set of coupling devices is configured to comruni cabl
coupldbithPE eI et 96 AVblsS e teciivg AUt E9mPReRLeiA Brally PLBININAD. of
t he itk S i : \ [ V1

uhor SRk B WRIhidyal couplers that GoRRE EInERIUR gAY RET RS Mol a5
devi eesingle qubiif i gured to conmuni cably coupl e informati on between the
X-degree of freedomof at |least two of the qubits. 8.
The quant um processor of claim7 wherein the plurality of qubits

i ncludes a nunber of qsﬁﬁgjnqgrggéggér_r&n%m,{g?. 9. The

quantum processor of claima3 wherein each of the superconducting
qubi ts incl ude8 plureilypéaubiss qubit | oop formed by a cl osed

Tlotion that  miteerdeothd 8t FEDB R FuRRgy Reiey e S Seae
superof fredderioigt Riast ené optehyubitat is interrupted by at |east two
Josephson junctions, and wherein a first progranmmng interface is

conmuni cabl y cB§Bred praraEMibhinterfagshais sempupicathineousied tpean X-
SuDer&p%@*@Sﬁfg‘fﬁegﬁ%@ Oﬁ,{;é)ﬁ%&t ogramm ng interface is

conmun to the conpo Josephson junction of at |east
one of the supefficsimatiof couplinglbetises, wheddin-eash of the coupling devices in the

2008/ .122128PCT/ 008/ 000661 .10. The quant um pr.ocessor
of cl&tse Oﬁmwgﬁféd@w&ﬂs&ran%'suaexsidﬁmpﬁgmamtéwégwmeﬂﬂf@rmﬁltmbeéwerbf
COUP'thé‘Z—dE@Yé&@ﬁfréfddiﬁBf agaéﬁ%b%fwa&tﬁts?aﬂa'e“ ¢ flux signals

between thé qubit [ oops of a respective pair of the superconducting
qubi ts. a second gt of Theplingaaevinrespwbersis eacho bf thieaionpBng\ierieisnin

each,of the co ing.devjces in the second set of coupling devices is
cont {uPEREral BL AT e BR HegEes 1 renmGuBat R Bun Bebiy 2olvle Harmeban : ne
supehesiitheNgdagiietsF freedom of at Ieasthﬂo?oftFEQJTu%HélntUm processor of

claim7 wherein at | east one of the qubits of the first set of qubits

is an effective qubit conprised of a plurality of individual qubits

and i ndi vi dual 8.COUp+I$’ef gu%ﬁ;{ghé:ﬁggés%rE)P&aljn?giwvﬂedrlejﬁlthg%uirglﬁy %antl)'ws(:t on

effectively as a sing
includes a number of superconducting qubits.

9. The quantum processor of claim 8 wherein each of the
superconducting qubits includes a respective qubit loop formed by a closed
superconducting current path and a respective compound Josephson junction that
interrupts the qubit loop and is formed by a closed superconducting current path that is
interrupted by at least two Josephson junctions, and wherein a first programming
interface is communicably coupled to the qubit loop of at least one of the
superconducting qubits and a second programming interface is communicably coupled

to the compound Josephson junction of at least one of the superconducting qubits.
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10.  The quantum processor of claim 9 wherein each of the coupling
devices in the first set of coupling devices is configured to couple magnetic flux signals

between the qubit loops of a respective pair of the superconducting qubits.

11. The quantum processor of claim 9 wherein each of the coupling
devices in the second set of coupling devices is configured to couple charge signals

between a respective pair of the superconducting qubits.

12.  The quantum processor of claim 7 wherein at least one of the
qubits of the first set of qubits is an effective qubit comprised of a plurality of individual
qubits and individual couplers that couple the individual qubits to function effectively as

a single qubit.
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