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Variational quantum algorithms are believed to be promising for solving computationally hard prob-
lems on noisy intermediate-scale quantum (NISQ) systems. Gaining computational power from these
algorithms critically relies on the mitigation of errors during their execution, which for coherence-limited
operations is achievable by reducing the gate count. Here, we demonstrate an improvement of up to a
factor of 3 in algorithmic performance for the quantum approximate optimization algorithm (QAOA)
as measured by the success probability, by implementing a continuous hardware-e cient gate set using
superconducting quantum circuits. This gate set allows us to perform the phase separation step in QAOA
with a single physical gate for each pair of qubits instead of decomposing it into Evgafes and
single-qubit gates. With this reduced number of physical gates, which scales with the number of lay-
ers employed in the algorithm, we experimentally investigate the circuit-depth-dependent performance of
QAOA applied to exact-cover problem instances mapped onto three and seven qubits, using up to a total
of 399 operations and up to nine layers. Our results demonstrate that the use of continuous gate sets may
be a key component in extending the impact of near-term quantum computers.
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[. INTRODUCTION optimization problems on quantum computers, in particu-
lar with the quantum approximate optimization algorithm

ng ntum computers have the potential to _outperforanAOA) [11..13]. This variational algorithm has been used
classical computers on a range of computational prob;

lems such as prime factorind][and quantum chemistry to study_ a range of discretd 1,14.16] and continuous
[2]. Although many of these applications will require [17] optimization problems, and may have applications

quantum error correctior8[ to provide a quantum advan- for unstructured searchL§]. While there is currently no

tage, there is an increasing interest in exploring quantu arogf g‘zgz\ ﬁ:naﬁrgmgf i";n zsyr?fgzﬂcfgruE‘Q;ucrm:r\f(?:'
applications on noisy intermediate-scale quantum (NISQ ge, ging app 9

devices f}] available in the near term. Recent experiments E:cr][;[::jgll du?rllfl?ri imge'jj‘ Cc?r?ﬂf:rt-?efr?r: ﬂ?;n(g r&set\r/it?sg a
have demonstrated a computational advantage of quaR— o d pe P ) X e
tum computers ], explored many-body physicss/] To “nd an approximate solution to a _combmatorlal

' et roblem with QAOA, a problem Hamiltonian is formu-

and simulated small-scale quantum chemistry problem .
[8.10]. Moreover, there is a signi“cant interest in solving ated, whqse gr_ound state correspond; to the .SOIUt'On of
the combinatorial problem. To approximate this ground
state, a quantum computer prepares an ansatz state with a
- parameterized gate sequence, whose parameters are itera-
"Ina@ethz.ch tively updated by a classical optimizer. The gate sequence

Published by the American Physical Society under the terms o(fonS'Sts of Iayerj, each CE-ar?Ct_(re;lzed bi’) twofvlarlatlonal
theCreative Commons Attribution 4.0 Internatiotigense. Fur- parameters, q and q, see Fig.1. € number of layers,

ther distribution of this work must maintain attribution to the P, Sets the depth of the algorithm and QAOA can reach
author(s) and the published articless title, journal citation, and the global optimum of any cost function fpr [11].
DOI. It is therefore expected that the computational power of
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(a) QAOA with CZ, gates 19 qubits, Ref. 20 studied a channel decoding prob-
. lem, Ref. R3] searched the lowest-energy eigenstate of
O,' Zl’ sz Zzﬁ Yn/z ! . . .
J,-,g : Eﬁ all-to-all connected Ising models with up to 40 qubits,
Q %% Yoo Zs 11 Yoo and Ref. R1] considered an exact-cover problem with
¢ ut U ——)x two qubits. Many of these experiments consider problems
(b) QAOA with CZ gates that can be solved with shallow QAOA circuitp € 1

Yor or 2). However, these examples may not be representa-

Q
J” (}j {H{HHzHH}- Y, tive of the broad range of problems that can be addressed
(|

ol — with QAOA. Indeed, studies of all-to-all connected Ising

(c) (d) models show that deep circuits may be needsil

T L T T 1 When implementing quantum algorithms on a quan-
2 ,  Population. ez, "I {17005 tum device, it is common to decompose the gate se
= I s s [ SO 1A i N . Ice, omp 9 quence
g 0.0 0.5 1.0 - |20)U 1 302 into a discrete set of gates available on the hardware. To
}j; 1.0 | T 1 7w 4 improve performance, recent experiments have explored
= Ce ‘> e . 1o =y continuous gate sets motivated by applications in quantum
g i T . € simulations P4,25], quantum chemistryd6,27], and for
9 @ QAOA usingXY interactions 28]. It was also recently sug-
ER | 1% @ gested that QAOA can be implemented using always-on

5 50 75 o0 2 ZZ interactions 29]. ' _

Pulse duration, [ (ns) Cond. phase, ¢ (rad.) In this work, we benchmark QAOA with a continu-

ous hardware-e cient gate set. We present a controlled
FIG. 1. (a) Quantum circuit of a layey of QAOA for the  arbitrary-phase gate @ gate), which allows the execu-
two-qubit subspacfQQ; , using the controlled arbitrary-phase tion of each QAOA layer with only one two-qubit gate
gate (blue) to rotate th.1 state by an angle 2, where j = perZZ term in problem Hamiltonians formulated as Ising
2 ¢Jj. (b) A QAOA layer with the phase-separation unitary models, see Figl(a) We demonstrate how our gate set
UZ decomposed into Zgates (green) and additional Hadamard shortens the QAOA sequence and, thus, leads to better
gates and single-qub#i-gates. (c) Excited-state populati®y  performance for a “xed QAOA depth compared with a
of the higher-frequency qubl® = A, brought in interaction  decomposed implementation of the algorithm with a dis-
with the lower-frequency qubiQy = B, via a "ux pulse (all  crete gate set. In particular, we demonstrate with two con-
qubits are operated at their maximal frequency). We performy e examples that the reduction in gate-sequence duration

a two-dimensional sweep of "ux-pulse amplitudeand "ux- oy eions errors that are potentially introduced by imple-
pulse duration, and indicate the maximum population recovery 9 P y y imp

with blue dots.Pj; is extracted using a three-level readout (See_mentlng the CO”“_”UOEJS gate sgt, such as errors orlgl_nat-
AppendixA). (d) Conditional phase for the dots indicated in (c). INg from the required interpolation of parameters. Taking
The green diamond corresponds to the @ate. The right axis advantage of this gain in performance, we investigate the
indicates the detuning betwe¢hl and|20 . The inset depicts tradeo between experimental noise, which favors shal-
the shift in frequency of the baij@0 state relative to the bare low circuits, and increasing the number of layers, which

|11 state during the "ux pulse for theZC gate and the Zgate, s needed to solve complex problem instances.
see AppendiB for more details.

II. IMPLEMENTATION

QAOA increases witlp. In practice, however, the number ~ The objective function of many NP-complete discrete
of layers that can be executed reliably on near-term quar2Ptimization problems can be mapped to an Ising Hamil-
tum computers is limited due to “nite gate errors inducedtonian B0,31],
by relaxation, dephasing, and pulse imperfectidragl[9].

Small-scale implementations of QAOA, while restricted
to solving problems that can also be e ciently solved C= %44 + hz, (1)
on classical computers, provide crucial insights into the <] =1
feasibility and challenges related to the execution of the ) ] .
algorithm on NISQ devices. Previous studies of QAOAWhereZ; is the Pauliz operator for spin. QAOA can
with superconducting qubits1p,13,19.21], photonics “nd the ground state of this Hamiltonian by minimiz-
[22], and trapped ions2@] highlight the applicability of ing the expectation value & for the ansatz state ,
QAOA on a range of platforms and illustrate the breadthiwhere = ( 1,..., p), = ( 1,..., p) are variational
of problems that can be addressed with QAOA. The workparameters. In particular, the quantum circuit preparing
presented in Ref1f?] studied the MaxCut problem, which | ., consists ofp layers each containing a phase-
is the canonical problem for QAOAL[], with up to  separation operatodc = €' a© and a mixing operator
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Ug= € & whereB= X, with q= 1,...,p [11]. with microwave pulses, whil rotations are performed as
virtual gates 82], which take zero time as they are imple-
termUl = Si( /222 telv. where: /2= 3 | mented through a rede“nition of the reference frame. To
ermuc Separately, where; ai 15 realize @ gates, we use a standard approach relying on a
a continuous parameter.. - "ux pulse, which shifts the transition frequency of one of

A common approach is to dego_mpo@% Into a gaté  ye qubits to bring théll state of a pair of coupled qubits
sequence consisting of two conditional phase rotations qf, resonance with the noncomputatiof20 state p3.35].

, I.8., standard Z gates, combined with several single- The resylting hybridization leads to a coherent population
qubit gates 12,21]. We present such a decomposition in ggiljation between the two states. The frequency detun-
Fig. 1(b), where the dependence on the continuous paramag petween thd1l and|20 states, , is O during the
eters j is introduced via an arbitrary-angle single-qubit gate and after an interaction of the duration correspond-

Z-rotation. An alternative approach is to use a single conjq 5 one oscillation period, the population returns to the
trolled arbitrary-phase gate EC gate), which canadd any |11 state with an added phase of see green diamond

desired ph_ase fact@®' to the|l1l state. This gate nat- i, Figs. 1(c) and 1(d). We generalize the T gate to a
urally applies the angle = 2 j and, together with two 7 gate on our device by exploiting near-resonant inter-
single-qubitZ-rotations of angle j, realizes the unitary g.tions of the|1l and|20 states 24], ie., =0, to
Ug, see Figl(a) ) acquire conditional phase angles ranging from 0 tosee

In QAOA, the number of unitarie§li. grows linearly  Fig. 1(d). We vary by sweeping the "ux-pulse ampli-
with the number of two-qubit terms i@ and with the num-  tude and simultaneously adapting the pulse duration to

ber of QAOA layersp. Thus, it is essential that eauié maximize population recovery in the_computational sub-
is implemented with high “delity. The direct implementa- SPace, see blue dots in Fig(c). Details about the gate
tion we present in this work signi“cantly reduces both thelMPlementation are provided in Appendix

physical gate count and the sequence duration. Thus, this W& compare the performance of both approaches on two

approach is expected to “nd correct solutions to complex€X@mple instances of the NP-complete exact-cover prob-
problems with higher probability. lem [30]. The aim of exact cover is to decide whether it is

We run QAOA on a quantum device with seven possible to cover all elements in a &exactly oncéy an
superconducting transmon qubits, see Appenélixor appropriate selection of subsd} from a given collec-

device parameters and a false-colored micrograph of thén Of subsets/. In the example visualized in Fig(b),
device. The qubits are pairwise connected as illustrated {R2CN row corresponds to an element of a three-element set

Fig. 2(a) Single-qubitX andY rotations are implemented > While each column corresponds to a subgeout of
three given subsets, see Appen@iXor details. The dots

visualize which elements (rows) are included in a subset
(column). In this picture, the task is to “nd a selection
@) x A (©) A A As of columns such that each row is covered by exactly one
’ ’ @ @) dot. This condition is ful“lled by two solutions: select-
®) ) ing the “rst two columns or selecting the last column.
In a mathematical formulation of the exact-cover prob-
lem (see AppendiXC), the grid in Fig.2(b) corresponds
to a visual representation of an incidence malixwhere
a dot in row and columni indicates an entrnK ; = 1
while empty cells in the grid indicate entries equal to O.
When mapping an instance of an exact-cover problemto an
Ising Hamiltonian B1,36], the two-qubit coupling termd;
3 and single-qubit termk; are extracted from this incidence
matrix, see Eq(C3) and Eq.(C4), respectively. Further-
FIG. 2. (a) Hardware connectivity graph of the quantummore, theith qubit encodes whether a sub%ets selected
device. Dots correspond to qubits and edges indicate betweesy not, see Appendig. In the visualization in Fig2(b), the
which pairs of qubits two-qubit gates can be realized. The grayyybit that represents a subset is indicated by the label above
dashed |I.I’le indicates Fhe sqbset of quplts used for the t_hree-qquie column and by the color used for the dots. FigR(®
problem instance depicted in (b). (b) Visual representation of they, s an example of a larger instance of exact cover with
incidence matrixK (dots indicating entrie& ; = 1) for a cho- . .
Reven subsets, requiring seven qubits.

sen three-qubit exact-cover problem instance. The labels abo .
the columns (and the colors) indicate which physical qubits are 10 focus on the comparison between the two meth-

used to represent the corresponding subset. The two solutiodds for realizing the two-qubit unitaried, these two
states are indicated below the grid. (c) Visual representation gbroblem instances are chosen such that the resulting Ising
the incidence matrix for a chosen seven-qubit problem instanceHamiltonians respect the hardware connectivity graph of

Since all terms ofC commute, we can implement each

(b) AL A,

0|0|0

g}Squtions{ | (1) % (1)

@

o @
@O e

o @

0 1

1 0

I—'OOO

0 0
1 1
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our device, see Fig2(a) and that all single-qubit terms Cost, C(v,B)

vanish, i.e.,h; = 0. The three-qubit problem instance ‘ﬁ

depicted in Fig.2(b) yields an Ising Hamiltonian with —« /2 @] ® |[T © ™2
Jne, = 0.5 andlass, = 1. In the basigAAsB; , the two & - P— g
possible selections of columns covering all rows, namelys /4 . | /4G
A ={A, A} andB ={By}, are encoded with the states & B !’V‘H I g
|110 and|001, respectively, where a 1 in positidindi- £ £
cates that théth column ofK is included in the selection of e T e k]
subsets. For the seven-qubit problem instance of Kig), s T gw(c) 401 | a
we havelas, = 0 andJ; = 0.5 for all other physically & 0 ppn— 4 0 S
connected qubit pairs. This instance also possesses twg [\ ',”....3» =120t 3 o
solutions,A = { Ay, Ag, Ag, As} andB = {By,B;,Bg}, cor- S _, A == | | 3
responding to the stat¢$111000 and|0000111, respec- 0 2 - 06 2 0 20 40

tively, using the basi$A1A2A3A4818283 . Note that we Separation angle, v Func. eval., f.

have labeled the qubits in Fig(a) such that the solutions
always correspond to either selecting the qubits labele8IG. 3. Cost function evaluated far= 1 on the three-qubit
with A or the qubits labeled witB, see AppendixX. problem instance usingZ gates. (a) Cost-function landscape
Using the direct implementation instead of the decom2s & function of variational parameters. (b) Cost-function land-
posed one reduces the number of operations per layer froffaPe obtained from noise-free simulations. (c) Experimental
evaluation (blue) and simulation (black) of the cost function

42 to 15 for the three-qubit problem instance and from]cor two horizontal line cuts of (a),(b), with = / 8 (dotted

98 to 42 for the seve_n-qublt prc_>b|em mstanpe. Con.seﬁnes) and = 3/ 8 (dashed lines), respectively. (d),(e) Ten
quently, the S(?verj—quk?lt problgm instance, \_NhICh réquir€gonvergence traces of the separation angle and the mixing angle,
deep QAOA circuits, yields a circuit comprising 175 oper-respectively, for end-to-end optimization starting from random
ations atp = 4 with the direct implementation compared parameter initialization. (f) Average energy (solid black line) and
with 399 operations with the decomposed implementationindividual convergence traces (faded blue lines) of the energy
see AppendiD for details. corresponding to parameters shown in (d),(e).

Ill. PERFORMANCE OF QAOA We _observe that the re_sulting cos_t-funct_ion landscapes,
see Fig.3, are odd functions of with a line symme-
A single-layer QAOA implementatiorp(= 1) isause- try axis at = / 4, see AppendixE. The locations of
ful intermediate benchmark towards implementing multi-a” extrema in the measured |andscape, see H(g)’
layer QAOA circuits since there are only two variational gre in good agreement with noise-free simulations, see
parameters = ( 1) and = ( 1), hereafter referred to as Fig. 3(b), which suggests that the coherent errors are small
and for ease of notation, which allows us to map outjn our implementation. Errors due to decoherence mostly
the full optimization landscape experimentally. As furtherg ect the contrast of the landscape37], see Fig.3(c)
discussed in Appendif, whenp = 1, the cost-function and AppendixG. The distortions of the local extrema
landscape is/ 2 periodic in  for a problem without |ocated at > / 2 are attributed to the residuZ cou-
single-qubit terms. Moreover, since all eigenvalueCof pling between the qubits3p], which we con‘rm with
are odd multiples 0%, the landscape is 2periodic in . master-equation simulations, see Appen@ix
Finally, the landscape is always point-symmetric around By embedding the evaluation of( , ) measured
the center point of a period. We can thus reduce our coren the quantum device into a classical optimizer, we
siderations to [0, ) and [0, / 2). For each pair demonstrate that the landscape is suitable as a cost func-
of parameters, we prepare the sthte 10000 times, tion for closed-loop optimization. The simple, gradient-
see AppendiD for the full pulse sequence, and we eval-free Nelder-Mead optimization method “nds the optimal
uate the cost functio®( , ) = , |C| , . We use parameters for most random initialization parameters, see
a three-level readout scheme discussed in AppeAdix Figs. 3(d).3(f), however, some convergence traces get
which allows us to discard the measurement outcomesapped in local minima. Note that in this single-layer
with leakage outside of the computational space, segnplementation, the cost never reaches the ground-state
Appendix F. In the context of QAOA, discarding leak- energyCgs= S 1.5, neither in the measurement nor in the
age events corresponds to reducing the e ective number ofoise-free simulation, which indicates that QAOA circuits
shots available for evaluating the cost function by rejectingf larger depth are indeed required for this problem.
outcomes that are not valid bit-strings. In this regard, leak- To obtain better approximate solutions to the combina-
age is di erent from other undetectable errors, for whichtorial problem instance, we execute QAOA circuits with
such a postselection cannot be done. additional layers and study the e ect of the deptbn the
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in Figs.4(a). 4(c), have “delities of 98.93 %, 95.93 %, and

0.50 86.20% forp = 1, 2, and 3 respectively, with respect to the
- corresponding distribution obtained with noise-free simu-
g 0.25 lations. As expected, the reduction of the “delity with the
& number of layerg illustrates the accumulation of errors in
2 0.00 circuits of increasing depth. However, the concentration of
5 probability on solution states @sncreases is stronger than
§ 0.50 the detrimental e ect of the additional errors, such that
a overall, the probability of measuring a solution increases
£ 0.25 with p. By contrast, in the implementation usin@ @Qates,

) see Figs.4(d).4(f), the concentration of probability on
solution states only compensates the additional errors for

p = 2 while the errors outweigh the gain of an additional
layer forp = 3. This is also re”ected by lower “delities

of 96.37 %, 87.43%, and 64.52% f@r= 1, 2, and 3
FIG. 4. Output state probability distribution for the three-qubit respectively, and is explained by the fact that decoherence
problem instance implemented with controlled arbitrary phaseand residuaZZ coupling accumulate over the longer gate
gates (a)...(c), and decomposed usidgg@tes (d)...(f). States sequence.

are measured at optimal parameters for depthsofl (a),(d),  Master-equation simulations (red wireframes) yield
p = 2(b)(e), and = 3 (c),(f). The “lled bars correspond to the «gelities of 98.3%, 94.9%, and 85.0% for the direct imple-

measured state probabilities in which we highlight the prome"hentation and 97.5%. 88.6%. and 68.2% for the decom-
solutions in blue (direct implementation) and green (decom- T |

posed implementation), respectively. The black wireframes arQQiedh'mplementa;'0§’ WS 'C.h IS N excelllen'tb\agri%ment
the expected QAOA outcome from noise-free simulations andVIth the measured distributions, see also AppenGix

the red wireframes are from master-equation simulations. We ud®r details. We con“rm from these simulations that deco-

15000 individual measurement runs to estimate each probabiPerence is the main limitation in this experiment while

ity distribution. The black vertical markers indicate a bootstrapresidualZZ coupling causes additional errors, in particular

99.7% con“dence interval39] for each state, estimated from for the decomposed implementation.

thg poots.trap standard deviation of 100 resampled datasets of the The |andscape and state probability distributions of the

original single-shot measurements. seven-qubit problem instance presented in Apperdlix
lead to a similar conclusion, i.e., the direct implementation

output state distribution. To investigate the performance oéxploiting & gates is in better agreement with noise-free
the quantum part of QAOA rather than the performancesimulations than the decomposed implementation.
of the classical optimizer, we initialize the algorithm with It is expected that additional layers in QAOA circuits
optimal parameters obtained from noise-free simulationgncrease the number of reachable states, thereby leading to
We then optimize these parameters locally to correct fobetter approximate solutions in the absence of experimen-
small coherent errors, and we estimate the resulting statél noise. To gain further insight into the tradeo between
distribution as a function of depth from 15 000 single-shotthe extended reachable state space and the additional noise
measurements, see Figfor the three-qubit case. Three resulting from increased depth, we determine the enhance-
layers are required in noise-free simulations (black wirement of the success probability provided by the output state
frames) to fully concentrate the probability distribution on distribution over a uniform state distribution as a function
the two solution statefl10 and|001 corresponding to Of p for both problem instances, see Fig.We de“ne the
the selection of subsefs andB, respectively. enhancement &/ P,, wherePs is the success probability,
We quantify the experimental outcomes using the claske., the sum of the probabilities of all solution states, and
sical “delity [40] between the output state probability Pu= 2/(2V S 1) is the probability of sampling a solution
distribution arising from the measuremeni,and from from a uniform probability distribution over all possible

noise-free simulation®, states. Note that we exclude the s{ée N which is never
a solution in the context of exact cover. We indicate the
I sequence duration for both implementations with addi-
F(P,P) = P P, (2) tional axes in Figh, where sequence duration is de“ned

[ as the time between the start of the initialization pulse and
the start of the readout.
whereP; andP; correspond to the probabilities of thig In the three-qubit case, Fid(a), the direct (decom-
basis state in the Hilbert space. Note that & (P,P) 1  posed) implementation shows a maximal enhancement of
with F (P,P) = 1ifand only if P = P. The state distribu- success probability of 3 (2.4) pt= 3 (p = 2). The direct
tions of the implementation usingZC gates, see “lled bars implementation (blue dots) provides a higher enhancement
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(@)  Seq.duration, L (us) (b) Segq. duration, L (us) sequence duration df = 5 pus, both implementations of
0 2 0 2 4 the seven-qubit instance show similar enhancement of suc-
0 3 6 9 04 8 1 | . cess probability despite being of degths 6 (direct) and
N=3 N=7 = {7 p = 2 (decomposed).
< - .
Qéj g IV. DISCUSSION
é 10 ¢ 10p % In this work, we show that controlled arbitrary phase
g 101 g gates (Z gates) enable a signi“cant reduction of the
g moooooaal.0 é number of physical gates required to implement QAOA
i circuits of any depth on quantum hardware. We demon-
strate the advantage of this approach by comparing it
O b I with a standard QAOA decomposition on two problem
0 2 4 6 instances of the exact-cover problem, with three and seven
QAOA depth, p QAOA depth, p gubits, respectively. Despite a more demanding calibra-

tion scheme requiring interpolation of gate parameters,
FIG. 5. Performance of QAOA for (a) three qubits and (b) CZ gates in QAOA circuits systematically outperform the
seven qubits. The blue points are implemented with the directlecomposed alternative for a “xed depth and are able to
controlled arbitrary-phase gate and the green points are implyene“t from the extended reachable state space of more
mented with the gate sequences decomposedJatgates. The layers.
black squares indicate the highest success probabilities found We foresee an even more pronounced advantage for

with noise-free simulations. The top axes indicate the Sequenj@rger—scale combinatorial optimization problems because

duration for the direct implementation and the decompose b £l ired t | bl ith
implementation in green and blue, respectively. The gray area € number ol layers required 1o solve problems wi

indicate success probabilities above 1. The success probabiffAOA is expected to scale with the number of qubits
ties are estimated from 15000 (three-qubit problem instancelnvolved in the experiment{l,42], in particular for dense
and 60000 (seven-qubit problem instance) single-shot measurgroblem graphs. In addition, the number of physical two-
ments. The error bars indicate a bootstrap 99.7% con“dencgubit gates saved within each layer also scales with the
interval. number of two-qubit terms in the cost Hamiltonian. Our
results demonstrate that hardware-e cient gate sets are
key components in extending the impact of near-term
than the decomposed implementation (green dots) becaugaantum applications, which may become even more rele-
the sequence duration is shorter for a “xpd and the vant when solving problem instances that do not match the
problem instance requires at legst 3 to reach maximal connectivity of the hardware. For example, it has recently
enhancement in an ideal setting (black squares). been observed that the need for swap gates can signi“-
When the problem increases in complexity, the num-cantly reduce the performance of a QAOA implementation
ber of layers required to reach maximal enhancement iif a decomposed implementation of swap gates is used
a noise-free scenario also increases. For the seven-qupit3]. A direct, hardware-e cient implementation combin-
instance, we “nd thap = 6 is required to reach a suc- ing a controlled arbitrary phase gate and a swap date [
cess probability above 90%, see Figb). Consequently, may therefore be another key component to improve the
the ability to execute more layers in shorter time providegperformance in these cases, and should be considered in
an even more pronounced advantage. In particular, for thieiture algorithmic implementations on NISQ devices.
direct implementation, we “nd that increasimyfrom 1
to 2 increases the enhancement of the success probabil-
ity to 9.5. However, when further increasingpgc= 3, the ACKNOWLEDGMENTS
extended reachable state space does not compensate th@he authors are grateful for valuable feedback on the
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representing the o cial policies or endorsements, eitherFIG. 7. Optical micrograph of the device. Each qubit (colors

expressed or implied, of the ODNI, IARPA, or the U.S. corresponding to the colors in Fig) is connected to neighboring

Government. qubits by coupling resonators (white). Each qubit is connected to
a readout resonator (red), a "ux line (green), and a drive line
(pink).

APPENDIX A: EXPERIMENTAL SETUP AND
DEVICE PARAMETERS

The experiments described in this paper are performe¥@ two feedlines 44,45] with the readout pulses gener-
in a cryogenic setupdB44], the wiring scheme of which ated by an FPGA—based signal analyzer (FPGA SA). The
is summarized in Figh. Each qubit is controlled by a Measurement signals at the output ports of the sample
"ux line for frequency tuning, which enables two-qubit &€ “rst ampli‘ed with a wide-bandwidth near-quantum-
gates, and a microwave drive line for realizing single-qubitimited traveling-wave parametric ampli‘er (TWPA}],
gates. The pulses are generated with arbitrary waveforif€n with a HEMT ampli“er and “nally with low-noise,
generators (AWGS). The drive pulses are generated at dROM-temperature ampliers (RT AMPY{]. Thereatter,
intermediate frequency of 100 MHz and up-converted tghe signals are down-converted and processed using the

microwave frequencies. Multiplexed readout is performedVeighted integration units of the FPGA SAs. _
The quantum devicedfl] shown in Fig.7 is fabri-

cated on a high-resistivity intrinsic silicon substrate. Pho-
tolithography and reactive ion etching are used to de“ne
resonators, signal lines and qubit structures in a 150-nm-
thin niobium “Im sputtered onto the substrate. We also
@ 1Q mixer add air bridges to the device to establish a well-de“ned

‘ Flux AWG ‘ 300K ® MW generator

E
+

ground plane and for cross overs in signal lines. The
=) ggl'}ﬁ:%e Al/AIOx/Al Josephson junctions of the transmon qubits are
fabricated using electron-beam lithography and shadow
- /\ Amplifier evaporation.
ol I , The parameters of the device listed in Tabkre mea-
x| ¢ Filter ; T ; B
32 (BP, LP, sured using _standard spectroscopy and tlime domain meth
L e Eccosorb) ods. All qubits are operated at their maximum frequency.
EE —_ We characterize the ability to identify the correct qubit
e 0.1K 1as state as well as the second excited state of each trans-
7 9 mK Attenuator mon qubit. In particular, we use two weighted-integration
(20, 10, 3 dB) units per qubit to distinguishf0 from |1 and|1 from
|2 [47,48], see Fig.8 for an example data set for qubit
‘ Quantum device ‘ — Controlfreadout A;. The weighted time-trace integration is performed in

real time and yields a two-dimensional data point for each

single-shot measurement. A trimodal Gaussian mixture

FIG. 6. Experimental setup. The experiment is controlled by, ; ; ;
. X model, whose parameters are obtained with maximum-
AWGs whose signals are routed to the quantum device through P

series of bandpass “Iters (BP), lowpass “lters (LP), and Eccos,ork@@IhOOd estimation, Is th(?n used to classify the resulting
“Iters. The "ux 