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Significant experimental advances in single-electron silicon spin qubits have opened the possibility
of realizing long-range entangling gates mediated by microwave photons. Recently proposed iSWAP
gates, however, require tuning qubit energies into resonance and have limited fidelity due to charge
noise. We present a novel photon-mediated cross-resonance gate that is consistent with realistic
experimental capabilities and requires no resonant tuning. Furthermore, we propose gate sequences
capable of suppressing errors due to quasistatic noise for both the cross-resonance and iSWAP gates.

I. INTRODUCTION

Advanced semiconductor fabrication techniques, long
coherence times [1], and high-fidelity single [2-4] and two-
qubit ﬂa—ﬁ] gates have positioned solid-state electronic
spin qubits as one of the most favorable candidates for
quantum information processing B@] Recent break-
through experimental work has demonstrated a coher-
ent interface between individual electron spins in double
quantum dots (DQDs) and photons in superconducting
microwave resonators m@] By electrically coupling a
plunger gate above one dot to a probe in the resonator,
and coupling the spin and position degrees of freedom
with a nearby micromagnet, Refs. were able to re-
alize a spin-charge hybridized qubit which inherits a long
coherence time from its spin-like character and strong
coupling to the resonator mediated by the position de-
gree of freedom ﬂE, , ] Building on this, recent the-
oretical work has investigated the use of this spin-photon
interface to realize long-range spin-spin entangling gates
mediated by resonator photons m, @] This opens the
possibility for large, scalable quantum information pro-
cessors based on DQD electronic spins. The iSWAP pro-
posed in Refs. ﬂ2_1|, @], however, requires qubits to be
tuned into resonance, which can be challenging in some
architectures ] and may be impractical for collections
of many spins coupled to a common resonator. Addition-
ally, spin-charge hybridization results in susceptibility of
the qubit to charge noise, limiting achievable gate fideli-
ties |14, 21, 22].

In this paper, we present a protocol for a novel en-
tangling gate in systems of DQDs coupled by microwave
resonators: a cross-resonance gate that is locally equiv-
alent to a CNOT and similar to gates used in supercon-
ducting transmon qubit systems ﬂﬂ, ] We also pro-
pose two protocols for suppressing charge noise, including
a nested gate sequence based on fast, dynamically cor-
rected single-qubit gates m] which is also able to sup-
press errors due to quasistatic charge noise for the pre-
viously introduced resonant iSWAP. We find that these
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gate sequences substantially reduce gate infidelity due to
quasistatic charge noise.

The paper is organized as follows. In Sec. [ we in-
troduce the resonator-DQD Hamiltonian and define no-
tation. Our cross-resonance gate protocol is presented
in Sec. [IIl We include quasistatic charge noise in our
model and present dynamically corrected iSWAP and
cross-resonance gates in Sec. [Vl We conclude in Sec. [Vl

II. HAMILTONIAN

As in Refs. , ], we consider a system of sev-
eral gate-defined DQDs, each tuned to the single-electron
regime and capacitively coupled with coupling constant
glAC to a common microwave resonator mode with fre-
quency w,. The inter-dot tunneling constants t.; and
detunings ¢; of each DQD are independently electrically
tunable, and we explicitly include microwave-frequency
electric drive of the detunings with drive frequencies w¢
and amplitudes Q. For simplicity, we assume a square-
envelope microwave pulse, although higher gate perfor-
mance may be achieved with pulse-shaping techniques
ﬂﬂ] Micromagnets near each DQD, along with an ex-
ternal magnetic field, create an inhomogeneous magnetic
field in the vicinity of each DQD. At each DQD, the lon-
gitudinal average magnetic field gives rise to a Zeeman
splitting w; between the DQD electron spin states, while
the magnetic field gradients, which for simplicity we take
to be transverse, couple the spin and position degrees
of freedom of the electrons with coupling strengths g.

The system can then be described with the Hamiltonian
(h=1)

H(t) = Ho+ Hy + Har (1), (1)
- 1 1
Hy = wyafa+ Z <§eﬁf i+ SwiGE + gi TR
ﬁ[ = Zg?C(G/T +a)'ﬁz,

fIdT(t) = Zfll cos(wft)ﬁ-z,

where 5% and 7 for k € {z,y, 2} are the spin and position
Pauli matrices of the ith DQD electron.
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To proceed, we transform to the spin-orbit hybridized
eigenbasis of Hy, in which

- 1 1
HO :wTaTa—i—Z (5&):7{ + 5&)305)7 (2)

where 7F, 0¥ are the transformed Pauli matrices in the

new basis and w] > w{. We assume 2¢.; > w; so that the
low-energy (77) = —1 subspace of each DQD constitutes
a qubit which is largely spin-like in character.

In the dispersive regime 1 > ¢2%/|lw, —w?| >
g¢/|wT — w,|, and assuming sufficiently weak driving,
we can use a perturbative, time-dependent Schrieffer-
Wolff transformation to remove to leading order the cou-
plings between the DQDs and the resonator, as well as
time-dependent terms coupling the (r7) = +1 subspaces
@, ] Next, we take the empty-cavity limit and assume
the microwave drives are weak and well-detuned from
the resonator frequency w, so that we can neglect tran-
sitions out of the <aTa> = 0,(r7) = —1 subspace. Pro-
jecting onto this subspace, we obtain an effective Hamil-
tonian describing the dynamics of our low-energy qubits
in which we see the appearance of long-range qubit-qubit
interactions mediated by the resonator mode:

H(t)= Z (%wiaf + cos (wflt) (Qof 4+ QFa?) (3)

%

+ cos (wat) (&0 +E&F0F) + sin(2wft) fiyo;’)

xr T
- E JijO'iO'j,

i<J

where w; are the dressed qubit transition frequencies, Q¥
are the effective drive amplitudes seen by the qubits at
the original drive frequency, £F are small drive amplitude
terms at twice the original drive frequency which appear
as a second-order effect of the applied drive, and J;; is
the strength of the resonator-induced coupling between
qubits ¢ and j. A complete derivation of the effective
Hamiltonian is given in Appendix[Al Throughout the re-
mainder of this paper, we assume ¢; = 0 in the absence
of noise. In this case,

(9)°

(4)

wi = w? — 2w sin?(3;)

OF = sin(B;)Q;
G==¢=¢(=0

Jij = wrg{*“g* sin(B;) sin(B;)

y 1 n 1
w2 — (wg)? w2 — (cu}’)2 ’

where  f3; = (B +B;7)/2 and By =
arctan[—2¢7 /(wf £ w?)].

III. CROSS-RESONANCE GATE

To arrive at the cross-resonance gate, we focus on a
system of two DQD qubits coupled via a resonator. Here,
qubit 2 acts as the target and remains undriven, while
the control, qubit 1, is driven. During the pulse, the
effective 2-qubit lab-frame Hamiltonian takes the form

1
H(t) = Ewlaf + cos(wit) (o} + Qo) (5)
+ cos (2wft) (&0 + 7o) + sin(2wft)§folf

+ %o.)gog — Jo{o3.

We proceed following Ref. M], moving into the doubly-
rotating frame defined by the transformation U, =
exp|—itw{(of +03)/2]. Then, after making the ro-
tating wave approximation (RWA) to eliminate single-
qubit terms oscillating at multiples of w{, we diago-
nalize the remaining single-qubit terms with the time-
independent transformation U, = exp[—ixo} /2], where
x = arctan(Q%¥/8;) and §; = w; — w{. In this diago-
nalized doubly-rotating frame (DDF), the Hamiltonian
becomes

1 1
Hppr = EﬁUf + 5520f (6)
- J(cos(w‘lit) (sin(x)of + cos(x)o?)

— sin(wft)o}) (cos(wit) ol — sin(wit)oy)

where 1 = /62 4+ (Q7)°.
qubit terms with another time-dependent transformation
U, = exp[—it(nof + d205)/2]. In this quadruply-rotating
frame, we get the Hamiltonian

Next, we eliminate single-

Hqp = —J[cos(wft) (sin(x)of + cos(x)(cos(nt)of  (7)
—sin(nt)oy)) — sin(wit) (cos(nt)oy + sin(nt)o7)]

X [cos(wat)ol — sin(wat)ol].

Generically, all terms in this frame oscillate rapidly.
However, by choosing a microwave pulse resonant with
our target qubit so that wé = wsy, and assuming 1 > J
so that we can again make the RWA and neglect remain-
ing oscillating terms, we arrive at the time-independent
Hamiltonian

1=~
HQFA":—gt]O'fO'%, (8)

where we have defined J = Jsin(y) = JQF/n. Up to
local operations, then, this microwave pulse produces a
controlled x-rotation of the target qubit. In particular,
when Jt = 7/2, we get a local CNOT equivalent [24].
Notably, for a given effective coupling J, this cross-
resonance CNOT is always slower than the previously-
introduced resonant iSWAP by a factor of Qf/n. This
factor is small when the qubit-qubit detuning A = w1 —ws
is large compared to accessible drive strengths. Unlike
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FIG. 1. Average fidelity of the cross-resonance CNOT gate,
maximized at each time step over local rotations. Here, we
have chosen w, = 6 GHz, wi = 5.96 GHz, w5 = 5.94 GHz,
€1 =€ =0, 21 = 2 = 7GHz, g1 = ¢5'° = 40 MHz, and
g1 = g3 = 200 MHz corresponding to a transverse magnetic
field difference between the two QDs in each DQD of approx-
imately 30 mT. Starting at time ¢ = 0, qubit 1 is subject to
a microwave drive with ; chosen so that Q7 = 15 MHz and
with drive frequency w¢ = 5.9059 GHz. At time ¢ = 590 ns,
the microwave drive is stopped. The final gate fidelity is be-
tween 98% and 99%, with remaining infidelity primarily due
to leakage to excited resonator states.

the iISWAP, however, there is no need for A to be made
small relative to J. Additionally, since qubits never need
to be tuned into or out of resonance, the DQDs can re-
main at the ¢, = 0 sweet spot, allowing for decreased
sensitivity to electrical fluctuations m]

To verify our effective model, we simulate the unitary
time evolution of the full 2-DQD system, including or-
bital degrees of freedom and a single resonator mode
truncated to 10 photonic states. We focus on systems
with realistic static parameters taken from Ref. [16]. To
ensure suppression of entangling interactions in the ab-
sence of microwave driving, we choose Zeeman splittings
w7 such that the qubits are well-detuned from one an-
other. We choose drive amplitudes consistent with re-
ported EDSR Rabi frequencies in single-electron silicon
quantum dots B, @], and drive frequencies such that

wé = wa, following our analytical expressions.

We numerically solve the Schrodinger equation with
the Hamiltonian in Eq. () in the eigenbasis of Hy. At
each time step, we use the evolved states to compute
density operators of the full system, and then trace out
the higher-energy DQD and resonator degrees of freedom
to obtain reduced density operators describing the qubit
evolution. We then compute state-averaged gate fideli-
ties according to the formula in Ref. [31]: F(E,U) =

E 85 D kLo tr(UU{a’gUTE)(a{a’g)) where U is our
target gate and £(p) is the quantum process describing
the noisy time evolution of the qubits. We plot average
gate fidelities relative to a perfect CNOT in Fig. Il We
find that with realistic parameters, we are able to real-
ize a local CNOT equivalent with 99% fidelity in 590 ns,
with remaining infidelity largely due to leakage to excited
resonator states.

IV. DYNAMICALLY CORRECTED GATES
A. Corrected cross-resonance gate

We can model the effects of quasistatic charge noise
on our cross-resonance gate by substituting e; — €; + d¢;
and t.; — te;+0te; for the detunings and tunnel couplings
respectively, where d¢; and dt.; are Gaussian-distributed
random variables with standard deviations o, and oy, re-
spectively. Similarly, we can model errors in the applied
control field amplitude by substituting €; — Q;(1 + p;)
where p; is a Gaussian-distributed random variable with
standard deviation o,. In terms of the low-energy dy-
namics, the effect of these substitutions is random shifts
in the qubit splittings w;, drive strengths f, and ef-
fective qubit-qubit interaction J. The noisy lab-frame
Hamiltonian is

1 1
H(t) = 5(&11 + dwi)of + §(w2 + dwsz)os (9)

+ cos(wat) (25 + 6Q7)o] + (2f 4+ 0Q7)07)
+ cos(2wat) (67 + 867)o7 + (&7 + 6¢7)oT)
+ sin(2wot) (& + 6&Y)ad — (J + 8J)o] 5.

As in the noiseless case, we move into the frame ro-
tating with the drive and diagonalize single-qubit terms.
Then, discarding all of the same rapidly-oscillating terms
as before, we arrive at the noisy DDF Hamiltonian

1 1 1/ -
Hppr = 5(77—1— on)o; + 55(@05 — §(J— 5J)afa§.
(10)
Note that, because of variations dw; and 6€),, this is
actually not the same DDF as in the noiseless case, but
is related to it by an additional o} rotation of angle dy.

We can compute the average fidelity F' of the noisy
gate U(;l) = ’Texp(—i fod)/‘] Hppr(t) dt’) relative to the
noiseless gate. Expanding to lowest order in each of the

shifted parameters, the average gate fidelity for a cross-
resonance CNOT (¢ = 7/2) is

2 2 2 2 7\ 2
Fral-L <_517> _§<_5“32) - <_517> (11)
20\ J 5\ J 20\ J

2.9

The first-order sensitivities of various cross-resonance
gate parameters to charge noise are plotted in Fig. [Zh for
some realistic system parameters. In this regime, we see
that 1 and wy are much more sensitive to electrical fluc-
tuations than x or J. For this reason, we neglect errors
due to §J and dx, and focus our efforts instead on cor-
recting the larger errors. Notably, there is a sweet spot
at which 7 is first-order insensitive to charge noise fluctu-
ations. This can be understood from competing effects of
charge noise on dw; and 6Q}. For 2t.; > w7, spin-charge
hybridization decreases wi. Thus, when fluctuations in-
crease spin-charge hybridization, dw; < 0. Meanwhile,
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FIG. 2. The first-order charge noise sensitivities
(81: => a(?gz, ) of various system parameters at the charge
degeneracy sweet spot (e1 = e2 = 0) [20] with w, = 6 GHz,
te1 = te2 = te, gfc = 9540 = 40 MHZ7 and galc =

g5 = 200MHz (a) for a cross-resonance CNOT with w; =
5.96 GHz,ws = 5.94 GHz, and Qf = 20 MHz. (b) for a reso-
nant iISWAP with w1 = ws = 5.95 GHz. Leading-order sensi-
tivities to DQD detunings are given in Appendix [Bl

the drive strength felt by the qubit increases, so neglect-
ing amplitude noise (u; = 0), we have Q76Q7 > 0. By
choosing A > 0 and using an appropriate drive ampli-
tude, then, we can engineer a situation in which, in the
absence of amplitude noise, d7) ~ %(Aéwl + Q7007) = 0.

The noisy 2-qubit Hamiltonian in Eq. (I0) belongs to
an su(2) du(1) subalgebra of su(4), with su(2) generators
{o50%,0570Y,05}, all of which commute with the u(1)
generator of. While the dn error commutes with the
o705 generator and can be eliminated with a simple 7-
pulse (as we discuss below), the dws error anticommutes
with it, and requires more nontrivial error correction.

One option for suppressing the dwy error, inspired by
techniques used in superconducting qublts @, @], is
the addition of a microwave-frequency drive applied to
the target qubit concurrently with the cross-resonance
drive applied to the control qubit (Fig. Bh). By driving
the target qubit at its own transition frequency and in-
phase with the cross-resonance drive, we introduce a large
(93 +6Q3)03 term to the noisy Hppr. As this new term
commutes with our desired ofod generator, but anticom-
mutes with 03, this additional driving actively suppresses
the dws error without interfering with entanglement gen-
eration. This comes at the expense of introducing a new
003 error. However, this can be eliminated, along with
the dn error, by a 7 rotation about the o} axis on each
qubit. The entire gate sequence, with simultaneous drive
on both qubits and single-qubit echo pulses, we refer to
as “2Qecho,” and is shown in Fig. Bb. For Q% > J, the
average gate fidelity to lowest order in the presence of

this cancellation pulse is

_ 2 [ bwy\ > 5.J 2,
F2Qecho ~1- g <Q_§) 20 <7> - 35X . (12)

Below in Sec. [V.C], we test the efficacy of this approach
using full numerical simulations. Before we examine
these results, however, we first introduce alternative ap-
proaches to suppressing noise errors.

While driving the target qubit concurrently with the
cross-resonance drive is an effective strategy for suppress-
ing the dws error, it requires simultaneous microwave
drive of both the target and control qubits, which may be
impractical for some devices. As an alternative, we can
use the isomorphism that exists between the su(2) sub-
algebra of our Hamiltonian and the ordinary su(2) alge-
bra for single-qubit operations to adapt to our purposes
the fastest pulse sequence that can eliminate a single-
qubit drift error [26]. While Ref. [26] assumed the abil-
ity to directly change the sign of the desired generator
term, we can achieve the same effect by applying 7 ro-
tations about the o5 axis on the target qubit. Defining
P (¢) = arccos(cos(¢/2)/2), we can correct the dwy error
to lowest order for arbitrary ¢ with the gate sequence

1Qpartial _ 77(1) (1) (1)
Us = Up(o)-0/202V2p(0)+x92 Ui ()02 (13)
S C P
~ e 2 le 2 172

5 -
+o<(5£> >+o<5_:’> +0(5)
J J
where ((¢) = (49(¢) + m — ¢)(n+0n)/J. If we stop here
and set ¢ = /2, we get a CNOT equivalent which is first-
order insensitive to dws errors and which never requires
simultaneous drive of both qubits. In fact, using virtual
gates, it should be possible to realize this gate sequence
without applying any drive at all to the target qubit.

This sequence, which we call “1Qpartial,” is shown in
Fig.Bk. The average gate fidelity relative to the noiseless

case, to lowest order, is
-\ 2
on oJ
Flqpartial & 1 — 8.21 - — 14
1Qpartial <J) 20<J> (14)

2 F 4
——5 2—599(&"2) 6—1’—2.02(@) .
J ) J J

Neglecting single-qubit gate times, which are small rela-
tive to the two-qubit gates, this gate sequence increases
the total gate time by a factor of £4(7/2) + 1 ~ 4.08
compared to the uncorrected CNOT.

Just as in 2Qecho, the remaining 7 error can be com-
pletely eliminated using 7 rotations about the ¢! axis on
each qubit:

U;qull UlQpartlal y yUlQpartlal Yy (15)

#/2 $/2 0102

) _
~ e 150103 +o<(5“’2> ) +o<‘”> +O(8y).
J J
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FIG. 3. (a) Diagram for the different drive schemes used to generate a cross-resonance CNOT. In either case, we have two

qubits coupled via a microwave resonator with coupling strength J. For the gate U 4(}2)

, which is used in 2Qecho, both the

control and target qubit are driven at the target qubit transition frequency. For the gate Uy (1 ), which is used in 1Qpartial
and 1Qfull, only the control qubit is driven. (b) Circuit diagram for the 2Qecho corrected CNOT. (¢) Circuit diagram for
the 1Qpartial corrected CNOT or iSWAP, which corrects only the non-commuting errors. (d) Circuit diagram for the 1Qfull
corrected CNOT or iISWAP, which corrects both the commuting and non-commuting errors.

The full nested gate sequence, which we call “1Qfull,” is
shown in Fig. Bd. Although 1Qfull does require driving
both qubits to realize single-qubit gates, it still does not
require driving both qubits simultaneously at any point.
Note that, because they commute with o}, all single-
qubit gates can be applied in the doubly-rotating frame
using EDSR regardless of the x rotation. In principle,
single-qubit EDSR gates will also suffer some gate infi-
delity as a result of charge noise, reducing the fidelity
of the corrected gate sequence. However, single-qubit
m-pulse EDSR gate fidelities exceeding 99.9% have been
reported for single-electron DQD qubits B], so we choose
here to neglect this additional error source.

Once again setting ¢ = 7/2, we obtain a robust CNOT
equivalent with average gate fidelity

5.J 2,
Figrm ~ 1 — T (7) - 55X (16)
4
—20. 41<5w2) 5—‘] —844<5‘”2> .
J ) J J

This additional step of correcting dn errors yields a gate
which is insensitive to charge noise to lowest order. How-
ever, the total time required for 1Qfull is increased by a
factor 18¢(7/4) + 3 ~ 8.55 compared to the uncorrected
CNOT, neglecting single-qubit gate times, and the effect
of the dws error has been amplified relative to 1Qpartial.
For this reason, especially in the presence of accumulat-
ing error due to decoherence, it might be preferable to
take advantage of the én = 0 sweet spot and only correct
the dws error. This tradeoff is examined more closely in
Sec. [V.Cl where we also provide a side-by-side compari-
son of the 2Qecho, 1Qpartial, and 1Qfull sequences.

B. Corrected iSWAP gate

Much of the same analysis can be applied to the
iISWAP gate discussed in Refs. [21, 22]. Starting with
the noisy, undriven 2-qubit effective Hamiltonian with
W1 = W = W,

1
5(4;.) + 0wy )of +

— (J+dJ)of 03,

H= (w+ dwz)os (17)

N | =

we move to the rotating frame for both qubits and make
the RWA. In the doubly-rotating frame, we have

1 1
HDF = 55&)10% + 55&)205 (18)

1
— —(J+ 8J)(ofo5 +oiod)

o7 + o5 — 0%
_ _5 1 2 5 B 72
Wit Ty 2
oo —|— olol
—(J (5J 1¥2 1¥2
(7 +on) AR
where dwy = dw; £+ dws. The gate generated by this

Hamiltonian, Uy = exp(—z HDF), thus implements a

noisy iSWAP local equivalent for ¢ = w. The average
gate fidelity relative to a noiseless iSWAP gate is

(5) -w(5) 55w

The first-order sensitivities of the iISWAP Hamiltonian
parameters to charge noise are shown in Fig. Zb. Similar
to the cross-resonance gate, we find that the w; are much
more sensitive than J, so we neglect the §.J error (though

0J

J

dw_
J

5(4.J+
J

Fal-T

10



such errors could in principle be corrected with a more
complicated gate sequence [34]).

Thus again we have a Hamiltonian in an su(2) @
u(1) subalgebra of su(4), now with su(2) generators
{(o%03 + otal) /2. (oTal — a¥o5) /2, (05 — 73)/2), all of
which commute with the u(1) generator (¢f + 03)/2.
And again, we have commuting (dw;) and non-
commuting (dw_) error terms which we would like to
eliminate. In fact, we can use the exact same nested
gate sequence as for the cross-resonance gate to suppress
these errors as well. Simply substituting this new Uy for

Uél) in the U;Qf““ gate sequence in Fig. Bl and setting
¢ = 7 yields a robust iISWAP gate which has substan-
tially reduced sensitivity to charge noise. The fidelity of
this corrected iSWAP, to lowest order, is

_ 972 (672 §J [ Sw_\?
FHQﬁﬂ1~11-—-36-(-j-> '_:&0017_(_i7_> (20)

sw_\*
— 025 — ) .

Unlike the cross-resonance gate, there is no sweet spot at
which the commuting error vanishes, nor can we simply
suppress the non-commuting error by driving the qubits,
so we must use 1Qfull to obtain a gate which corrects the
largest charge noise errors. However, because the iISWAP
is a 7 rotation, the gate time penalty is not as severe, with
1Qfull only increasing the total gate time by a factor of
L4p(m/2) + 1 ~ 4.08 compared to the uncorrected noisy
iISWAP, neglecting single-qubit gate times.

C. Corrected gate simulations

To investigate the effectiveness of our corrected gate
sequences, we numerically compute the average gate fi-
delity of our corrected iISWAP and cross-resonance se-
quences at various quasistatic noise amplitudes. For the
iISWAP (Fig. Bh), we find that our corrected gate se-
quence always outperforms the uncorrected gate, at least
in the absence of decohering interactions, with the im-
provement becoming more pronounced at smaller values
of charge noise. We can roughly estimate the impact
of decoherence by noting that, at short times, gate fi-
delity goes as exp(—t?/T5). As 1Qfull increases gate
time by a factor of nearly 4 for the iSWAP, the relative
penalty incurred by 1Qfull due to decoherence is then
roughly exp(—15t&wap/T5), where tiswap is the dura-
tion of the uncorrected iISWAP. This suggests that our
gate sequence still retains its advantage if it is feasible to
realize tiSWAP/TQ < 10~2.

For the cross-resonance CNOT (Fig.[b), we first inves-
tigate gate performance in the presence of applied control
field amplitude errors with standard deviation o, = 0.01,
consistent with current experimental capabilities m],
then we look at the performance of the same gates with-
out any control field error. We find that, in both cases,
2Qecho outperforms all other gate sequences at all levels
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FIG. 4. Average gate infidelities for various amplitudes
of quasistatic charge noise, starting from the noisy doubly-
rotating frame Hamiltonian. Here, we set 20+ = 0./100 and
have again chosen w, = 6 GHz, e1 = €2 = 0, 2te1 = 2t =
7GHz, ¢{¢ = ¢3¢ = 40MHz, and ¢¥ = ¢§ = 200 MHz.
(a) For the iSWAP, we choose w1 = ws = 5.95 GHz, and
plot infidelity of the uncorrected gate U, as well as the cor-
rected 1Qfull. (b) For the cross-resonance CNOT, we present
gate fidelities both with (o, = 0.01) (upper frame) and with-
out control field amplitude noise (lower frame). We choose
w1 = 5.96 GHz, wy = 5.94 GHz, and Q7 = 28.5 MHz, which
tunes us to the dn = 0 sweet spot. Here, in addition to
the uncorrected gate UT(rl/)2 and 1Qfull, we also plot the infi-
delity of 1Qpartial, as well as the infidelity of 2Qecho with
Q3 = 15 MHz.

of charge noise. As 2Qecho does not require increasing
gate time beyond the addition of relatively short single-
qubit gates, it also incurs no additional penalty due to
decoherence. Meanwhile, 1Qfull and 1Qpartial do offer
substantial fidelity improvements at sufficiently low noise
levels, but no meaningful improvement is offered by ei-
ther at these system parameters for o, 2 100 MHz or
oy 2 1 MHz. Previous experimental work in Si DQDs
found detuning noise on the order of 200 MHz [36], sug-
gesting that 1Qfull and 1Qpartial may offer a substan-
tial advantage with moderate improvements over current
charge noise levels, provided that gate times can be made
sufficiently short relative to T5. Notably, the performance
of 1Qpartial changes considerably when control field er-
rors are present. The addition of realistic control field
amplitude errors introduces dn errors to which 1Qpartial
is sensitive, ultimately resulting in worse performance



than even the uncorrected gate. However, because we
chose our cross-resonance pulse amplitude to tune the
system to the dn = 0 sweet spot, 1Qpartial actually
outperforms 1Qfull if control field errors are sufficiently
small. Considering also the additional penalty incurred
by 1Qfull due to increased gate time, this demonstrates
the considerable advantage of forgoing 1Qfull for 1Qpar-
tial executed at the sweet spot.

V. CONCLUSION

Our cross-resonance gate, with no requirement that
qubits be brought into resonance, extends long-range 2-
qubit entangling operations to a broader class of quan-
tum dot architectures with a larger range of useful sys-
tem parameters. Our numerical simulations suggest that
our 2Qecho sequence is able to substantially reduce the
sensitivity of our cross-resonance gate to charge noise
with no associated increase in 2-qubit gate time by utiliz-
ing simultaneous, synchronous microwave driving of both
qubits. Our 1Qpartial sequence, meanwhile, is able to re-
duce sensitivity to charge noise without the need for any
drive on the target qubit. However, this comes at the
expense of increased gate times, and the gate must be
generated at a dynamic sweet spot and in the absence

of large control errors to ensure high fidelity. Finally,
our 1Qfull sequence is able to decrease the sensitivity to
charge noise of both our cross-resonance gate and our pre-
viously introduced cavity-mediated iISWAP gates without
requiring simultaneous drive of both qubits or the use of
a dynamic sweet spot. However, this increased resistance
to charge noise and control error comes at the expense of
further-increased gate times and the need to apply mi-
crowave drive to both qubits, though not necessarily si-
multaneously. With our focus on experimentally realistic
parameters, we hope this work will guide efforts to de-
velop solid-state quantum computing technologies. Ad-
ditionally, our dynamic error correction sequences have
the potential to greatly improve robustness to quasistatic
charge noise of both our proposed cross-resonance gate
as well as previously investigated cavity-mediated entan-
gling gates, improving prospects of fault-tolerant entan-
gling operations in solid state quantum processors.
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and apply the unitary U; to Hy to obtain

~ 1 1
quhUi—-§:<2wln«+2az&f (A2)

2

+ g7 (cos(0,)7F — sin(0:)7 >>'

Next, we can eliminate the 6777 terms by defining

297 0;
ai:amwn(gaggL))
Wi

(A3)

Wi = \Jwr? + (207 cos(6,))’
= [[ exp(—ici76Y/2)

and applying the unitary Us

_ 1 1
l@lﬂf&Uﬂb-—§:<2wzn<+2w 57

K2

— g7 sin(0;)67 f>

Finally, we eliminate the 677" terms by defining

3 = et 2E2200)

7 A5
wi £ w? (A5)

8= (85 +67)

o7 £y = (w2 wf') + (207 sin(6,))?

({5250

and now the transformation U;UsUs takes us to the
eigenbasis of Hy.
Now, we define the transformed operators

= U UUs7RUluiuf
of = U U,Uss*Ululul,

in terms of which the system Hamiltonian becomes

1
O—wTa a—i—Z(2wZTZ + wﬂa)
=Y g/ (a" +a)d

fldr = Z Qi cos (wft)d

(A7)

Here, d; is the transformed electron dipole operator

d; = 77 %(cos ) (cos(B;7) + cos (7)) (A8)
— sin(6;) sin(ov) (sin (8;") — sin(8;7))) 77
+ 5 (cos(8:) (cos(57) — cos(57))
— sin(6;) sin(a;) (sin (8;") + sin(6;7))) o7
— 5 (cos(®:) (sin (57) + sin(57))
+ sin(6;) sin(ay ) (cos(B;7) — cos(B;7))) o7y’
+ 5 (cos(6) (sin(57) — sin(57)
+ sin(6;) sin(a) (cos (8;) + cos(B;)) )oY

i) cos(ay;) cos(f;) T

o) sin(B;) o7

For the special case ¢; = 0, this takes on the much sim-
pler form d; = — cos(83;)7¥ — sin(B;)o¥77. We can fur-
ther partition the drive Hamiltonian into terms which are
block diagonal and block off-diagonal with respect to the
(17) = £1 subspaces:

— sin(¢ (
— sin(6;) cos(

H = Z Qi cos(wit)d} (A9)
= Z Q; cos (wft) s
where we define
d? = (cos(07) (cos(3) +cos(4))) (A10)

— sin(6;) sin(a;) (sin(B;°

K2

- sin(9 )sm(al) sm(ﬁ-'Ir

+
—
Q
o
w0
—
>
~—
—
Q
@]
92}
—
= £
+
~—
[
Q
o
w0
NN~ N
S
I
~—
~—

dot = — %(cos(@i (sin(ﬂ-‘L

+ sin(6;) sin(ay ) (cos(8;7) + cos(B;7)) )i 7!
— sin(6;) cos(a) cos(B:) 7"

Now, we assume |w] — w;|, |w, — W7|, |w, — (W] — w?)| >
92¢ and |w — 7|, jwé — (W] — ’ > ; so that we
can use a time-dependent perturbatlve Schrieffer-Wolff
transformation S(t) to eliminate to leading order cou-
pling between the DQDs and the resonator and block
off-diagonal terms coupling the (77) = =1 subspaces
28, @ 37]. Here, unlike in Ref. [29], the drive frequen-
cies w¢ are of the same order as the resonator frequency
Wy and DQD frequencies w; and wy. Consequently, we
make the a priori assumption that time derivatives of
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the Schrieffer-Wolff generator S ~ wdS are of the same order as the generator itself. We expand the transformed
Hamiltonian

N de=%
e“He % — e’ ¢
dt

~ Hy+ H; + Hy, +1iS + [S,Ho+ﬁ1+ﬁdr} + %[S,z‘S+ {S,HOH (A11)
:J%+ﬁ$+(ﬁp+my+mq[aﬁ4)+@¢@}+Fuz+gg]+épJ5+pu%H

- - - 1 - .
= Ho+ 3, + [5, 714, ] + 5[5 1 + 131

where in the final line we’ve eliminated the leading-order  terms using S + [S, ﬁo} + Hy + H3Y = 0. This de-

DQD-resonator coupling and block off-diagonal drive termines S(t)

1 _ . . . . _
S(t) = ng‘c {24;.) (cos(@i)(cos(ﬁf) + cos(ﬁi )) — sin(6;) sin(«;) (sm(ﬂ;r) - s1n(ﬂi )))(aT —a)1f (A12)
- r
3
1 _ . . . . _
+ 7 (cos(8;) (cos(B;7) — cos(B;)) — sin(8;) sin(ay) (sin(B;") +sin(B;7))) (a — a)o
ks
fot ot = frm— o+
a'rt;r ol —ar; o; a't. o; —ar, o,
— (sin(6,) si ) + 0.) si + i i i Vi i “i i Y
(sm( 1) sin(a) COS(ﬁZ ) + cos(6) s1n(ﬁz )) ( wr + w] +wf wp — wl —wy )
foto— = + fom o+t —
) . _ o a't, o, —ar; o, a'rt, o —ar, o,
+ (sm(@i) sin(a;) cos(ﬁi ) — cos(6;) s1n(ﬂi )) ( WZT —i—zo.)[ ~ ZJ;’ i wzr _zw: - Zuf i )
fot + -
a'rt;m — ar; ar;” —a'T;
Tt 9 . . 3 3 3 3
sin(6;) cos(a;) COS(BZ)( — + i )
Tot — ac + _ ate
a'o;” — ao, ao; —a'o;
— sin(6;) cos(ay) sin(f;) 717 ! : : !
i) cos(n) i) (0T 4 7 =00 )|
~ d - d - d - d
; eWitttolh — e Wily=g> Wity g — e Wity ot
+ —| — (sin(#;) sin(cy;) cos(B;") + cos(6;) sin(B;" Lt t 4 Lt Lt
35 | mosintny o)+ cotosin(5)) | SR wf —wf —
ewitrtgm —emwitr—gh  eiwitrmgt _ emiwitoto
+ (sin(6;) sin(cy) cos(8; ) — cos(6;) sin(5; Lt t -t 4 Lt Lt
( ( 1) ( l) (51 ) ( l) (Bz )) w;i—i-w;r w? w;j—w[ Fw?
- d - od d
Wi tT.Jr — e Wi t,rf e'wi tTf _ oW tTfr
— sin(6;) cos(a;) cos(f; : L+ : : .
(69 cos(ax) @( g )]
[
With all resonator couplings removed to leading order, DQD systems
we now assume |wr — wf} > (); so that the microwave
drives will not excite the resonator mode, and we take the 1 2 d z_z T _x
oo L ’ H = —w;o; + cos(wi't)(Qo; + Qo Al13
empty cavity limit by projecting onto the (a'a) = 0 sub- ; (2 1% (Wit (@i iof) (A13)
space. Additionally, as we have removed leading-order
coupling to higher-energy DQD states, we further project + cos(2wit) (07 + & o) + sin(2wi't) 52’03)
onto the (77) = —1 subspace. Now, if we diagonalize
static single-qubit terms and neglect terms higher than _ ZZ Jijofo?
fourth order in g%, g2, or Q;, we arrive at an effective T i<i !

Hamiltonian describing the low-energy dynamics of the
where we've defined
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AC)?
w; = wf 2wf(gi7)2(sin(9i) cos(a;) sin(8;))? (A14)
wi = (@)
AC)2 T o ;2
(Wr _(i_g;: )-i- o _ Y —;wi (wf)z - S()o:[ n w;’)2> (cos(;) sin(B;") + sin(6;) sin(a;) cos(ﬂj))2
T o ) AC\ 2
+ (wi gwi (wf)Q - S()j: - wf)Q o —(l—gZuZ' )_ w;’) (cos(8;)sin(B;") — sin(6;) sin(a;) cos(ﬂ;))2

+ g; (cos(8;)(cos(B;") — cos(B;7)) — sin(6;) sin(ey;) (sin(B;") + sin(B;)))
X Zg (cos(6;) (cos(B;) + cos(B;)) — sin(8;) sin(a;) (sin(B;") —sin(B;)))

Qf = sm(@i) cos(a;) sin(B;)Q;

0F = %(cos(ﬁi) (cos(B;") — cos(B;)) — sin(6;) sin(ey) (sin(B;") + sin( Q
&= %2 sin(6;) cos(a;) cos(3;) <(sin(9i) sin(ay ) cos(B;7) + cos(;) sin(3;")) ( wi —:w+ = N (wld)zw_if (wz)2>
— (sin(6;) sin(o ;) — cos(8;)sin (3, wi — b )
(sm( ) sin(a )cos(ﬂl ) cos( )sm(ﬁZ )) <(w§l)2 R )2 + (wf)2 - (wf)2>
Y ~12 in(o in(@.) si + 0 3 + wzd wzd
& = e sin(6;) cos(a;) cos(5;) <(sm( i) sin(a;) cos(B;) + cos(6;) sin(5;)) ((wf)z Tt w;’)Q - (wf)z - (w[)2>
o I o of
+ (sm( i) sin(a;) cos(ﬂi ) — cos(6;) Sln(ﬂi )) <(w§l)2 (- w;’)2 - (wf)2 — (wz.)2>)
&= @ (— (sin(6;) sin(c;) cos(B;") + cos(6;) sin(B-Jr))2 wi o
o 1 C ) - F +wp)?
+ (sin(6;) sin(ey) cos(B;7) — cos(b;) sin(ﬁi_))2 2%7- — i >
(@) — @] w7
Jij = ngZAngxc sin(6;) cos(ay) sin(;) sin(6;) cos(a;) sin(5;) ! 5 + ! 5 |-
wp = (wf)" w2 — (w9)
[
In the €; = 0 case, this reduces to Appendix B: Higher-order charge noise sensitivity

In the main text, we discuss first-order sensitivity of ef-
fective Hamiltonian parameters to the bare Hamiltonian
parameters affected by charge noise, ¢; and t.;. How-
ever, as we consider only systems operating at the charge

( AC)2 degeneracy sweet spot (¢; = 0), all effective Hamiltoni-
w; = wd — 2wd sin? (8) 9i > (A15) ans parameters are actually insensitive to changes in the
w? — (W) €; to first order. For completeness, we discuss here the

OF = sin(B;) 0. second-order sensitivity of effective Hamiltonian parame-
Q= gf =gV — & =0 ters to errors in the €;. Much like the shifts in the tunnel-
¢ ¢ ing constants, we find that for the cross-resonance gate,
Jij = ngf‘Cg;‘C sin(;) sin(5;) the leading-order effect of shifts in the DQD detunings
most significantly impacts 7 and ws, with a considerably

> 1 + 1 ) smaller effect on other system parameters (Fig.Bh). Sim-

w2 — (wf)2 w2 — (w}’)z ilarly for the iSWAP, we find that the most significant
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FIG. 5. Second-order sensitivity to DQD detunings
(821:: %ZZ %) of various system parameters at the
charge degeneracy sweet spot (€1 = e2 = 0) with w, = 6 GHz,
teir = tea = te, gf‘c = gg‘c = 40MHz, and g7 =

g5 = 200MHz (a) for a cross-resonance CNOT with w; =
5.96 GHz,ws = 5.94 GHz, and Qf = 20 MHz. (b) for a reso-
nant iISWAP with w1 = ws = 5.95 GHz.
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impact of shifts in the DQD detunings is shifts in w; and
wo, with much smaller effect on J (Fig. Bb).



