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Robust photon-mediated entangling gates between quantum dot spin qubits
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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 imaginary SWAP (iSWAP) gates,
however, require tuning qubit energies into resonance and have limited fidelity due to charge noise. We present a
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.
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I. INTRODUCTION

Advanced semiconductor fabrication techniques, long
coherence times [1], and high-fidelity single- [2–4] and twoqubit [5–7] gates have positioned solid-state electronic spin
qubits as one of the most favorable candidates for quantum
information processing [8–14]. Recent breakthrough experimental work has demonstrated a coherent interface between
individual electron spins in double quantum dots (DQDs) and
photons in superconducting microwave resonators [15–18].
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, the authors
of Refs. [15–17] were able to realize a spin-charge hybridized
qubit which inherits a long coherence time from its spinlike
character and strong coupling to the resonator mediated by
the position degree of freedom [16,19,20]. Building on this,
recent theoretical work has investigated the use of this spinphoton interface to realize long-range spin-spin entangling
gates mediated by resonator photons [21,22]. This opens the
possibility for large, scalable quantum information processors based on DQD electronic spins. The imaginary SWAP
(iSWAP) proposed in Refs. [21,22], however, requires qubits
to be tuned into resonance, which can be challenging in some
architectures [23] and may be impractical for collections of
many spins coupled to a common resonator. Additionally,
spin-charge hybridization results in susceptibility of the qubit
to charge noise, limiting achievable gate fidelities [16,21,22].
In this paper, we present a protocol for an entangling
gate in systems of DQDs coupled by microwave resonators:
a cross-resonance gate that is locally equivalent to a CNOT
and similar to gates used in superconducting transmon qubit
systems [24,25]. We also propose two protocols for suppressing charge noise, including a nested gate sequence based on
fast, dynamically corrected single-qubit gates [26] which is
also able to suppress errors due to quasistatic charge noise

for the previously introduced resonant iSWAP. We find that
these gate sequences substantially reduce gate infidelity due
to quasistatic charge noise.
The paper is organized as follows. In Sec. II, we introduce the resonator-DQD Hamiltonian and define notation.
Our cross-resonance gate protocol is presented in Sec. III.
We include quasistatic charge noise in our model and present
dynamically corrected iSWAP and cross-resonance gates in
Sec. IV. We conclude in Sec. V.
II. HAMILTONIAN

As in Refs. [21,22], we consider a system of several gatedefined DQDs, each tuned to the single-electron regime and
capacitively coupled with coupling constant gAC
i to a common
microwave resonator mode with frequency ωr . The interdot tunneling constants tci and detunings i of each DQD
are independently electrically tunable, and we explicitly include microwave-frequency electric drive of the detunings
˜ i . For simplicwith drive frequencies ωid and amplitudes 
ity, we assume a square-envelope microwave pulse, although
higher gate performance may be achieved with pulse-shaping
techniques [27]. Micromagnets near each DQD, along with
an external magnetic field, create an inhomogeneous magnetic field in the vicinity of each DQD. At each DQD, the
longitudinal average magnetic field gives rise to a Zeeman
splitting ωiz 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 gxi . The system can then
be described with the Hamiltonian (h̄ = 1)
H̃ (t ) = H̃0 + H̃I + H̃dr (t ),

 1
1 z z
†
z
x
x x z
H̃0 = ωr a a +
i τ̃ + tci τ̃i + ωi σ̃i + gi σ̃i τ̃i ,
2 i
2
i


 
†
z
˜ i cos ωid t τ̃iz ,
H̃I =
gAC
H̃dr (t ) =

i (a + a)τ̃i ,
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where σ̃ik and τ̃ik for k ∈ {x, y, z} are the spin and position
Pauli matrices of the ith DQD electron.
To proceed, we transform to the spin-orbit hybridized
eigenbasis of H̃0 , in which
H̃0 = ωr a a +
†

 1
2

i

ωiτ τiz


1 σ z
+ ωi σi ,
2

(2)

where τik , σik are the transformed Pauli matrices in the new basis and ωiτ > ωiσ . We assume 2tci > ωiz so that the low-energy
τiz  = −1 subspace of each DQD constitutes a qubit which is
largely spinlike in character.
σ
In the dispersive regime 1  gAC
i /|ωr − ωi | 
τ
/|ω
−
ω
|,
and
assuming
sufficiently
weak
driving,
gAC
r
i
i
we can use a perturbative, time-dependent Schrieffer-Wolff
transformation to remove to leading order the couplings
between the DQDs and the resonator, as well as timedependent terms coupling the τiz  = ±1 subspaces [28,29].
Next, we take the empty-cavity limit and assume that the
microwave drives are weak and well detuned from the
resonator frequency ωr so that we can neglect transitions
out of the a† a = 0, τiz  = −1 subspace. Projecting onto
this subspace, we obtain an effective Hamiltonian 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 ) =

 1
2

i

 

ωi σiz + cos ωid t zi σiz + xi σix






+ cos 2ωid t ξiz σiz + ξix σix + sin 2ωid t ξiy σiy
−



Ji j σix σ jx ,



(3)

i< j

where ωi are the dressed qubit transition frequencies, ki
are the effective drive amplitudes seen by the qubits at the
original drive frequency, ξik are small drive amplitude terms at
twice the original drive frequency which appear as a secondorder effect of the applied drive, and Ji j is the strength of
the resonator-induced coupling between qubits i and j. A
complete derivation of the effective Hamiltonian is given in
Appendix A. Throughout the remainder of this paper, we
assume i = 0 in the absence of noise. In this case,
2
gAC
i
sin (βi ) 2
,
ωr − (ωiσ )2


ωi =

ωiσ

−

2ωiσ

˜ i,
xi = sin(βi )

2

zi = ξix = ξiy = ξiz = 0,

AC
Ji j = ωr gAC
i g j sin(βi ) sin(β j )


1
1
,
×
+ 2
ωr2 − (ωiσ )2
ωr − (ωσj )2

(4)

where βi = (βi+ + βi− )/2 and βi± = arctan[−2gxi /(ωia ±
ωiz )].

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 two-qubit laboratoryframe Hamiltonian takes the form

 
H (t ) = 21 ω1 σ1z + cos ω1d t z1 σ1z + x1 σ1x





+ cos 2ω1d t ξ1z σ1z + ξ1x σ1x + sin 2ω1d t ξ1y σ1y
+ 21 ω2 σ2z − Jσ1x σ2x .

(5)

We proceed following Ref. [24], moving into the doubly rotating frame defined by the transformation Ua =
exp[−itω1d (σ1z + σ2z )/2]. Then, after making the rotating wave
approximation (RWA) to eliminate single-qubit terms oscillating at multiples of ω1d , we diagonalize the remaining
single-qubit terms with the time-independent transformation Ub = exp[−iχ σ1y /2], where χ = arctan(x1 /δ1 ) and δi =
ωi − ω1d . In this diagonalized doubly rotating frame (DDF),
the Hamiltonian becomes
HDDF = 21 ησ1z + 21 δ2 σ1z

 
− J cos ω1d t sin(χ )σ1z + cos(χ )σ1x

 
 
 
− sin ω1d t σ1y cos ω1d t σ2x − sin ω1d t σ2y , (6)
where η = δ12 + (x1 )2 . Next, we eliminate single-qubit
terms with another time-dependent transformation Uc =
exp[−it (ησ1z + δ2 σ2z )/2]. In this quadruply rotating frame, we
get the Hamiltonian

 
HQF = −J cos ω1d t sin(χ )σ1z + cos(χ )[cos(ηt )σ1x
 

− sin(ηt )σ1y − sin ω1d t cos(ηt )σ1y + sin(ηt )σ1x

× cos(ω2t )σ2x − sin(ω2t )σ2y .
(7)
Generically, all terms in this frame oscillate rapidly. However, by choosing a microwave pulse resonant with our target
qubit so that ω1d = ω2 , and assuming η  J so that we can
again make the RWA and neglect remaining oscillating terms,
we arrive at the time-independent Hamiltonian
˜ 1z σ2x ,
HQF ≈ − 21 Jσ

(8)

where we have defined J˜ = J sin(χ ) = Jx1 /η. Up to local
operations, then, this microwave pulse produces a controlled
˜ = π /2,
x rotation of the target qubit. In particular, when Jt
we get a local CNOT equivalent [24].
Notably, for a given effective coupling J, this crossresonance CNOT is always slower than the previously introduced resonant iSWAP by a factor of x1 /η. This factor is
small when the qubit-qubit detuning
= ω1 − ω2 is large
compared with accessible drive strengths. Unlike the iSWAP,
however, there is no need for to be made small relative to J.
Additionally, since qubits never need to be tuned into or out of
resonance, the DQDs can remain at the i = 0 sweet spot, allowing for decreased sensitivity to electrical fluctuations [20].
To verify our effective model, we simulate the unitary
time evolution of the full two-DQD system, including orbital
degrees of freedom and a single resonator mode truncated to
ten photonic states. We focus on systems with realistic static
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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
ωr = 6 GHz, ω1z = 5.96 GHz, ω2z = 5.94 GHz, 1 = 2 = 0, 2tc1 =
AC
x
x
2tc2 = 7 GHz, gAC
1 = g2 = 40 MHz, and g1 = g2 = 200 MHz corresponding to a transverse magnetic field difference between the
two QDs in each DQD of approximately 30 mT. Starting at time
˜ 1 chosen so that
t = 0, qubit 1 is subject to a microwave drive with 
x1 = 15 MHz and with drive frequency ω1d = 5.9059 GHz. At time
t = 590 ns, the microwave drive is stopped. The final gate fidelity
is between 98 and 99%, with remaining infidelity primarily due to
leakage to excited resonator states.

parameters taken from Ref. [16]. To ensure suppression of
entangling interactions in the absence of microwave driving,
we choose Zeeman splittings ωiz such that the qubits are well
detuned from one another. We choose drive amplitudes consistent with reported electric dipole spin resonance (EDSR) Rabi
frequencies in single-electron silicon quantum dots [3,30],
and drive frequencies such that ω1d = ω2 , following our analytical expressions.
We numerically solve the Schrödinger equation with the
Hamiltonian in Eq. (1) in the eigenbasis of H̃0 . 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 stateaveraged gate fidelities according to the formula in Ref. [31]:
j k †
j k
1
F̄ (E, U ) = 15 + 80
j,k=1,x,y,z tr[U σ1 σ2 U E (σ1 σ2 )], where
U is our target gate and E (ρ) is the quantum process describing the noisy time evolution of the qubits. We plot average
gate fidelities relative to a perfect CNOT in Fig. 1. We find
that with realistic parameters, we are able to realize 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 i → i + δi and tci →
tci + δtci for the detunings and tunnel couplings, respectively,
where δi and δtci are Gaussian-distributed random variables
with standard deviations σ and σt , respectively. Similarly, we
can model errors in the applied control field amplitude by sub˜ i (1 + μi ), where μi is a Gaussian-distributed
˜i →
stituting 
random variable with standard deviation σμ . In terms of the
low-energy dynamics, the effect of these substitutions is random shifts in the qubit splittings ωi , drive strengths xi , and
effective qubit-qubit interaction J. The noisy laboratory-frame

FIG. 2. The first-order charge noise sensitivities (∂x = i | ∂t∂xci |)
of various system parameters at the charge degeneracy sweet spot
AC
(1 = 2 = 0) [20] with ωr = 6 GHz, tc1 = tc2 = tc , gAC
1 = g2 =
x
x
40 MHz, and g1 = g2 = 200 MHz. (a) For a cross-resonance CNOT
with ω1 = 5.96 GHz, ω2 = 5.94 GHz, and x1 = 20 MHz. (b) For a
resonant iSWAP with ω1 = ω2 = 5.95 GHz. Leading-order sensitivities to DQD detunings are given in Appendix B.

Hamiltonian is
H (t ) = 21 (ω1 + δω1 )σ1z + 21 (ω2 + δω2 )σ2z




+ cos(ω2t ) z1 + δz1 σ1z + x1 + δx1 σ1x




+ cos(2ω2t ) ξ1z + δξ1z σ1z + ξ1x + δξ1x σ1x


+ sin(2ω2t ) ξ1y + δξ1y σ1y − (J + δJ )σ1x σ2x . (9)
As in the noiseless case, we move into the frame rotating
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
HDDF = 21 (η + δη)σ1z + 21 δω2 σ2z − 21 (J˜ − δ J˜)σ1z σ2x .

(10)

Note that because of variations δω1 and δx , this is actually
not the same DDF as in the noiseless case, but is related to it
by an additional σ1y rotation of angle δχ .
We can compute the average fidelity F̄ of the noisy gate
φ/J˜
Uφ(1) = T exp[−i 0 HDDF (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
(φ = π /2) is

 

 2
π 2 δη 2 2 δω2 2 π 2 δ J˜
2
F̄ ≈ 1 −
−
−
− δχ 2 .
20 J˜
5 J˜
20 J˜
5
(11)
The first-order sensitivities of various cross-resonance gate
parameters to charge noise are plotted in Fig. 2(a) for some
realistic system parameters. In this regime, we see that η and
ω2 are much more sensitive to electrical fluctuations than χ
˜ For this reason, we neglect errors due to δ J˜ and δχ
or J.
and focus our efforts instead on correcting the larger errors.
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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 Uφ(12) , which is used in 2Qecho, both the control and target qubit are driven
at the target qubit transition frequency. For the gate Uφ(1) , which is used in 1Qpartial and 1Qfull, only the control qubit is driven. (b) Circuit
diagram for the 2Qecho corrected CNOT. (c) Circuit diagram for the 1Qpartial corrected CNOT or iSWAP, which corrects only the noncommuting
errors. (d) Circuit diagram for the 1Qfull corrected CNOT or iSWAP, which corrects both the commuting and noncommuting errors.

Notably, there is a sweet spot at which η is first-order insensitive to charge noise fluctuations. This can be understood
from competing effects of charge noise on δω1 and δx1 .
For 2tc1 > ω1z , spin-charge hybridization decreases ω1 . Thus,
when fluctuations increase spin-charge hybridization, δω1 <
0. Meanwhile, the drive strength felt by the qubit increases,
so neglecting amplitude noise (μi = 0), we have x1 δx1 > 0.
By choosing > 0 and using an appropriate drive amplitude,
then, we can engineer a situation in which, in the absence of
amplitude noise, δη ≈ η1 ( δω1 + x1 δx1 ) = 0.
The noisy two-qubit Hamiltonian in Eq. (10) belongs to
an su(2) ⊕ u(1) subalgebra of su(4), with su(2) generators
{σ1z σ2x , σ1z σ2y , σ2z }, all of which commute with the u(1) generator σ1z . While the δη error commutes with the σ1z σ2x generator
and can be eliminated with a simple π pulse (as we discuss
below), the δω2 error anticommutes with it and requires more
nontrivial error correction.
One option for suppressing the δω2 error, inspired by techniques used in superconducting qubits [32,33], 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. 3(a)]. By driving the target qubit at its own
transition frequency and in phase with the cross-resonance
drive, we introduce a large (x2 + δx2 )σ2x term to the noisy
HDDF . As this new term commutes with our desired σ1z σ2x
generator, but anticommutes with σ2z , this additional driving
actively suppresses the δω2 error without interfering with
entanglement generation. This comes at the expense of introducing a new δx2 error. However, this can be eliminated,
along with the δη error, by a π rotation about the σiy axis
on each qubit. We refer to the entire gate sequence, with simultaneous drive on both qubits and single-qubit echo pulses,
˜ the
as “2Qecho,” and it is shown in Fig. 3(b). For x2  J,
average gate fidelity to lowest order in the presence of this
cancellation pulse is
F̄2Qecho



 2
2 δω2 2 π 2 δ J˜
2
≈1−
−
− δχ 2 .
x
˜
5 2
20 J
5

(12)

Below in Sec. IV C, we test the efficacy of this approach
using full numerical simulations. Before we examine these
results, however, we first introduce alternative approaches to
suppressing noise errors.
While driving the target qubit concurrently with the crossresonance drive is an effective strategy for suppressing the
δω2 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) subalgebra of our Hamiltonian
and the ordinary su(2) algebra 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 ability to directly change the sign of the desired
generator term, we can achieve the same effect by applying
π rotations about the σ2z axis on the target qubit. Defining
ψ (φ) ≡ arccos[cos(φ/2)/2], we can correct the δω2 error to
lowest order for arbitrary φ with the gate sequence
(1)
z (1)
Uφ1Qpartial = Uψ(1)(φ)−φ/2 σ2zU2ψ
(φ)+π σ2 Uψ (φ)−φ/2

≈ e−i

ζ (φ) z
2 σ1

e−i

φ+π
2

σ1z σ2x

 
 
δ J˜
δω2 2
+O
+ O(δχ ), (13)
+O
˜
J
J˜
˜ If we stop here
where ζ (φ) = [4ψ (φ) + π − φ](η + δη)/J.
and set φ = π /2, we get a CNOT equivalent which is first-order
insensitive to δω2 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. 3(c). The average gate fidelity
relative to the noiseless case, to lowest order, is
 2
 2
δη
9π 2 δ J˜
F̄1Qpartial ≈ 1 − 8.21
−
20 J˜
J˜




δω2 4
2 2
δω2 2 δ J˜
− 2.02
− δχ − 5.99
.
5
J˜
J˜
J˜
(14)
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Neglecting single-qubit gate times, which are small relative to
the two-qubit gates, this gate sequence increases the total gate
time by a factor of π8 ψ (π /2) + 1 ≈ 4.08 compared with the
uncorrected CNOT.
Just as in 2Qecho, the remaining δη error can be completely eliminated using π rotations about the σiy axis on each
qubit:
1Qpartial y y 1Qpartial y y
Uφ1Qfull = Uφ/2
σ1 σ2 Uφ/2
σ1 σ2
 
 

φ z x
δ J˜
δω2 2
+O
+ O(δχ ).
≈ e−i 2 σ1 σ2 + O
˜
J
J˜
(15)

The full nested gate sequence, which we call “1Qfull,” is
shown in Fig. 3(d). 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 σ1y , all single-qubit gates can be
applied in the doubly rotating frame using EDSR regardless
of the χ rotation. In principle, single-qubit EDSR gates will
also suffer some gate infidelity as a result of charge noise,
reducing the fidelity of the corrected gate sequence. However,
single-qubit π -pulse EDSR gate fidelities exceeding 99.9%
have been reported for single-electron DQD qubits [3], so we
choose here to neglect this additional error source.
Once again setting φ = π /2, we obtain a robust CNOT
equivalent with average gate fidelity
 2
5π 2 δ J˜
2
F̄1Qfull ≈ 1 −
− δχ 2
˜
4
5
J


2

δω2 4
δω2 δ J˜
− 8.44
− 20.41
.
(16)
J˜
J˜
J˜
This additional step of correcting δη errors yields a gate
which is insensitive to charge noise to lowest order. However,
the total time required for 1Qfull is increased by a factor
16
ψ (π /4) + 3 ≈ 8.55 compared with the uncorrected CNOT,
π
neglecting single-qubit gate times, and the effect of the δω2
error has been amplified relative to 1Qpartial. For this reason,
especially in the presence of accumulating error due to decoherence, it might be preferable to take advantage of the δη = 0
sweet spot and only correct the δω2 error. This trade-off is
examined more closely in Sec. IV C, where we also provide a
side-by-side comparison of the 2Qecho, 1Qpartial, and 1Qfull
sequences.

σ z + σ2z
σ z − σ2z
1
1
δω+ 1
+ δω− 1
2
2
2
2
σ1x σ2x + σ1y σ2y
− (J + δJ )
,
(18)
2
where δω± = δω1 ± δω2 . The gate generated by this Hamilφ
tonian, Uφ = exp(−i 2J
HDF ), thus implements a noisy iSWAP
local equivalent for φ = π . The average gate fidelity relative
to a noiseless iSWAP gate is
 




π 2 δJ 2
1 δω− 2 π 2 δω+ 2
F̄ ≈ 1 −
−
−
. (19)
10 J
10
J
40
J
=

The first-order sensitivities of the iSWAP Hamiltonian parameters to charge noise are shown in Fig. 2(b). Similar to the
cross-resonance gate, we find that the ωi are much more sensitive than J, so we neglect the δJ error (though 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 {(σ1x σ2x +
σ1y σ2y )/2, (σ1x σ2y − σ1y σ2x )/2, (σ1z − σ2z )/2}, all of which commute with the u(1) generator (σ1z + σ2z )/2. Again, we have
commuting (δω+ ) and noncommuting (δω− ) 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 Uφ
for Uφ(1) in the Uφ1Qfull gate sequence in Fig. 3(d) and setting
φ = π yields a robust iSWAP gate which has substantially reduced sensitivity to charge noise. The fidelity of this corrected
iSWAP, to lowest order, is
 


9π 2 δJ 2
δJ δω− 2
F̄1Qfull ≈ 1 −
− 3.00
10 J
J
J

4
δω−
− 0.25
.
(20)
J
Unlike the cross-resonance gate, there is no sweet spot at
which the commuting error vanishes, nor can we simply suppress the noncommuting error by driving the qubits, so we
must use 1Qfull to obtain a gate which corrects the largest
charge noise errors. However, because the iSWAP is a π rotation, the gate time penalty is not as severe, with 1Qfull only
increasing the total gate time by a factor of π8 ψ (π /2) + 1 ≈
4.08 compared with the uncorrected noisy iSWAP, neglecting
single-qubit gate times.

B. Corrected iSWAP gate

C. Corrected gate simulations

Much of the same analysis can be applied to the iSWAP gate
discussed in Refs. [21,22]. Starting with the noisy, undriven
two-qubit effective Hamiltonian with ω1 = ω2 = ω,

To investigate the effectiveness of our corrected gate sequences, we numerically compute the average gate fidelity of
our corrected iSWAP and cross-resonance sequences at various
quasistatic noise amplitudes. For the iSWAP [Fig. 4(a)], we
find that our corrected gate sequence always outperforms the
uncorrected gate, at least in the absence of decohering interactions, with the improvement becoming more pronounced
at smaller values of charge noise. We can roughly estimate
the impact of decoherence by noting that, at short times,
gate fidelity goes as exp(−t 2 /T22 ). 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

H = 21 (ω + δω1 )σ1z + 21 (ω + δω2 )σ2z − (J + δJ )σ1x σ2x ,
(17)
we move to the rotating frame for both qubits and make the
RWA. In the doubly rotating frame, we have
HDF =

1
1
δω1 σ1z + δω2 σ2z
2
2


1
− (J + δJ ) σ1x σ2x + σ1y σ2y
2
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1
2

FIG. 5. Second-order sensitivity to DQD detunings (∂ 2 x =
∂2x
i | ∂ 2 |) of various system parameters at the charge degeneracy
i

sweet spot (1 = 2 = 0) with ωr = 6 GHz, tc1 = tc2 = tc , gAC
1 =
x
x
=
40
MHz,
and
g
=
g
=
200
MHz.
(a)
For
a
cross-resonance
gAC
2
1
2
CNOT with ω1 = 5.96 GHz, ω2 = 5.94 GHz, and x1 = 20 MHz.
(b) For a resonant iSWAP with ω1 = ω2 = 5.95 GHz.
FIG. 4. Average gate infidelities for various amplitudes of quasistatic charge noise, starting from the noisy doubly rotating frame
Hamiltonian. Here, we set 2σt = σ /100 and have again choAC
sen ωr = 6 GHz, 1 = 2 = 0, 2tc1 = 2tc2 = 7 GHz, gAC
1 = g2 =
40 MHz, and gx1 = gx2 = 200 MHz. (a) For the iSWAP, we choose
ω1 = ω2 = 5.95 GHz and plot infidelity of the uncorrected gate Uπ
as well as the corrected 1Qfull. (b) For the cross-resonance CNOT,
we present gate fidelities both with (σμ = 0.01) (upper frame) and
without control field amplitude noise (lower frame). We choose
ω1 = 5.96 GHz, ω2 = 5.94 GHz, and x1 = 28.5 MHz, which tunes
us to the δη = 0 sweet spot. Here, in addition to the uncorrected gate
Uπ(1)
/2 and 1Qfull, we also plot the infidelity of 1Qpartial, as well as
the infidelity of 2Qecho with x2 = 15 MHz.

exp(−15ti2SWAP /T22 ), where tiSWAP is the duration of the uncorrected iSWAP. This suggests that our gate sequence still retains
its advantage if it is feasible to realize tiSWAP /T2  10−2 .
For the cross-resonance CNOT [Fig. 4(b)], we first investigate gate performance in the presence of applied control field
amplitude errors with standard deviation σμ = 0.01, consistent with current experimental capabilities [35], and then we
look at the performance of the same gates without any control
field error. We find that, in both cases, 2Qecho outperforms all
other gate sequences at all levels 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 either at these system parameters for σ  100 MHz or
σt  1 MHz. Previous experimental work in Si DQDs found
detuning noise on the order of 200 MHz [36], suggesting
that 1Qfull and 1Qpartial may offer a substantial advantage

with moderate improvements over current charge noise levels, provided that gate times can be made sufficiently short
relative to T2 . Notably, the performance of 1Qpartial changes
considerably when control field errors are present. The addition of realistic control field amplitude errors introduces δη
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 δη = 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 1Qpartial executed at the
sweet spot.
V. CONCLUSION

Our cross-resonance gate, with no requirement that qubits
be brought into resonance, extends long-range two-qubit
entangling operations to a broader class of quantum dot architectures with a larger range of useful system parameters.
Our numerical simulations suggest that our 2Qecho sequence
is able to substantially reduce the sensitivity of our crossresonance gate to charge noise with no associated increase in
two-qubit gate time by utilizing simultaneous, synchronous
microwave driving of both qubits. Our 1Qpartial sequence,
meanwhile, is able to reduce 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 previously
introduced cavity-mediated iSWAP gates without requiring
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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 microwave drive to both
qubits, though not necessarily simultaneously. With our focus
on experimentally realistic parameters, we hope this work
will guide efforts to develop solid-state quantum computing
technologies. Additionally, 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 entangling gates, improving prospects of fault-tolerant entangling
operations in solid-state quantum processors.
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APPENDIX A: DERIVATION OF THE EFFECTIVE HAMILTONIAN

Here, we review the derivation of the effective Hamiltonian presented in the main text and give detailed expressions for how
effective Hamiltonian parameters depend on the original system parameters. Because we assume that the magnetic field gradient
is purely transverse, we can follow Refs. [20,22] in diagonalizing the bare DQD Hamiltonian (H̃0 in the main text). We start by
diagonalizing the orbital terms. Define



 

2tci
, ωia = i2 + 4tci 2 , U1 =
(A1)
θi = arctan
exp − iθi τ̃iy 2 ,
i
i
and apply the unitary U1 to H̃0 to obtain
U1† H̃0U1

=

 1
i

2

ωia τ̃iz

Next, we can eliminate the σ̃ix τ̃iz terms by defining

 x
2gi cos(θi )

, ωiz =
αi = arctan
ωiz
and applying the unitary U2
U2†U1† H̃0U1U2

=




1
+ ωiz σ̃iz + gxi σ̃ix cos(θi )τ̃iz − sin(θi )τ̃ix
2


2
ωiz 2 + 2gxi cos(θi ) ,



 

exp − iαi τ̃iz σ̃iy 2

(A2)

(A3)

i

 1
i

U2 =

.

2

ωia τ̃iz


1 z z
x
x x
+ ωi σ̃i − gi sin(θi )σ̃i τ̃i .
2

Finally, we eliminate the σ̃ix τ̃ix terms by defining


−2gxi sin(θi )
1
±
, βi = (βi+ + βi− ), ωiτ ± ωiσ =
βi = arctan
z
a
2
ωi ± ωi




i βi+ + βi− y x βi+ − βi− x y
,
τ̃i σ̃i +
τ̃i σ̃i
U3 =
exp −
2
2
2
i

(A4)

 a

 2
2
ωi ± ωiz + 2gxi sin(θi ) ,
(A5)

and now the transformation U1U2U3 takes us to the eigenbasis of H̃0 .
Now, we define the transformed operators
τik = U1U2U3 τ̃ik U3†U2†U1† ,
in terms of which the system Hamiltonian becomes

 1
1
H̃0 = ωr a† a +
ωiτ τiz + ωiσ σiz ,
2
2
i

H̃I =

σik = U1U2U3 σ̃ik U3†U2†U1† ,

i

†
gAC
i (a + a)di ,

H̃dr =

(A6)


 
˜ i cos ωid t di .


(A7)

i

Here, di is the transformed electron dipole operator
di = τ̃iz = 21 {cos(θi )[cos(βi+ ) + cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) − sin(βi− )]}τiz + 21 {cos(θi )[cos(βi+ ) − cos(βi− )]
− sin(θi ) sin(αi )[sin(βi+ ) + sin(βi− )]}σiz − 21 {cos(θi )[sin(βi+ ) + sin(βi− )] + sin(θi ) sin(αi )[cos(βi+ ) − cos(βi− )]} σix τix
+ 21 {cos(θi )[sin(βi+ ) − sin(βi− )] + sin(θi ) sin(αi )[cos(βi+ ) + cos(βi− )]} σiy τiy − sin(θi ) cos(αi ) cos(βi )τix
− sin(θi ) cos(αi ) sin(βi )σix τiz .

(A8)
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For the special case i = 0, this takes on the much simpler form di = − cos(βi )τix − sin(βi )σix τiz . We can further partition the
drive Hamiltonian into terms which are block diagonal and block off-diagonal with respect to the τiz  = ±1 subspaces:


 
 
d
od
˜ i cos ωid t did , H̃dr
˜ i cos ωid t diod ,
H̃dr
=
=
(A9)


i

i

where we define
did = 21 {cos(θi )[cos(βi+ ) + cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) − sin(βi− )]} τiz + 21 {cos(θi )[cos(βi+ ) − cos(βi− )]
− sin(θi ) sin(αi )[sin(βi+ ) + sin(βi− )]} σiz − sin(θi ) cos(αi ) sin(βi )σix τiz ,
diod = − 21 {cos(θi )[sin(βi+ ) + sin(βi− )] + sin(θi ) sin(αi )[cos(βi+ ) − cos(βi− )]} σix τix + 21 {cos(θi )[sin(βi+ ) − sin(βi− )]
+ sin(θi ) sin(αi )[cos(βi+ ) + cos(βi− )]} σiy τiy − sin(θi ) cos(αi ) cos(βi )τix .

(A10)

d
τ
d
τ
σ
˜
Now, we assume |ωiτ − ωr |, |ωr − ωiσ |, |ωr − (ωiτ − ωiσ )|  gAC
i and |ωi − ωi |, |ωi − (ωi − ωi )|  i so that we can use
a time-dependent perturbative Schrieffer-Wolff transformation S(t ) to eliminate to leading order coupling between the DQDs
and the resonator and block off-diagonal terms coupling the τiz  = ±1 subspaces [28,29,37]. Here, unlike in Ref. [29], the drive
frequencies ωid are of the same order as the resonator frequency ωr and DQD frequencies ωiτ and ωiσ . Consequently, we make
the a priori assumption that time derivatives of the Schrieffer-Wolff generator Ṡ ∼ ωid S are of the same order as the generator
itself. We expand the transformed Hamiltonian

de−S
1
≈ H̃0 + H̃I + H̃dr + iṠ + [S, H̃0 + H̃I + H̃dr ] + [S, iṠ + [S, H̃0 ]]
dt
2


 
1
d
od
d
od
+ S, H̃I + H̃dr
+ [S, iṠ + [S, H̃0 ]]
+ H̃I + H̃dr
+ iṠ + [S, H̃0 ] + S, H̃dr
= H̃0 + H̃dr
2


1
d
d
od
+ S, H̃I + H̃dr
,
(A11)
+ S, H̃dr
= H̃0 + H̃dr
2
where in the final line we have eliminated the leading-order DQD-resonator coupling and block off-diagonal drive terms using
od
iṠ + [S, H̃0 ] + H̃I + H̃dr
= 0. This determines S(t ):


1
gAC
{cos(θi )[cos(βi+ ) + cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) − sin(βi− )]} (a† − a)τiz
S(t ) =
i
2ω
r
i
eS H̃ e−S − ieS

1
{cos(θi )[cos(βi+ ) − cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) + sin(βi− )]}(a† − a)σiz
2ωr
 † + +

a τi σi − aτi− σi−
a† τi− σi− − aτi+ σi+
+
+
− [sin(θi ) sin(αi ) cos(βi ) + cos(θi ) sin(βi )]
+
ωr + ωiτ + ωiσ
ωr − ωiτ − ωiσ

 † + −
a τi σi − aτi− σi+
a† τi− σi+ − aτi+ σi−
−
−
+
+ [sin(θi ) sin(αi ) cos(βi ) − cos(θi ) sin(βi )]
ωr + ωiτ − ωiσ
ωr − ωiτ + ωiσ

 † +
a τi − aτi−
aτi+ − a† τi−
+
− sin(θi ) cos(αi ) cos(βi )
ωr + ωiτ
ωiτ − ωr
 † +

a σi − aσi−
aσi+ − a† σi−
+
− sin(θi ) cos(αi ) sin(βi )τiz
ωr + ωiσ
ωiσ − ωr
 d


d
d
d

˜i
eiωi t τi+ σi+ − e−iωi t τi− σi−
eiωi t τi− σi− − e−iωi t τi+ σi+
+
+
+
+
−[sin(θi ) sin(αi ) cos(βi ) + cos(θi ) sin(βi )]
2
ωid + ωiτ + ωiσ
ωid − ωiτ − ωiσ
i
 d

iωi t + −
−iωid t − +
iωid t − +
−iωid t + −
e
τ
σ
−
e
τ
σ
τ
σ
−
e
τ
σ
e
i
i
i
i
i
i
i
i
+ [sin(θi ) sin(αi ) cos(βi− ) − cos(θi ) sin(βi− )]
+
ωid + ωiτ − ωiσ
ωid − ωiτ + ωiσ
 d

d
d
d
eiωi t τi+ − e−iωi t τi−
eiωi t τi− − e−iωi t τi+
− sin(θi ) cos(αi ) cos(βi )
+
.
(A12)
ωid + ωiτ
ωid − ωiτ
+

˜ i so that the microwave drives will
With all resonator couplings removed to leading order, we now assume |ωr − ωid |  
not excite the resonator mode, and we take the empty-cavity limit by projecting onto the a† a = 0 subspace. Additionally, as
we have removed leading-order coupling to higher-energy DQD states, we further project onto the τiz  = −1 subspace. Now,
˜
if we diagonalize static single-qubit terms and neglect terms higher than fourth order in gxi , gAC
i , or i , we arrive at an effective
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Hamiltonian describing the low-energy dynamics of the DQD systems
 
 1
 d  z z

 d  z z

 d  y y
z
x x
x x
ωi σi + cos ωi t i σi + i σi + cos 2ωi t ξi σi + ξi σi + sin 2ωi t ξi σi −
Ji j σix σ jx ,
H=
2
i
i
j<i

(A13)

where we have defined
 AC 2
gi
[sin(θi ) cos(αi ) sin(βi )]2
ωr2 − (ωiσ )2


 AC 2
˜ 2i
gi

ωiτ + ωiσ
+
−
[cos(θi ) sin(βi+ ) + sin(θi ) sin(αi ) cos(βi+ )]2
 d 2
τ
σ
2
ωr + ωiτ + ωiσ
2
ωi − (ωi + ωi )


 AC 2
˜ 2i
gi

ωiτ − ωiσ
+
−
[cos(θi ) sin(βi− ) − sin(θi ) sin(αi ) cos(βi− )]2
 d 2
τ
σ
τ
σ
2
2
ω
+
ω
−
ω
r
ω
− (ω − ω )
i
i

ωi = ωiσ − 2ωiσ

i

i

i

gAC
+ i {cos(θi )[cos(βi+ ) − cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) + sin(βi− )]}
ωr

+
−
+
−
×
gAC
j {cos(θ j )[cos(β j ) + cos(β j )] − sin(θ j ) sin(α j )[sin(β j ) − sin(β j )]},
j

1
˜ i,
{cos(θi )[cos(βi+ ) − cos(βi− )] − sin(θi ) sin(αi )[sin(βi+ ) + sin(βi− )]} 
2



˜ 2i
ωiτ + ωiσ

ωiτ
+
+
sin(θi ) cos(αi ) cos(βi ) [sin(θi ) sin(αi ) cos(βi ) + cos(θi ) sin(βi )]  2
=
+  2
4
ωid − (ωiτ + ωiσ )2
ωid − (ωiτ )2


ωτ − ωiσ
ωτ
− [sin(θi ) sin(αi ) cos(βi− ) − cos(θi ) sin(βi− )]  2 i
+  2 i
,
ωid − (ωiτ − ωiσ )2
ωid − (ωiτ )2



d
d
˜ 2i
ω

ω
i
sin(θi ) cos(αi ) cos(βi ) [sin(θi ) sin(αi ) cos(βi+ ) + cos(θi ) sin(βi+ )]  2
=
−  2 i
4
ωid − (ωiτ + ωiσ )2
ωid − (ωiτ )2


ωid
ωd
+ [sin(θi ) sin(αi ) cos(βi− ) − cos(θi ) sin(βi− )]  2
−  2 i
,
ωid − (ωiτ − ωiσ )2
ωid − (ωiτ )2
˜ 2
ωτ + ωiσ

= i − [sin(θi ) sin(αi ) cos(βi+ ) + cos(θi ) sin(βi+ )]2  2 i
4
ωid − (ωiτ + ωiσ )2

ωτ − ωiσ
,
+ [sin(θi ) sin(αi ) cos(βi− ) − cos(θi ) sin(βi− )]2  2 i
ωid − (ωiτ − ωiσ )2


1
1
AC
.
(A14)
= ωr gAC
g
sin(θ
)
cos(α
)
sin(β
)
sin(θ
)
cos(α
)
sin(β
)
+
i
i
i
j
j
j
i
j
ωr2 − (ωiσ )2
ωr2 − (ωσj )2

˜ i,
xi = sin(θi ) cos(αi ) sin(βi )
ξix

ξiy

ξiz

Ji j

zi =

In the i = 0 case, this reduces to
ωiσ

2ωiσ

 AC 2
gi

˜ i , zi = ξix = ξ y = ξiz = 0,
, xi = sin(βi )
i
ωr2 − (ωiσ )2


1
1
AC
.
Ji j = ωr gAC
g
sin(β
)
sin(β
)
+
i
j
i
j
ωr2 − (ωσj )2
ωr2 − (ωiσ )2

ωi =

−

2

sin (βi )

(A15)

APPENDIX B: HIGHER-ORDER CHARGE NOISE SENSITIVITY

In the main text, we discuss first-order sensitivity of effective Hamiltonian parameters to the bare Hamiltonian parameters
affected by charge noise, i and tci . However, as we consider only systems operating at the charge degeneracy sweet spot (i = 0),
all effective Hamiltonian parameters are actually insensitive to changes in the i to first order. For completeness, we discuss here
the second-order sensitivity of effective Hamiltonian parameters to errors in the i . Much like the shifts in the tunneling constants,
we find that for the cross-resonance gate, the leading-order effect of shifts in the DQD detunings most significantly impacts η
and ω2 , with a considerably smaller effect on other system parameters [Fig. 5(a)]. Similarly for the iSWAP, we find that the most
significant impact of shifts in the DQD detunings is shifts in ω1 and ω2 , with much smaller effect on J [Fig. 5(b)].
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