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Current superconducting quantum processors require strategies for coping with material defects and
imperfect parameter targeting in order to scale up while maintaining high performance. To that end,
in situ control of qubit frequencies with magnetic flux can be used to avoid spurious resonances. How-
ever, increased dephasing due to 1/f* flux noise limits performance at all of these operating points except
for noise-protected sweet spots, which are sparse under dc flux bias and monochromatic flux modulation.
Here we experimentally demonstrate that two-tone flux modulation can be used to create a continuum
of dynamical sweet spots, greatly expanding the range of qubit frequencies achievable while first-order
insensitive to slow flux noise. To illustrate some advantages of this flexibility, we use bichromatic flux
control to reduce the error rates and gate times of parametric entangling operations between transmons.
Independent of the gate scheme, the ability to use flux control to freely select qubit frequencies while main-
taining qubit coherence represents an important step forward in the robustness and scalability of near-term

superconducting qubit devices.
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I. INTRODUCTION

As they scale, superconducting quantum computing
architectures need the capability to contend with exper-
imental imperfections. Two-level system (TLS) defects
[1-7] and flawed frequency targeting due to variance in
Josephson junction fabrication [8—18] are common sources
of error for today’s processors. Taking advantage of mod-
ular device compositions [19—22] can help avoid these
problems, but it is also necessary to use in sifu control to
cope with them as they arise. For example, the use of par-
allel Josephson junctions in a superconducting quantum
interference device (SQUID) loop allows for the tunabil-
ity of qubit frequency with magnetic flux, providing a
convenient way to correct for variations from frequency
targets as well as dodge coupled material defects. Addi-
tional pathways for control necessarily open up additional
pathways for noise, however, and the cost of flux tunabil-
ity is exposure to 1/f flux noise, which dephases tunable
qubits [23—40]. Thus, it is important to develop control
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schemes that minimize the time a qubit spends at sensi-
tive operating points during a program in order to extend
dephasing times [25,41-45].

Under a dc flux bias &4, and a single-tone flux mod-
ulation with amplitude ®,., flux-insensitive “sweet spot”
operating points are sparse. There are six within a sin-
gle flux period &y, corresponding to 4. = 0,0.5P, along
with ®,. =~ 0,0.6P,, as well as &g = £0.25P( along
with &, &~ 0.4Py [46]. The result is only six time-
averaged qubit frequencies / that are achievable without
exposing the qubit to flux noise-induced dephasing. How-
ever, a recent theory proposal suggests that the introduction
of a second flux modulation tone can provide a pathway to
achieving more flexibility [47]. Whereas a dc flux bias pro-
vides two sweet spots per flux period and a single tone of
modulation introduces four more, bichromatic modulation
unlocks a continuum of operating points that are first-order
insensitive to 1/f flux noise. Control of the frequency
relationship, mixing, and relative phase of the two tones
can significantly shift a tunable qubit’s average frequency
under modulation, creating dynamical sweet spots across a
range of f .

We experimentally demonstrate this control in Sec. II.
After briefly introducing the bichromatic pulses and super-
conducting circuit devices used in this study, we show
that protection from flux noise-induced dephasing can be
achieved across a significant portion of the qubit tunabil-
ity band. In Sec. III, we use the flexibility offered by
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bichromatic flux modulation to improve the performance
of parametric entangling gates [48—56] via sideband engi-
neering. During a parametric gate, the frequency of a
tunable qubit is modulated by an ac flux pulse to pro-
duce sidebands at multiples of the modulation frequency,
centered around the time-averaged frequency /. The use
of these sidebands to activate entangling interactions with
a neighboring qubit means that f can be freely chosen,
as the frequency of modulation can be adjusted to main-
tain resonance [57,58]. As a result, gates can be operated
at any dynamical sweet spots produced by a given mod-
ulation. [46,59—61]. This freedom comes at the cost of
lower effective qubit-qubit coupling, which is renormal-
ized across all generated sidebands [62]. However, by
presenting a way to alter the time dependence of a tunable
qubit’s frequency during modulation, bichromatic control
can be used to distribute coupling more optimally across
sidebands and speed up specific interactions. Finally, in
Sec. IV we highlight an example of using bichromatic
sweet spot flexibility and sideband engineering to dodge
gate frequency collisions.

II. DYNAMICAL SWEET SPOTS

Here we set out to demonstrate the effectiveness
of bichromatic flux modulation in achieving protection
against 1/f flux noise across a wide bandwidth of time-
averaged qubit frequencies /. We employ the following
convention in parameterizing an applied flux @ () involv-
ing a dc bias and two modulation frequencies:

(1) = Pyc + Pycu(t)[cos(a) cos (27 fyt)
+ sin(a) cosRapfut + 0)]. (1

In this expression, @4, is a dc bias amplitude, ®,. is a mod-
ulation amplitude, u(?) is a waveform envelope scaled to
unity, o is a mixing angle defining the relative strength
of each tone, f,, is the fundamental frequency of modu-
lation, p is a multiplier on f, that determines the second
modulation tone, and 6 is a relative phase between the
tones [47]. The envelope u(f) is implemented as a flat-top
pulse with a symmetric rise and fall described by the Gauss
error function.

Two examples of bichromatic pulses defined in this way
are shown in Fig. 1 along with their Fourier transforms,
showing peaks in frequency content at f,, and pf,, with
amplitudes according to «. In-depth information regarding
the generation of this class of pulses and the calibration of
specific & and 0 values is provided in Appendix A.

The experiments described in this paper are performed
on superconducting transmons [63] within multiple 32-
qubit and 40-qubit Rigetti quantum processors. All of these
devices are described by the circuit diagram in Fig. 2 and
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FIG. 1. (a),(b) Example waveforms described by Eq. (1). The

pulses in (a) and (b) differ only in mixing angle «, sharing the
following parameter values otherwise: p = 3, f,, = 82.9 MHz,
0/2m = 0.675. (c) The Fourier transform of the pulses in (a) and
(b), showing content at f,, and 3f,, with relative strengths depen-
dent on «. For a/27 = 0.125, displayed in teal, both tones are
weighted equally.

share the properties listed in its caption. Relevant informa-
tion about the specific qubits under study can be found in
Table 1.

To first order, the qubit dephasing rate

f \ of '\’
Ty oc\/Aic(aq{d) +A§c(%) . O

where A4. and A4,. are the strengths of additive and
multiplicative 1/f noise, respectively. For experimental
simplicity, we track the dephasing rate I'; = I"1/2 4 Iy,
and transverse relaxation time 75 = 1/T',, in lieu of I'y
and T, = 1/TI' because I'; exhibits a comparably weak
dependence on slow flux noise [59,64].

Choosing p, the frequency multiplier of the second
bichromatic tone, to be an odd, positive integer ensures
that df /0Dy, is 0 at the same biases where it is 0 with-
out modulation [47]. In other words, for a tunable qubit
with flux period ®, sweet spots that are first-order insen-
sitive to additive flux noise persist at ®4. = 0 and %QDO
regardless of ®,.. As a result, the dc flux bias can remain
constant throughout a pulse program without contribut-
ing to increased dephasing during bichromatic modulation.
Another advantage of maintaining these dc sweet spots in
particular is that they occur at biases around which the
qubit frequency is symmetric. This symmetry eliminates
odd-indexed sidebands that would otherwise be generated
during modulation, cleaning the spectrum for paramet-
ric gates and leaving more renormalized coupling to be
distributed amongst the remaining even sidebands (see
Appendix B). To realize these benefits, all qubits in this
study are biased at ®4. = 0 and all bichromatic modulation
uses a frequency multiplier of p = 3.
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FIG. 2. A circuit diagram representation of the devices used
in this study. The full lattices include either 32 or 40 tunable
transmons, with the topology of eight presented here constitut-
ing an octagonal unit cell that is repeated four or five times to
make up a full device. Dispersive readout is achieved via copla-
nar waveguide (CPW) resonators capacitively coupled to each
transmon, and readout signal delivery is multiplexed eightfold
by the octagon. These transmons are tunable via inductively cou-
pled flux lines and excitable via capacitively coupled rf drive
lines. There is a static capacitive coupling between each pair of
neighboring qubits. The lattice alternates between two classes
of transmon that differ in frequency band and tunability. Para-
metric gates are performed by modulating the higher frequency,
higher tunability qubits and placing negative-indexed sidebands
on resonance with the capacitively coupled, lower-frequency
neighbors.

With 9f/9®g. equal to 0 throughout operation, we
expect 75 to track specifically with 0f/0®,. At a
consistent ®4. of 0, the only nonzero amplitude of
monochromatic modulation in the first flux period for

TABLE L

which Bf/BQDaC =0 is ®,. ~ 0.6P, corresponding to a
minimum in f . This is shown in Fig. 3(a), where we
measure f and T; of qubit 1 (ref. Table I) as a function
of @, for a fixed, monochromatic modulation frequency
of 300 MHz. The time-averaged frequency f is mea-
sured with a standard Ramsey experiment by playing each
flux pulse during the intervening delays between RX (v /2)
rotations. Most modulation amplitudes cause T to drop
significantly, with full resurgence only measured around
the dynamical sweet spot at ®,c = 0.6®, where T; is
approximately equal to the zero-flux value.

The additional control introduced by bichromatic mod-
ulation loosens these operating point restrictions signifi-
cantly. By choosing different mixing angles « and relative
phases 6, the 9f /0@, = 0 condition can be met along
a continuum of f values within the modulated trans-
mon’s tunability band [47]. The corresponding sweet spot
®,. values are no longer fixed to 0.6®y. We demonstrate
an example of this flexibility in Fig. 3(a) by measuring
qubit 1’s / and T; as a function of ®,. for bichromatic
modulation as well. Under this particular modulation, char-
acterized by «/2m = 0.075 and 6/27 = —0.2, qubit 1
reaches a sweet spot at approximately 0.46d, that corre-
sponds to a minimum f about 202 MHz above the sweet
spot /* achievable with monochromatic modulation. This is
more directly communicated in Fig. 3(b), where the same
coherence data from Fig. 3(a) are plotted as a function of
f rather than ®,.. This bichromatic modulation unlocks
a new operating point protected from flux noise, allow-
ing a fully resurgent 75 of 22 us where monochromatic
modulation reduces it to 5 us.

While Fig. 3 only shows data for a single set of bichro-
matic modulation parameters, it is possible to extend this
T resurgence across a significant portion of a qubit’s
tunability band by using different values of « and 6.
This is demonstrated in Fig. 4 for another qubit, qubit 3
(ref. Table I). Here, by measuring coherence at various

Relevant information about the qubits used in the experiments described in this manuscript. Qubits 1 and 2 are capacitively

coupled neighbors, as are qubits 3 and 4 and qubits 5 and 6 on different devices. The indexing labels used here are for convenience and
are not representative of positioning within a lattice. The listed fy; values correspond to bias ®4. = 0, and represent the maximum of
each qubit’s tunability band. Tunabilities are only listed for the qubit in each pair that is modulated to activate entangling gates. Listed
anharmonicities correspond to fi» — fo1 at ®qc = 0. Listed 7 and T} values represent coherence times measured with ®4. = 5 =0,
when qubits are biased at their maximum frequencies and are not being modulated. Listed readout fidelities represent the average of
classification probabilities P(0]|0) and P(1]|1) measured nonsimultaneously across qubits. Listed single-qubit (1Q) gate fidelities are
measured with randomized benchmarking, performed nonsimultaneously across qubits.

for Tunability Anharmonicity T\ T Readout 1Q gate

(GHz) (GHz) (GHz) (us) (us) fidelity (%) fidelity (%)
Qubit 1 4.676 0.705 —0.218 2142 19+2 94.6 £ 1.18 99.6 £ 0.04
Qubit 2 3.433 e —0.202 43 +2 26+ 1 949 £ 1.15 99.9 £ 0.04
Qubit 3 5.250 0.824 —0.205 33+6 46 + 4 96.0 £+ 2.80 99.8 £ 0.01
Qubit 4 4.269 e —0.187 2542 23+4 942 +£0.72 99.9 £ 0.02
Qubit 5 4.791 1.074 —0.206 25+6 2242 97.0 £ 0.81 99.8 £ 0.02
Qubit 6 3.365 - —0.201 36 £8 20+ 4 92.7 £2.57 99.8 + 0.01
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FIG. 3. (a) Measured time-averaged frequency f/ and T; of
qubit 1 (ref. Table I) during monochromatic and bichromatic
modulation, plotted as a function of modulation amplitude. This
bichromatic modulation is characterized by « /27 = 0.075 and
0/2m = —0.2. The T; value falls significantly at amplitudes
for which f is flux sensitive, only recovering at points where
9f /9P, = 0. Whereas that insensitivity occurs at 0.6P in the
monochromatic case, this set of bichromatic parameters results
in an equivalent sweet spot at 0.46®P, corresponding to an f* that
is 202 MHz above the protected monochromatic operating point.
(b) The same T, data as above, plotted against /* instead of mod-
ulation amplitude. This example set of bichromatic parameters
can be used to greatly increase the viability of an operating point
that is left unprotected from flux noise under monochromatic
modulation.

dynamical sweet spots produced by different combina-
tions of o and 6, T; is held at a mean value of 27.89 us
across a 240 MHz range of / . This same window is shown
to have a ceiling of around 5 ps under monochromatic
modulation, highlighting the benefit of this bichromatic
control. Note that at all displayed sweet spots, this qubit
consistently only reaches 61% sweet spot resurgence of
the nonmodulated 75 value (ref. Table I). The strength of
T; resurgence under modulation is the subject of ongoing
research [59,61].

Along those same lines, not every set of bichromatic
control parameters is guaranteed to produce a sweet spot
with good 7} resurgence, as other sources of decoherence
can affect the modulated transmon. The displayed coher-
ence times correspond to a subset of measured operating
points at which resurgence is achieved. This down selec-
tion is simply performed with the intention of showing that
T -resurgent sweet spots are achievable across this range
of f with at least the demonstrated density. We attribute the
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FIG. 4. The T; value of qubit 3 (ref. Table I) as a function
of time-averaged frequency / during different flux modulations.
The coherence times in dark blue are measured under monochro-
matic modulation at f,, = 100 MHz. The coherence times in teal
are measured at sweet spots produced by bichromatic modulation
of fundamental frequency f,, = 100 MHz and different values of
mixing angle « and relative phase 6. This figure can be viewed as
the best 75 values achievable for qubit 3 at a given f using each
type of modulation. The 7} resurgence at the single monochro-
matic sweet spot is maintainable, with at least the demonstrated
operating point density, across a spectrum of bichromatic sweet
spots corresponding to approximately 240 MHz of f flexibility
for this qubit.

variation in the presented 7 values to the defect landscape
and temporal fluctuations.

II1. SIDEBAND ENGINEERING FOR FASTER
GATES

Maintaining qubit coherence by creating dynamical
sweet spots at desired time-averaged frequencies is only
one way in which bichromatic control can provide 2Q gate
flexibility. Another is by optimizing sideband weights and
reducing gate times, which can bring groups of otherwise
prohibitively long entangling interactions into viability.

During flux modulation, sidebands of a qubit’s transi-
tions are produced at frequencies

Je =T + K, A3)

where k is the sideband index and f;, is the frequency of
modulation. A native CZ interaction takes place when an
fo1 sideband is placed on resonance with a capacitively
coupled neighbor’s f}, transition frequency (or vice versa),
allowing |11) < |02) swapping (or |11) <> |20) swap-
ping). Similarly, a native iSWAP interaction takes place
when an fy; sideband is placed on resonance with a neigh-
bor’s fy;, allowing |10) <> |01) swapping [62]. Mean-
while, the static coupling between the modulated qubit
and each of its neighbors is renormalized across all gen-
erated sidebands according to their weights. This results in
an effective coupling g.g = gy for iSWAP interactions and
geff = «/Egsk for CZ interactions, where g is the bare cou-
pling and &;, is the weight of the kth sideband [62]. These
weights are given by the coefficient of each harmonic in
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the Fourier expansion of the modulated qubit charge oper-
ator (see Appendix B). For a monochromatic gate at the
sweet spot, gi is determined solely by the sideband used
and cannot be dynamically tuned because all modulation
parameters are fixed. However, different o and 6 alter the
time dependence of the qubit frequency under bichromatic
modulation and can be used to tune the distribution of
weight, even concentrating it into specific sidebands [47].
Figure 5(a) shows the modeled difference in achievable
sideband weights using monochromatic versus bichro-
matic modulation to activate sweet spot CZ, interactions
between qubit 5 (modulated) and qubit 6 (ref. Table I).
Each bichromatic operating point has been optimized to
maximize the weight of the activating sideband (see the

— Predicted Mono ® Measured Mono
— Predicted Optimal Bichro ® Measured Bichro
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FIG. 5. (a) Predicted and measured sideband weights achiev-
able with monochromatic and bichromatic modulation of qubit
5 (ref. Table I). All weights correspond to sweet spot flux oper-
ating points for activating a CZg, interaction with qubit 6. See
Appendix B for a description of the expressions used in simulat-
ing a sideband weight for a given flux modulation. The predicted
monochromatic data set is calculated in this way, using the
modulation parameters corresponding to the single sweet spot
interaction for each sideband. To select the optimal predicted
bichromatic weight for a given sideband, modulation amplitude
®,. is swept from 0.1P, to 0.99( and mixing angle « is swept
from 0 to /2. For each pair of ®,, and «, a relative phase 6 is
calculated that would create a sweet spot at @, if possible. For
each of these operating points, we then calculate average detun-
ing, required modulation frequency, and finally sideband weight
and gate time according to the expressions in Appendix B. The
operating point with the fastest predicted gate time is selected for
each sideband, and the measured weights are extracted from the
measured gate times at these operating points. (b) The predicted
and measured gate times associated with the sidebands described
in panel (a). In general, bichromatic operating points can be opti-
mized to concentrate weight into the gate-activating sideband,
dramatically reducing obtainable gate times at higher sideband
indices.

caption of Fig. 5 for details). Only even-index sidebands
are shown because qubit 5 is biased at the maximum of
its tunability band for the scope of this study, and the
symmetry of modulation around this parking frequency
reduces the odd Fourier coefficients to 0. The trend in
monochromatic weights is typical in that they oscillate
downward with increasing sideband index, eventually van-
ishing. Comparatively, the optimized weights produced
by specific bichromatic pulse parameters are similar for
k = —2 but drop off less quickly with index. This leads
to significant reductions in predicted gate times, which
are inversely proportional to sideband weights and are
displayed in Fig. 5(b).

For monochromatic and bichromatic gates at each of
the predicted operating points up through the —8th side-
band, measured gate times and extracted sideband weights
are plotted over the model results in Fig. 5. We find
good agreement for the sidebands with weights above
0.1, measuring increasingly long monochromatic CZ gates
and relatively constant-duration bichromatic CZ gates with
increasing sideband index. For the more weakly weighted
monochromatic £k = —6 and k = —8 sidebands, small
errors in predicted weight create larger discrepancies in
gate times. That being said, these gates are found to be
significantly longer than their bichromatic counterparts.

The population exchange of qubit 6 during two k =
—8 €z, interactions with qubit 5 is shown in Fig. 6, with
the monochromatic sweet spot operating point in panel
(a) and a faster bichromatic sweet spot operating point in
panel (b). While the activating fundamental modulation
frequencies are only about 8.5 MHz apart, the difference
in f is 8 times that due to the sideband being used.
The bichromatic operating point provides a factor of 4
speed-up as well as a corresponding boost in interleaved
randomized benchmarking fidelity, from 92.7% 4 2.15%
for the monochromatic gate to 98.8% =+ 0.50% for the
bichromatic. Measurements of coherence during modula-
tion show the fidelity of both gates to be coherence limited
within uncertainty [46,61].

As a result of differing modulation frequency require-
ments for specific interactions, some modulated qubits
have an even more dramatic reduction in monochromatic
gate sideband weight as the index increases. For exam-
ple, the monochromatic k = —4 Cz, gates between qubits
1 and 2 (ref. Table I) has a measured gate duration of
approximately 2.844 us. Even with the full 775 resurgence
qubit 1 is shown to exhibit at sweet spots in Fig. 3, such a
long gate time results in a coherence-limited fidelity well
below 90%. Again, this coherence limit can be signifi-
cantly improved by optimizing the £ = —4 sideband with
bichromatic modulation. Figure 7 shows four examples of
k = —4 Czy, operating points at bichromatic sweet spots
for qubits 1 and 2, spanning 170 MHz in qubit 1 average
frequency. These gates demonstrate 7—10 times reductions
in gate time relative to the monochromatic equivalent, and
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FIG. 6. Excited state population of qubit 6, undergoing |1) <
|0) transfer during a CZ interaction mediated by the &k = —8 side-
band of qubit 5’s f}, transition frequency. Population exchange
at each resonance condition is visualized by sweeping pulse
duration and fundamental modulation frequency for constant
modulation amplitude at the respective sweet spot. Panel (a)
features the monochromatic instance of this gate, while panel
(b) features a bichromatic operating point selected for increased
sideband weight ¢_g (not the same operating point featured in
Fig. 5, which has lower fidelity due to a collision). The frequency
axes of both panels have the same scale, highlighting the relative
resonance widths that scale with coupling strength. The black
dotted lines correspond to fit durations of a full CZ interaction,
showing a bichromatic speed-up by almost exactly a factor of 4
after pulse risetimes are included in total duration. The bichro-
matic gate has an interleaved randomized benchmarking fidelity
of 98.8% =+ 0.50%, compared to the 92.7% =+ 2.15% fidelity of
the monochromatic gate.

they have largely coherence-limited fidelities averaging to
just below 98% via interleaved randomized benchmarking.

While the fastest gates under study are still found with
the £ = —2 sideband, the ability to significantly increase
the effective coupling for higher-order sidebands is not
without benefit. Used for this purpose, bichromatic mod-
ulation can unlock both additional / flexibility and entan-
gling interactions for which f,, would otherwise be limited
by arbitrary waveform generator (AWG) bandwidth.

IV. DODGING COLLISIONS

The freedom to select a specific £ for a modulated
qubit is advantageous for dodging collisions in two ways.
First and most directly, any unintended coupling with two-
level system defects [1-7] or other qubits near f at the
monochromatic sweet spot can be avoided. Second, f can
be chosen to avoid similar spurious interactions involving
any of the generated sidebands. The fixed, monochro-
matic sweet spot f also fixes the modulation frequency
required to place a given sideband on resonance with a
neighboring qubit to activate an entangling interaction.
In the event that any other sidebands generated with this
modulation frequency collide with TLS or the resonance

$ f  Mono Coherence Limit
10-1 - f Bichro Coherence Limits

5 f Bichro Measured
2
& Bichro Mean Measured
) = 0.021
=
&}

P .
% f 1

T T T T T
4200 4250 4300 4350 4400
Time-Averaged Freq. f (MHz)

FIG. 7. The measured gate error and coherence-limited error
for four bichromatic, k = —4 Czy, gates between qubits 1 and
2 (ref. Table I), plotted against the time-averaged frequency of
qubit 1 during modulation. The calculated coherence limit for
the monochromatic k = —4 €z, gate is included for comparison.
Each gate is operated at a dynamical sweet spot, and each mea-
sured point is the weighted mean of six or more measurements
of gate error and coherence-limited error. Error bars represent
the standard deviations of these distributions. Gate errors are
measured via interleaved randomized benchmarking, and the
bichromatic coherence limits are calculated by directly measur-
ing coherence times under each bichromatic modulation. The
monochromatic coherence limit is calculated using the coher-
ence times in Table I with a best-case assumption of 100%
sweet spot resurgence (demonstrated in Fig. 3 for this qubit) dur-
ing modulation at this gate operating point. Even under these
assumptions for the monochromatic gate, there is an order-of-
magnitude difference between bichromatic and monochromatic
coherence limits resulting from the 7—10 times shorter bichro-
matic gate times. Details about these operating points can be
found in Table II.

condition of a different gate, population is lost from the
intended exchange and fidelity drops accordingly. While
the modulation frequency is still fixed for a given f inthe
bichromatic case, the value of f can be tuned to ensure
collision-free sidebands.

It is worth emphasizing that, by leaving the sweet spot,
it is possible to use monochromatic modulation to attain
most (but not all) of the f band available at bichromatic
sweet spots. However, doing so comes at a significant cost
to both T3 (see Fig. 3) and gate stability over time. The
advantage of bichromatic modulation is not necessarily the
attainability of these f* values, but rather the attainability of
these f values at operating points protected from slow flux
noise.

Here we focus on qubits 3 and 4 (ref. Table I), for which
a sideband collision at the sweet spot limits fidelity in the
monochromatic case. This pair’s various resonance con-
ditions for the k = —2 and k = —4 sidebands produced
by monochromatic modulation are shown in Fig. 8(a). At
the sweet spot (O, ~ 0.6P), the k = —2 CZ(, interac-
tion collides with the £k = —4 iSWAP interaction. While the
k = —2 sideband has significantly more weight and the
[11) < |02) transfer will happen more quickly as a result,
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FIG. 8. (a) Monochromatic modulation frequencies for acti-
vating native entangling gates between qubits 3 and 4 (ref.
Table I) with the £k = —2 (solid lines) and k = —4 (dashed
lines) sidebands at different modulation amplitudes. A collision is
found between the k = —2 CZ(, and k = —4 iSWAP interactions
at the sweet spot. (b) Measured process map for the optimized
monochromatic CZy, pulse, generated via process tomography.
Strong XY-like terms are introducing coherent error. (c) Res-
onance conditions for the same edge, but under bichromatic
modulation with «/27 = 0.085 and 6/27 = —0.06. The cor-
responding shift in f resolves the gate collision. (d) Measured
process map for the optimized bichromatic €z, pulse, revealing
a much cleaner approximation of the ideal CZ operator.

cutting off the interaction at the ideal time for the Cz gate
still produces an operation that involves a strong XY-like
swapping [see the process map in Fig. 8(b) [65—67]]. This
Cz operation has a fidelity of 90.0% =+ 2.60%, as measured
by interleaved randomized benchmarking [68,69].

However, a change in f/ can improve this fidelity.
If f is shifted by a value A then the modulation fre-
quency required to activate k£ = —2 interactions moves
by A/2 while the frequency required for k¥ = —4 inter-
actions only moves by A /4, according to Eq. (3). Using
bichromatic modulation of «/27 = 0.085 and 6/27 =
—0.06, the sweet spot modulation amplitude is reduced
by about 25% and the corresponding f is shifted up by
A =~ 234 MHz. The resulting collision-free set of reso-
nance conditions is shown in Fig. 8(c), along with a much
cleaner process map for the calibrated Cz gate in Fig. 8(d).
Gate error is reduced by a factor 5 from the monochromatic
case, reaching an interleaved randomized benchmarking
fidelity of 98.0% =+ 0.28%.

Of course, this particular set of bichromatic parameters
is not unique in its ability to dodge the gate collision that
limits monochromatic fidelity. Like Fig. 7 shows for qubits
1 and 2, as long as no new collisions are introduced or
gate time is not significantly lengthened at a specific oper-
ating point, f can be placed anywhere across the attainable
bichromatic sweet spot band. By simulating the detuning

_g;(;};;():l\%)efgrllg ¢ Bichro Gates ¢ Mono Gate
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FIG. 9. (a) The gate error for 12 bichromatic CZzy, gates

between qubit 3 and qubit 4, measured via interleaved random-
ized benchmarking and plotted against the time-averaged fre-
quency of qubit 1 during modulation. The gates include both k =
—2 and k = —4 sideband interactions, all operated at dynamical
sweet spots. The £k = —2 gate at the single monochromatic sweet
spot is included for comparison. The monochromatic k = —4
gate is not brought up due to the required f,, being too low for the
filtration scheme in use. (b) Modulation frequencies f,, for each
operating point. The distinct linear sets correspond to the two
sidebands being used to activate the gates [see Eq. (3)]. (c) Gate
times for the full set of operating points. The native €z, inter-
action involves two full |11) <> |02) swaps, the rate of which is
determined by the weight of the activating sideband. (d) Modu-
lation amplitudes ®,, all of which satisfy the dynamical sweet
spot condition df /d®,. = 0 for each set of bichromatic mod-
ulation parameters. Details about these operating points can be
found in Table III.

expected for modulation of various « and 6, gates can be
found at specific, desirable values of / or modulation fre-
quencies f,,. See Appendix A for details concerning pulse
calibration and obtaining agreement with simulations like
this.

A set of €z, gates between qubits 3 and 4 operated
across a range of bichromatic operating points is shown
in Fig. 9. All of these gates are operated at sweet spots
and the corresponding average frequencies of qubit 3 span
a range of 264 MHz. Via interleaved randomized bench-
marking, this set of gates is found to reach a mean fidelity
of just over 98%, with individual gates as high as 99.0% =+
0.19%.

Again, it is worth noting that these fidelities are certainly
not achievable at every sweet spot in the available contin-
uum, as there are many such operating points that suffer
from collisions just like the monochromatic gate, or that
result in poor weighting of the activating sideband. To fur-
ther this point, unlike the gates in Sec. III, these gates do
not reach the coherence limits that can be assumed from
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the T resurgence levels of qubit 3 in Fig. 4. The fidelity of
this gate set is likely limited by loss of population as qubit
3 moves through resonance with two-level system defects
during the rise and fall times of each flux pulse. Regard-
ing coherence measurements, this phenomenon manifests
as small reductions in the amplitude of exponential fits
rather than as reductions in the coherence times them-
selves. Quantification and mitigation of this source of error
are the subjects of ongoing research. Figure 9 is meant
only to communicate a lower bound on the density with
which gates of at least these fidelities can be brought up.
Even when coherence does not limit a two-qubit gate’s
fidelity, the ability to operate at a dynamical sweet spot
is still vital for stability in the face of flux pulse amplitude
drift over time. In general, this flexibility in operating point
represents a significant advantage in robustness over the
single monochromatic sweet spot, and will only become
more useful as higher lattice connectivity introduces more
frequency crowding.

V. CONCLUSION

We have experimentally verified that bichromatic flux
modulation can be used to extend the range of time-
averaged frequencies accessible to tunable transmons at
operating points protected from slow flux noise. We have
demonstrated the usefulness of this freedom for reduc-
ing two-qubit parametric gate error, both by reducing
gate speed with improved sideband weights and dodging
unwanted collisions.

A promising application of bichromatic flux control left
to future work is parametric-resonance gates, which have
recently been implemented on a tunable-coupler architec-
ture [70]. To perform these gates, the average frequency
of a modulated qubit is brought directly onto resonance
with a neighbor. With the frequency of modulation no
longer relevant for activating the gate, it can be optimized
independently to avoid collisions. Moreover, the weight
of the activating k£ = 0 sideband can reach values close to
unity, allowing fast gates at the bare coupling rate. Bichro-
matic control would allow these gates to be implemented
at dynamical sweet spots, presenting the opportunity to
increase their fidelity substantially [47].

In summary, the flexibility provided by this novel con-
trol technique represents an important step forward in
terms of robustness to experimental imperfection as well
as scalability of flux-tunable qubit architectures. As such,
bichromatic flux modulation is shown to be a promising
method for achieving controlled entanglement on super-
conducting processors.
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APPENDIX A: PULSE CALIBRATION

In achieving the various results discussed in this paper,
the bichromatic pulses defined in Sec. II are produced in
two ways. The first, simpler method is via a single field
programmable gate array (FPGA)-based sequencer. The
modulation waveform containing both frequencies of the
bichromatic pulse is precomputed as a single set of digital
values that are fed into a DAC. This scheme is suffi-
cient for many experiments, but requires some additional
considerations that are described here.

It is normally convenient, for the sake of tracking phase,
to define control pulses relative to local rotating frames that
oscillate at some characteristic frequency of the system.
Doing so imparts a global frame phase on those pulses,
which is usually irrelevant but introduces complications
for bichromatic pulses produced by a single sequencer with
two frequencies in the baseband waveform. Specifically,
the effective value of 0 is shifted by 1 — p times the applied
phase.

To understand this, consider a simplified version of the
ac pulse in Eq. (1) with a global phase shift 8:

® (1) = cos(a) cosrfut + B)

+ sin(a) cos2mpfint + 6 + B). (A1)

To reorganize into the conventional format of a single rel-
ative phase on the second tone, we can advance the clock
by 8/(2nf.), the amount of time it takes the oscillation of
the first tone to cycle through 8. With ¢ = ¢+ B8/(2nf,),
we can re-express Eq. (Al) as

®(¢) = cos(a) cos2m frut)
+ sin(a) cosQupfut +6 + (1 —p)B). (A2)

In this form, it becomes clear that the 8 phase shift has
produced a new effective relative phase between the tones,
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0’ =6 + (1 — p)B. In terms of precompensation, the used
0 should be (p — 1) greater than the desired 6.

Another way to understand this is that every phase shift
B of the f,, tone should correspond to a phase shift p 8 of
the pf;, tone if the relative phase between the tones is to
be preserved. When both tones are shifted by g, there is a
(p — 1)B difference to make up.

In the case of a global phase coming from a rotat-
ing frame on which a bichromatic pulse is defined, the
necessary 6 precompensation is inconvenient because the
applied shift will change depending on when a pulse
is played in a program. As a result, producing repeat-
able bichromatic pulses with one sequencer lends itself to
foregoing a rotating frame completely and instead defin-
ing the bichromatic modulation tones relative to the lab
frame. This eliminates the global phase and the overhead
involved in redefining pulses based on a tracked frame
phase throughout a program.

While this is a tractable (and even simplifying) solution
to use with CZ gates, it is not sufficient for the single-
pulse decomposition scheme used by Rigetti to perform
arbitrary gates in the CPHASE and XY families [60].
This strategy requires the ability to parametrically com-
pile gates such that only waveform phase shifts are needed
to control entangling angles [71]. Additionally, XY gates
in particular benefit from specific, nonzero frame frequen-
cies that greatly simplify the calibration of their entangling
phase. For those reasons, we introduce the second method
of producing bichromatic pulses: using two FPGA-based
sequencers per flux control port, one for each harmonic.
The two output signals are digitally summed before being
sent to a single DAC, enabling individual frame control for
each tone in the pulse. In this configuration, phase shifts on
the combined waveform can be implemented with a sim-
ple scaling of the harmonic tone’s shift by the bichromatic
frequency ratio p.

However, both methods leave an additional phase in
need of calibration, and that is the relative phase between
the FPGA clock and local oscillator (LO) within each
waveform generator. This becomes another global phase
shift on the bichromatic waveform (not properly scaled for
the harmonic tone in the two-sequencer scheme), which
we denote 6. It is possible to keep 6y constant through-
out a circuit by ensuring all pulse programs start on integer
multiples of both the FPGA clock cycle and the LO period.
Under this condition, 6, just needs to be calibrated once per
AWG in order to accurately produce specific values of 6 in
applied flux of the following form:

(1) = Py + D,cu(t)[cos(a) cosQmft)

+ sin(a) cosapfut + 0 + (1 — p)6y)].  (A3)

The constant phase offset can be measured by sweeping 6
for modulation of constant ®,. and measuring the induced
detuning, which will have sinusoidal dependence on 6 with
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FIG. 10. (a) Measurement of 6, for qubit 3. For bichromatic

modulation of constant p, «, and amplitude ®,., time-averaged
qubit frequency f _is sinusoidal in 6 + (1 — p)&p. The phase off-
set of the fitted /* oscillation in 6 can thus be mapped to 6.
While one &, is sufficient to measure this offset, the fit value
here is the median of offsets measured at five different modula-
tion amplitudes. (b) For the same qubit, measured detuning under
bichromatic modulation is compared against model predictions
that do and do no take into account the measured 6. The mod-
els agree at low modulation amplitudes, which can also be seen
in panel (a) in the form of smaller fluctuations in / at smaller
®,.. Close to the sweet spot however, 6y corresponds to a pre-
dicted detuning difference of about 183 MHz. The data match
the model that incorporates the measured 6, value, illustrating
the importance of this calibration for experimental realization of
predicted behavior.

an offset of (1 — p)6y (See Appendix B). Average qubit
detuning during modulation is measured with a Ramsey-
style experiment in which each flux pulse is continually
delivered during the delay times between RX (7 /2) rota-
tions. Figure 10(a) shows the results of one such calibration
measurement for qubit 3 (ref. Table 1), while Fig. 10(b)
communicates the importance of accurately measuring and
accounting for 6y when attempting to reconcile the model
and data.

We have verified these calibrations to be stable in time
on the order of at least weeks in our setup. However, it
is worth noting that if restarting an AWG randomizes the
clock-oscillator phase, it becomes necessary to remeasure
6 in order to restore model agreement.

Regarding the mixing angle o, achieving a desired value
requires compensation for any frequency-dependent atten-
uation present in the flux line. The calibration of this
transfer function is performed with the same flux-Ramsey
procedure described above, where the different detunings
caused by monochromatic modulation at different frequen-
cies are used to determine corrective scaling factors. With
the frequency-dependent transmission flattened to a single
reference value in this way, knowledge of the relationship
between the sourced amplitude and @ at that reference
transmission allows specific flux operating points to be
realized. An example transfer function can be found in
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FIG. 11. An example amplitude transfer function of a flux
transmission line, for qubit 5 in this case (ref. Table I). At each
frequency, the effective modulation amplitude seen by the qubit
is determined by measuring the detuning of the qubit frequency.
The strong frequency dependence of the transfer function can
then be compensated for by scaling flux pulses according to their
frequency and its measured relative transmission.

Fig. 11. In the construction of bichromatic pulses, the
amplitude of each tone must be scaled appropriately for
its frequency before the tones are digitally added together.

APPENDIX B: TRANSMON UNDER
BICHROMATIC MODULATION

The properties of a tunable transmon are controlled with
magnetic flux applied on a SQUID loop by changing the
effective Josephson energy

Ejen=\/E}, + B}, +2E; Eppcos(@).  (BI)

Here, ¢ = 2n®/ Py and E; 1, E; , are the Josephson ener-
gies of the SQUID loop. The transition frequencies are
®, periodic, symmetric around zero flux bias, and can be

expressed as the Fourier series

f(@) =" Fycos(ng).

n=0

(B2)

Under a bichromatic modulation ® () = &4 + Pae1 cOS
Qrfut + 61) + Py, cOSQ2mpfint + 6,), the time-averaged
transmon frequency is equal to

f = Z v, cos(mf),

m=0

Vyp = ZF,, cos |:n¢>dc + @+ l)m%:|

n=0
x (2 - 8m,O)me (n¢ac,1 Wom (nd)ac,p),

which is 27 periodic in 6 = 6, — p6;. Given this symme-
try, we choose the convention 8; = 0 in defining bichro-
matic pulses throughout the study.

In the transmon basis, the qubit-qubit coupling is flux
dependent. Under modulation, the effective coupling acti-
vated by the kth sideband is g; = gé&y, renormalized from
the zero-flux bare coupling g by the sideband weight &;.
These weights are obtained from

(B3)

Tm -
o = 1 / dt g(d(1))e> Jodtf (@) g=i2m (F +kfm)t
Tm 0 ’
(B4)

where T,, = 1/f,, is the modulation period.

Throughout the experiments described in this study,
®4. = 0 and p is odd. The bichromatic modulation is then
T,»/2 antiperiodic, and because the effective Josephson
energy [Eq. (B1)] is an even function of the flux bias, the
transmon parameters oscillate at twice the modulation fre-
quency. As a consequence, only the even sidebands are
generated.

Moreover, for p = 3, the dependence of the average fre-
quency on the dc bias in Eq. (B3) simplifies to cos(ngqc).
Its derivative vanishes at &4, = 0, thereby protecting the
transmon from slow additive flux noise during modulation.

TABLE II.  Information about the CZg, operating points and gates presented in Sec. III and Fig. 7, listed in order of qubit 1’s £. All
of these operating points represent dynamical sweet spots with first-order protection against 1/f° flux noise. An exact monochromatic
fidelity is not provided due to low signal to noise in the interleaved randomized benchmarking procedure, which is ill suited to

measuring such low fidelities.

Mixing  Relative  Time-averaged = Modulation Modulation

Sideband Frequency angle phase frequency frequency Interaction amplitude Gate
index k multiplier p a (2m) 0 (2m) f (MHz) fm (MHz) time (ns) D, (Do) fidelity (%)
—4 1 0.000 0.000 4192 135.04 2844 0.6 <90.0
—4 3 0.110 0.300 4222 142.42 212 0.59 98.1 £0.26
—4 3 0.110 0.420 4281 157.31 292 0.59 97.2 £0.39
—4 3 0.105 0.525 4318 166.52 348 0.58 98.0+0.3
—4 3 0.075 —0.18 4392 184.98 260 0.47 98.1 £ 0.37
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TABLE III.  Information about the CZg, operating points and gates presented in Sec. IV and Fig. 9, listed in order of qubit 3’s f. All
of these operating points represent dynamical sweet spots with first-order protection against 1/f* flux noise.

Mixing  Relative  Time-averaged = Modulation Modulation

Sideband Frequency angle phase frequency frequency Interaction amplitude Gate

index k multiplier p o (2r) 0 (2r) f (MHz) fm (MHz) time (ns) D, (D) fidelity (%)
-2 3 0.005 0.570 4663 95.04 44 0.67 98.6 £ 0.34
-2 1 0.000 0.000 4694 110.41 48 0.60 90.0 &+ 2.60
-2 3 0.005 0.045 4711 118.88 48 0.63 98.3 £0.38
-2 3 0.015 0.210 4727 126.87 48 0.65 98.0 £ 0.31
—4 3 0.015 0.200 4759 71.50 60 0.63 98.9 +0.18
-2 3 0.020 —0.050 4775 150.93 52 0.55 98.0 £0.26
—4 3 0.025 0.150 4804 82.84 68 0.61 99.0 £0.19
-2 3 0.035 —0.100 4810 168.42 60 0.54 97.4 +0.38
-2 3 0.035 0.000 4832 179.33 60 0.52 98.8 £0.18
-2 3 0.050 —0.045 4877 202.17 68 0.50 96.6 £ 0.99
-2 3 0.060 —0.032 4898 212.70 72 0.48 97.4 +0.39
-2 3 0.075 —0.056 4916 221.59 76 0.48 97.5 £0.30
-2 3 0.085 —0.060 4928 227.49 80 0.47 98.0 £ 0.28

APPENDIX C: GATE INFORMATION

For reference, included in Table II are details regarding
the monochromatic and bichromatic operating points used
to perform the gates presented in Fig. 7. Table III contains
the same information for the gates presented in Fig. 9. An
example instance of interleaved randomized benchmarking
for one of these gates can be seen in Fig. 12, along with
implementation details in the caption [68,69]. All fideli-
ties cited in this manuscript are measured using this same
protocol.

Random Sequence:

0.9 7 T Av Clifford Err = 2.67% * 0.13%
. Interleaved Sequence:
2087 T Av oz Brr = 0.94% =+ 0.19%
%
= 0.7
2
[}
o 0.6 1
jc§
9] 05 .
=
E J
§ 0.4
=

0.3

0.2 1

0 10 20 30 40 50 60
Number of Clifford Gates

FIG. 12. An example of the interleaved randomized bench-
marking data used to produce the fidelities in Tables II and III
These particular data correspond to the gate in Table I1I during
which qubit 3’s average frequency f =4804 MHz. Thirty-two
trials are run for each sequence length of 0, 2, 4, 8, 16, 32, and 64
Clifford gates. Individual data points correspond to the average
probability of reading out the fiducial state over 500 shots per
trial.
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