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The rapid growth in size of quantum devices demands efficient ways to control them, which is challenging
for systems with thousands of qubits or more. Here, we present a simple yet powerful solution: robust, site-
dependent control of an arbitrary number of qubits in parallel with only minimal local tunability of the driving
field. Inspired by recent experimental advances, we consider access to only one of three constrained local control
capabilities: local control of either the phase or amplitude of the beam at each qubit, or individual Z rotations. In
each case, we devise parallelizable composite pulse sequences to realize arbitrary single-qubit unitaries robust
against quasistatic amplitude and frequency fluctuations. Numerical demonstration shows that our approach
outperforms existing sequences such as BB1 and CORPSE in almost all regimes considered, achieving average
fidelity >0.999 under a decoherence rate of ∼10−5, even with a few percent amplitude and frequency error.
Our results indicate that even for very large qubit ensembles, accurate, individual manipulation can be achieved
despite substantial control inhomogeneity.
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Over the past decade, rapid progress in quantum tech-
nology has enabled digital quantum processors to push
computational limits [1–4] and analog quantum simulators
to unveil insights into diverse many-body phenomena [5–11].
Such investigations involved devices with hundreds of qubits,
and it is soon expected that quantum systems with an or-
der of magnitude more qubits will appear [12]. This poses
an immediate and pressing challenge: how can we effi-
ciently control a very large number of qubits in realistic
settings?

The fast, arbitrary, and robust manipulation of individual
qubits within a larger ensemble is difficult in many quantum
platforms. In superconducting quantum registers, a consider-
able number of wires is needed to manage the control and
readout of each qubit—a requirement that grows increasingly
impractical with larger system sizes [13,14]. Platforms based
on quantum optics, including neutral atom tweezer arrays and
trapped ions, can partially circumvent this “wire problem” by
manipulating qubits with laser beams, thus enabling scalable
control through optical technology [15–24].

Though a variety of technical feats, including fast switch-
ing rates, high contrast, and low crosstalk, must be achieved to
build large-scale systems of optically addressed qubits, mul-
tiple array architectures capable of manipulating thousands
of different sites have already been demonstrated [25–30].
Nevertheless, implementing high-fidelity, locally controlled
unitaries in parallel under realistic conditions remains an
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outstanding experimental challenge. In particular, in optical
platforms, control is accomplished with only a single or
few laser beams, making the full individual manipulation of
each qubit a complex task to engineer [31,32]. For example,
conventional technologies such as acousto-optic deflectors or
spatial light modulators are all limited in their degree of local
tunability [31].

In this work, we develop a method to efficiently execute
robust, arbitrary, site-dependent single-qubit unitaries in par-
allel for a large number of qubits. Specifically, inspired by
recent experimental developments [33–41], we consider three
different settings of restricted controls, where one can apply
pulses to a qubit ensemble with only minimal local tunability
(Fig. 1). Under each such setting, we present the shortest
pulse sequences that realize arbitrary single-qubit unitaries
in parallel. Furthermore, we devise parallelizable composite
pulse sequences [42–55] that are robust against both pulse
amplitude and off-resonance (detuning) error to account for
control imperfections in realistic systems; in large ensembles
of qubits, such control errors arise inevitably due to inhomo-
geneity.

To construct our robust pulse sequences, we combine
three key ideas: concatenation, pulse primitives, and numer-
ical search. Concatenation [56] is a technique whereby two
pulse sequences that compensate for different errors can be
merged to form a doubly robust sequence. Pulse sequences
robust against a single type of error—the building blocks
of concatenation—are accordingly deemed pulse primitives.
We introduce several classes of pulse primitives and, in the
absence of an analytical form, further employ gradient-based
optimization to numerically search for robust sequences. With
these ideas, we create pulse sequences that outperform exist-
ing composite pulses, when applicable, at almost any level
of amplitude and off-resonance error in the presence of de-
coherence. Our results thus enable efficient, parallel, and
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FIG. 1. (a) Many qubits are manipulated in parallel, effecting
unitaries U1 ⊗ U2 ⊗ · · · , by applying a sequence of global control
beams with restricted tunability. (b) We consider three kinds of local
control (purple): the phase (PC) or amplitude (AC) of the beam can
be individually controlled, or individual Z rotations can be applied
(ZC). (c) Under each type of local control, parallelizable operations
are realized by simultaneous pulses on all qubits with a certain
locally variable parameter.

high-fidelity quantum information processing on large, near-
term quantum systems.

Optimal, parallel, arbitrary unitaries under global driving.
Our objective is to realize an arbitrary unitary ⊗i Ui in parallel
across all qubits i under a global driving field, where {Ui} ∈
SU(2) is given as input. In the frame rotating at the frequency
of the field, the Hamiltonian of a resonantly driven qubit takes
the form H = �

2 (cos(φ)σ̂x + sin(φ)σ̂y), with Rabi frequency
�, the phase of the field φ, and the Pauli operators σ̂x(y). A
single pulse of the field is then given by an SU(2) unitary
rotation in the x-y plane. We adopt the notation for a pulse
[θ ]φ ≡ exp(−i θ

2 σ̂φ ), σ̂φ ≡ cos(φ)σ̂x + sin(φ) σ̂y, which de-
scribes a rotation around φ in the x-y plane by an angle θ .
We further define SU(2) rotations about the axes of the Bloch
sphere as X (ϕ), Y (ϕ), and Z (ϕ).

When a global beam is applied to the qubit ensemble,
we consider one of three local control capabilities: individual
tunability of the phase {φi} of the beam (phase control, or PC);
individual tunability of the beam intensity {�i} (amplitude
control, or AC); or individual rotations about ẑ (Z control, or
ZC) [Figs. 1(b) and 1(c)]. These schemes are motivated by
common experimental approaches; for instance, ZC is enabled
by local AC-Stark shifts, a standard practice in trapped-ion
systems [33–35], while PC [36,37], AC [36], and ZC [38–41]
have also been demonstrated in tweezer arrays.

We now present the optimal sequence to implement
⊗

i Ui

in each scenario. For AC, as we have site-dependent control
of rotation amplitudes, this can be trivially achieved by three
pulses:

U AC(αi, βi, γi ) ≡ [αi]0[βi] π
2
[γi]0. (1)

The unitary at each qubit i is then parametrized by XY X Euler
angles, U AC(αi, βi, γi ) = X (αi )Y (βi )X (γi ), while the phases
(rotation axes) are globally fixed. For PC, we can similarly
realize

U PC(αi, βi, γi ) ≡ [π/2]αi [π ] γi+αi−βi
2

[π/2]γi , (2)

where an explicit calculation shows the equivalence
U PC(αi, βi, γi ) = Z (αi )Y (βi )Z (2π − γi ), thus capturing
all unitaries with ZYZ Euler angles [57]. Finally, the sequence
for ZC also follows from ZYZ Euler angles,

U ZC(αi, βi, γi ) ≡ Z (αi)[π/2]πZ (βi )[π/2]0Z (γi), (3)

with U ZC(αi, βi, γi ) = Z (αi )Y (βi )Z (γi ). The optimality of
these sequences can be shown by simple parameter count-
ing. As an arbitrary unitary requires three parameters and we
have one individually tunable variable per pulse, the shortest
number of pulses is 3 for AC and PC. For ZC, the three
unitary parameters correspond to three individual Z rotations
separated by global pulses, leading to an optimal sequence
length of 5.

Designing robust pulse sequences. Realistic systems in-
evitably suffer from various imperfections. When such errors
are coherent and quasistatic, or approximately constant,
across the duration of a pulse sequence, their effect can
be compensated via a cleverly designed “error-correcting”
sequence—such a robust sequence is known as a composite
pulse. More concretely, suppose that as a result of a small,
static error ζ , imperfect rotations [θ ]ζφ = [θ ]φ + O(ζ ) are im-
plemented. A composite pulse is a sequence of erroneous
pulses that together approximate some ideal target unitary U ,
[θ1]ζφ1

· · · [θk]ζφk
= U + O(ζ n+1), where the pulse areas {θ j}

and phases {φ j} are chosen to achieve error cancellation up
to order O(ζ n). In principle, composite pulses accurate to
arbitrarily high order n can be constructed [44,58], with their
length k scaling optimally as k = O(n) [58,59]. However,
exceedingly lengthy operations are undesirable due to fast
time-dependent noise, which leads to decoherence. An inher-
ent trade-off therefore exists between speed and accuracy.

Two prominent sources of coherent, quasistatic error are
slow amplitude and frequency drifts of the resonant driving
field. Amplitude error, or ε error, manifests as a multiplicative
error in the pulse area, θ → θ (1 + ε), in which ε = d�

�
,

with d� a small error in the Rabi frequency. Off-resonance
error, or δ error, leads to a small detuning �, which modifies
the rotating frame Hamiltonian as H = �

2 (σ̂φ + �
�

σ̂z ). Pulses
then become [θ ]δφ = exp(−i θ

2 (σ̂φ + δσ̂z )), with δ = �
�

the off-
resonance fraction. We seek to derive composite pulses for
each of the basic sequences [Eqs. (1)–(3)] that compensate
for ε and δ.

A variety of ε- and δ-robust composite pulses already
exist, with some of the most celebrated including BB1 [50]
and CORPSE [47]. To construct a robust, parallel, arbitrary
unitary, we might first attempt to directly replace each of
the individual pulses in our optimal solutions with an ex-
isting composite pulse. However, this approach of direct
replacement encounters two main issues. First, these exist-
ing composite pulses are generally not compatible with the
constraints imposed by the local control methods consid-
ered in this work. Second, the length of such sequences,
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measured in either the number of pulses k or the total pulse
area T = ∑

j θ j , may be excessive, then increasing vulnera-
bility to other sources of error such as decoherence. In order
to address these challenges, we design ε-, δ-, and ε, δ-robust
pulse sequences for each of Eqs. (1)–(3).

Concatenation. Pulse sequences, or primitives, that com-
pensate for either ε or δ can be concatenated together to
form a sequence simultaneously robust against both errors,
as proposed in Ref. [56]. Broadly, concatenation consists of
replacing each pulse in an ε-robust sequence with a δ-robust
composite pulse, or vice versa. However, such a naive substi-
tution can be problematic if the inner composite pulse disturbs
the original error-correcting structure of the outer sequence.
Thus, a suitable δ-robust inner composite pulse Cδ must pre-
serve the effect of ε, the error it is not designed to correct, a
property called residual error preserving in ε (ε-REP) [56].
An overall sequence that compensates to first order in both ε

and δ can then be obtained by swapping each pulse in an ε-
robust primitive sequence for a δ-robust and ε-REP composite
pulse. The same holds vice versa in δ and ε.

Pulse primitives. With concatenation in mind, we develop
appropriate pulse primitives individually robust against ε or
δ. For first-order δ error compensation, we develop a com-
posite pulse deemed SCORE1 (Switchback for Compensating
Off-Resonance Error), whose intuition is given in the Sup-
plemental Material [59]. SCORE1 realizes target rotations
U = [θ ]φ and is compatible with all of PC, ZC, and AC, taking
the form

SCORE1(θ, φ) ≡ [ϑ1]φ+π [θ + 2ϑ1]φ[ϑ1]φ+π , (4)

with SCORE1(θ, φ; δ) = [θ ]φ + O(δ2) for ϑ1 = π − θ
2 −

sin−1( 1
2 sin θ

2 ). Generalizations of SCORE1 for higher orders
up to n = 4 are also listed in the Supplemental Material
[59]. Our higher-order SCORE pulse has sequence length
that scales linearly with the order of error compensation; to
our knowledge, this is the first such δ-robust sequence in
the literature and may find use in settings beyond the scope
of this article. Our SCORE pulse family is appropriate for
concatenation and can directly replace each pulse [θ ]φ in the
basic sequences [Eqs. (1)–(3)] for parallel, δ-robust arbitrary
unitaries.

We turn to ε-compensating pulse primitives. Under PC, we
insert [2π ]φ j pulses into the sequence we wish to make robust
[44,58,60]. Applying this method to Eq. (2) yields a pulse
sequence UP1 (Unitaries under Phase control for first-order
ε compensation),

UP1(α, β, γ ) ≡ [π/2]α[2π ]φ1 [π ] γ+α−β

2
[2π ]φ2 [π/2]γ , (5)

where UP1(α, β, γ ; ε) = U PC(α, β, γ ) + O(ε2) realizes arbi-
trary SU(2) unitaries for appropriate φ1, φ2. The solution for
φ1, φ2, and its higher-order extensions UPn are given in the
Supplemental Material [59]. This construction can be under-
stood by noting that in the absence of error, the additional
[2π ]φ j rotations will preserve the original sequence. More-
over, when ε �= 0, erroneous [2π ]εφ j

pulses can be factored
as [2π ]φ j [2πε]φ j ; we then use these pure error terms [2πε]φ j

as a resource to cancel errors in the original sequence through
an appropriate choice of φ j .

To develop ε-compensating pulse primitives under ZC,
we introduce in Theorem 1 a pulse identity allowing us to
generate a class of ε-robust sequences from a single sequence:

Theorem 1. Under amplitude error in the global drive, a
given time-reversal symmetric composite sequence

[θ1]εφ1
· · · [θk]εφk

[θk]εφk
· · · [θ1]εφ1

= [θ ]φ + O(εn+1)

implies the class of composite sequences

Z (α) [θ1]εφ1
· · · [θk]εφk

Z (β ) [θk]εφk
· · · [θ1]εφ1

Z (γ )

= Z (α) [θ/2]φ Z (β ) [θ/2]φ Z (γ ) + O(εn+1).

The proof is given in the Supplemental Material [59]. As
a consequence of Theorem 1, ε-robust sequences for Eq. (3)
immediately follow from any time-reversal symmetric com-
posite π pulse.

For AC, we design RA1 (Rotations under Amplitude con-
trol for first-order ε compensation),

RA1(θ, φ) ≡ [ϑ1]φ+ π
2
[π ]φ[2ϑ1]φ+ π

2
[π ]φ[ϑ1]φ+ π

2
[θ ]φ. (6)

Here, RA1(θ, φ; ε) = [θ ]φ + O(ε2) for ϑ1 = cos−1(− θ
2π

),
implementing arbitrary rotations. To our best knowledge, RA1
is the first ε-robust composite pulse that employs global
phases and variable pulse areas. The derivation procedure of
RA1, as well as a second-order extension of this sequence, is
presented in the Supplemental Material [59].

Numerical search. In the absence of any appropriate
pulse primitives, we develop a numerical method based on
gradient-based optimization to find robust pulse sequences.
This numerical search is primarily adapted for AC, in which
our individually controllable parameters—the pulse areas—
are also subject to error, and the lack of a perfect tuning knob
makes robust sequence design more challenging. Specifically,
we use gradient ascent to find the pulse areas of a sequence
ansatz that maximize fidelity to the target unitary. To en-
sure robustness, we conduct this maximization over a range
of (ε, δ, . . .) errors. A detailed explanation of our numerical
method is provided in the Supplemental Material [59].

Results. We can now comprehensively state our developed
pulse sequences for parallelizable, arbitrary unitaries robust
against ε, δ, or both under each type of individual control. A
concise list of these sequences is provided in Table I; for a
graphical schematic of these sequences, see the Supplemental
Material [59].

Phase control and amplitude control. Under each of PC
and AC, ε- or δ-robust unitaries are achieved via our pre-
vious pulse primitives. Doubly robust sequences are then
obtained by concatenating the two primitives (Table I): for
instance, concatenating SCORE1 in UP1 leads to the se-
quence SCORE1inUP1. For AC, we additionally employ our
numerical method to find shorter ε-robust and doubly robust
sequences [59].

Z control. Unlike PC and AC, ZC assumes the ability
to apply local Z rotations, which are generally subject to
additional error beyond ε and δ. We thus discuss ZC in
further detail. Specifically, the form of the local Z error nat-
urally depends on the specific experimental implementation
of ZC. In multiple platforms, local Z (ϕi ) rotations have been
realized through AC-Stark shifts induced by a far-detuned
field with varying intensity [33,34,40]. Under off-resonant
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TABLE I. A summary of pulse sequences introduced in this
work. In the ε-robust column, the first letter of each sequence in-
dicates either target unitaries or rotations, while the second specifies
either PC, ZC, or AC. The number stipulates the order of error com-
pensation. As a general-purpose δ-robust composite pulse, SCORE
does not follow this convention.

Control ε robust δ robust ε, δ robust

PC UP1 SCORE1a SCORE1inUP1

ZCb UZ1 SCORE1a SCORE1inUZ1
sUZ1

AC RA1a SCORE1a SCORE1inRA1a

numerical numerical

aRobust unitaries are achieved by directly replacing each pulse in the
corresponding basic sequence [Eqs. (1)–(3)] with the robust pulse.
bSequences are presented for εs � ε, δ. Robust sequences for large
εs are found numerically.

driving at Rabi frequency �, qubit evolution in the rotating
frame becomes exp(−iHt ) = exp(−i 1

2
�2t
2�

σz ) ≡ Z (ϕ), with

ϕ = �2

2�
t . Thus, small drifts in the Rabi frequency � + d�

during local gates will lead to a local Stark error (εs error)
ϕ → ϕ(1 + εs), εs = 2 d�

�
+ ( d�

�
)2, in addition to ε and δ

error in the global pulses. We therefore address three different
regimes: εs 	 ε, δ, when local errors dominate; εs � ε, δ,
when global errors dominate; and εs ≈ ε, δ, when all errors
contribute.

When εs 	 ε, δ, our global pulses are almost perfect, and
we can treat [π

2 ]πZ (ϕi )[π
2 ]0 = Y (ϕi ), where ϕi may contain

εs error. In this case, εs compensation then directly maps to ε

compensation under AC via a rotation of Eq. (3) by Y (−π
2 ),

and we can obtain εs-robust pulse sequences using a version
of our numerical method. When εs ≈ ε, δ, solutions robust
against εs, ε, and δ can similarly be found numerically [59].

When εs � ε, δ, our local Z rotations are approxi-
mately perfect, and Theorem 1 allows us to immediately
construct ε-robust pulse primitives for U ZC from any
time-reversal symmetric composite π pulse. Based on the
composite π pulses [2π ]εφ1

[π ]ε0[2π ]εφ1
= [π ]0 + O(ε2) and

[π ]εφ1
[π ]εφ2

[π ]εφ1
= [π ]0 + O(ε2), we, respectively, devise two

different sequences UZ1 and sUZ1 (unitaries under Z control
for first-order ε compensation),

UZ1 ≡ Z (α)[2π ]φ̄1
[π/2]πZ (β )[π/2]0[2π ]φ1 Z (γ ), (7)

sUZ1 ≡ Z (α)[π ]φ̄1
[π/2]φ̄2

Z (β )[π/2]φ2 [π ]φ1 Z (γ ), (8)

with φ̄ j = φ j + π . The second sequence sUZ1 is shorter
in total pulse area. UZ1(α, β, γ ; ε) = U ZC(α, β, γ ) + O(ε2)
for φ1 = cos−1(− 1

4 ) and sUZ1(α, β, γ ; ε) = U ZC(α, β, γ ) +
O(ε2) for (φ1, φ2) = ( π

3 , 5π
3 ). While sUZ1 is shorter, UZ1

better serves as a sequence for concatenation [59]. Or-
der n extensions of both sequences follow straightforwardly
[51,59,61], and solutions for the higher-order versions of UZ1
and sUZ1 up to order n = 5 are given in the Supplemental
Material [59].

As before, δ-robust unitaries are achieved by directly
replacing each π

2 pulse in Eq. (3) with a SCORE

(a) (b)

FIG. 2. (a) Fidelity contours at γ = 0 for our basic sequence
in Eq. (2), as well as various parallelizable PC composite pulse
sequences averaged over target U ∈ [H, Z ( π

4 ), X ( π

2 ), Y ( π

2 )]. (b)
Phase diagram of the pulse sequence that maximizes F at each
(ε, δ) under PC, drawn for γ = 5 × 10−5�. Our developed pulse
sequences, indicated in bold, occupy most of the parameter range
considered here. As γ increases, the basic and first-order sequences
will grow to dominate the phase space. See the Supplemental Ma-
terial [59] for phase diagrams for ZC and AC, as well as for more
parameter regimes.

primitive, while double compensating sequences are given by
concatenation.

Numerical demonstration. We now numerically test our
pulse sequences, benchmarking them against widely adopted
existing composite pulses such as BB1 [50] and CORPSE
[46]. In practice, various sources of incoherent errors—which
cannot be mitigated by composite pulses—also arise over
the duration of a pulse sequence and reduce gate fidelity. To
capture this effect, we evaluate the average gate fidelity in the
presence of decoherence modeled as a depolarizing channel
[59]:

F = e−γ tEψ

[| 〈ψ |U†U (ε, δ)|ψ〉 |2] + (1 − e−γ t )/2.

Here, Eψ denotes averaging over uniformly random initial
states, U is a target unitary, U (ε, δ) is a pulse sequence under
imperfections, and γ is the decoherence rate.

We compute F over a wide range of (ε, δ, γ ) for both our
sequences and other composite pulses, where F is averaged
over the choice U ∈ [H, Z ( π

4 ), X ( π
2 ),Y ( π

2 )]. Here, H is the
Hadamard gate, and Z ( π

4 ) is the T gate up to a phase. H and
T , along with any entangling gate, form a universal gate set.
The result is plotted as fidelity contours in ε-δ plane, as shown
in Fig. 2(a) for our various PC sequences at γ = 0.

We further construct “phase diagrams” indicating which
sequence, among those considered, achieves the highest F at
each point in (ε, δ, γ ) phase space. To make these diagrams,
F is averaged fourfold to lie in the positive (ε, δ) quadrant.
Though each phase diagram depends on the ensemble of target
unitaries U , we generically find that our sequences for arbi-
trary unitaries outperform existing composite pulses almost
everywhere in phase space. As an example, we show the phase
diagram for PC sequences at γ = 5 × 10−5 � [Fig. 2(b)],
and more extensive numerical results are presented in the
Supplemental Material [59]. Figure 2(b) indicates that our PC
sequences enable performance at fidelities > 0.999, even in
the presence of quasistatic laser amplitude or detuning error
up to ∼10%.
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Discussion. We have developed a method of efficient,
parallel, and highly robust control of an arbitrarily large qubit
ensemble. Quasistatic errors can be efficiently suppressed
by our parallelizable composite pulse sequences, even
without knowledge of the precise amount of error present.
Consequently, the Rabi frequencies and detunings of
individual qubits do not need to be calibrated beyond a
percent level in practical situations. Indeed, the simultaneous
calibration and removal of spatial inhomogeneity becomes
increasingly demanding, or practically infeasible, for larger
systems of tens or hundreds of thousands of qubits. Our
approach lifts this challenge, having immediate impact for
current experiments. Moreover, our method also effectively
mitigates other coherent sources of imperfection, such as
quasistatic correlated errors.

Although our method may increase vulnerability to
incoherent errors such as phase noise and scattering, re-
cent developments indicate that suitably designed qubit
encoding and error correction schemes can efficiently con-
tain some decay via conversion into erasure-biased errors
[62,63]. Since such error correction techniques may be
less effective for coherent control errors [64], the ro-
bust control methods presented here complement erasure
conversion. When implemented in conjunction, both coherent
and incoherent errors can be suppressed in large qubit arrays.

Experimental implementations of our pulses may also
benefit from additional closed-loop optimization, perhaps
using machine learning [65], to suppress other platform-
specific sources of error. Finally, we note that while
our work primarily concerns optical controls, a simi-
lar approach might also be useful for superconducting
qubit systems owing to the reduced number of calibrated
operations [57,66].
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