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Quantum signal processing (QSP) transforms a unitary parametrized by a classical variable 6 into one
governed by a polynomial function f(6). Though quantum mechanics is linear, such highly nonlinear
transformations arise naturally from the curvature of the qubit Bloch sphere. This capability underpins
many quantum algorithms and enables robust control by decreasing sensitivity to errors in a control
parameter, or quantum sensing by increasing sensitivity to variations one seeks to measure. Here, we extend
QSP from classical, commuting control parameters to noncommuting quantum operators. We call this new
multivariate class non-Abelian QSP. Rather than treating the noncommutativity of quantum control
variables as a complication, non-Abelian QSP exploits their richer commutator algebra as a resource for
efficient control. A natural setting is hybrid oscillator-qubit systems realized in superconducting and
trapped-ion processors, where the control variables can be the noncommuting position and momentum of a
quantum harmonic oscillator. We introduce the Gaussian-controlled rotation (GCR), a canonical instance of
non-Abelian QSP that cancels the Gaussian quantum-fluctuation error of an oscillator-controlled
qubit rotation, matching the robustness of classical composite pulses with a much shorter circuit and
an order-of-magnitude lower error. GCR enables fully analytical circuits for preparing squeezed, cat, GKP,
and Fock states with performance comparable to state-of-the-art numerically optimized protocols.
Building on this primitive, we develop an analytical framework for universal control of GKP bosonic
codes, in which logical readout doubles as piecewise gate teleportation, yielding the first high-fidelity,
error-mitigated single- and two-qubit logical gates for finite-energy GKP that surpass prior schemes even in
the noiseless regime. The same framework supplies midcircuit error detection and extends in closed form to
arbitrary lattices, qudits, and multimode codes relevant to the superconducting-circuit experiments now
demonstrating beyond-break-even GKP memory. We further apply these ideas to close a key gap in
oscillator-assisted quantum phase estimation. Together, these results show that the non-Abelian structure of
quantum control operators can provide a practical resource for robust and efficient quantum control,
establishing non-Abelian QSP as both a new theoretical framework and an experimentally accessible
control paradigm.

DOI: 10.1103/7jwl-k8xg Subject Areas: Optics, Quantum Physics,

Quantum Information

I. INTRODUCTION

Quantum signal processing (QSP) [1,2] is a fundamental
algorithmic primitive that (roughly speaking) transforms a
qubit unitary parametrized by a classical variable € into one
governed by a polynomial function of that variable, f(0).
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For example, for the case of a single qubit rotation, we
might have

Uilo) = e = UlfO) e OF (1)
where P is a Pauli matrix. As we will explain, the
QSP transformation is achieved via repeated application
of the fixed unitary U,[0] alternately with other qubit
rotations. Though quantum mechanics is linear, such highly
nonlinear transformations arise naturally from the curvature
of the qubit Bloch sphere. QSP is descended from early
work in the nuclear magnetic resonance community devel-
oping composite pulse sequences that are robust against
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different types of errors in the pulse controls. Its broad
utility in robust quantum control arises from choosing the
polynomial f(6) in a way that decreases sensitivity to errors
in the control parameter §. Conversely, in quantum sensing
one chooses the polynomial to increase sensitivity to the
small variations in a parameter 6 that we desire to measure.
Importantly and more generally, the QSP primitive has
been shown to underpin essentially all known quantum
algorithms [3], thus moving its impact far beyond its roots
in magnetic resonance.

In this work, we open a new multivariate regime of QSP
—mnon-Abelian QSP—in which the control parameters
{91,92, ...} are noncommuting quantum operators. We
show that this noncommutativity, rather than being merely
a complication, can itself be exploited as a resource for
quantum control. Rather than developing a general theory
of this regime, we provide its first explicit constructive
instance: a single composite pulse, the Gaussian-
controlled rotation, from which every result in this paper
follows. Experimental instantiations of this richer alge-
braic structure are currently being explored in hybrid
oscillator-qubit (CV-DV) systems [4—6] realized in super-
conducting [7,8], trapped-ion [9,10] and neutral atom
[11,12] quantum processors, where the non-commuting
variables are quantum harmonic oscillator positions and
momenta. In superconducting systems, the oscillators are
the electromagnetic modes of resonators, and for trapped
ions, the oscillators are the collective mechanical motional
modes of the ions. In neutral atom arrays, the (nearly)
harmonic oscillators correspond to the mechanical motion
of each atom in its individual optical tweezer trapping
potential.

Our work builds on two separate threads of prior
research. The abstract necessary conditions for noncom-
muting multivariate QSP were given in [13] but without any
sufficiency result, constructive algorithm, or explicit exam-
ple. Independently, there is a separate history in the
quantum control literature of developing gate sequences
for hybrid CV-DV systems for the preparation of squeezed
states, cat states, Fock states, and GKP states in the
oscillator [7,10,14-22], or entangled states of the qubits
coupled to the oscillator [23,24], but these gate sequences
were not developed from the perspective of NA-QSP. Some
of the simplest of these gate sequences, such as the
Mglmer-Sgrensen gate [23,24] in ion traps, are analytic
and “human readable,” but others are only semianalytic
[14—16] or the result of purely numerical optimization from
random initial gate sequences [7]. These are typically
difficult to interpret and hard to generalize. Motivated by
this, we show in this work that formalizing the key concepts
and operations in the language of QSP and NA-QSP
permits a deeper understanding and more systematic
analytical design of gate sequences that match or outper-
form state-of-the-art numerical schemes. In particular, we
demonstrate the benefits of interpreting these sequences as

providing robustness against quantum fluctuations in the
noncommuting control parameters, just as ordinary Abelian
QSP can be used to provide control that is robust against
classical fluctuations in the control parameters.

In Abelian QSP, the control parameter 6 in Eq. (1) is
typically determined by the amplitude of an (essentially
classical) electromagnetic pulse applied by the controller to
the qubit, or in the case of quantum sensing, the amplitude
of a signal to be sensed. In the hybrid CV-DV systems that
we will be considering, the classical control parameter 6 is
replaced by a quantum operator §

Uilg(x p)] = 800" 2200 73, )] w eTEP, (2)

where § is an operator that is a linear function of the
oscillator position (X¥) and momentum (p), that is trans-
formed under non-Abelian QSP (NA-QSP) into a poly-
nomial function f (%, p).

Because of the symplectic structure of the quantum
oscillator phase space, it is convenient to parametrize a
linear polynomial §; by a fixed two-component vector i via

n-w( D)) @

which makes clear that § is a generator of displacements of
the oscillator in phase space in the direction .

If we are dealing with only a single linear function g;,
then this is effectively a univariate Abelian case [25,26],
which is a trivial extension of the traditional QSP to hybrid
CV-DV systems. If, however, we are also dealing with (say)
a second such linear function §;, then we have a bivariate
non-Abelian case, provided that i and ¥ are not collinear so
that

92 5] = 5 (0, = uyv,) #0. @)

where, as explained in Appendix A, we are using dimen-
sionless position and momentum variables that obey

%.p]=3. (5)

This illustrates the noncommutative nature of the Weyl-
Heisenberg group of translations in phase space.

The noncommutativity of X and p, combined with
the noncommutativity of DV qubit rotations, yields an
even richer algebraic structure that powers NA-QSP.
Interestingly, there are two complementary interpretations
of the hybrid CV-DV operations [27] U[§(&, p)] in Eq. (2).
To illustrate these interpretations, consider the simple case
G(%, p) = u,%, where u, = k is a constant

Ulkz] = 'kt (6)
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TABLE L.

The landscape of CV-DV QSP. This table organizes QSP protocols by whether their control variables commute, progressing

from classical composite pulses to the non-Abelian regime opened in this work. Overview of different types of QSP techniques, with
commuting and noncommuting quantum variables, found in the literature, developed towards universal oscillator control. The bottom
two rows belong to the largely unexplored territory of non-Abelian quantum signal processing. In hybrid oscillator-qubit systems, the
noncommuting variables are the oscillator position X and momentum p. This work presents explicit analytical constructions of non-
Abelian QSP sequences with applications in the arena of CV-DV control theory.

Types of CV-DV QSP Conditions Use case Refs.
Univariate QSP 0 Adaptation of traditional QSP methods [25]
[1,3,29] to quantum control variables
Multivariate QSP with 0,.0,.05, .s.. [9“91.] -0 Control of multiple oscillators [13,30]
commuting variables
Bivariate QSP with [917 92} #0 High-fidelity control of single oscillator This work

noncommuting variables

with low circuit-depth

i(kX)o, e—i%a,_ (7)

= e
Equation (6) invites interpretation as a momentum boost of
the oscillator by an amount +k/2 [see Eq. (5) and
Appendix A to understand the factor of 1/2] that depends
on the state of the qubit. Conversely, the completely
equivalent Eq. (7) invites interpretation as a rotation of
the qubit about the z axis by an angle 9;5 = —2kXx that is
linear in the oscillator position. Gates of this form are
natively available [5] in both ion traps and in super-
conducting circuits.

It is straightforward to show that combining U[kX] with
U[-Ap] yields a rich algebraic structure that enables
universal control for hybrid CV-DV systems [5] due to
the noncommutativity of the rotation angles &; and 91”7' In
particular, NA-QSP sequences can be used to generate
higher order polynomials such as U[A(%? + p?)], which can
be interpreted as a qubit-dependent rotation of the oscillator
in phase space, or as a rotation of the qubit about the z axis
by an angle proportional to the energy of the oscillator. A
quartic polynomial can be used to synthetically generate
effective anharmonicity in the oscillator to perform quan-
tum Hamiltonian simulations of interacting bosons, spins or
fermions coupled to bosons, motion of nuclei in molecules
on nonparabolic potential energy surfaces, lattice gauge
theories, etc.

The fact that the oscillator position and momentum are
noncommuting, of course, leads to Heisenberg uncertainty
in these quantities. We are thus faced with the conundrum
that while we may wish to rotate a qubit by an angle
proportional to the displacement of an oscillator, there will
inevitably be quantum fluctuations in the oscillator
position to contend with. Interestingly, the deleterious
effects of these quantum fluctuations can be mitigated
using Abelian QSP gate sequences based on purely
classical robust control techniques developed by the
NMR community [28].

It turns out, however, that the cause of the problem can
also be its cure. The very same noncommutativity that

produces these quantum uncertainties can be harnessed to
construct a simpler and more robust NA-QSP sequence—
the Gaussian-controlled rotation (GCR)—that suppresses
them. GCR serves as our prototype for explaining NA-QSP
and for illustrating its power on experimentally practical
finite-energy approximations to the GKP bosonic code,
where it significantly improves the mapping of error
syndromes and logical states onto the DV qubit for
measurement, and enables an improved form of gate
teleportation. As we show, this single primitive already
yields fully analytical protocols across oscillator state
preparation, universal control of GKP error-corrected
qubits, and oscillator-assisted phase estimation—domains
where comparable results previously required numerical
optimization.

A. Outline and reader’s guide

We anticipate that this work will be of interest to readers
familiar with DV qubits who wish to learn about the
extension of QSP ideas to the non-Abelian CV setting, and
to readers familiar with CV quantum information who are
seeking a more systematic approach to bosonic control
problems. In Sec. II we will briefly review standard
quantum signal processing and introduce NA-QSP, giving
an overview in Table I of the hierarchy of different classes
of QSP for hybrid CV-DV systems. We also define the
specifics of experimentally realized hybrid gates that can be
used for QSP. Section III shows how traditional NMR
composite pulse sequences can be applied to compensate
for quantum fluctuations rather than classical fluctuations
of the pulse parameters. We then present GCR in detail; this
NA-QSP sequence takes particular advantage of the fact
that the zero-point fluctuations of oscillators lead to
Gaussian distributions of their position and momentum.
In Sec. IV we present applications of the GCR to the
deterministic preparation of squeezed states and non-
Gaussian states such as cat states and GKP error correction
code words, and compare it against state-of-the-art numeri-
cal strategies. Section V presents important NA-QSP
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applications to GKP bosonic error correction codes, giving
novel algorithmic primitives for logical readout, error
correction, and gate teleportation. Section VI highlights
future directions with concrete examples in phase estima-
tion, universal control via preparation of rotation symmetric
states like the four-legged cat state and Fock state |1), and
extensions of hybrid optimization. Section VII presents a
summary, conclusions, and open problems.

II. QUANTUM SIGNAL PROCESSING FOR
CONTROL OF HYBRID SYSTEMS

In this section, we introduce the key concepts needed to
frame the hybrid CV-DV control problem: starting from
classical composite pulse sequences, we review quantum
signal processing and its extension to hybrid oscillator-
qubit systems introducing the two central problem state-
ments in hybrid control, and explain how Gaussian uncer-
tainty in oscillator states creates the control challenge that
Sec. III addresses. For this work, we use g, e¢ to denote the
ground and excited states of a qubit, while [n = 0, 1,2, ..) is
used to represent the Fock states of an oscillator, with |0)
representing the vacuum.

A. Composite pulses for single-qubit control

The QSP formalism is the generalization of composite
pulses—compositions of multiple single-qubit rotations,
developed by the NMR community, to correct for system-
atic errors in control parameters. As an example, suppose
that the target rotation is

U, = e=3%, (8)
0,4 = Cos o, + sin ¢o,,. 9)

For the experimentally common case where the pulse
controller has well-controlled phase, ¢, but poorly con-
trolled amplitude, the actual rotation applied will be

err(e) — e—iqu, ,

o with (10)

0=0,1+e), (11)

where e represents a small fractional error in the pulse
amplitude.

To suppress such errors, composite pulses U ¢7(9),
composed of multiple (erroneous) single-qubit rotations
with different phases q_é = {¢o, @1, ...}, are constructed to
cancel all low-order error terms up to O(¢"~!), thereby
boosting the rotation fidelity to

(I UTU3(O)|9)* = 1= O(e). (12)

Several well-known composite pulse sequences have been
developed for classical (scalar) errors in 6, including

BB1 [28], SCROFULOUS [31], and TYCKO [32]. In
the context of quantum control of qubits, related but more
systematic schemes have been developed [3,33-35].

For our purposes, the BB1 sequence achieves the
simplest and most effective error cancellation, and thus,
will serve as our benchmark for comparison. The sequence,
designed to implement a robust approximation to the
rotation U, under classical control errors, is given by

i —iZ, i 0
BBI1 (9[) —e 1291904’6 191963‘/’6 129[90¢e—z§ﬂx’ (13)

where ¢, = cos™'{-[0,/(4x)]}. The net effect of the
composite sequence is to produce a unitary of the form
shown in Eq. (1) with the polynomial f designed to
produce a nearly constant output for all input angles 6
near the target angle 6,

f0) = 0,4+ O(e"), (14)

for some degree n > 1. For the BB1 sequence, n = 3, thus
yielding a fidelity of |(g|U{U;(0)|9)]* = 1 - 5(6/2)°.

B. Review of QSP

Quantum signal processing emerged as a systematic
generalization of composite pulse sequences. In particular,
these sequences sandwiched a signal, commonly a single-
qubit X rotation, between single-qubit Z rotations [29]. For

a signal processing vector (75 = {¢o, @1, ...}, we can write a
single-qubit QSP sequence as

d-1
U;(0) = e74o [ et (15)
k=0
d-1 ) k
=TT e %o, o, = quj, (16)
k=0 =0

We will use the convention that the product of operators is
ordered from right to left so that the £ = O term is applied
first and the k=d term is applied last. The final
expression assumes that @, = 0. Thus, a QSP sequence
is a series of single-qubit rotations about axes on the
equatorial plane of the Bloch sphere targeted to achieve a
unitary polynomial U (7)(9). For example, the BB1(90)

composite pulse sequence in Eq. (13) can be represented
in the QSP form as JJ: (0,4,0,24,0,0,0,-24,0,-4)
where A = cos™!(—1/8). The QSP sequence produces a

matrix that can be expressed using polynomial functions
of cos(6/2) [3],

0oy o)
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For BB1, the first matrix

is Uyy(0) = [{9lU5(0)9)].

The QSP framework has been subsequently extended
from single-variable to multi-variable settings. A general
QSP sequence covering all extensions where the signal
processing operators are single-qubit rotations is given by

component of this

U

o i S
U(/’(Hlv 62’ 037 9}1) = elTk®ka ’ (18)
0

~
Il

where s, denotes the signal variables for each of the k
signal processing steps. Note that this extension may
include multi-qubit systems, hybrid oscillator-qubit sys-
tems or multi-oscillator systems. A characterization of the
polynomial classes achievable by such sequences is dis-
cussed in Table 1. Recent works in this direction developed
QSP with multiple commuting control variables [13,30]

where [0, 0 ;] = 0 for all pairs of control signal variables.

While the commuting case is now well understood, in
this work we push beyond it and begin to address the
broader challenge of synthesizing operator-valued poly-
nomials that depend on non-commuting observables
0,,0,]#0 for at least one pair of indices {i,;}.
Although a general constructive framework for non-
Abelian QSP remains open—both the characterization of
achievable polynomial classes with non-commuting vari-
ables and a constructive algorithm mapping target poly-
nomials to phase sequences are outstanding problems—the
hierarchy outlined in Table I offers a roadmap for future
developments, and identifies promising intermediate
classes of protocols that are tractable with current
techniques.

We focus on hybrid oscillator-qubit systems, such that
the control variables are quantum operator-valued linear
functions of the position (X¥) and momentum (p) of the
oscillator: @; = f(&, p). Importantly, the assumption
on linearity of f is sufficient to achieve universal control
[5,7]. Tt is wuseful to note that the QSP sequence

U (;(91,92,93, ..0,) defined above can be written in the
form of a 2 x 2 operator acting on the DV qubit,

U-(0,,0,.05,..6,) = (0” Uge) (19)
¢ ’ ’ 9 n Ueg Uee ’

where each of the U; ; blocks is a CV operator acting only
on the oscillator. For example, U,, = (g Ujlg) is the
effective operation applied to the oscillator when the qubit
outcome is |g), and similarly, Uge = <g|U¢7(91,92,93,
0,)|e), etc. It is important to note that these four block-
encoded operators acting on the oscillator need not be

unitary—a feature that can be used to advantage in various
quantum algorithms.

C. Problem statements for control of hybrid systems

For each problem below, we take as the goal that the
qubit should be completely unentangled from the oscillator
after U; is applied to the starting state |g,0) (qubit in |g)
and oscillator in the vacuum state |0)). That is, we want U 7

to be block diagonal and g 10 perform a specified target

(unitary) operation U, on the oscillator. If these conditions
are not perfectly satisfied, then we have several important
measures of fidelity.

First, it is useful to know the success probability for the
postselection on the qubit to end up in |g)

P,=1-P,=(0|U},U,|0) =1-(0|U},U,[0). (20)

The second quantity is the hybrid fidelity Fy, which, for the
problem of state preparation, is given by

Fy = |(0|0{U,,|0). (21)

This gives the probability that the ancilla starts and ends in
|g) and the oscillator starts in |0) and ends in the target state
we want to prepare, |y). We can also define a third quantity,
the postselected fidelity, given that the qubit did end up in
|g), which from Bayes rule is

Fpo=-1. (22)

There are additional fault-tolerance metrics one can con-
sider in the case when the ancilla qubit can raise a flag
indicating a leakage error has occurred [36-38] but this is
beyond the scope of the present work.

In defining fidelities for operators, it is necessary to
truncate the countably infinite Hilbert space dimension to a
finite dimension d. We will assume that d is large enough
that errors due to this truncation are negligible [5]. If we
allow O(n) upper bound on the qubit-oscillator entangle-
ment error, then the problem statements for oscillator-qubit
control are framed as follows:

1. (Problem 1) universal state preparation
To realize an arbitrary oscillator state |y) starting
from vacuum, we require a hybrid unitary U ;5(@1’ Dy, ..)
such that:
(i) 1- |<W|Ugg|0>|2 =1- FH = O(']>’ and

(@) [[Tol0)| = /101T%, U 4/0)| = VP, = O(n),

where ||| is the state norm, and U,, (U,,) is the effective
oscillator operation conditioned on the outcome of meas-
uring the qubit in |g) (|e)).

2. (Problem 2) universal control

To synthesize a polynomial Hamiltonian A (%, p) that
realizes an arbitrary oscillator unitary (U, = e~

041018-5



SINGH, ROYER, and GIRVIN

PHYS. REV. X 16, 041018 (2026)

Defining ||A"- B|| = (1/d?)|Tr(A"B)|* as the operator
fidelity between operators A, B, we need U (7}(13,,@2,..)

to obey:

() 1=[|U},- U] =1—=Fy = O(y), and

(i) [0l = On).

With these problem statements in place, we now intro-
duce the instruction set and discuss the physical origin of
the control errors that QSP must suppress.

D. Phase-space instruction set

Quantum signal processing for hybrid architectures,
where the control operators & = f(%, p) are linear in the
position and momentum of the oscillator, employs the
phase space instruction set [5] (see Appendix A for details).
The signal is a displacement of the oscillator conditioned
on the qubit state, or alternatively, an oscillator-controlled
qubit rotation,
CD(p,04) = €?"®%, ? = Im(p)x —Re(p)p. (23)
We use the shorthand notation 9o, =9 ® o, for this
operator. These gates have been experimentally realized
via dispersive and sideband interactions in superconducting
and trapped-ion systems [7,10,17]. Conditional displace-
ments have recently been used to very efficiently compile
quantum singular value transformation (QSVT) oracles for
hybrid CV-DV hardware [39], illustrating the broader
algorithmic reach of this instruction set. The oscillator
position ¥ and m +omentum p do not commute—a fact
that distinguishes the hybrid CV-DV setting from all purely
classical or commuting-variable control problems, and
which we exploit directly in Sec. III A.

E. Quantum fluctuations

Quantum states in an oscillator cannot have perfectly
defined position and momentum due to the uncertainty
principle. A coherent state |@) is a minimal example,
represented in the position basis by a Gaussian wave
function:

2 1/4 _(-’f—g)z
o) =aat) = (132) < Fo
with mean position (¥) = @ € R and Gaussian uncertainty
6x = A/2. This uncertainty is just the natural uncertainty
associated with the zero-point fluctuations of the oscillator
ground state or vacuum (for which A = 1), but may be
smaller or larger in squeezed states (see Sec. IV B). For
unsqueezed coherent states, we write |a) = |a;). For our
purposes, the key phase-space information in squeezed
coherent states lies primarily in the mean position and
momentum encoded in @, and secondarily in the uncer-
tainty A.

This Gaussian uncertainty is the central practical
obstacle in solving problems 1 and 2: since the oscilla-
tor-controlled rotation angle is proportional to the oscillator
position, and the position has a Gaussian spread of width A,
the qubit accumulates a distribution of rotation angles
rather than a single definite one. In Sec. III, we show how
classical composite pulse sequences from NMR can be
adapted to suppress these errors, and introduce GCR as a
prototypical non-Abelian composite pulse that exploits the
noncommutativity of X and p to outperform BB1, the best
composite pulse sequence from the traditional NMR
literature, while using strictly lower circuit depth.

III. COMPOSITE PULSES IN PHASE SPACE

Oscillator states important for bosonic error correction,
like cat states and GKP states, are superpositions of wave
functions with the same spread in their Gaussian uncer-
tainty. This associated Gaussian uncertainty causes over-
and underrotations in the oscillator-controlled qubit gate
CD: because the rotation angle is proportional to the
oscillator position, and the position has a Gaussian spread
of width A, the qubit accumulates a distribution of rotation
angles rather than a single definite one. The goal of this
section is to design QSP sequences that suppress these
errors, as illustrated in Fig. 1.

In the spirit of Eq. (2), we define a target transformation

U, ~ ek®ox (25)

such that, when U is applied to the hybrid oscillator-qubit
state, measurement of the qubit in the o, basis yields one bit
of information about the mean position (%). The simplest
case is distinguishing (%) = 4|a|. For example, choosing
k = —0,/2|a| with 6, = n/2 yields

Ullg) ® | £as) | Fi) ® [ £ aa), (26)

mapping the sign of (&) onto two orthogonal qubit states.
Note that U, can only distinguish states with minimal
overlap, that is, when |a|/A is large and the states |+ ay,)
become nearly orthogonal.

More generally, for states consisting of a superposition
of Gaussian peaks located at x = m|al|, m € Z, the rotation
angle accumulated by the qubit on the mth peak in the
superposition is m#,. Since the qubit can only encode one
bit of information per measurement, a single application of
U can extract only one binary property of m—for instance,
the parity (—1)™, obtained by choosing |6,| = z/2. This is
precisely the measurement primitive used in later sections
for the control of cat states and GKP states. For clarity, we
first focus on real a values only.

A naive approach is the single-qubit position-controlled

S
rotation e %, This pulse achieves the target U, only
at the peak of the Gaussian, |x| =@, but undergoes
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CV-DV system

¥)®lg)

Applications

Deterministic state
preparation (Sec. 1V, VI A)

Ry (_) I
2|a|

$(o) \

L 00000

instruction set GKP universal control
(Sec. 1) (Sec. V)
\

e —

Phase estimation
(Sec. VIB)

00000

FIG. 1. Framework of composite pulses in phase space and its applications. A hybrid CV-DV system is controlled via the phase-space
instruction set, which serves as the substrate for Abelian and non-Abelian composite pulse sequences, with applications in oscillator-
qubit (CV-DV) control theory. Blue curves show the probability distribution of the oscillator position |(x|y)|>. The goal is to rotate the
ancilla qubit spin from |g) to | Fi) using only oscillator-controlled rotations, based on the sign of (%) = +a, independent of position
uncertainty A. The qubit state is depicted on the yz-plane of the Bloch sphere: the initial state |g) points along +z and the target state
| —i) points along —y. Left panel: Depicts the hybrid CV-DV system in a product state, controlled via oscillator-controlled qubit
rotations Ry (2k%) = e~ik9)2. a5 shown in Eq. (7). The spread of ticks in the clock around the target state on the yz plane of the Bloch
sphere illustrates the over- and underrotations arising from Gaussian position uncertainty A. The bottom plot introduces our key idea—
applying QSP-based Abelian (BB1) or non-Abelian (GCR) composite pulses in oscillator phase space to suppress these rotation errors.
Right panel: Key applications of this framework include deterministic preparation of oscillator states, universal control of GKP

Abelian/non-abelian
(Sec. 1)

codewords, and algorithmic primitives towards universal state preparation and quantum phase estimation.

over- and underrotations away from the peak due to the
uncertainty A:

a0,

~ U, exp{ 2|9 (- a)ox}. (28)

The first factor is the target unitary and the second factor
represents the erroneous part of this rotation, shown in the
blue panel (left figure). Because of the Gaussian envelope
(x|aa ), the probability of finding the oscillator far from the
peak is small, which limits the effect of these errors for
large |a|/A.

To faithfully learn about the oscillator while preserving
its state, these errors must be corrected in a QND manner.
The error operator here takes the same form as in the
classical NMR rotations, discussed in Sec. II, as the error is
proportional to the target amplitude 6,. We can therefore
employ traditional composite pulse sequences from NMR
to cancel these over- and underrotation errors—classical
composite pulses thus serve as a natural precursor to our
hybrid oscillator-qubit QSP approach. All previous
approaches in oscillator control [7,14,15,40] used numeri-
cally optimized CD-based circuits to achieve this error
cancellation using ancillary qubits. In contrast, the QSP
constructions are fully analytical and intuitive.

Quantum control variables. One can replace the classical
control variable @ in traditional QSP composite pulses with
the quantum operator & = (6,/|al)#, as long as all rotation
arguments in the pulse sequence commute. This substitu-
tion enables the direct application of univariate QSP
techniques with commuting variables [29,41] to quantum
systems. A natural starting point is the BB sequence,
which can be promoted to a hybrid quantum setting by
applying the same pulse logic to oscillator-controlled
rotations. In its original context, BB1 suppresses the
sensitivity of (g|U(Z|g> to fluctuations in the classical

variable 6 that arise from pulse amplitude errors.
Crucially, when the argument is promoted to a quantum
variable, 8 — f(fc) the same sequence can be repurposed
to read out the mean position of the oscillator—now
suppressing the sensitivity to fluctuations induced by the
Heisenberg uncertainty principle rather than classical noise,
while retaining access to encoded phase-space information.

0 o
Specifically, to correct the rotation e<”*, using the
classical BB1 sequence from Eq. (13), we define

BB](Q) —e z\af“’me ‘a\’“’%rﬁle Z\a\xo—me 2\11\)“;" (29)
where ¢, = cos™!{—[60,/(4r)]}, directly translating into a
sequence of position-controlled rotations. This hybrid
composite pulse sequence enhances the fidelity of the
target oscillator-controlled qubit rotation by mitigating
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the quantum fluctuation error due to Gaussian uncertainty,
thereby more precisely communicating the sign of the mean
position (%) = £« of the oscillator to the auxiliary qubit.
This sequence has also found its use case in quantum
interferometry [25].

Traditional QSP sequences like BB1 can only be adapted
to Abelian, univariate settings for hybrid control—leaving
potential gains from noncommuting control variables
entirely untapped (see blue panel, right figure of Fig. 1).
This raises a natural question: can non-Abelian QSP
outperform its Abelian counterpart? We answer this
affirmatively in Sec. III A.

A. Gaussian-controlled rotation: The non-Abelian
composite pulse

With the goal of creating a good approximation to the
target unitary given in Eq. (26), we now introduce the
Gaussian-controlled-rotation GCR(6,), a non-Abelian QSP
composite pulse sequence, defined as

O o 02

GCR(0,) = e a7~ 2a %, (30)
This is a bivariate QSP sequence with d = 2 components in
the multi-QSP sequence of Eq. (18), using the hybrid gates
defined in Eq. (23). Compared to the Abelian BBI
sequence in Eq. (29), which uses four position-controlled
rotations, GCR uses only two gates—one conditioned on X
and one on p. Further, it differs from conventional
multivariate QSP [30] in that its two angular variables
are noncommuting. As we will show, this noncommuta-
tivity is precisely what enables error cancellation with
fewer gates when the error fluctuations are known to be
Gaussian. Necessary conditions for QSP with non-com-
muting variables are given in Ref. [13], but no sufficiency
result or explicit construction is provided. Numerically
optimized pulses using alternating sequences of control
parameters %o, and po, have previously been used to
achieve control of CV-DV architectures [14,40], however,
without any analytical explanation in the context of
composite pulses or bivariate NA-QSP. We provide GCR
as a concrete and analytically optimized instance of a NA-
QSP sequence.

The working of GCR is illustrated in Fig. 2. We begin
our analysis by noting that the first term in Eq. (30) is the
simple position-controlled qubit rotation discussed previ-
ously. As we will demonstrate further below, the second
term is a “prerotation” correction factor designed to
approximately cancel the errors from the first term for
the specific case of known Gaussian uncertainty. Using
Eq. (28), we can rewrite Eq. (30) as

0, a2,
GCR(6,) = Utexp{ 2| |(A a)ax}elzml"w_ (31)

2

A A AN

O O 000000

ﬁa R(2H)

@@@@@@ @ @

FIG. 2. Gaussian-controlled rotation. The naive approach
(shown by yellow arrow) of applying Ry (k&) = e~ yields
over-and underrotations about the target rotation of k(%) = +ka.
With GCR (shown by red arrows), a momentum-controlled
rotation is applied as precorrection, which rotates the qubit about
the mean position in the exact way that cancels the over- and
underrotations to yield the final rotation of the qubit predomi-
nantly due to the mean position value of each peak (£a).

When acting on the input state |g, a, ), the prerotation
cancels the error term to first order so that GCR yields an
effective polynomial that rotates the qubit by an angle
determined by the mean position of the Gaussian wave
function:

GCR(6))|g. aa) = U\lg. aa). (32)

that is, the target unitary given by Eq. (26): a qubit rotation
about an arbitrary equatorial axis by a fixed angle 46,
whose sign is determined by the mean position of the
oscillator. The key step is that the conditional displace-
ment precorrection effectively performs a rotation about
o, that cancels the rotation error [see Eq. (28)] arising
from Gaussian uncertainty in position to first order in
A/a. Unlike BB1, which depends only on the mean
position a, GCR also depends on the uncertainty A.
The error suppression of this circuit is strictly better than
BBI1, with circuit duration reduced by at least 4.5x and
circuit depth reduced by 2. Table II summarizes the full
comparison.

We now show how the conditional displacement e
acts as a precorrection to the main position-controlled
rotation: it performs a rotation whose amplitude depends on
the derivative of the oscillator state.

(xfeie

Ad _t=a?
x|+ -— 2 33
N
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TABLE II.  Performance comparison of BB1 and GCR for 6, =
7/2 with coherent state |a| = 2 (first point in Fig. 3), at the worst
case A = 1 for GCR. Metrics: number of CD gates (N), circuit
duration (7'), hybrid infidelity (1 — F), and failure rate (P,). CD
of amplitude 1 takes 1 ps [7].

Pulse N T 1-Fy P.
BBI 4 3.6 us 7 x 1073 7 x 1073
GCR 2 0.8 ps 3% 1073 4x107*
Ax—a _=a?
= -5 o

and requires the qubit to be initialized in |g), since
oylg) = iog|g), which implies

. AxXx—a
e g, an) & [1 - ZET(&] |9, aa)
~ e_iéi__ggxw, an). (35)

These calculations assume |A| <1 so that truncating the
Taylor expansion to first order in Egs. (33), (35) is justified.
Thus, we have proved that the conditional displacement
€2P% acts as a position-controlled rotation with amplitude
proportional to (x — a). Now, setting A = —[(0,A?)/|a|] and
plugging Eq. (35) into Eq. (30) yields the target effect of the
unitary U, described in Eq. (32), confirming that the
precorrection exactly cancels the first-order position uncer-
tainty error.

B. Error bounds

The key small parameter controlling the correctness is

0,.A
X = 2|—a ) (36)

a dimensionless parameter that sets the scale of
rotation errors due to uncertainty in the signal
[0;/(2|a])]x. To bound errors in the pulse, we note that
U/GCR(8,)|g)|as) = UF"|g)|ay), and ideally UE" should
be simply an identity operation on the oscillator-qubit state.
To quantify this effect, we use the following figures of
merit, derivations for which are given in Appendix B 3.
(1) Failure probability quantifies qubit rotation errors as
1 — |UET|? [see Eq. (19)]. Odd-order terms (x°, x°)
in the expansion of U™|g)|a,) are the sole con-
tributors to qubit rotation errors (Appendix B 3),
giving

P,(GCR) ~0.1°+ O(x*), x<1. (37)

For comparison (see Appendixes. B 2, B 4):

P,(no-QSP)=0.25y%, P,(BB1)=1.85%. (38)
GCR and BBI1 achieve the same y® scaling [analo-
gous to the classical BB1 scaling in ¢; see Eq. (13)],
but BB1’s prefactor is 18.5x worse.

(ii) Hybrid infidelity |(g,ax|Brr|g, ax)> quantifies os-
cillator backaction. When P, is sufficiently small,
the hybrid state fidelity governs performance. The
residual infidelity of GCR,

1 — Fg(GCR) = »*/8 + O(x%), (39)

scales as y* rather than y°. This softer scaling
reflects unwanted backaction of the momentum-
controlled rotation in GCR—a cost absent in BB1
as it uses only position-controlled rotations and
therefore satisfies

1 — Fy(BB1) ~ P,(BB1) = 1.85y°.  (40)

GCR trades a softer y* scaling for lower absolute
infidelity in the operating regime for y such that
|a| > 2 (see Fig. 3). For example, we explicitly
compute the values for several metrics at @ = 2 in
Table II.

(iii) Circuit depth. Gate duration scales with displace-
ment amplitude (Tcp(q,q, ) & a), so total displace-
ment amplitude is the appropriate circuit-depth
metric. This gives Tger « [7/(4]al)](1 + A2) and
Tpp; o [(97)/(4]al)], hence

T > 4.5, (41)
T'ger

with equality at A = 1, the worst case for GCR. [42]
Since DV ancilla decay—the dominant error source
in hybrid CV-DV architectures—scales with circuit
duration, this reduction directly improves high-
fidelity performance.

Numerical simulations confirm all analytical results
[Fig. 3(a)]: curves match for both GCR and BBI1, and
for unsqueezed coherent states (A =1, 6, =x/2) an
advantage requires |a| > 2. Absent qubit or cavity decay,
GCR is effectively deterministic—ancilla measurements
serve only to herald extrinsic failures such as qubit or cavity
decay errors.

C. Generalizations of GCR

The ability of this sequence to remove errors arising from
Gaussian position uncertainty inspired the name Gaussian-
controlled-rotation, or GCR. The sequence generalizes
straightforwardly: the qubit operators may be rotated by
any angle ¢ about the z axis (6, — 64, 6y = 644,/2), and
the phase-space quadratures may be replaced by any pair of
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Performance of non-Abelian composite pulse sequence GCR in quantum phase space for 6, = z/2 and A = 1. (a) Comparison

against BB1(6;) for y = [z/(4|a|)]. Colored lines: simulated failure probability (solid) and infidelity (dashed) from QuTIP [43]; black
lines: analytical expressions Eqs. (37)—(39) (see Appendix B). Infidelities of GCR(6,) scale as y*; failure probabilities of both schemes
scale as y°. The 18.5x advantage in P, is due to the ratio of prefactors at equal y° scaling. (b) Performance for the coherent basis
{Jaa + ifa)} witha # 0, § # 0. (Left) Varying || at fixed |#| = 5 confirms the same scaling. (Right) Varying || at fixed |a| = 5 shows
independence from || (Eq. (42)), as only a simple rotation is needed to handle states with (p) # 0.

perpendicular directions Xx — 9, p — v, [see Eq. (23)].
There are two further cases to consider.

For momentum-squeezed states with A > 1 and (%) = 0,
(p) # 0, the position fluctuations are antisqueezed and the
correction should act along p rather than . This is achieved
by simply choosing © = p, replacing A by 1/A, confirming
that A = 1 remains the worst case for GCR.

For states with both (p) #0 and (%) # 0, the wave
function takes the form (x|ay + ify) = ePe=(=a*/2% (up
to normalization and a phase). The momentum offset f
introduces an additional position-dependent phase that the
standard GCR sequence does not account for. This is
corrected by a simple initial qubit rotation before applying
the standard GCR sequence:

A2
GCR(0)|g. an + iBs) = P GCR()e 5 g, a,). (42)

Numerical confirmation is shown in Fig. 3(b), confirming
that GCR extends naturally to coherent states along
arbitrary phase-space vectors.

A possible extension to non-Abelian composite pulses is
the concatenation of Abelian and non-Abelian pulses. GCR
suppresses errors from Gaussian position uncertainty but
degrades when the oscillator experiences a small displace-
ment error (%) # +a; BB, by contrast, is resilient to such
displacement errors but carries no information about A.
Concatenating the two—replacing each BB1 rotation with
the corresponding GCR pulse—would appear to combine
these complementary strengths, but the deterministic (uni-
tary) composition performs poorly: the physically realiz-
able precorrection cancels the position-uncertainty error
only to leading order in the rotation angle, so BB1’s large-
angle (7, 2m, ) pulses break this condition and wash out

the response. The exact GCR correction can instead be
realized in this composition probabilistically by heralding
an ancilla, recovering a near-ideal response on a <17%
postselected fraction. The issue with this pulse and its
heralded analog has been described in Appendix C. We do
not pursue this composition, as the concatenated sequence
is long and unfavorable for noise resilience.

Based on these results, we use GCR to design analytical
preparation schemes for states with favorable representa-
tion in phase space, like squeezed, two-legged cat, and
GKP states in Sec. IV, while the preparation of rotation-
symmetric states, like four-legged cat and Fock states, is
given in Sec. VI A. We also highlight its utility in bosonic
error correction with a use case in stabilization as well as
logical gates for universal control of GKP states in Sec. V.

IV. DETERMINISTIC BOSONIC STATE
PREPARATION

In this section, we leverage the Gaussian-controlled
rotation composite pulse sequence developed in Sec. III A
to derive deterministic preparation schemes for structured,
non-Gaussian oscillator states—particularly superpositions
of nonoverlapping Gaussian wave functions. We introduce a
modular set of hybrid quantum control routines—or “gadg-
ets”—constructed using GCR, and use them to design fully
analytical schemes for deterministic preparation of two-
legged cat states (Sec. IVA), squeezed vacuum states
(Sec. IVB), and GKP codewords (Sec. IV C). These
protocols are analytically derived, match or exceed the
performance of numerically optimized schemes, and are
directly implementable in current superconducting and
trapped-ion platforms.
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The modular structure of these gadgets extends naturally
beyond the experiment-ready results presented here. In the
applications and outlook section (Sec. VI), we use these
same tools as a starting point for analytical preparation of
rotationally symmetric states—including N-legged cat and
Fock states—as concrete steps toward the broader open
problem of universal oscillator state preparation formulated
in problem 1 of Sec. II. Those examples illustrate both the
reach of the phase-space ISA and the fundamental con-
straints that arise when it is pushed beyond its natural
domain.

Throughout the rest of the section, we adopt the tensor
product convention |osc) ® |qubit) for the joint system,
and refer to the total amplitude of conditional displace-
ments (CDs) in a pulse sequence as the circuit duration
(reported in ps). The precise mapping from CD amplitude
to runtime in ps is detailed in Appendix D. We focus on
noiseless state preparation in this section, and performance
against realistic noise parameters is discussed in the next
section.

Before introducing our state preparation protocols, we
define two gadgets which will be used throughout all the
methods below. Consider states of the form

wa) =Y cnl(ma)y), (43)

mez

where {c,} are complex coefficients. States with this
description correspond to evenly spaced superpositions
of Gaussian peaks, such as cat or GKP states. The gadgets
we introduce allow us to entangle (€) or unentangle (I/) a
qubit with the individual peaks (indexed by m), without
being sensitive to the position or momentum fluctuations of
each peak, and will allow preparation of states of the form
of Eq. (43).
(a) &: A Gaussian-peak-dependent entangling gadget can
be defined as
E(0,a,A):GCR(0) or BBI1(6). (44)
Applying the entangling sequence to a state of the
form of Eq. (43), the entangling gadget has an action

E0.a. M) ya)lg) » Y culmay) ® e 507 g),

mez

(45)

where |g) is any qubit state. Note that this entangling
gadget depends on a and A, which requires prior
knowledge of the state on which this sequence is
applied.

(b) U: Starting in an entangled hybrid oscillator-
qubit state of the form above, an unentangling
circuit fixes the qubit state at the end of the circuit
[see Fig. 4(a)]. We define the unentangling gadget as

() Deterministic Cat Circuit: C(¢', |a|, A)

[0a) ) -~ Even Cat
U@, lal,A)
lg) - |g)

)
| 1
/ \

\

()

2
, Unentangling ‘ ()] .
wiosh J\ | J\

>

—a +a E@:lol, M) +a

QO | (OO
JXJ

~ e+t |-a)-) e >1  ~(+a) +[-a))lg)
(b)

Failure probability Cat state infidelity ue',|al,A)

102 — GCR(n/2)
104 \ \::‘111::;:*“,‘,0_‘ —— BBL'(x/2)
106 \ ey Rx(f )

2 4 6 8 10 2 4 6 8 10

Cat size || Cat size ||

FIG. 4. Deterministic preparation of two-legged cat states.
(a) Deterministic cat state preparation requires an unentangling
sequence given by U. (b) We show numerical results with options
of no correction [ =Ry (0'%/|al) in yellow], univariate or
traditional QSP correction ({4 = BB1 in cyan), bivariate non-
Abelian QSP correction ((/ = GCR in red). (Left) Failure
probability of ancilla ending in state |g). (Right) Infidelity of
output oscillator state with the desired cat state upon success.

any circuit of the form
U@, a,A):GCRT(&) or BBI(#). (46)

This gadget is used to unentangle an entangled
oscillator-qubit pair, such that

wA)la) U @ 8) D cplman) @ 5

mezZ

q),
(47)

with [y, ) of the form of Eq. (43) and |¢’) a fixed qubit
state. Evidently, the choice 8 = —0' achieves this goal
(i.e., U = £). However, any choice of & such that

0+0 =kn kez, (48)

also achieves the desired objective, potentially result-
ing in |g) # |¢’). In particular, choosing &’ # —6 leads
to a situation where L€ applies a trivial action only
on states of the form of Eq. (43), which as we show
below in Sec. V leads to interesting error-correction
properties.
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From these gadgets, we now introduce our state prepa-
ration protocols for various oscillator states that follow the
representation of Eq. (43).

A. Two-legged cat states
The superposition of two coherent states located at
diametrically opposite locations in the phase space of an
oscillator is known as a two-legged cat state. We define

|Ciq) « (Ja) +| —a)) Even cats (49)

Coa) o (|a) = | =)

and if the basis states | £a,) with A # 1 are used in this
definition, then |C,) are squeezed cat states. These are of
the form of Eq. (43), with ¢y =+c_; and ¢; =0
for k ¢ {£1}.

Protocol. The protocol starts with the qubit in the ground
state and the oscillator in a (squeezed) vacuum state. An
even cat state is then obtained through the sequence

0Odd cats, (50)

Cia)lg) #U(=7/2, @, A)CD(2a, 64)|04)g).  (51)

For simplicity, we assume below A =1, i.e. an initial
vacuum state, and choose I/ = GCR. After the first condi-
tional displacement, the state is given by

CD(2a,064)[0)|9) @) |+) + | —a)|-).  (52)

This leaves the oscillator-qubit in an entangled state. At this
point, even or odd cat states can be prepared probabilisti-
cally by measuring the qubit in the o, basis [8,44,45].
However, for a deterministic process, one can instead apply
a +x/2 qubit rotation, where the sign of the rotation
depends on the associated oscillator state. This is precisely
the effect of the U/ sequence introduced above, which
applies on the qubit a rotation R[z/2 x sign(a)], see
Eq. (30). After the full sequence, the resulting state is
given by

GCR' (#/2)CD 245,104 |9
o N (@) ) + | - @)-)
~(la) + |- @) ® lg) + OA)w) @ o)
+0)) ®le), (53

where y is the error parameter defined in Eq. (36). [46] Odd
cats « (|a) — | —a)) can similarly be prepared by starting in
qubit state |e) (see Appendix E 2).

Discussion. In Fig. 4(b) we fix A =1, vary a and plot
two quantities: (i) 1 — P, which is marked by the meas-
urement of ancilla in |e) and (ii) 1 — Fy, the infidelity of the
hybrid output state against the desired even cat state with
the qubit in |g). Low P, for GCR and BBI indicates that

ancilla measurement is not required. As shown in
Sec. IIT A, the unentanglement error P, decreases with
increasing |a| and decreasing A. We can see the same trend
as given by the corresponding correctness metrics for our
framework in Fig. 3. To study the effectiveness of QSP, we
also show the respective curves when choosing the simpler
unentangling step as CD(z/4|al|.o,). The analytical
expression P, = O(y?) for this curve has been derived
in App. E 3. The analytical fidelity for the GCR and BB1
has been computed in Appendix B. Thus, we have shown
orders of magnitude improvement achieved from our
framework of using composite pulses in phase space when
correcting continuous-variable rotation errors on qubits.

B. Squeezed states

We present a novel approach for generating squeezed
states. This result is comparable to state-of-the-art schemes
in Refs. [7,15] without the need for numerical optimization
tools. In addition, our construction allows optimization of
the fidelity with respect to circuit duration. Our protocol
has a basic unit composed of GCR, which can be under-
stood as a deterministic small-even-cat preparation circuit
or, equivalently, a slightly squeezed state.

1. Squeezing gadget

Our gadget S;(A;_;, A;) takes a state with variance A7,
and outputs a state with variance A;>. We consider
oscillator state wave functions,

_(=p?

W)« (54)

where the position and momentum uncertainties are given
by éx = A/2,6p = 1/(2A), respectively. For simplicity,
we focus henceforth on the case =0 and momentum
squeezing, A > 1.

As shown in Fig. 5(b), our squeezing gadget at the kth
step of the protocol consists of two conditional displace-
ments,

Sk(Ak—l’Ak) = CD(i(X/A,Gy)CD(a, Gx), (55)

where the choice of 0 < @ <1 sets the resulting fluctua-
tions, A’, and the distance of the final state to a true
squeezed state. This sequence mirrors the position-based
rotation from GCR in the momentum basis.

To gain intuition about the process, it is easier to interpret
the effect of a CD gate as a rotation of the qubit state
conditioned on the oscillator state. Accordingly, after the
first conditional displacement CD(a,0y) = e®?% s
applied to the joint state [0,) ® |g), the expectation values
of qubit operators conditioned on the oscillator position are
given by
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FIG.5. Deterministic preparation of squeezed states. (a) Deterministic squeezing protocol with incremental GCR. (b) Interpretation of

GCR as a squeezing gadget S(A, A’). The plots show how this sequence introduces a small amount of squeezing while unentangling the

qubit from the final state for A =1,

a| = 0.25. (c) All plots share the x-axis legend: Time (ps). (Top) Variation in fidelity and circuit

duration with varying squeezing rate |a|,,; = aA{ with 10 points in the range ¢ €[-2,0], for three different protocols with
a€{0.06,0.13,0.27} aimed at a target squeezing of 11.2 dB. (Middle) Squeezing (maroon) and antisqueezing (red) are shown as a

function of the circuit duration for the faster protocol with ¢ = 2.

See Appendix D for definitions of Sy, S, in terms of A. (Bottom)

Fisher information for the faster protocol. The empty circles in (c) represent a plot of the results for the case when postselection is
activated. Here, ps denotes the total length of conditional displacements; conversion to actual runtime can be found in Appendix D.

(), = tanh%, (56)
{oy)x =0, (57)
(6,), = sech4ﬂ (58)

A%
Note that [CD(a, 6,), 6] = 0, such that for a qubit initial-
ized in |g) we have

as should be the case. However, for a specific value of x,
(04), & {|x){x|oy) #0 1is possible. Keeping a small
ensures that (,), o< x on the interval where y(x) has
significant support, which enables better disentanglement
of the qubit. To disentangle the qubit and restore (c,) = 1,
we apply a o, rotation of the qubit by an angle
sin~!{tanh[(4ax)/A%]} = [(4ax)/A%] for 4|alx/A%? <1,
ie., Ry(—4ak/A?) = CD(ia/A? o,). This corrects the
linear part of (o,),, setting

" dx(o,),

[es]

{ox) = =0, (59)

{ox)x = 0,

(o)~ 1, (60)

in the range where x < A?/4|a|. Exact expressions for (o)
and (o,) are given in Appendix D. After disentanglement of

the qubit, the oscillator state corresponds to a small
even (squeezed) cat state, i.e., a superposition of two
Gaussian states which approximate a single Gaussian state
with increased variance A ~ A7 | + a;. The repeated
application of this squeezing gadget can yield arbitrary
squeezing of the vacuum state.

Protocol. In Fig. 5(a), we illustrate repeated application
of the squeezing gadget S; yielding a desired target
variance Atzarget. Careful selection of a;, for successive steps
k is crucial: for optimal squeezing, o, should be as large as
possible while ensuring (1) the slope of (oy), is linear over
|x] < A, and (2) the resulting sum of two overlapping
Gaussians can be well approximated by a single Gaussian.
For the slope to remain linear over the FWHM of the state,
we derive a; < 0.13A,1(£ 21 (Appendix D). To systematically
explore the tradeoff between convergence speed (circuit
duration) and disentanglement (oscillator-qubit fidelity),
we parametrize a; = aAj_, for various a and c, targeting
S, =112 dB [Fig. 5(¢)]. For ¢ <0, increasing a or ¢
improves fidelity but slows convergence. For ¢ > 0, con-
vergence is faster but the state becomes increasingly non-
Gaussian, eventually deviating too far from a true squeezed
state. These cases were studied for a pedagogical under-
standing of the competition between convergence speed
and Gaussianity, captured via infidelity. For the bottom two
plots of Fig. 5(c), we use a semi-optimized protocol at the
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boundary case of ¢ = 2. The baseline |a|,,; < 0.13A!/2
protocol gives a A-independent slope of (s,), and the
fastest convergence, but for momentum squeezing with
A > 1 the nonlinearity in (o), grows, complicating dis-
entanglement. We handle this by numerically fitting a
straight line to (oy), to track deviations in slope from
4a/A? as A increases (Appendix D), yielding the accel-
erated protocol used for middle and bottom panels of
Figs. 5. As a result, squeezing in dB scales linearly with
circuit duration, outperforming the baseline.

Squeezed states are useful for measuring net displace-
ment or momentum boost, with sensitivity quantified by the
Fisher information F = 2/8x? [47]. Although this formula
is strictly valid only for Gaussian states, we apply it here
because our states are closer to Gaussian than those of other
works which use this method to quantify the squeezing
[7,15], enabling direct comparison. The highest Fisher
information F = 53.5 is achieved for S, = 11.2 dB, §, =
—11.9 dB at infidelity 0.007 in 8.06 ps.

Postselection on the qubit in |g) (empty circles) after
each S, does not significantly improve results in the
absence of qubit errors, confirming that the choices of
a, achieve good disentanglement at each step. In the
presence of errors, these midcircuit measurements serve
as ancilla error detection.

Discussion. Our analytically derived circuit performs
on par with the semi-analytical and numerically optimal
methods [7,15]. We plot results against circuit duration
instead of circuit depth, given that the speed and errors in
a conditional displacement gate depend significantly on
the length of the amplitude [7]. Our protocol achieves
squeezing levels, with §, =8.5 dB of squeezing and
S, = —8.4 dB of antisqueezing, alongside an infidelity of
~O(1073) in 5.8 ps while Ref. [15] reports x = 8.5 and
Sp =-9.9 dB with an infidelity of ~O(107%). The
performance of our scheme is also on par with numeri-
cally optimized schemes [7] (see Fig. 15 in the
Appendix). More details can be found in Appendix D,
where we also discuss the benefits of our scheme against
Trotterization. Finally, our analytical approach uses
incremental values of conditional displacement ampli-
tudes, keeping the state close to Gaussian at all steps in
contrast to Ref. [15] which considers a large initial
conditional displacement.

C. GKP states

GKP codes have applications in quantum sensing and
bosonic error correction [10,19,20,48]. In this section, we
only discuss the preparation of logical codewords, leaving
other details to Sec. V, where we discuss universal control
of these codewords. While we focus on the square GKP
(qubit) codewords to give explicit constructions for prepa-
ration, our protocols are generalizable to other lattices such
as hexagonal or qudit GKP codes. Such generalizations are
not easily accessible to numerically optimized circuits [7],

where for each qudit codeword a new optimization needs to
be run. The states prepared using the method below have
Gaussian peaks whose amplitudes are binomial coeffi-
cients, in contrast to the usual definition of GKP states,
which uses a Gaussian envelope:

N—,
=l

Woke =Ny Y buuD([m+p/2]V21)[05).,  (61)

N
m=-——

where p€{0,1}, b, , = (m+,441rvw/2j)’ N = [0.32/A?] and

D(a) = %' ~a'd = p2i(lm(@)3i-Re(@)p) denotes an uncondi-
tional displacement of the oscillator by o generated by
the operator ?(a) = 2Im(a)x — 2Re(a)p. We use the
Newton-Raphson method to find the optimal number of
steps N required for a given envelope size A (see
Appendix F).

Protocol. In some sense, the preparation of GKP states is
an extension of the preparation of squeezed two-legged cat
states, where it is required to create superpositions of
multiple squeezed coherent states instead of only two. A
sketch of the preparation scheme is given in Fig. 6(a).

The protocol starts with an initial squeezed vacuum state
which can be prepared using the protocol in Sec. IV B.
Then the cat-state preparation circuit C;, is applied repeat-
edly, with C; corresponding to the protocol described in
Sec. IVA, while the general definition of gadgets in the
circuit corresponds to the gate sequence,

o] I i —ul = J* ~iV27po,
Ck. C<4k,\/;,Ak_l> u<4k,\/;,Ak_])€ .

(62)

Each C; leaves the oscillator and the qubit (approx-
imately) unentangled, and adds one Gaussian to the peak in
a fashion conceptually similar to the so-called “cat-breed-
ing” protocols [50]. At the kth step the resulting state
exhibits k + 1 peaks. The o argument of the unentangling
gadget U within C,, is set by the GKP lattice spacing, in this
case we use / 2z, corresponding to the Wigner units for the
square-GKP qubit code. Finally, after applying a series of
C, circuits, we apply a single round of error correction, such
as the SBS protocol, optionally, can refine the state.

1. Fidelity and circuit depth

Arguably, a preparation routine should prepare a state
close to the GKP manifold such that subsequent rounds of
error correction can correct the residual (yet correctable)
errors. To avoid unimportant variations in performance due
to a particular choice of fidelity, in Fig. 6(b) we also
benchmark the prepared states according to the expectation
values of the finite energy stabilizers [49],
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FIG. 6. Deterministic GKP logical | +Z) state preparation. (a) Circuit components for GKP preparation with A = 0.34 (as used in

recent experiments [7,20]). S denotes the squeezing circuit from Fig. 5, C; = U ke‘i‘/ﬂﬁ”é represents the iterative cat preparation
sequence given by Eq. (62) in the main text, and SBS is one round of the small-big-small protocol. See Table III for circuit-depth
justification. (Top) Rescaled Wigner distribution functions are shown after each step. Note the change in the state before and after SBS.
(Bottom) Wave functions and corresponding spin polarizations are shown before and after each /). After {/3, the qubit remains slightly
entangled, with (6,) = 0.9937 and GKP fidelity Fgxp = 0.9989. (b) Convergence of various protocols, tracked using the expectation
values of finite-energy stabilizers (S, ») and (S, ) [see Eqgs. [(64)—(63)]. The non-Abelian QSP protocol using GCR (via C’s) starts at
8.06 ps, accounting for the time to achieve 11.2 dB of squeezing (see Fig. 5 and Sec. IV B). Empty triangles mark the section where SBS
is appended. Our protocol matches the performance of the numerical scheme [7] while significantly outperforming stabilization-based
methods (using only SBS [49]). (c) Hybrid infidelity, failure probability (top), and circuit duration (bottom) versus squeezing (or A) for
the numerical and analytical (non-Abelian QSP) circuits. Our protocol achieves fidelity and circuit duration comparable to the numerical
scheme, while maintaining a low failure probability. All simulations here neglect physical errors such as damping, heating, and

decoherence, which are addressed in Sec. V.

S A= eizm(xcoshAz—f;sinhAz), (63)
Sp,A _ eiz\/z‘,?(ﬁcoshAz—xsinhAﬁ)_ (64)

In Fig. 6(b), we see that our scheme (orange) converges
to a GKP state faster than preparing the logical state via
stabilization (dashed line), and is on par with the numerical
preparation (blue). Figure 6(c) yields the corresponding
infidelity against the target GKP state and the circuit depth
in time for both protocols, validating our claim that the
analytical scheme discussed in this work performs on par
with the state-of-the-art numerical schemes. Note that
we have accounted for the circuit depth of squeezing in
Fig. 6(c), as the first point for non-Abelian QSP starts
at 8.06 ps.

2. Success probability

For the circuits C;, we need U(¢', a, A) with & = z/4 for
k < 3. For k =3, as can be seen in Fig. 6(a), the angle
required to rotate the qubits at peaks on the farther end is

7/12. Thus, the un-entanglement gadget I/, at this point
rotates the qubits by @ = +x/12 at the two extreme peaks
as required. However, it also rotates the qubits entangled
with the peaks in the middle, ones that did not require any
rotation. While the rotation at the central peaks is not
significant, there is a different angle of rotation compared to
z/4k which could produce better unentanglement for
k > 3. We compute the optimal angle of rotation using
the procedure given in Appendix F. With this protocol, we
obtain Figs. 6(a) and 6(b) for A = 0.34 (used in recent
experiments [7,20]). The state after k = 3 yields 4 peaks
with a fidelity of Fy = 0.9989 to the target GKP state,
while the success probability is P, = 0.99. Thus, we may
also reset the ancilla after each C,. Such high success
probability justifies using the measurements to keep ancilla
errors in check (see Sec. VA).

3. Other GKP lattices

Finally, to achieve different rectangular and hexagonal
lattice-based GKP codes, we will only need to change the
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TABLEIII.  Optimal number of large conditional displacements
(v/7) required to prepare |0)gxp at various squeezing levels,

starting from e~*/A obtained from NAZ = 0.32.

A Squeezing (dB) N 1-F
0.1 20 31 O(1073)
0.2 14 7 0(107)
0.3 10.45 3 0(107?)
0.4 7.95 1 0(107%)

lattice spacing / and the rotation angle @ according to the
position of the deformed lattice peaks ke, in the circuit
components Cy,

[ s
Ck :u(i,—,Ak_1>€_lﬁapgz. (65)

Arbitrary GKP states (other than Pauli eigenstates) can
be prepared using the gate-teleportation circuit discussed
in Sec. VD.

Discussion. We show a comparison of our scheme
against two different GKP preparation methods [7,17,49]
in Figs. 6(b) and 6(c). We find that our scheme is twice as
fast as the stabilization scheme small-big-small [17,49],
described later in detail in Sec. V. Moreover, our circuit
depth and fidelity [see Table III and Fig. (6)] are on par with
the optimized ECD circuits in [7], used in recent experi-
ments. Importantly, our scheme yields a natural method to
make the scheme tolerant to circuit errors and achieve
higher fidelity in the presence of faults. After each C;, in the
absence of errors, the qubit is in a known pure state
untangled from the oscillator with a very high probability
(>0.99) as indicated by the low failure probability in
Fig. 6(c). At this point, GKP states can be postselected,
given the qubit is found in the desired state. Thus, we can
also keep qubit errors in check with this scheme.

Moreover, in Ref. [14], the authors propose to prepare
GKP states using the same pattern of alternating condi-
tional displacements and momentum boosts. However, due
to the lack of a non-Abelian QSP pulse, in this case, the
qubit needs to be unentangled using numerical schemes.
Our scheme uses smaller displacements at each step,
inducing fewer ancilla errors, and potentially allows for
midcircuit error detection.

V. UNIVERSAL CONTROL OF BOSONIC
ERROR-CORRECTED QUDITS

The phase-space instruction set is most suited for the
translationally invariant grid codes (GKP codes), and we
focus on these codes for high-fidelity universal control of
finite-energy error correction [7,20,49,51]. These codes
have shown promise in autonomous error correction,
achieving break-even gain for quantum memory, which
has only been matched so far by the latest surface code

experiment [52] using ~100 DV qubits. Our schemes are
generalizable for arbitrary lattice spacing, thus yielding
universal control for square, hexagonal, and rectangular
GKP qubits, GKP qudits, and multi-mode GKP codes. We
first summarize our GKP control results before diving into
the details.

We start by extending the state preparation results of
Sec. IV C to the noisy case in Sec. VA. Then we tie
together the ancilla-assisted finite-energy GKP readout of
Ref. [40] and stabilization scheme in Refs. [17,49] within a
single framework in Sec. V B. In addition, we give an end-
of-the-line readout circuit in Sec. V C which could yield
better readout fidelity for GKP qubits with correctable
displacement errors using the Abelian QSP sequence BB1.

A key result of this paper is an error-corrected gate
teleportation scheme (Sec. V D) that applies a target logical
operation while simultaneously correcting oscillator dis-
placement errors—to our knowledge the first high-fidelity
such gates, both single- and two-qubit, native to finite-
energy GKP, emerging directly from recognizing readout
and stabilization as two halves of the same GCR-based
circuit. A piecewise version of this design further mitigates
ancilla dephasing, suppressing otherwise uncorrectable
ancilla-induced faults. As a result, our scheme enables
high-fidelity, universal single-qubit logical rotations even
with biased-noise ancillae like cat qubits [53-56]. To our
knowledge, it is the most effective approach for non-
Clifford operations on GKP qubits to date [57].

We restrict the derivation and discussion to the case of
square GKP, where x and p are treated symmetrically, for
Secs. VA-V D, but note that these circuits can be extended
to qubit and qudit lattices.

A. High-fidelity error-detected state preparation

Fault-tolerant preparation of logical GKP states is an
important resource for bosonic quantum error correction.
Previously in this work, we described a protocol that
prepares GKP states in small steps S(1,A),Cy, at the
end of which the ancillary qubit was left in a deterministic
state. In this section, we investigate the performance of this
scheme in the presence of oscillator and qubit noise, which
provides an understanding of how our preparation schemes,
discussed in Secs. IV B-IV C, perform on an experimental
platform such as a superconducting hardware platform.

1. Noisy state preparation

For the protocol presented in Sec. IV C, we introduce
midcircuit detection on ancilla errors via postselection upon
outcome |g) after every round; resetting the qubit to |g) and
starting over if the step failed. During each gate in the
circuit, we add photon loss at the rate /27 = 1/1000 ps~!,
ancilla decay at the rate y/2x = 1/200 ps~!, and ancilla
dephasing at the rate y,/2z = 1/200 ps~'. We repeat the

protocol for A =0.34 [20] for 10° rounds. For each
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preparation round, we execute the GKP state preparation
circuit §(1,0.34) —C; —C, — C3 — SBS shown in Fig. 6
with measurements at every '—/. We discard any round
where we encounter a —1 outcome for Z measurement of
the ancilla qubit at any of these points and start over with
the oscillator in the vacuum state.

2. Performance

The success probability (fraction of rounds that are kept)
for this simulation is 0.94, with an average fidelity of 0.96,
in comparison to 0.9969 in the noiseless case. The
numerical scheme in Ref. [7] reports a simulated (and
experimental) fidelity of 0.85 for a numerically optimized
circuit with the same A without postselection. Postselection
with their circuit is possible, but only at the end of the entire
circuit, the length of which is comparable to our complete
preparation circuit. Thus, the efficiency with which such a
circuit can detect errors with postselection would be low.
Relative to Ref. [40], our scheme performs better due to a
similar argument. In comparison to the first step of that
protocol, the length of our snippet C; is much smaller,
reducing the probability of errors and thus improving the
success probability and fidelity.

B. GKP protocols in the non-Abelian QSP framework

1. Analytical explanation for numerically optimized
readout scheme in Ref. [40]

Reference [40] shows a numerically optimized circuit for
improved GKP readout, which is a rotation gadget which
intends to rotate the state by 2z (r) if the logical codeword

is [0)gkp (|1)Gkp) using V5% with the qubit starting in
|g). Thus, a readout circuit is nothing but an entanglement
gadget. For finite-energy GKP, we can employ our entan-
glement gadget with the small GCR precorrection

eiﬂAz’A’ ®%  Thus, we give the logical readout circuits for
logical bases X (0 =p), Y ® =X+ p), and Z (D = ),

, B \/g A] = VEm VIS (66)

see Sec. II for the definition of ?;. Notice that the
displacement required to implement a logical Y operation
is longer than the corresponding displacements required for
logical X or Z operations by a factor of v/2.

The GCR correction given here of the entangling

gadget & is exactly the numerically optimized correction
in Ref. [40].

2. Dissipation-engineering based stabilization and
correction of displacement errors

Dividing the stabilization circuit SBS from Ref. [49] into
two halves (see Fig. 7), the first half can be identified
exactly as the entangling gadget used for readout as

|9) axce —{ €0 0v) H 0D (20, o) H DO, 0) - |9) cxe
| [ =

l9) ¢ . - lg)
|4) GKP—::[CD()\, oy){CD (i, UXHCD(ia, o )H{ep(r, o) [¥) axp
o) — . Lt

...................................

Non-Abelian QSP readout (&,)

FIG. 7. Finite-energy GKP readout [40] and stabilization [49]
protocols in non-Abelian QSP framework. Interpretation of SBS
circuit along the position quadrature as logical identity on the
GKP codewords. The circuit is divided into the entangling and
unentangling gadgets. The first half of this circuit £ is the GKP

readout circuit. Here, a = [\/7/(2v/2)] and 1 = —aA>.

described in Eq. (66). The second half satisfies the
constraints identified for the unentangling gadget

U(r/2,+/x/2,A) in Sec. IV A since,
7/2(from U) + z/2(from &) = =, (67)

as required by Eq. (48). And thus,

T T T T
SBS, = U, {5, \/5 A] & [5, \é A}- (68)

Note that here I/ # £~', such that the circuit has a trivial
backaction only if the oscillator is in the GKP code space,
which is key to its success for error correction.

The error correction properties of this circuit were
experimentally verified and qualitatively discussed in
[20]. Here, we provide a quantitative argument using our
framework to compute its effects on the GKP code space
affected by a displacement error, say €.

In that situation the GKP states are positioned at

mV/2x + €, where m is any odd (even) integer for the peaks
of [0a)kp (|1a)Gkp)- Now, the effect of the entangling part

of SBS is to rotate the qubit by eiVEmV2rte)o, Thus, for an
erroneous  state |y), = a|0), + p|1)., where [0),, |1),
denote erroneous GKP states |0,), |1,) with displacement
error ¢, we have,

Exlw)lg) = ViR (@l0).lg) + Bl1)le)).  (69)

The second half of the circuit, I;, has a correction ¢’>*?%
(with 1 = aA?) on which depends the final qubit state. The
un-entanglement routine {/; correctly rotates the qubit state
back to |g) for the first terms in each row. However, for the
second term, where the qubit will be rotated to |e), the sign of
the finite-energy correction is wrong. And hence, here the
finite energy correction of {/; will apply a backaction of
e*Poy_Thus, after U5, the hybrid oscillator-qubit state takes
the form,
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= (coseV2x|g) + ie**s sin ev/2z|e)) (a]0), — B|1),).
(70)

If € =0, this state is equal to (a|0), — p|1).)|g), and a
deterministic logical Pauli operation has been applied to |y).
This Pauli operation can be tracked and hence does not play
any role in stabilization. The next step of the protocol is to
measure the qubit, and the probability for outcome |e) is
given by

P, = / ® dpsin (ev/27) cos? (4ap)y(p) . (71)

(s

Here the backaction on the oscillator state depends on the
result of the qubit measurement. In the event that the qubit is
projected to state |g), the backaction is given by

(cos (eV/2x)I + isin (44p) sin (eV2x)) @),  (72)

~ (14 i42eV27D) ),
+(0(e?) + 02’ p + O(Xe)p)lw).  (73)

~D(~1eA2) ). (74)

Considering that initially |), = D(e)|y), inthe eventofa g
outcome a single round of SBS partially corrects the error by
applying a displacement of —zeA? = —0.36¢ for A = 0.34.

The backaction in the event when the qubit is projected
to state |e) is given by

cos (44D)[w),. (75)

This backaction is independent of the error parameter ¢, but
its probability increases with e. This operator applies a
symmetrized displacement along the position axis. In the
momentum basis, this is equivalent to a cosine envelope on
the state. To second order in p, the cosine envelope can be
approximated as a Gaussian,

cos4Ap ~ e 8P, (76)

where 84> = 8a’>A* = 7A*. We compare this envelope
correction with the momentum part of the target
Gaussian envelope e 2" = exp [-A2(32 4 p?)] and note
that an e outcome reduces the momentum uncertainty by
15%. Currently, we do not have an intuitive explanation for
how this backaction supports error correction or stabiliza-
tion. The probability of both the back actions increases with
an increase in the error ¢, as should be the case for any
autonomous error correction scheme. Similarly, the stabi-
lization of the logical X basis corrects displacement errors
and envelope errors along the momentum axis.

In summary, we have shown that SBS is an example of
probabilistic (or autonomous) error correction.

C. Logical readout with correctable errors

At the end of any quantum circuit, logical qubits are
measured to determine their state. Inevitably, there can be
residual correctable errors in the logical code states being
measured. For the GKP encoding, such errors might be
correctable random displacements, that is, displacements
smaller than +/7/ 2/2.

The problem at hand is described by Fig. 8(a) which
suggests that we need to extract the one bit of information
{Ogkp» Llgkp } Where Ogkp (1gxp) corresponds to all states in
the Hilbert space which are closer to logical |0)gkp (|1)Gkp)
than to the opposite logical state. In the infinite-energy GKP
case read out using a single CD (one-bit phase estimation
protocol), the readout fidelity follows a cosine curve [shown in
panel (c) of Fig. 8] as a function of displacement €. The fidelity
value is less than unity when applying a single CD as a readout
scheme for a finite-energy GKP state (see Fig. 8). The finite-
energy readout, described in Sec. V B, yields a better readout
fidelity that follows a similar curve with a peak value (case of
no error) closer to unity. However, since small errors are
correctable in principle, we would like a readout sequence that
yields a square wave response shown by the dotted black lines
in Fig. 8(a), a problem which we recast in the QSP framework.

1. Abelian QSP readout

We can achieve something close to the required square
wave using our adaptation of BB1(90) in Eq. (29) for hybrid
oscillator-qubit control. See circuit in Fig. 8(b). This circuit
yields improved readout fidelity for all correctable error
states compared to the finite-energy readout circuit, as shown
by Fig. 8(c). An enlarged version is shown in Fig. 8(d) to
assess the situation in the no error case of € = 0. Note that the
Helstrom bound for the given value of A =0.34 is
2(1= /1 =[(0]1)]*) ~ 107°, far below the BB1 protocol
readout error at ¢ = 0. Hence, we do not need to account for
the nonorthogonality of the GKP logical Pauli states. The
Abelian end-of-the-line sequence works desirably well and is
relatively robust for € # 0 case. However, its performance for

the no error case ¢ = 0 is worse than the finite-energy readout
sequence [labeled GCR in Figs. 8(c) and 8(d)].

2. Non-Abelian end-of-the-line readout

A natural, deployable way to combine BB1’s peak-
location robustness with GCR’s finite-energy correction is
GCR-BBI1, in which a single conditional displacement is
prepended to the four bare BB1 rotations, yielding a simple
unitary pulse sequence. The amplitude of this GCR-type
correction is optimized numerically to take into account the
finite-energy corrections of the four rotations in BBI
collectively. GCR-BB1 improves over bare BB1 across
the correctable region while adding only a small condi-
tional displacement, and its short length keeps the
decoherence it accrues under noise modest. Because it
applies one correction collectively rather than one per
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FIG. 8. Logical readout of GKP states with correctable errors. The GKP readout procedure maps the logical state onto the ancilla qubit

states ¢g and e, which are then measured. (a) Solid curves show finite-energy GKP codewords; dotted curves show the corresponding
displaced codewords. An ideal end-of-sequence pulse for reading out a state with a correctable displacement error € is a square wave
(black dashed line). It yields a correct measurement probability ,€) (for 6, measurement) across all logical |0, ¢) states with
le| < v/7/2, and similarly for P(e|1, €) for |1, €). (b) GKP readout schemes: the infinite-energy scheme corrects only peak locations; the
non-Abelian QSP readout (also found numerically in Ref. [40]) corrects Gaussian broadening; and the Abelian BB1(90) QSP sequence
corrects peak location ambiguity by flattening the cosine response. (c) Readout probability of getting the right outcome P(g|0, ¢) as a
function of displacement error e for different schemes, without circuit-level errors: infinite-energy (no correction), GCR (Gaussian
correction), and BB1 (peak location correction). Color legend is in (d). (d) Enlargement of (c) shows 1 — P (g0, ¢) within the Voronoi
cell of |0)gkp- Here, GCR-BB1 denotes enhancing BB1(90) with a conditional displacement, while BB1(GCR) corresponds to an
optimized version of the composed sequence derived in Eq. (C1). In BB1(GCR), the blue region circuit is replaced according to this
equation. These sequences correct Gaussian uncertainty while producing a square response. Parameters o and A follow Fig. 7.
(e) Readout infidelities: color coding matches (b),(d). BB1 and GCR-BB1 show the highest infidelities, while finite-energy readout and
BBI1(GCR) achieve the lowest, mainly limited by envelope errors that could be further stabilized. All curves correspond to a GKP state

width set by A = 0.34.

rotation, however, a residual Gaussian-fluctuation error
survives at the no-error point [see Fig. 8(d)], setting a
coherent floor on its readout accuracy. This floor is lowered
by the full concatenation of BB1 and GCR, called BB1
(GCR), discussed in Appendix C, which interleaves a GCR
correction with every BB1 rotation and thereby cancels the
Gaussian fluctuation error kick by kick, pushing the no-
error readout close to the Helstrom bound. The cost is
length: BB1(GCR) consists of 8 conditional displacements,
longer than BB1 for some A, so it accrues correspondingly
more decoherence. The two sequences therefore trade
sequence length against coherent readout accuracy rather
than one strictly dominating the other. In the presence of
noise, both pulses perform worse than the much shorter
GCR readout at the no-etror point.

3. Backaction

Note that during each readout sequence, the GKP state is
displaced by an amount |a| along the quadrature orthogonal

to the one being measured, a deterministic displacement
that can be accounted for. Canceling this displacement, we
compute the fidelity of the resulting state with the initial
erroneous state. A large infidelity indicates a larger back-
action from the respective circuit. See Fig. 8(e) for the
backaction of all readout schemes discussed in this section.
For an end-of-the-line readout sequence, the back action is
not important; for schemes where back action is minimal,
the readout can be repeated to increase measurement
fidelity.

D. Universal qubit rotations with piecewise circuits

Arbitrary operations on finite-energy GKP states are
generally not easily available. Recall that Pauli oper-
ations are simple phase space translations. However
logical rotations are exponentials of Paulis which (by
the Pauli-Euler identity) can be written as a coherent
superposition of identity and a phase space translation.
Unfortunately, it is not possible to apply a classical
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FIG. 9. Error-suppressed GKP gate teleportation. (a) Error-corrected gate teleportation of logical Z(6) [X(6)] gate by an entangling-
unentangling sequence obtained from stabilizer of the logical {0, 1} ({4, —}) basis. (b) Toy model of a piecewise circuit to mitigate
effects of biased-noise ancilla errors. (¢) Comparison of trivial gate teleportation and piecewise gate teleportation for € = z/4 in the
presence of ancilla errors. Here, the solid black line in the left panel presents the analytical curve for the state infidelity in the case of
piecewise teleportation obtained from Eq. (80). The GKP state used for the simulation results shown in the right panel has an envelope

size of A = 0.34.

control pulse that is in a superposition of zero ampli-
tude (to achieve identity) and nonzero amplitude (to
achieve the phase space displacement). One method to
circumvent this problem is to use ancillary systems to
teleport gates into the GKP codespace by use of
conditional displacements that entangle the GKP and
ancilla qubit, for example through an effective CNOT
gate. However, this method limits the logical fidelity of
the gate when considering physical errors of the
ancilla. Here, we devise a technique to teleport gates
that simultaneously (1) correct errors in the oscillator
and (2) protect against ancilla decay errors, yielding
room for high-fidelity gate operations using a biased-
noise ancilla. This protection against errors is different
from the general path-independent mechanisms engi-
neered for circuits using SNAP gates [36-38]. Our
construction does not require any hardware engineering
feats such as chi matching [36,58], though these might
yield further improvements.

1. Error-corrected gate teleportation

The error-corrected gate teleportation sequence is con-
structed by realizing that the stabilization circuit SBS = UE
is composed of entangling and unentangling gadgets, see
Fig. 7. By introducing a qubit gate in between the two
gadgets, we can construct a phase-transfer circuit, as
illustrated in Fig. 9(a). For logical Z(#) gate and with an
initial GKP state a|0)gxp — b|1)gkp. the circuit obeys the
following equations, up to a global phase,

|¢>2 = 5x|¢>1
= al0)gkp ® |9) — b[1)kp ® le) (77)
)3 = Z(0)|¢), = e_i§62|¢>2
= al0)gxp ® |9) — €i6b|1>GKP ® le) (78)
|(/’>4 = Ux|¢>3
= [Z(x + 0)gkp(alO)ckp + b[1)gkp)] ® |9)- (79)

To perform logical X(0) (Y(6)) rotations, one only needs to
entangle the qubit with the logical X (Y) eigenstates of the
GKP code. For example, the same circuit becomes a logical
X(0) gate if &.Uy — E,,U,. The circuit can be easily
changed to use ancilla X(0) gates, mutatis mutandis, if this
is an easier gate for the DV ancillary system.

If we ignore qubit errors, these circuits will yield |g)
corresponding to the desired gate operation. The fidelity of
these gates in the absence of any physical errors and for
A = 0.34 is 99.88% while the probability of a successful
logical gate operation is 0.9994.

Note that the error-correction feature of our sequence
comes from the fact that it is constructed from a logical
identity circuit, Uy /1 pEx /p/x+p cOrresponding to the SBS
stabilization circuit, that is not a universal identity (where
Uy jpissp = 5;/'p /x +p). That is, the error-corrected gate
teleportation circuit, in addition to applying the logical
gate on logical GKP codewords, also applies a corrective
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back action on erroneous GKP states similar to the small-
big-small stabilization circuits discussed in Sec. V B.

2. Protection from biased-ancilla errors

The teleportation circuit described above is, however,
severely affected in the presence of ancillary errors (the
same as any teleportation circuit). For our circuit, ancilla
errors tend to occur during the (relatively long duration)
controlled displacement gates acting on the oscillator. In
the case of a biased-noise ancilla, the circuit will only be
affected by one type of ancillary error since the other errors
are largely suppressed [55,56]. For protection against a
single type of ancillary error, we propose the piecewise
circuit shown in Fig. 9(b). For example, without loss of
generality, let us imagine a biased-noise ancilla where the
dominant error is o,. The effect of this gate is shown in the
top circuit of Fig. 9(b). The o, error on the ancilla
propagates to the oscillator by reversing the sign of the
logical operation, i.e., as a logical rotation angle error of
—260 on the GKP state. We propose to solve this problem
by dividing the circuit into m pieces where each piece
applies a rotation by Z(6/m) as shown in the lower panel of
Fig. 9(b). We call this method piecewise gate teleportation.
In this case, a single o, error induces an erroneous rotation
of Z(—260/m), with reduced effect on the logical fidelity as
m increases. The angle of the GKP logical rotation can
effectively be described by a random walk such that the
average rotation of the gate is ¢ = 6(1 —2p,) with a

standard deviation of 6, = (|0|/v/m)2\/px(1 = py),

where p, is the probability of o, errors. Importantly, the
standard deviation of the angle decreases as m increases.
Taking a toy model with effectively pure qubit states, the
fidelity of the resulting state is given by

F= k; ( }Z > (1= py)"*picos?[0(px — k/m)].  (80)

The systematic error in the mean rotation angle can be
compensated by choosing a larger target angle ' = 0/
(1 =2py). The curves in Fig. 9(c), computed using QUTIP
[43], show that the favorable decrease in infidelity is
proportional to 1/m. In the toy model, we apply errors
only just before the CX gates with probability p, = 0.05 to
emulate the case of GKP states where the CD gates are
longer and more erroneous compared to the qubit rotation
Z(6). In the GKP simulation, we apply a o, error at a rather
large rate of y ~ 1/22 ps~! during all conditional displace-
ments (to emulate the probability p, = 0.05 during the
large conditional displacements). We use the metric that a
conditional displacement by a magnitude of 1 takes time
7 =1 ps as outlined in Appendix D and use 7 to make all
rates dimensionless. We also simulated the performance of
the piecewise gate teleportation described above, on the
GKEP state, and compared it against single-shot trivial gate

teleportation followed by m — 1 stabilization rounds in the
right plot of Fig. 9(c). The first step of the trivial protocol
which teleports the gate, however, is not correcting errors in
the GKP state. This causes the initial bump in the fidelity
curve, see the right plot of Fig. 9(c).

Note that, for trivial gate teleportation, one could use the
measurement outcome to check for ancilla errors more
efficiently, [59] but that would make the protocol reliant on
measurements which can be the slowest (or, most erro-
neous) part of the circuit. Just as in the stabilization circuit,
the qubit is reset to |g) at the end of every piece in the
circuit. This reset could be erroneous and such an error has
not been considered explicitly in our simulations.

E. Entangling GKP qubits: Extension of GCR to
multimodal operations

The two-qubit gates suggested in [60] for an infinite-
energy GKP code have poor fidelity for the finite-energy
code and require a few stabilization rounds to improve the
error rate [18].

1. Single-qubit ancilla

For the finite-energy states, Ref. [18] derived the finite-
energy version of the two-qubit entangling gate, which can
also be derived using the non-Abelian QSP extension for
two modes. We discuss this extension here. For ideal GKP
codes with support at positions m+/z/2, m € Z, the condi-
tional SUM gate displaces the second mode by the position
+x of the first mode with the sign of the displacement
determined by the state of the ancilla. Equivalently, for each
pair of peaks of the two GKP states, in the position (first
mode) and momentum basis (second mode), respectively,
the conditional SUM gate, ¢’>%1720: rotates the qubit by 2/,
where [ is the product of the two integers defining the
positions of the two peaks. This operation is equivalent to
(=1)! phase on the joint oscillator-qubit state, and it applies
a CXggp gate on the two logical GKP codewords with
the qubit going back to the original state (|g), in this case).
The non-Abelian correction for the entangling half of this
operation e172% due to the envelope size A #0 with
respect to the first (second) GKP qubit is given by
eI’ P1P2oy (=M 0i%0y) - agsuming the ancilla starts in state
|g). Thus, the GCR-type precorrection due to both modes is
given by

oS (iia—p1p2)oy (81)

S

The corresponding SBS-type circuit, where B = %1720
and S is given by Eq. (81), rotates the qubit by an angle of
27 about o, and applies the desired logical operation. This
operation, similar to the stabilization circuit SBS, is
protected against biased-noise ancilla errors. However,
the fidelity of the Bell states prepared using this circuit
is ~0.90 for A = 0.34. Higher fidelity requires either
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additional correction terms or, as we show next, a two-
ancilla construction; but first, we discuss the fast echoed
two-mode realization of the single-ancilla gate, then give
the two-ancilla scheme. The fast conditional two-mode
operations required for this operation can be achieved using
Gaussian operations and weak dispersive coupling between
the oscillator and qubit. Reference [18] suggests that this
sequence takes more gates (5 conditional two-mode oper-
ations equivalent to a SUM gate).

However, we claim that this circuit can be achieved in
three gate sequences given we can obtain fast S gates using
a two-mode extension of the echoed conditional displace-
ment [7,19,20]. This decomposition is given in Ref. [5] for
entangling oscillator gates in the weak dispersive regime,
and we present it in Appendix H in the context of two-qubit
GKP operations. Fast echoed conditional displacement was
obtained using (weak) dispersive coupling in the displaced
frame. Similarly, we can obtain a fast echoed conditional
SUM gate using (weak) dispersive coupling in a two-mode
squeezed frame. The two-mode squeezing required for this
operation can be obtained from single-mode squeezing and
beam splitters using a Bloch-Messiah decomposition [5].
Thus, this circuit involves two single-mode squeezing
operations and two beam splitters to go to the two-mode
squeezing frame using TMS(a,z) (see definition in
Ref. [5]). In this new frame, the circuit uses evolution
under the dispersive interaction in this frame for the
duration fcx > [A?/(ysinh2a)] + [(2A2)/y] where y is
the strength of the weak dispersive coupling. Thus, by
increasing o one can make this process much faster.
Hypothetically, lim,_tcx > [(242)/y] is allowed, how-
ever, in reality, we are limited to finite and much lower
values of a due to unwanted state transitions in a nonlinear
ancilla dispersively coupled to a resonator (oscilla-
tor) [7,20,56].

2. Two qubit ancillae

In order to avoid conditional Gaussian operations which
can be more difficult to realize in practice, another option is
to realize a two-qubit version of the gate teleportation
circuits discussed in Sec. V D, which only uses conditional
displacements and (two-) qubit gates. This circuit, shown in
Fig. 10 (see also Appendix G), yields better fidelity
compared to the single qubit ancillae scheme in the absence
of errors. It is similar to Fig. 9(a), except the middle gate
can be a controlled Pauli operation between the two DV
qubits given the initial states and final operation to be
implemented. Any controlled Pauli logical operation can be
realized in a similar way. However, due to the way errors
propagate, most of these gates do not benefit from dividing
the rotation into smaller angles.

In the special case of a logical ZZgkp(6) operation,
ancilla X errors propagate to the GKP codes as a rotation
error of —26. This is similar to the one-qubit gate example,
and as a result the same piecewise construction can be

|%) exp —{cD(2, o)}(cD(ia, gx)]-:_::[cn(m, a){cpo, ay)]%—‘ u

| i |
|IZ)> :.,,,I,,,,,,..,I," 22(9) ]l. :g; ) giep
[¥) cp —E@D(i» ov)(CDCer UX)}E—E[CD(—O” ax)HeGix Uy)]i—J |

................................ -

FIG. 10. Piecewise GKP entangling operations. Circuit for
logical Pauli operations using two ancillae. Here, |®) =
EC[ZZgyp(7 + 0)|y, w)gkp)- For 0 = x/4, we can prepare a
Bell state if |y, y)grp = | ++)gkp- The fidelity of this Bell state
preparation is 0.9997 (as per Sec. VD) and the success
probability of the qubit outcome |g,g) is P, = (0.9993)* =
0.998.

applied, see Appendix G, yielding an error-corrected two-
qubit entangling operation that is autonomously protected
from ancilla errors and photon loss. In the absence of errors,
this sequence yields a success probability of P, = 0.9987,
highest for a perfect entangling logical operation on finite-
energy GKP codewords. We believe that the state fidelity of
this process will be the same as the single-qubit gate
teleportation scheme. For example, computing the fidelity
of states prepared by SBS, for a system with two truncated
oscillators (each with Hilbert space dimension of 50) and
two qubits, is 0.98 (upper bounded by truncation issues and
not the protocol). We achieve the same fidelity for the Bell
pair constructed using our teleportation protocol. This
fidelity is much lower than what is expected (0.998 from
Sec. VD), and we believe this is due to the Hilbert space
constraints. The logical error probability increases with the
use of two-qubit DV gates while it remains the same as
the error in conditional displacement increases, similar to
the case of single-qubit gate teleportation analyzed
in Sec. VD.

All our protocols derived in this section have been
obtained analytically through the use of NA-QSP, which
either explain previously numerically optimized protocols
[14,15,40,61] or yield new protocols for universal con-
struction of GKP codewords. One of the problems with
GKP codewords is that most works establishing protocols
for finite-energy GKP codewords could not reach a fidelity
of >0.90 for universal control [18,57]. The newly found
protocols for entangling operations and piecewise gate
teleportation yield the best protocols for finite-energy GKP
codewords, even in the noiseless setting, compared to all
previous works.

VI. FURTHER DIRECTIONS

Non-Abelian QSP extends naturally beyond the state
preparation and error correction procedures introduced
above. In this section, we explore three instances of
problems where NA-QSP provides advantages, but leave
the complete solving of such problems for future work. We

041018-22



NON-ABELIAN QUANTUM SIGNAL PROCESSING: A ...

PHYS. REV. X 16, 041018 (2026)

begin with more general state preparation algorithms, i.e.,
we take steps towards solving problem 1 in Sec. II. More
precisely, we present analytical tools for the preparation of
rotationally symmetric states—including N-legged cat and
Fock states. We then present a non-Abelian control
sequence for oscillator-assisted phase estimation and then
comment on how the analytical structure of NA-QSP can
inform and seed hybrid analytical-numerical optimization
strategies. Together, these results suggest that NA-QSP is
not only a practical tool but a theoretical framework for
identifying and attacking open problems in hybrid CV-DV
quantum control.

A. Towards universal state preparation

The phase-space instruction set is particularly well-
suited to states naturally expressed as superpositions of
nonoverlapping Gaussian wave packets—squeezed, cat,
and GKP states—as demonstrated in the preceding sec-
tions. A natural question is how far this instruction set
extends toward universal state preparation, and what
fundamental constraints emerge when it is pushed beyond
its natural domain. Here we explore two such cases—
rotationally symmetric states and Fock states. We note that
the preparation of a large class of states is likely more
efficient with the Fock-space instruction set [5,62].

1. Rotationally symmetric codewords

N-legged cat states consist of superpositions of N
coherent states at the vertices of a regular N-gon in phase
space. To prepare these states, we require a minimum of
log, N conditional displacements, after which the qubit
must be completely disentangled from all NV oscillator blobs
simultaneously. For example, to prepare a four-legged cat
state (see Fig. 11), one strategy is to first prepare a
momentum two-legged cat state (using the protocol in
Sec. IVA), then prepare a superposition of two cat states.
However, this reveals a constraint of the GCR pulse which
was designed assuming Gaussian states with average
momentum (p) = 0. Lifting this requirement, GCR can
work for rectangular cat states with an even aspect ratio
a/f=2m, meZ (see Appendix I1). This constraint
reflects the fact that the precorrection in GCR depends
on a single quadrature, whereas for N-legged cat states the
unentanglement pulses should work for Gaussian states
identified by both quadrature coordinates. The Abelian
BB1 sequence has no such geometric constraint and
enables the preparation of four-legged cat states with
any aspect ratio, at the cost of additional circuit depth
and a local phase ¢/ on two of the four coherent states
comprising the cat (vanishing when aff =2zm with
meZ). As l|a| increases, both sequences improve in
fidelity to their respective target states (Fig. 11(b)).
Similar strategies generalize to N > 4, but the identification
of optimal unentanglement sequences for arbitrary N and
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FIG. 11. Circuit for preparation of four-legged cat using QSP
sequences. (a) Rescaled Wigner distribution function for the two-
legged cat preparation using the circuit in Fig. 4(a), starting from
a momentum-cat state. The protocol does not require an initially
unentangled two-legged cat; starting from vacuum with two
conditional displacements along X and p also suffices. Using a
perfect cat here simplifies the simulation without underestimating
infidelity. Green circles indicate qubit spin polarization at each
blob; same alignment across all blobs is necessary for determin-
istic preparation. During unentanglement, GCR (right plot) can
only prepare rectangular cats with even aspect ratio |a|/|f| so
m € Z, while BB1 has no such constraint (left plot). (b) Perfor-
mance of GCR and BB1 for rectangular (square) four-legged cat
states; yellow curve shows performance without QSP correction.

the interplay between lattice geometry and QSP sequence
structure remain open questions.

2. Fock state preparation

Fock states are not superpositions of a finite number of
nonoverlapping Gaussians, placing them outside the natu-
ral domain of the phase-space ISA. One option is to use
controlled displacements to approximate the Law-Eberly
protocol [63] which enables preparation of arbitrary super-
positions of Fock states given access to pure JC or AJC
evolution. Appendix 2 a shows that Trotterization of the
Jaynes-Cummings Hamiltonian outperforms numerically
optimized circuits in circuit duration but not the circuit
depth. Another option is to consider a general series of
conditional displacements and momentum boosts. For a
series of N = 3 CD, this corresponds to

CD(a,.6,)CD(if;. 6,)CD(ay. o). (82)

which has a connection to quantum random walks [64]. The
first CD parameter is chosen to make the smallest odd cat
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FIG. 12. Preparation of Fock state |1) using GCR. Wave
functions y(x), y(p), and rescaled Wigner distribution functions
plotted against position x and momentum p. (Left) Qubit
expectation values after CD(a,,0y); hybrid fidelity Fy ~ 0.58.
(Middle) After CD(f;,04); with Fy~0.84. (Right) After
CD(a.06y); final fidelity Fy ~0.99, matching state-of-the-art
numerically optimized protocols of Refs. [5,7].

state with maximum success probability and fidelity. As
shown in Fig. 12, f; and a, are chosen by alternately
imposing minima of (o), and (o), at the wave function
maxima in position and momentum of the oscillator at
steps 1 and 2, yielding the states at steps 2 and 3,
respectively. This protocol yields a; = z/4, p, =1/2,
and a, = (1/7)tan"! sinh(z/2). See Appendix 12b for
details. The algorithm can be generalized to |n > 1) and
N > 3. Our construction yields analytical explanation for
the remarkable fidelities achieved by numerically opti-
mized protocols for Fock state preparation using only
phase-space instruction sets in previous experimental
implementations [7].

B. Quantum phase estimation using
ancillary oscillators

The sections above considered using the qubit as an
ancilla to either control the oscillator or extract information
from the oscillator. It is also interesting to consider the
reverse situation: can we extract information about a qubit
unitary using the oscillator? This use of hybrid QSP comes
under problem 2 of hybrid control, described in Sec. II,
focused on achieving arbitrary Hamiltonian evolution of
the oscillator.

For example, consider the phase estimation problem in
which one has oracle (i.e., black box) access to the single-
qubit rotation U = €@+, and the task is to learn 6. Liu et al.
[65] discuss an approach where, if the information could be
encoded in the displacement of an oscillator (in a squeezed
coherent state), a single-shot homodyne measurement can

be used to extract multiple bits of information on € in a
single shot. Their analysis assumes access to (but does not
provide) a hybrid control gate C;; = *®H7/% a5 a primi-
tive (which for our problem corresponds to Hz/x, = 0oy).
Here, we show how to synthesize such a primitive from
realistic gates—unitary access to U = %y together with
the phase-space instruction set—and analyze the resulting
precision.

Here, we derive a hybrid QSP sequence which displaces
the oscillator by an amount which depends on @ via
access to the phase-space instruction set (see Sec. II)
and U. Throughout this section and Appendix J we adopt
[%, p] =i (rather than i/2 used elsewhere). [66] The
protocol is specified as follows: we aim to learn the
eigenvalue @ of a unitary U = €% by constructing a
hybrid unitary which, when acting on a o, eigenstate,
displaces the oscillator momentum by an amount propor-
tional to sin(26).

The construction

plaioy \/)_(T U\/)_(e—iafcax \/)_(U\/)_(T

o pioR(2sin’ 6o, +sin(26)oy ) ak < 1 (83)

where /XU+/X" is used to synthesize the adjoint of
VX'UVX without access to U, when applied to
|0, 4+i). At leading order in aX, the construction reduces

to a qubit rotation with two components: a o, term

aksin(20) and a o, term 2aksin? 6. The o, component
imprints a momentum-displacing phase e**®5"(29) on the
oscillator, from which @ can be read out via homodyne
measurement. The o, component drives transitions
between | +y) and | —y), transferring a fraction |a_|*> of
shots to a wrong-sign momentum kick, reducing the mean
and inflating the variance by 4a’sin*@ [Eq. (J15)].
However, in the small-a regime where the protocol is
valid, |a_|? < |a,|* and this effect is negligible [67]. The
mean momentum (p) ~ asin(26) thus serves as a good
estimator of @ within the valid operating range, confirmed
numerically in Fig. 13(a). This construction synthesizes the
Hamiltonian-imprinting primitive assumed by Liu et al.
[65] from unitary access to U alone together with the phase-
space instruction set.

This example indicates the use-case of hybrid QSP in
identifying control pulses for Hamiltonian evolution of
oscillators which can be used as primitives to augment
DV-only algorithms. Further technical details are pre-
sented in Appendix J. The homodyne distribution P(p)
remains Gaussian (numerically, a < 0.1 keeps deviations
from Gaussianity below 107* in Kullback-Leibler diver-
gence). At larger a the oscillator-qubit entanglement
generated by Eq. (83) produces non-Gaussian and even
bimodal momentum distributions, and a closed-form
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FIG. 13. Quantum phase estimation in hybrid oscillator-qubit

architecture. (a) Phase estimation using the control sequence in
Sec. VI B, confirmed numerically: at small a the rescaled mean
momentum (p)/a approaches sin(26), giving a direct readout of
0. The figure uses a = 10~3, where the exact result Eq. (J14)
deviates from this leading-order form by less than 10, (b) The
standard deviation is upper bounded by 1/+v/2 at zero squeezing
(r = 0), consistent with Eq. (J15), and improves with momentum
squeezing r > 0.

expression for (p) that is exact for any « is also derived in
Appendix J.

1. Precision and overhead

We now ask how precisely the protocol determines 6,
and at what cost. The shot-to-shot variance of the homo-
dyne readout is set by the squeezing parameter r > 0 of the
input oscillator state, which we summarize by the squeez-
ing factor sy = e” €[1, ): zero squeezing (so = 1) cor-
responds to vacuum input, while larger s, exponentially
reduces the noise in p. Each individual shot therefore yields
only a noisy estimate of (p), and the protocol must be
repeated N times to suppress the statistical uncertainty in
the inferred value of @ by the usual factor of 1/v/N.
Standard error propagation through the Cramér-Rao bound,
in the small-a Gaussian regime established above, shows
that estimating @ to a target precision ¢ (that is, the target
standard deviation in €) requires

1

~—— 84
0 a2s%£2 (84)

total applications of U, where Q = 2N counts each of the N
shots as the two queries to U called by Eq. (83).

Equation (84) exhibits the standard quantum limit scaling
0 « 1/¢€%, with the squeezing factor acting as a multipli-
cative resource that reduces the shot count. The full
derivation, together with the closed-form expressions for
the mean (p) and the variance p* on which the bound is
based, is given in Appendix J.

The scaling Eq. (84) recovers the “squeezing as inverse
precision” behavior of Liu et al. [65], who reached the same
scaling for an assumed Hamiltonian-imprinting primitive
€'%%®9y that is not natively available if 6 is unknown; the
construction Eq. (83) provides this primitive from unitary
access to U = ¢y alone. The 1/a? prefactor reflects a
genuine cost of the synthesis: although larger @ would give
a proportionally larger signal and reduce the shot count, the
Gaussianity required for the Cramér-Rao analysis breaks
down beyond a ~ 0.1 (Appendix J), so the bound Eq. (84)
only applies in this regime.

For comparison, the simplest qubit-only phase
estimation—applying U once to |g) and inferring 6 from
the empirical frequency of |e) outcomes—reaches the same
standard quantum limit scaling Quiyia ~ 1/€> with no
oscillator ancilla. Our protocol beats this trivial baseline
when the available squeezing satisfies as, = 1 at the
optimal operating point (6 ~ mz/2 where m is an integer),
which in the analyzed regime a < 0.1 corresponds to a
squeezing factor s, 2 10; reaching this operating point in
practice requires a coarse prior estimate of ¢, available from
a small number of preliminary shots. Heisenberg-scaling
alternatives such as robust phase estimation [68,69] trade
circuit depth in U for query count; the constant-depth
feature of Eq. (83)—two applications of U per shot,
independent of e—makes our protocol a natural substitute
when deep coherent circuits in U are limited by
qubit decoherence, as in circuit QED. Whether this con-
stant-depth advantage survives realistic noise—qubit
dephasing, oscillator photon loss, and finite-bandwidth
pulse imperfections—is a natural next step that we leave
for future work.

C. Hybrid analytical-numerical optimization

The improved performance of our analytical methods
stems from explicitly exploiting the algebraic structure of
the control Hamiltonians, which allows systematic cancel-
lation of leading-order error terms while preserving a
compact and interpretable pulse structure. One interesting
direction is to use our pulse sequences as a seed for
numerical optimization methods. This might allow us to
mitigate the effect of spurious error sources, for example,
oscillator nonlinearity or finite ancilla lifetime.

VII. CONCLUSION

The central message of this work is that a single non-
Abelian QSP primitive is already remarkably powerful.
Using one composite pulse—the Gaussian-controlled
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rotation (GCR)—we have given fully analytical construc-
tions for problems across hybrid CV-DV control that either
previously relied on numerical optimization or had no high-
fidelity solution even in the noiseless regime: deterministic
preparation of squeezed, cat, GKP, and Fock states;
universal control of GKP bosonic qubits including readout,
stabilization, and error-corrected gate teleportation; and a
phase-estimation primitive synthesized from realistic gates.
In each case, the analytical approach matches the perfor-
mance of state-of-the-art numerical schemes. Crucially,
matching numerical optimization is not the essential point:
the analytical structure supplies what numerical optimiza-
tion structurally cannot—midcircuit error detection at well-
defined points and closed-form generalization to other
lattices, qudits, and multi-mode codes—turning a collec-
tion of separately optimized circuits into a single, trans-
ferable building block.

The primitive itself exploits noncommuting quantum
control variables, and we benchmark it analytically and
numerically against BB1, the leading univariate composite
pulse from classical NMR. GCR achieves comparable
performance with a 4.5x reduction in circuit duration,
and through that reduction outperforms BB1 in the pres-
ence of noise; we verify its correctness using three figures
of merit with full numerical confirmation. For state
preparation, our analytical squeezing and GKP construc-
tions reach fidelity and circuit duration competitive with
state-of-the-art numerics while outperforming semi-ana-
lytical approaches in infidelity at comparable duration. The
analytical structure further enables midcircuit ancilla error
detection at well-defined intermediate points, a capability
inaccessible to purely numerical optimization. With this
technique, we prepare a GKP logical Pauli state at fidelity
0.96 and success probability 0.94 under experimentally
realistic error parameters.

GCR also provides an intuitive analytical explanation of
the GKP stabilization and logical readout protocols origi-
nally derived through dissipation engineering and numeri-
cal optimization, unifying them as entangling and
unentangling operations between a finite-energy GKP code
and a qubit ancilla. This insight yields an error-corrected
gate teleportation (ECGT) scheme for both single- and two-
qubit logical GKP gates, which applies the target logical
rotation while simultaneously correcting oscillator dis-
placement errors. Protected against ancilla decay and
dephasing by a piecewise construction, the ECGT circuit
remains fault-tolerant under biased-noise models—to our
knowledge, the most effective approach for non-Clifford
operations on GKP qubits to date.

All of the above applications follow from a single
primitive, demonstrating the power of non-Abelian QSP.
GCR provides a concrete proof of principle for non-
Abelian QSP and motivates the central open problem it
leaves: a complete constructive theory characterizing the
polynomial classes achievable with noncommuting control

variables. Just as quantum singular value transformation
generalized QSP and unified essentially all known qubit-
only quantum algorithms, we anticipate that such a theory
may give rise to a non-Abelian QSVT, potentially unifying
hybrid CV-DV quantum algorithms and extending beyond
hybrid systems to multiqubit gate synthesis. Our results
provide a foundational step toward that vision.
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APPENDIX A: QUANTUM PHASE SPACE
QUADRATURES

Second quantization defines the position and momentum
quadratures of a quantum oscillator via the non-Hermitian
operators & and a'. In Wigner units (2 = 1),

a-a'
2i

a+a'
2 9,

f = p- (A1)

giving the commutation relation [%, p] = (i/2), or equiv-
alently p = —(i/2)[d/(dx)].
The vacuum state |0),,. is the minimum-uncertainty state

annihilated by a:

é\l|O>VaC = O :> ("X\" + lﬁ)|0>vac = O
10 2
Z e/ =0
= <x+zax>e
2

4
=o0=1, (x]0)y,c = <—> e™. (A2)
T
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This state satisfies 5x = 6p = 1 and hence §x5p = 1, satu-
rating the uncertainty bound. More generally, states with
arbitrary position uncertainty are written yw(x) « e/
where A% = 45x* = 1 recovers the vacuum. Following the
standard definition é@|a) = a|a), the position representation

of a squeezed coherent state is

2 \ /4 _20-a?
el = (32) 5

(A3)

1. Phase-space instruction set
The hybrid gates CD(f,0,) displace the oscillator
by +f depending on the qubit eigenstate of o4, where
f = Ax + iAp. These gates have been realized experimen-
tally via dispersive and sideband interactions [7,10,17,72].
In Wigner units, for purely real f,

(x|CD(B, 04)105. +) = (x|e™*/P®7|04, +¢)

~()" e Fola. @

T

where | +¢) is the +1 eigenstate of o,: the oscillator
wavefunction is displaced along the position axis by |f],
with the direction conditioned on the qubit state. We refer
to CDs with purely real (imaginary) f as conditional
position displacements (momentum boosts).

APPENDIX B: ERROR ANALYSIS OF
COMPOSITE PULSE SEQUENCES
IN PHASE SPACE

In this Appendix, we compute the error analysis for
BB1(20) and GCR(20). The equations derived here under-
pin the plots in Sec. IIL.

1. Performance metrics
We define the metrics used to assess the performance of
QSP sequences for extracting a single bit of information
from the oscillator via the qubit. For a QSP sequence U,
applied to |g) ® | + ap),

Ui(l9) ® laa)) = Biglwiglg) +vieldie)le),  (Bl)

Ui(lg) ® | = an)) = r-gleo-g)|9) + P-clw—c)le)-

Assuming symmetry (B, = f_o =, V1 = 1y = 1), We
define two figures of merit. The failure probability
P,(U,) = |y|*> measures the probability of incorrectly
identifying the sign of the mean oscillator position. The
hybrid state fidelity,

(B2)

Fy = [BP[aly)? + [vI*|(al$)?

(B3)

quantifies the backaction on the oscillator state in the event
of a qubit reset. We quote P,(U,) and Fy(U,) for each QSP
sequence used in this work.

2. No QSP correction

Starting from |y, ) = |g) ® |&) and applying e~ the
overlap with the desired state | —i) ® |a) is

2 % o T —2(x—a)? ”2
<;;> /_oodxcos<4a(x—a)>e ( )z1_128a2'

(B4)
Therefore, the hybrid state fidelity for large |a| is
)
FH(HO-QSP) ~1 - W y (BS)

giving P,(no-QSP) = 0.25y2, since ¢’#% applies no back-
action in the position basis.

3. Bivariate sequence: GCR(26)

We compute P,=1-P,
(x—a)/A, 1= -6,A°

for
and

GCR using y=
the key parameter

x=11/(2A)=6,A/(2|a|). Recall from Sec. III A that
U{GCR(8))|g)|as) = U™|g)|as), such that
UET — U(Eei%(fr—a)ax) Vo (Eei%i"’Y>, (B6)

In the position basis, the action of U and V is given by the
following equations.

wolal) = Y- PR o ) (B)
m=0
(eiVias)la) = (13- ) g

zgn(_%y)”%zfn(%)amg» (BS)

where H,(x) denotes the n'" physicist’s Hermite polyno-
mial. We need to compute the distance between our
approximate correction V and the exact cancellation oper-
ator U for the initial state |g) ® |an) = |g, @p).

Expanding U and V in Taylor series and grouping by
powers of m+n modulo 4, with ¢,,, = (1/A)""/
(2"n!m!), we obtain

(x|UVlag, ) = > (=1)nc,uy"Hu(y)e™|g)
m+n€2Z
+i (_I)Mtcn.mymHn(y)e_yz|e>’
m+ne2Z+1

(B9)
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where v,,: mod (m,4)>2 and p,,: mod (m,4)€{0,3}.
The first-order terms cancel exactly (icioH,(y) =
icoiyHy(y)). Extracting terms to O(y®), (x|UV|ax, g) =

1 4 2 1
e -g o554
6 4 2 1
+X6|:_y_+y_+y___:|

90 24 32 384

yWooor oyt y? 1]

i

8
T {2520 360 192 384 6144

n 0w°>}e-«v2|g> (B10)

+/\/'{i)(3 [23y3] — iy’ {yﬂ —|—(’)()(7)}e_y2|e>, (B11)

where N is fixed by (y|y) = L.
Success probability. Using dx=Ady and [®_dyy*'e >’ =

V7/2(2n—=1)11/4",

r 500 118
P,=N2A S 1 -Z o+ 1)), (B12
s =N \/2( 28 T 768 TOUT) (B12)

L _ /= _&18 10
m_\/;A(l 768+O(;( ) ). (B13)

giving the failure probability,

| 5/5/48 — 5/8/96

P,(GCR) = ~0.17° + O@U?®).

(B14)

Postselected fidelity. The final oscillator state condi-
tioned on |g) is given by Eq. (B10). Dividing by the
normalization,

 x/8—4°/8+4 /64

1 -Fy = Ox'%. (BI15
P 1—5)(6/48+11)(8/768+ &) (BLS)

Hybrid fidelity.
1 — Fy(GCR) = y*/8 — 5/48 + O(x®). (B16)

Both postselected and reset infidelities scale as y*/8
for y < 1.

4. Univariate sequence: BB1(20;)

We adapt the well-known BB1(20,) sequence [28] to
quantum control variables, using YA =x-—a and
x = 6,A/(2|a]). Taylor expanding Eq. (29) applied to
lw) ® |g) with (x|y) = e~=9*/2* and simplifying using
cos(za/lal) = =1, cos(za/2)a|) =0, sin(za/|a|) =0,
sin(ﬂa/2|a|) = a/|a|, and 0(/”03(/,]0(/,' = 6_(/”, the

P,(GCR)
1072} == |- [}, (GCR)
Analytical
103t results
10—4 i
P.(BB1)
105} 1 - Fy(BB1)
Analytical
T results
1076 = : : : :
2 4 6 8 10
(#)=o|

FIG. 14. Comparison of GCR(26,) and BB1(26,) for 6, = z/2
and (p) =0,A = 1. The failure probability for 6, = z/2 is
comparable for both schemes, in contrast to Fig. 3(a) where 6, =
/4 and the prefactors differ by an order of magnitude.

first- and second-order error terms cancel with the choice
¢ = £ cos™1(=0,/27), leaving,

lwas) = N{[l L OGHelg)

+ _l'3 3 _L2+i+ll 1_9712
XY\ T2 T 24 g, 42

+ (’)(;(5)} e‘y2|e>}. (B17)
Failure probability. For 6, = z/4 (BB1(90)),
P,(BB1) = 1.85¢% + O(»®). (B18)

For 6, = z/2 (BB1(180)), P, = 0.15x% + O(x®), compa-
rable to GCR. We primarily use BB1(90) in this work.

Reset fidelity. The reset fidelity expressions are com-
puted from the y* and y° coefficients in the Taylor
expansion (via Mathematica). Since the fourth-order term
is purely imaginary in both cases, the infidelity scales as y°.
For 26, = 90°,

1 — Fy(BB1,90°) = 0.37/° + O(*),  (B19)
and for 26, = 180°,
1 — Fy(BB1,180°) = 15.6y° + O(x®).  (B20)

Hence GCR(26,) achieves performance on par with
BB1(26,) in success probability while yielding lower
infidelity at significantly reduced circuit depth, as claimed
in Sec. III. Figure 14 shows the comparison for 6, = z/2,
contrasting with Fig. 3(a) for 6, = n/4.
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APPENDIX C: COMPOSITION OF BB1 AND
GCR FOR MODULAR READOUT

The goal for this composite pulse, namely BB1(GCR), is
to extract bitwise modular position information [73], in the
presence of errors due to Gaussian uncertainty and a
random displacement channel. Starting from |g) ®
| £2a)) with (x)/(2]|a|) = o'/|a| = m, the ideal measure-
ment outcome is +1 if [m| €2Z and —1if [m| €2Z + 1;a
good readout pulse must therefore produce a response
P(+1) that closely approximates a square wave. To see
why BBI1(GCR) fails to do so, we will compare the
operating-point readout error P(—1)|,_, against the BB1
pulse for which the error comes out to be 6.1 x 1073,

The Gaussian-controlled rotation primitive corrects a
position-dependent qubit rotation error by pairing each
oscillator-position—controlled kick with a compensating
momentum-controlled kick. In isolation, a GCR pulse
suppresses the position-uncertainty error of the bare rota-
tion it replaces. The resulting concatenated BB1(GCR)
sequence is

BBl(GCR(9>)1GCRO<| | )GCR¢‘ (I | >

x GCRy, (| | )GCR¢I<| | > (C1)

with ¢; as in Eq. (29). We use the reversed BB1 ordering in
Eq. (C1), [74] so that the BB1 correction pulses act on the
qubit state before the target pulse. In the absence of errors,
these pulses intend to rotate qubits to the same state
regardless of the value of the mean position (%). The final
target rotation by mé rotates the qubit to different states
depending on (&), hence, yielding modular information
about (x). The precorrection of each GCR pulse should
know which direction the qubit is starting in, so by
appending the pre-correction we solve this basic problem
in the concatenation of BB1 and GCR. Concretely, each
GCR pulse in the sequence is given by,

nm .\ _ ilie iﬁfm’
GCR,, ﬂx = 2" "2 P07 (C2)
a

where the pre-correction axis ¢,—the second, momentum-
controlled kick of each GCR unit—is determined by the
ideal qubit state |{) reached after the preceding error-free
rotation, through ¢,|{) = ic,|{). For the outermost gate
GCR the ideal qubit state is simply the input |g).

One of the approximations used to prove the correctness

2 2
of GCR s to satisfy that ¢%|¢) = ¢™5a7%|¢). When p
is written in the position basis, it makes the rhs of this
equation an error-canceling unitary of the next pulse, up to
first-order in the error (see Sec. III A). The equality under
this approximation exists only when ¢, () = ic,|{) is true,

and while by design of the pulse 6, = i 0, can be chosen
such that 6,|() = |{), the qubit state might not be purely |)
due to its residual entanglement with the oscillator (see
Fig. 3). If there was a way to take the precorrection axis to
be ioy itself, the resulting “imaginary” conditional dis-
placement would cancel the position-uncertainty error
exactly, at every angle, and the readout would be an almost
perfect square wave (P(—1)|,_,~4 x 1077). This non-
unitary pulse where ¢, was just replaced by ic, in every
GCR pulse is a proof that the other approximation used in

)C (lO'd,

the construction of GCR e Higpo b)) = e 7 lw),
where |y) is an oscillator state that is a sum of non-
overlapping Gaussian functions in x. However, the realiz-
able precorrection axis choice of o, = ioyo;, reproduces
this desirable square response only if the initial state of the
qubit was completely unentangled from the oscillator.
Since BB1’s correction angles run as large as 2z, their
higher-order residuals dominate, and for the 2z pulse, the
GCR pre-correction does more harm than good. The
readout consequently washes out (P(-1)[,_,= 0.31,
essentially random), faring worse than the bare BB1 it
was meant to improve. Splitting the pulses cannot rescue
this (sub-z sub-rotations break the x-agnostic condition,
while the only legal split 2z — z + x reproduces similar
operator fidelity). The failure is structural: BB1 requires the
oscillator and ancilla to stay entangled throughout its
sequence, whereas GCR needs to start each pulse from a
fresh, unentangled ancilla in a definite state.

a. Heralded readout. In spite of this limitation, it would
be interesting to pursue BB1(GCR) for future work. The
ideal pulse removes the residual response error that limits
the deterministic schemes of Fig. 8(d). At the no-error point
bare BB1 reaches only P(—1)|,_o~ 6 x 1073, The ideal
BB1(GCR) response is sharp to ~4 x 1077 per peak, so a
faithful realization would reach the Helstrom-limited opti-
mum value for GKP readout, below any deterministic
scheme in Fig. 8(d). While the performance of the ideal
pulse quoted here was realized by using an unphysical ic
followed by enforcing renormalization of the state, the ideal
pulse can nevertheless be realized with physical operations
probabilistically. An extra ancilla can be used to enforce
the ic in the pre-corrections via post-selection. Applied to
all four pulses, the operating point readout error for this
heralded realization is ~4 x 10~7. Each herald measures a
correction’s ancilla, not the readout qubit, so the g/e
outcome is preserved; heralding therefore costs only yield
(7%). The practical choice heralds only the three correction
pulses—the 7z, 27, 7 block—and leaves the final target a
deterministic GCR, giving the highest yield (~17%) with
the fewest ancillas. On the ~17% of shots where all three
heralds succeed the sequence is the full BB1(GCR),
reaching ~5.7 x 107, The yield can be increased to
100% using methods from block encoding of quantum
imaginary time evolution. The circuit noise on this pulse
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makes its performance at the no-error point worse than
GCR itself [71]. Hence, we leave further analysis of this
direction for future work since this optimization is not
directly tied to the framework of non-Abelian quantum
signal processing.

APPENDIX D: SQUEEZING

(a) Definitions. We consider oscillator states w(x) =

e~(—a)?/4 with position and momentum uncertain-
ties 6x = A/2 and 6p = 1/(2A). Squeezing along
position acts as

@) = [T 0. a1 oY

0

For comparison with Refs. [7,15], squeezing in dB is
defined as S(r) =10log,o(e’/?), with S, = S(log 4A?)
and S, = S(log4/A?), where r is the bosonic squeez-
ing parameter [5]. The Fisher information for a
Gaussian state is F = 2/6x*> [47]; we apply this to
the non-Gaussian states generated here because they
remain close to Gaussian at each step, enabling direct
comparison with Refs. [7,15].

(b) Circuit duration. We report circuit duration rather than
gate count because the error and speed of a conditional
displacement depend on displacement amplitude.
Given Hcp = y(roa' —yja) with y/2z =50 kHz
and |yo| =20, the duration is T, = |y;|/(x|rol),
lower bounded by T, <024 = 48 ns, including an
unconditional displacement (24 ns) and a mid-circuit
qubit rotation (24 ns) [7].

1. Squeezing with GCR

Starting from vacuum (A = 1, = 0), after CD(a, oy )
the qubit expectation values conditioned on oscillator
position are

(6,), = sech(4ax/A?), (D2)
(0,), = tanh(4ax/A?), (D3)
<6}’>x = O (D4)

When 4a/A? is small, (s, ), is approximately linear across
the support of w(x). Applying the corrective rotation
Ry(—4ak/A?) = CD(ia/A?, 6,) then gives

dax 4 dax 4
(6,), = tanh%sin% + sech%cos% =1-0(x°),
(D5)
dax 4 dax 4
(o), = tanh%cos% - sech%sin% = O(x?),
(D6)

(D7)

confirming disentanglement to O(x?). The resulting oscil-
lator state is a small even cat approximating a Gaussian
with A? ~ A7_, + a7. This mirrors GCR in the momentum
basis, since 6/|a| is small for large |a| in Sec. IIT A.

a. Choice of ay. For (o), to remain linear across the
FWHM of y(x), the slope 4a;/A? must satisfy

4 2/zAHV4 053
o  (2/ms?)"*

— = , = |a| < 0.13A1/2,
A? 2AvIn2  AY? o

(D8)

For the accelerated ¢ = 2 protocol, we fit (c,) using || =
0.13 and || = 0.06A2 for k # 0, yielding the optimal
correction for the approximately linear slope. While not
fully analytical, this provides a seed for optimization that
converges significantly faster than schemes where this
value is unconstrained [15].

2. Comparison with previous work

Our protocol achieves 8.5 dB squeezing with infidelity
~0.003 in ), |a;| ~ 5.7 ps. The two protocols operate in
complementary regimes: Ref. [15] begins with a large
conditional displacement to prepare a large odd cat and
displaces toward vacuum, exploiting the S, # —S, regime
to achieve faster convergence at the cost of numerical
optimization for disentanglement and mild non-Gaussian
distortion near the origin. Our protocol builds up squeezing
incrementally from vacuum, keeping the state close to
Gaussian at every step and enabling analytical disentangle-
ment via GCR, at the cost of being restricted to the
S, =-S, regime. At S, =85 dB, Ref. [15] reports
infidelity ~O(1072) vs our ~O(1073) in comparable circuit
duration. Our scheme is also on par with numerically
optimized schemes [7], as shown in Fig. 15.

—~ 12 B . A
% A Numerical scheme

c A Non-Abelian QSP ‘

Nt 8 B A,

= st

= A

(] 4 B A‘

g .

O AAA

wn O A 1 1 1 1 1

2 4 6 § 10 12
Time (us)
FIG. 15. Squeezing of vacuum with fidelity F > 0.99 using

non-Abelian QSP (Sec. IV B) and the numerically optimal
scheme of Ref. [7].
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3. Comparison with Trotterization

A Trotterization-based squeezing sequence using the
BCH formula gives

(eiefcax/Neieimy/Ne—iefmx/Ne—ieimy/N)N

0., 9)

— eiez(fcﬁ+f;ﬁ)az|0’ q) + O(€4N), (D9)
which generates the squeezing Hamiltonian X p +p . For a
state with variance A2, the analogous sequence uses ¢/A?
and e for the two CDs respectively, yielding squeezing
proportional to €?/ A* per step. Effective qubit disentangle-
ment requires both increasing N and decreasing € as A
grows, significantly increasing circuit duration. As noted in
the main text, this makes Trotterization substantially slower
than our protocol at comparable fidelity: for 8.52 dB
squeezing, Trotterization requires 40.67 vs 5.8 ps for our
scheme.

APPENDIX E: CAT STATE PREPARATION

We compute fidelities of cat states against the output of
the preparation circuits in Fig. 4(a) (large cats) and Fig. 5(a)
(small cats). In CV architectures, cat states are super-
positions of coherent states located diametrically opposite
in phase space,

@) £|-a)

|Ci(x> & (D((Z) + D(_a)>|0>vac ~ \/E ’ (El)
2 1/4 e—()c—ar)2 + e—(x+a)2
i) = e = (2) = ®)

(a) Nondeterministic preparation. Entangling the cavity
vacuum with the qubit in |+) via CD(a, o) gives

1) = CD(a, 6,)[0)|+) & [a)| + i) £ | = )] = i).
(E3)

A subsequent Ry(—z/2) rotation yields

l2)  (la) £ | —a)lg) —i(la) F [—a))le).  (E4)
Measuring the qubit projects the cavity onto an even or
odd cat state, each with probability %

(b) Deterministic preparation. To fully disentangle the
qubit from the cavity, we apply a momentum boost
e*o. which implements a position-dependent
o,-rotation by —2p%. Using R, (6) = R, /,_y(—7/2)x
RZ(Q)RE/Z—QS (7[/2),

lws) = Ro(=7/2)e P yr,). (ES)

Setting f = —x/(4|a|) aligns the qubit polarization
with the cavity peaks at x = +a, as shown in Fig. 4(a).

1. Fidelity without QSP correction

Writing |y, ) in the position basis and computing the overlap
with the target |C.,)|+), neglecting inter-Gaussian overlap
and using the symmetry [e 2% cos(f(x — a))dx =
[ 725+ cos(B(x + a))dx, the integral reduces to

<Wcat|l//4> ~ <%)7 /_00 dxe_z(x—a)z <1 B M)

(E6)
2
T
=1- . E7
12802 (E7)
The fidelity for large cats is therefore
2
T
Fx1- ES8
6402 (E8)

This matches the no-QSP-correction case for rotation gadgets
(Appendix B 2), confirming that GCR and BB1 improvements
carry over directly to cat state preparation.

2. Deterministic odd cat preparation

The unentangling gadget for the odd cat acts as

U(x/2.]a]. 1)e2%(|0),,c ® |9))
= ¢ TP (|a) | ) + |~ a)|-))  (E9)
X (la) = =) ® le) + O()lw') @ le)
+00)ly") ® lg). (E10)

targeting |e) with maximum probability. Cat fidelity
improves with increasing |a| and decreasing A, consistent
with y = 0A/2|a| (Sec. III).

3. The problem with small cat states

For small cats (Ja]*> <4), the overlap (a| —a)#A 0
invalidates Eq. (E8). The finite-overlap correction enters
the fidelity integral as an additional term proportional to
e, representing the contribution from the cross term
between the two Gaussian peaks. This correction adds to
the even cat fidelity and subtracts from the odd cat fidelity,
making Fqq < Feven With the gap growing exponentially
as a decreases. For f = —2q, including the normalization

N = [1/(27)]"*/\V/1 + e72 the fidelities are

041018-31



SINGH, ROYER, and GIRVIN

PHYS. REV. X 16, 041018 (2026)

T Jitew
(E11)
Fugn |25 HG 05 -F)
— Vizem®
(E12)

This asymmetry reappears in Fock-state preparation—
projecting onto the even (odd) cat corresponds to |0) —
|0) (|0) — |1)) for small a—and is addressed in Sec. VI A
via the amplification gadget.

APPENDIX F: GKP LOGICAL PAULI STATES

We derive the numerical circuit presented in
Sec. IV C for GKP state preparation. The required states
described by Eq. (61) are superpositions of finite-energy
basis states |a), at positions a = mv/2x, with me€2Z
for  [0)gkp. |[+)gkps | + i)gkp and me2Z+1 for
D 6kp» |=)okp» | — D) grp- These superpositions are built
using repeated applications of the cat-state transfer circuit
C, which generates superposition coefficients following a
binomial distribution. Below we quantify the relationship
between state fidelity and circuit depth, describe the
unentanglement procedure, and explain the role of the
appended stabilization step.

1. State fidelity vs circuit depth

The superposition coefficients generated by C;
[Fig. 6(a)] follow Pascal’s triangle (Fig. 16): after N cat-

(f}; )/2N.
The target GKP state requires amplitudes proportional to

ke=™"4°/2 at positions m/7. For a given A and Zggp
codeword u, the optimal N satisfies

() /?

< (2m + u — N/2)2A2
=exp|—=x

state transfer steps, the mth peak has amplitude

) ez. (F1
SR mez
Applying Stirling’s approximation and setting x = m/N
reduces this to the transcendental equation

X1 =x)~09 — ¢ 2NN (x=05)" (F2)
2

solved numerically via Newton-Raphson iteration. The
overlap is maximized at NA? ~ 0.32. Table III lists the
optimal N for several values of A achieving fidel-
ity 7 > 0.98.

16 21/6 1/1/6

|/ |

1/4/20  3/4/20 | 3/1/20 1/4/20

/70 470 61370 470 170

FIG. 16. Probability amplitudes of the finite-energy basis states
generated by repeated cat-state transfer circuits, arranged accord-
ing to Pascal’s triangle. This structure defines the state prepared
by the circuit in Fig. 6. The numerators denote the binomial
coefficients associated with each peak, while the denominators
arise from the normalization of the corresponding binomial
distribution.

2. Unentanglement

For k =2, the optimal unentanglement angle is not
immediately obvious [see Fig. 6(a)]. Defining the fidelity as
a function of the conditional displacement amplitude a,

[§ = avax + Y erzocic (p)alx = )]

F =
1 JrZieZZ,Zsin(i;{z)z

. (F3)

where x = (k+1)/2+ 1 fork€2Z +1and x = k/2 + 1
for k€27, the optimal angle minimizes 1 — F subject to
a < /m/4k. The central peak is excluded for even k since it
contributes no qubit rotation. One can verify that the
minimum is achieved at a = /z/4k for k < 3.
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3. Appending SBS

The states generated by C, alone lack the correct
coefficients for the outermost peaks—visible as the absence
of fringes in those peaks in Fig. 6(a). Appending a single
round of SBS corrects this. The combined scheme outper-
forms pure SBS preparation for two reasons: the faster C;
circuits bring the state close to the GKP codespace before
SBS is invoked, avoiding its slow convergence [Fig. 6(b)];
and since no ancilla measurement outcome is relied upon
during the C; steps, mid-circuit error detection can be used
throughout.

4. State preparation from vacuum

Repeating the scheme with A =1 (vacuum input)
produces a momentum-squeezed state after C,, whose
finite-energy parameter op is then used to repeat the
protocol in the momentum quadrature. This yields a magic
state with fidelity 0.85 and success probability 0.90; the
reduced fidelity arises because the unentangling gadget
achieves only 0.94 success probability when generating a
squeezed cat from squeezed vacuum rather than from a
state prepared by the squeezing gadget. This circuit does
not require an appended SBS round, but its hybrid fidelity
is lower than that of the circuit in Fig. 6(b), and it is
included here for completeness.

5. Arbitrary GKP states

Universal state transfer requires preparation of arbitrary
GKP codewords beyond the logical Pauli eigenstates.
Starting from |0)gkp in the cavity and the qubit in
alg) + ble), a finite-energy logical Zggp operation con-

ditioned on the qubit, ¢’V*/?%:_ prepares the hybrid state
lw) = D(iva/2v2)[al0'g) + b|Ve)].  (F4)
where |0') = D(~i/@/V/2)|0) and [1') = D(iy/z/v/2)[0)

are off-centered GKP states. The off-centered states |0') and
|1") are not in the GKP codespace, so a few rounds of
stabilization are required to project back, giving
al0g) + b|le), after which GCR unentangles the qubit to
yield [a|0)gkp + b|1)gkp] ® |g). This construction per-
forms no error correction during the displacement and
unentanglement steps; the error-corrected gate teleportation
scheme in Sec. V addresses this limitation.

APPENDIX G: ERROR-CORRECTED GATE
TELEPORTATION

We verify the error-corrected CXggp teleportation
scheme described in Sec. VD by tracking the joint
oscillator-qubit state through each step. The setup consists
of two GKP-encoded oscillators, each stabilized by a
dedicated ancilla qubit. Defining

lw1)axe = al0)gkp + b|11)Gkps (G1)

lwa)ake = clH2)6ke + dl—2) Gk (G2)
the protocol proceeds as follows.

Step 1: Entanglement. Applying the x-entangling gadget
&;, to the control and the p-entangling gadget &£, to the
target gives

5215;32[ wieke @ [90)][[w2) ke ® 192)]
= [(al0y)gkelg1) = bI11)6kelen))l[(cl+2)crpl92)
— d|—2)ckele2))]-

Step 2: Qubit CZ. Applying C;Z, between the two
ancilla qubits yields

(G3)

al0y)skplgr)[cl+2)ckpl92) — dl—2)ckple2)]

= b[11)akelen)[c|+2)akpl92) + d|=2)cplea))- (G4)
Step 3: Unentanglement. Applying &; &5, again disen-
tangles both qubits, leaving

[al01)p(cl+2) ke = d|=2)ckp)

= b|1i)ere(cl+2)ake T dl=2)6kp)] ® [91)]92).  (G5)
which is the CXggp image of |y;) ® |y,) with both
ancillae returned to |g) and ready for the next stabilization
or gate cycle.

As a concrete check, initialising the control in |—)gkp
(a=1,b=—1) and the target in [1)ggp (c =1,d = —1)
produces the GKP Bell pair |0,0,)gkp + |1112)gkp, With
success probability 0.9987 and gate fidelity 99.92%. This
scheme provides no protection against ancilla errors within
a single teleportation step; fault tolerance is restored by the
two-qubit Pauli rotation construction P;P;(#) described
in Sec. V.

APPENDIX H: FINITE-ENERGY SUM GATE

Logical gates for GKP qubits are obtained via the
nonunitary conjugation E,AEZ', where A is the corre-
sponding infinite-energy gate and E, = ¢ 2" is the
envelope operator (Sec. V). For the entangling gate
CXgkp With A = ¢/2®7,

Epe®®PET & @i[201 P2t 20 Pt —i282 (8125-2p1 )] (H1)
valid to leading order in A using coshA?~1 and
sinh A? ~ A%, This can be realized with an auxiliary qubit
by defining S = e~ iV (Rit=Piba)oy gnd B = eiz(fflﬁz—AAf’lffz)Gx’
so that

CXgkp & SBS|y)Gkp|0). (H2)
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implementable via dissipation-based methods with
Trotterization [18,49] or via GCR-type correction
using Ux|g> = _i6y|g>'

1. Gate S: Echoed conditional two-mode squeezing

Using the Baker-Campbell-Hausdorff expansion,
TMS(a, 7)aTMST(a, ) = acosha + b sinha, conjugat-
ing the dispersive interaction e~%#s% 4% by TMS(a, ) gives

TMS(a, z)e~%'s* e TMS' (a, 7)

= exp | —iyts(cosh’aa’a + sinh’>abb’

+ %sinh(Za)(aTbT +ab))o, |. (H3)

The first two terms are even in a; the last is odd. Echoing
with a qubit o, between +« therefore cancels the first two
terms, leaving

TMS(a, 7)e~'s¢' 4. TMS' (a, 7) - 6,
- TMS(—a, z)e~#!s4' 9. TMS (—a, )

~ e s sinh(2a)(a’ b +ab)s, _ e~ its sinh(2a) (%, %= P pa)o,

(H4)

Rotating the qubit Bloch sphere with R, (z/2) converts this
to S, with gate time tg = A?/(y sinh2a). Since sinh2a is
unbounded, arbitrarily fast gates are achievable at large
even in the weak dispersive regime. The two-mode
squeezed frame at large a can be reached via single-mode
squeezing and beam splitter operations using the Bloch-
Messiah decomposition [5].

2. Gate B: Echoed conditional beam splitter

An analogous echo construction using BS(a, ) gives

BS(a, 7)e~ 4 4. BS (a, 7) - 0,
- BS(—a, 7)e~#wd'w.BST (—q, 1)
~ e itts sina(ﬁlﬁz‘*ﬁ]f‘z)”z_

(H5)

To extract B with the A* correction, we apply single-mode
squeezing S,(r) with r =3InA™* to mode 1, rescaling
X; — e'X; and p; - e7"p;. This gives gate time

2A°
ZB - " 5 (H6)
xysmao

which decreases with A, favoring the low-A regime
relevant for GKP states [7].

3. Gate times

Although g and tg enter asymmetrically in CXggp and
CZgkp, the total circuit duration fcx/cz = 2ts + I is the
same for both gates since the roles of g and #5 are simply
exchanged:

A? 2A°
I =—"7,
J sinh 2a
and symmetrically with tg <> t5 for CZgkp. Both gates
benefit from the A? suppression of gate time, making this
construction particularly advantageous in the low-A regime
relevant for GKP states. This construction is the two-mode
extension of the echoed conditional displacement intro-
duced in Ref. [5].

APPENDIX I: ROTATIONALLY SYMMETRIC
STATES

1. Four-Legged Cat State Preparation

We derive the unentanglement conditions for the four-
legged cat state preparation circuit of Sec. VI A. Starting
from an even cat state |C;5) with fER,

U@, lal, 1)e=277|C5)|g)
=U(0. |a]. 1)[e7P|Cig)|[+) + e+eP

Cip)l=)], (1)

where U/ = GCR or BB1 and 0 = /2.

a. GCR
The GCR unentanglement gadget acts as

ue. Cipllg)
~ [ 07 7290 |Cyp) 4 €T 2P |Cip)]|g).  (12)

, l)e—iZaiwx

a

Unentanglement succeeds when za/4f = mn/2, giving
a/p =2m for m € Z. The resulting state is

[4C) < (126 + i) — 26— if)) — (=28 +if) + |26 —ip)).
(I3)

arectangular cat with even aspect ratio. Squeezing this state
to fix the aspect ratio would distort the individual blobs and
is not recommended.

b. BB1

Since all operations in &/ = BB1 are controlled momen-
tum boosts, the unentanglement proceeds as in the two-
legged cat case, up to a local phase on two of the four blobs:
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U0, |al, 1)e=2abox Cip)lg)
~ [|a+if) + e|—a + if) + e~ |a — ip)
+ |=a = ip)]|g), (14)

with the phase vanishing when a?> = 2z. BB1 therefore
prepares square four-legged cats without geometric
restriction.

2. Fock states

Fock states can be approximated as rotationally sym-
metric superpositions of coherent states,

1 - n 27)
) —NZ #lac ), (15
a2n e —a?
Fn:|<n|Wn>| =m>— n! Nz’ a€R, (16)

where fidelity improves with increasing m beyond the
minimum m, required for each |n). Preparation can be
achieved via a Trotterized circuit for the anti-Jaynes-
Cummings (AJC) Hamiltonian,

AIC = ac_+ a'o, = 2(%o, — poy), (17)
whose right-hand side is approximated by a conditional
displacement and a conditional momentum boost. Below
we describe the Law-Eberly protocol and derive analytical
preparation circuits for N = {1,2, 3} conditional displace-
ments, matching the fidelities of the numerical scheme [7].

a. Law-Eberly protocol

A conditional displacement ¢'("*+#P)®% with 12 = y2 +
f? decomposes into JC and AJC interactions as

CD =expl|iz ( 0+D) g + e (eJr(,’))(A1+6+

AlC

+ e PDag, + e 0-Dats )| (18)

IC

Acting on |n)|g) with the AJC evolution alone gives

€i9AIC ) | g) = cos(2a\/m) In)|g)

+ e 0+ sin2av/n + 1)[n + 1)e),  (19)
which transfers a single photon to the oscillator at
a=rn/(4v/n+1). Since CD also contains the JC term,
we alternate between 0 — ¢ = —x/2 and 6 — p = +x/2 to
cancel it, realizing the Trotterization (e/®s/NgiaPox/N)N,
Given pure AJC or JC evolution, the Law-Eberly protocol

[63] achieves universal Fock state preparation from vacuum
via sequential single-photon addition. The Trotterization-
based scheme has been shown to improve upon the
numerical scheme [7] in circuit duration, though the
numerical scheme remains optimal in circuit depth [5].
Our analytical scheme in Sec. VIA is the only one
matching the numerical circuit depth at comparable fidelity.

b. Optimal protocols for N={1,2,3}

We focus on |n = 1), noting that Eq. (I5) represents it as
a small odd cat state. As discussed in Appendix E 3, the
probability of projecting onto a small odd cat is lower than
for an even cat, so there is an optimal a balancing fidelity
with |1) against success probability.

N = 1. Starting from |0, g),

CD(a.0y) .

0,9) — i

oda(|@) = [ = a))le)

+Neven(‘a>+|_a>)|g>' (HO)
The optimal a = z/4 maximizes the product of the
fidelity with |1) [Eq. (I6)] and the relative success prob-
ability [N gaq|>/|Neven|> This coincides with the JC
parameter for |0, g) — |1, ¢) achieved with a single condi-
tional displacement.

N = 2. The first-order Trotterized AJC circuit gives
|0,9) = |1,e) at a =x/4, with hybrid fidelity 0.70—
slightly below the numerically optimized result. A better
strategy appends e’ix instead, which is the unentangle-
ment sequence for large cat states without QSP correction
(Sec. IVA, Appendix E 3). Since |a| < 2, QSP correction
does not apply (Fig. 3), but the momentum-basis back
action is here favorable: the enhanced non-commutativity
of displacement and momentum boost at small amplitudes
creates a state whose position and momentum peaks nearly
coincide, yielding a near-circular Wigner distribution close
to |1). The resulting hybrid fidelity is 0.84, matching the
numerical scheme (Fig. 12).

N = 3. The N = 2 circuit has effectively transferred the
unentanglement problem from the position to the momen-
tum quadrature, creating a large cat of size | along p. The
third gate must therefore unentangle the qubit in the

momentum basis, requiring (o, ),.w = 0, where
<6x>new = <Gx>old COS(40!2p) - <O-Z>old Sin(40(2p), <Ill)
giving tan(4a, p) = (6x)oia/ (62) 10 = sinh (44 p). Imposing

this condition at the momentum wave function peak p = o
(Fig. 12),

o0 = ﬁtan" (sinh(4f,a,)) =~ tan~! (sinh(x/2)).  (112)
1 T

This N = 3 sequence has higher operator fidelity to the
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AJC Hamiltonian evolution than the symmetric second-
order Trotterized circuit in Eq. (82).

APPENDIX J: CONSTRUCTING THE HYBRID
UNITARY FOR PHASE ESTIMATION

We derive the explicit form of C,U in Eq. (83) for
U = ¢'%s. We work throughout in the convention [%, p] = i
adopted in Sec. VI B, and view the four-pulse synthesis as
constructing—from unitary access to U together with the
phase-space instruction set—the hybrid Hamiltonian-
imprinting primitive that Liu er al. [65] take as given.
The derivation proceeds in four steps. We first reduce the
four-factor product C, U to a single qubit rotation whose axis
and angle depend on X and 8. We then identify, in the small-a
limit, the part of this rotation that produces a measurable
momentum displacement of the oscillator. We then go
beyond the small-a approximation and obtain a closed-form
expression for (p) that is exact for any @ when the oscillator
is initialised in the squeezed vacuum. Finally, we compute
the homodyne variance and use the Cramér-Rao bound to
characterize the precision of the resulting phase estimate.

1. Reducing C, U to a single rotation

Each two-qubit rotation can be represented as a qua-
ternion with basis elements {7, o, oy, 0, }, and the product
formula for quaternions (equivalently, the standard com-
position rule for qubit rotations) gives the rotation axis and
angle of the product of two rotations directly. Using

VX' e \/X = e we first simplify Eq. (83) as
CXU — eiafc@ax eiﬁaze—ia)?@)ax e—iﬁaz' (Jl)

Setting -6 = 6, and 71 -6 = o6,, so that /-7 =0 and
(A x i) - 6 = -0y, the composition rule (7 -6)(7 - 6) =
(A - m) +i(A x m) 6 gives the intermediate rotations

cosy = cos(ak) cos 0, (J2)
sinyk - & = sin(ak) cos foy
+ cos(ax) sin fo, + sin(ak) sinfoy,,  (J3)
sinyk’ - & = —sin(ak) cos Oo,

— cos(aX) sinfo, + sin(aX) sinfoy,  (J4)

with ¥ = y. Composing ¢7%% and ¢7¥"% via the same rule
yields C,U = "% with

cos § = 1 —2sin?(ak) sin? 0, (J5)

- . . I . .
sin g’ - ¢ = sin(2ak) sin o, + 3 sin(2ag) sin(20)o,

— sin?(aX) sin(26)o,. (J6)

2. Leading-order momentum displacement

In the limit a% < 1, the rotation generator gi’ - 6 reduces
at leading order to
gil, = 20 sin® 6, (J7)
gny, = aksin(20), (J8)
ghy, =0, (19)

where the 6, component is suppressed at O((a%)?) and so
does not contribute to leading order. When the qubit is
initialized in a o, eigenstate, only the 6, component of the
generator acts as a ¢ number on the qubit; it then simply
imprints an £-dependent phase ¢'**%"(2?) on the oscillator—
precisely a momentum-displacement operator. The oy
piece, by contrast, anticommutes with o, and flips the
qubit out of | + y); it entangles the qubit with the oscillator
in a manner that, after tracing over the qubit, produces no
net mean momentum displacement at leading order.
Accordingly, at leading order in aX and with the qubit
prepared and measured in the o, basis, the mean oscillator
momentum after C, U is

(p) ~ asin(26), (J10)

from which 6 can be extracted directly.

3. Exact result for vacuum input

We can derive a closed-form expression for (p) that is
exact for any a when the oscillator is in the squeezed
vacuum. The action of C,U on |+ y) at fixed oscillator

) =10 [ ()] +y) +a-(x)|=y)],
where the qubit amplitudes

ay(x) = cos §(x) + igiy(x),

AA

a_(x) = =g (x) + gy (x), (J11)

follow from acting Egs. (J5)-(J6) on |+y) using
ox|+y)=il=y), oyl +y) = [+y), and 0| +y) = | = y).
The mean momentum after the protocol is then

(p) = / dxlgo(x) P Im @’ 0,y + atdia].  (112)

where ¢o(x) is the squeezed-vacuum wave function with
squeezing parameter r in the momentum quadrature. The
integrand simplifies to

Im|[- - ] = asin(260)[cos(26) cos(2ax) + 2sin* 0],  (J13)

and the Gaussian integral [ dx|¢(x)|? cos(2ax) = e~

then gives
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(p) = asin(20) g (1—e)sin(40) |  (J14)
exactly, for squeezed-vacuum input and any o.

Equation (J14) reduces to the leading-order result
Eq. (J10) at small a—where 1—¢ ¢ = q2e? + ...
makes the correction O(a*)—and remains valid arbitrarily
far from that limit.

Two features of Eq. (J14) are worth highlighting. First,
only two harmonics of 6 appear: the desired sin(26) signal
and a sin(46) correction. Second, the correction vanishes at
0 = n/4 because sin(40) = 0 there: the protocol returns
(p) = a exactly for any a when 6 = 7/4, independently of
squeezing.

4. Variance and precision analysis

The variance of the homodyne readout admits an equally
clean form. Using the same wave function decomposition
that gave Eq. (J14), the second moment of p for squeezed-
vacuum input is

e—2r
(p?) = ——+4a’sin’ 0,

. (115)

exact for all a and r. The first term is the squeezed-vacuum
P-quadrature variance; the second term is an excess noise
contribution that arises from the oscillator-qubit entangle-
ment generated by C,U. Combining Eqs. (J14) and (J15)
gives the homodyne variance §p? = (p?) — (p)?, which at
leading order in a simplifies to ({p?) converts sin’ @ to
sin* )

€—2r

2

5p? = —— + 4a?sin* 0 + O(a*), (J16)

and is dominated by the input squeezed-vacuum variance
€72’ /2 in the small-a regime.

In this small-a regime, the homodyne distribution
P(p) is Gaussian; deviations from a Gaussian fit
have Kullback-Leibler divergence <107* at a <O0.1
(numerically verified). At larger a, the oscillator-qubit
entanglement generates non-Gaussian and even bimodal
distributions whose precision analysis would require maxi-
mum-likelihood estimation from the full P(p) shape; this
regime represents an interesting target for future analysis of
non-Gaussian phase-estimation protocols, and we restrict
our analysis here to small @ where the distribution is
Gaussian.

The Cramér-Rao bound on estimating 6 from N homo-
dyne shots is

—-r

5[) a—0 e
O, Z —_— )
"= VN|dg/o6|  2v2Na|cos(26)]

J17)

where ¢(0;a,r) is the right-hand side of Eq. (J14) and
0g/00 = 2acos(20) + O(a®). Equivalently, reaching a
target precision o, = € requires

e—2r

~— J18
8a’e? cos?(20) (18)

homodyne measurements, each consuming two queries to U

(one U and one VXU \/YT). Note that the leading-order
slope dg/00 = 2a cos(20) vanishes at @ = z/4, so although
the mean response Eq. (J14) is exact at this point, the
estimation precision is correspondingly poor; the optimal
operating point is O~ 0 or x/2, where |cos(20)| = 1.
Equation (J18) sets the per-shot precision underlying the
main-text scaling Eq. (84); the resulting comparison to Liu
et al. and to the qubit-only baseline is given alongside Fig. 13
in the main text.
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