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The Gottesman-Kitaev-Preskill (GKP) code is an exciting route to fault-tolerant quantum computing
since Gaussian resources and GKP Pauli-eigenstate preparation are sufficient to achieve universal
quantum computing. However, there is a disconnect between the noise model that GKP qubits are in
theory designed to correct—uniform random displacement errors—and the conditions that affect GKP
qubits in superconducting devices in practice: realistic noise channels, logical gates, and inefficient
measurements. In this work we bridge this gap in three ways. First, we approximate the effect loss and
dephasing on approximate GKP codestates using a random displacement channel, and show that this
approximation matches well with numerics. Second, we analyze the error-spreading properties of GKP
Clifford gates and describe how a modification in the decoder following the implementation of each gate
can reduce the gate infidelity by multiple orders of magnitude. Finally, we consider the effect of homodyne
measurement inefficiencies on logical state readout and analyze a scheme to improve the measurement

efficiency using the theory of quantum trajectories.

DOI: 10.1103/k1tk-wh93

I. INTRODUCTION

To construct a large-scale quantum computer, quantum
error correction (QEC) is required to achieve error rates low
enough to run useful algorithms. Bosonic QEC codes [1-4]
are a promising approach to QEC because they encode
logical information in the formally infinite-dimensional
Hilbert space of a quantum harmonic oscillator, allowing
for robust logical qubits to be constructed from a single
physical device. Moreover, bosonic codes can be concat-
enated with a traditional QEC code such as the surface code
[5-8] or quantum LDPC codes [9], using the enhanced error
tolerance of the bosonic code to reduce the overhead
required to reach a given overall logical error rate.

Actively pursued examples of bosonic codes include the
cat code [2], binomial code [4], and Gottesman-Kitaev-
Preskill (GKP) code [3], with a recent GKP code experi-
ment surpassing the break-even point by more than a factor
of two [10]. GKP codes are also particularly promising
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since universal quantum computation can be achieved using
only Gaussian resources combined with a supply of either
GKP Pauli-eigenstates [11] or GKP Hadamard-eigenstates
[12]. Such GKP Pauli-eigenstates have been produced in
both superconducting microwave cavities [10,13,14] and
the motional states of trapped ions [15,16], but currently
have error rates too high to surpass the threshold of the
GKP-surface code or toric code [5,7].

Although GKP codes have been modeled both on the
physical single-mode level and in larger multi-mode code
concatenations, these studies typically use incompatible
noise models, with multi-mode simulations using a
Gaussian random displacement channel that is theoreti-
cally useful but unrealistic, and single-mode studies using
more realistic noise models such as loss and dephasing that
are difficult to simulate exactly in multi-mode studies.
Moreover, realistic modeling of GKP qubits requires
the incorporation of logical operations such as gates
and measurements. Strikingly, due to the low energy of
microwave photons, homodyne detection in microwave
circuits is severely limited in practice, with state-of-the-art
experiments achieving efficiencies on the order of
60%—-75% [17,18].

To address these gaps, we introduce new theoretical
techniques to analyze the effect of realistic noise channels,
GKP Clifford gates, and readout that is theoretically
convenient and a close approximation of the realistic noise
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channel. First, we analytically estimate the effect of loss
and dephasing on GKP codes by taking a lowest-order
approximation of the gate infidelity error using the GKP
stabilizer subsystem decomposition [19]. The expressions
we obtain coincide with those corresponding to a con-
tinuous-variable “twirling approximation” of the relevant
quantum channel. As such, the technique can also be
viewed as both a justification and a generalization of the
twirling approximation that has previously been limited
to analyzing approximate GKP codestates [20]. Second,
we introduce a general method to counteract the spread
of errors due to Clifford gates using a modified error
correction scheme after each gate. And finally, we analyze
the effect of low measurement efficiencies on logical state
readout, and we use the theory of quantum trajectories to
analyze a method that improves the effective measurement
efficiency of readout by coupling each high-Q GKP mode
to a low-Q readout ancilla.

We utilize two recently developed techniques to analyze
the performance of each scheme. We analyze physical
noise models and GKP Clifford gates using the stabilizer
subsystem decomposition [19]. In particular, the stabilizer
subsystem decomposition is designed such that the partial
trace over the stabilizer subsystem corresponds exactly to
an ideal decoding map, making it suitable to calculate gate
fidelities and other quantities of interest. We analyze our
measurement scheme using the methods of Ref. [21],
which allows one to solve for the quantum trajectory
evolution of a system with time-independent linear dynam-
ics and Gaussian measurement noise.

The remainder of this paper is organized as follows. In
Sec. II, we provide an overview of GKP codes and the
notation we will use throughout the manuscript. We begin
by considering the effects of GKP Clifford gates in
Sec. III, in which we establish the figure of merit we will
use to analyze noise in GKP codes and explain how to
minimize the spread of logical errors using a modified
decoding scheme. Then in Sec. IV we introduce our new
analytic approximation technique for loss and dephasing
acting on GKP codes. Finally, we analyze the effect of
measurement inefficiencies on logical state readout in
Sec. V and analyze a method that uses an additional
ancilla mode to perform homodyne detection with an
enhanced efficiency. We provide concluding remarks
in Sec. VL.

II. GKP CODES

We now present a brief overview of the properties of
GKP codes [3] and the notation that we will use in the
remainder of this manuscript. GKP codes are a class of
bosonic stabilizer codes in which the codespace is the
simultaneous +1-eigenspace of operators acting on a
continuous variable (CV) Hilbert space. The CV system
can be described by ladder operators [a,a’] = 1 or quad-
rature operators [g, p|] = i. We denote the number states as

[n), and position and momentum eigenstates as |x), and
[v),» respectively. We also introduce the displacement
operator

T(v) =T(vy,vy) = e”"1Ptind 1)
for v= (’Ul, 1}2) = |R27 which Obeys
T(V)T(W) = e*i(mwzfvzwl)/zT(V + W) (2)

This definition of the displacement operator also ensures
that T(4,0)|x), = |x +4), and T(0,A)|y), = |y +4),,.

To define a (single-mode) GKP code, we begin with two
real vectors @ = (a;,a,) and f = (f,,5,) that satisfy
a1y — fra, = m. The stabilizer generators are then given
by Sy = T(2a) and S, = T(2f), which (together with
their inverses) generate the stabilizer group. The logical
Pauli operators are given by X = T(a), Y = T(a + f) and
Z = T(p), where we use bars to indicate logical operators
and states. We define the GKP logical lattice

L ={ma+ npim,ne}, (3)
and the corresponding Voronoi cell

Vy={veR?|v|<|v-¢| V€L +0}, 4
which contains the set of points closer to the origin than
any other point in L.

The simplest example of a GKP code is the square GKP
code, given by &, = (/7. 0) and B, = (0, /7). In this
case, Xy, = ¢~V and Z,, = ¢'V™. General GKP codes
can be conveniently described by introducing the canoni-
cally transformed logical quadrature operators

R

1
‘_]:\/E(ﬁzq—ﬁlp), 1_9:77-[(051P—OC2‘I)’ Q)

such that X = ¢~IV#P and Z = ¢'V#. Of particular interest
is the hexagonal GKP code, given by

> o Prex = \/E<OT\/§> . (0)

Vi
S VIV T VY
which has been shown to have the lowest logical error rate
out of all single-mode GKP geometries under a pure loss
noise model [22]. Note that we have chosen a rotated
definition of the hexagonal code, such that ; =0 and
g x g, allowing a convenient representation of the GKP
codestates in the position basis.

To aid our discussion of logical Pauli operators in
Sec. III, we introduce the notation
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§1 =D $2 =4 =D, 53 =4. (7)

Using this, we can write the logical Pauli operators as
G; = e'V™i, where 6,53 =X,Y,Z respectively. Each
quadrature s; can be written in polar coordinates given
by s; = ri(qcos0; + psiné,).

GKP Clifford operators, which map logical Pauli
operators to logical Pauli operators, are given by unitary
Gaussian operators A acting on the CV space. Concretely,
the GKP Clifford group is generated by the operators

H = ei”(q2+f’2)/4, S = eiq2/2’ CZ —= ¢!4®7 (8)

In superconducting GKP qubits a convenient alternative
set of generators for the GKP Clifford group is given by the
generalized controlled gates. For Pauli matrices o;,0;
(i,j€{1.,2,3}), we define the o;-controlled-c; gate as

1
C(f,-(rj:I®I_§(I_6i)®(1_6j)‘ (9)

These gates can be interpreted as applying a ¢; gate to
the target (second) qubit if the control (first) qubit is a —1
eigenstate of o;, and doing nothing if it is a +1 eigenstate.
For example the Z-controlled-Z gate is simply the con-
trolled-Z gate, and the Z-controlled-X gate is the con-
trolled-NOT gate. Any universal quantum computing
circuit comprising state preparation in the |0) or |T) =
(|0) + e'™/*|1))/V/2 states, Pauli Z-measurements, and
adaptive Hadamard, phase and controlled-Z gates can
be written as a circuit that instead consists of state
preparation in the |0) or |T) states, Pauli X, Y and
Z-measurements, and generalized controlled gates (which
must be performed adaptively). GKP generalized con-
trolled gates can be implemented by

Cogy = €%, (10)

which is convenient because all of the generalized con-
trolled gates can be implemented using a single piece
of hardware in superconducting qubits, as we show in
Appendix A.

In Sec. III we will use an equivalent representation of
Gaussian operators as symplectic matrices. In particular,
one can describe an arbitrary n-mode Gaussian operator
U with a 2n x 2n real symplectic matrix S(U) € Sp(2n, R)
acting on the vector of quadrature operators &=
(q1."*+qu>P1+++»Py)> such that UT(v)U'=T(Sv) and
UEU" = S(U)~'€ (where U and U" act component-wise on
&). For example, a single-mode rotation operator R(6) =
¢%'a can be described with the symplectic operator

cosf —sind
S(R(9)) = [sin& cosd ] (1D
In the square GKP code, we have
_ 0 -1
S(qu) = [1 0 ] (12a)
- 1 0
1 0 0 O
_ 01 0O
S(CZ,Sq) - 01 1 0 (12C)
1 0 0 1

To describe Clifford gates in general GKP codes, we
first define the change of basis matrix M, = [a,f]/\/7
that transforms vectors in the square GKP lattice to the
vectors in the lattice £, ie. L= M Ly. Then, the

symplectic matrix corresponding to the Clifford gate A
is given by S(A) = M;'S(A )M,

The ideal codestates of a general GKP code are the
simultaneous +1-eigenstates of the stabilizers Sy and S.
However, these ideal codestates are non-normalizable and
hence cannot be realized in any physical system. To
construct normalizable codestates, we use the non-unitary
envelope operator e2’@a (o define the approximate GKP
codestates |j7,) o« e~2@'4|j7). This approximation, how-
ever, introduces errors as the approximate states are not
exact +1 eigenstates of the stabilizers. The parameter A
characterizes the quality of the approximate GKP codes-
tates, where the limit A — 0 approaches the ideal codes-
tates. We will also commonly quote the average photon
number of the approximate GKP states [22]

1

_ - - - 1 1
5 ((Oala’al0s) + (Tala’alls)) 5 (13

" AETCIE

which tends to infinity as A — 0. In general, the quality of
non-ideal codestates can be assessed by evaluating the
expectation value of the stabilizers and expressing it
as a squeezing parameter [23]. For the particular form
of the approximate codestates that we consider, this
evaluates to Agg = —10log,o(A?) which also tends to
infinity as A — 0.

Approximate GKP codestates have been prepared
experimentally in superconducting resonators with an
experimentally determined squeezing of Agg = 9.1 [14].
GKP-surface code and toric code studies [5—7] have shown
that the surface code threshold can be reached using
codestates with Ajg = 9.9 assuming that the dominant
source of noise is due solely to the approximate GKP
codestates. However, in the presence of circuit noise, a
larger squeezing is required to get under the surface code
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threshold. As such, we use Ayjg = 12 as a rough target for
practical quantum computing with GKP codes.

Since the codestates |fi5) are not orthogonal, we can use
the Lowdin orthonormalization procedure [24] to define
orthonormalized GKP codestates |fi, ), which form an
orthonormal basis of the subspace spanned by {|fia) },—¢ -
Note that the difference between |fin) and |fip,) is
negligible for values of A that are small enough to be
practical.

Next, we discuss error correcting the GKP code,
beginning with what we refer to as ideal error correction,
which consists of the following steps:

(1) First, we measure both stabilizers Sy =

e Zilmp—mq) gand §, = ¢2(ha=F1r) | with measure-
ment outcomes My, M . In ideal error correction,
we assume My and M, can be obtained error-free.

(2) We assign each pair of measurement outcomes

a quasi-position and momentum (k,, k,) such
that My = e 2i@k=®ky) and M, = ePrks=hiky)
respectively.

(3) Finally, a displacement 7'(—k,, —k,) is applied that

returns the state to the ideal codespace of the code.

The periodicity of the complex exponential means that
the map (Mx, M) — (k. k,) € R? is not well-defined; in
particular, adding any integer multiple of @ or f to the
vector (k,, k,) results in the same pair of measurement
outcomes. As such, one must specify a primitive cell of the
logical lattice Ly, to serve as the decoding patch P C R2.
Then, we can choose a unique vector k = (k. k,) € P for
any pair of measurement outcomes.

In general, the best choice of decoding patch depends on
the noise model being applied to the GKP code. If we
consider a noise model defined by a uniform mean-zero
Gaussian random walk of displacement errors, the optimal
patch to decode over is the Voronoi cell V. of the GKP
logical lattice £, see Egs. (3) and (4) and Fig. 1. This choice
ensures that the displacement 7'(—k,, —k,) is the shortest
displacement that returns the state to the codespace, thereby
minimizing the chance of a logical error. Note that through-
out this paper, by “optimal patch” we are really referring to a
patch corresponding to a minimum-weight decoder, and
further improvements could be made by considering a
maximum-likelihood decoder. The above description also
applies to multi-mode GKP codes by increasing the number
of stabilizers and the dimension of k.

In Secs. III and IV we will consider different decoding
patches, and for this, we will make use of the following
definitions:

(1) The distance d of a patch P is twice the length of the

shortest vector on the boundary of the patch 0P, and

(i1) The degeneracy a of P is half the number of vectors

with length d on JP.

The definition of d is chosen such that any error T'(e)
with |e| < d/2 is correctable. Moreover, the shortest
logical Pauli operator P = T(#) has |¢| = d, while a

T'(e)
(d) X s
, | e | -
> T(d")
T(e')
1 q 1

FIG. 1. The ideal error-correction procedure for the square
GKP code, performed over the Voronoi cell of the square GKP
lattice. In this case, the Voronoi cell is a square centered at the
origin with side length /7. In green, a random walk of
displacement errors results in an overall displacement error
T(e) (up to a geometric phase) acting on the ideal codestate.
Since both the components of e are less than /7/2, the shortest
displacement that returns the state to the codespace is
T(d) =T(—e). In red, the displacement error T(e’) has
e\ > /m/2. This means that the smallest displacement that
returns the state to the codespace is T(d’), which has the net
result of applying a logical X on the state.

corresponds to the number of different equal-length logical
Pauli operators.

One concrete way of performing such a QEC cycle is via
the teleportation-based circuit [25] shown in Fig. 2. The
circuit uses two ancillary modes initialized in the so-called
qunaught GKP state, which we define for a general GKP
lattice as the simultaneous +1-eigenstate of the displace-

ment operators T(v/2e) and T(v/2f). Note that the factor

of v/2 in the displacements—instead of the factor of 2 in
the standard GKP stabilizer generators—ensures that their
simultaneous —+1-eigenspace is one-dimensional and
hence defines a unique state. When the input qunaught
states are ideal GKP codestates, the teleportation circuit
performs a measurement of the stabilizers as well as a
correction to the ideal GKP codespace, up to the appli-
cation of a logical Pauli operator that can be inferred by
decoding the measured syndrome. We discuss in Sec. III
how to model the effect of approximate qunaught states on
the QEC cycle, and in Sec. V we discuss how one can use

=
A) —A|p
| J

FIG. 2. Quantum circuits for teleportation-based QEC. [0)
denotes a qunaught GKP codestate, defined as the unique
+1-eigenstate of the displacements 7(v/2a) and T(+/2f8). Each
two-mode gate is a 50-50 beamsplitter given by e#(P192=41P2)/4,

The homodyne measurements are of the logical quadratures
from Eq. (5).

=i

=l

A)
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an additional physical mode to mitigate the effects of noisy
homodyne measurements.

Teleportation-based QEC is not the only error-
correction procedure used for GKP codes; indeed, in
superconducting systems and trapped ions the current
favored stabilization procedure makes use of an ancillary
two-level system instead [10,16,26]. However, a tele-
portation-based scheme can be used to perform error
correction after the GKP states have been prepared and
is particularly natural if GKP codes are concatenated with
qubit error-correcting codes through foliation methods
[27]. Moreover, teleportation-based QEC has the advan-
tage that a fresh GKP qubit is prepared in each QEC cycle,
and distortions to the envelope and/or GKP lattice are not
teleported onto the outgoing qubit. We also note that any
state-preparation method that can be used to prepare an
encoded [0,) state (for example Refs. [28-31]) can be
modified to prepare an encoded qunaught state either by
modifying the parameters in the state-preparation method
or by squeezing the |0,) state. We here focus on telepor-
tation-based QEC due to the simple model of approximate
error correction that it provides below.

III. ERROR-RESISTANT CLIFFORD GATES

We now move our attention to analyzing the effect
Clifford gates have on error correction. We begin with the
unrealistic case of ideal error correction following the gate,
where the only source of noise is from the approximate
GKP codewords. Even in this simple case, GKP Clifford
gates in general spread the errors and reduce the fidelity of
the overall operation. However, we present a modification
of the decoding patch that exactly counteracts the spread-
ing of errors due to the gate, thus reducing the average gate
infidelity by up to two orders of magnitude. Then, we
generalize our approach to consider noisy error correction
following the gate. Here, we find that our modification is
only able to partly counteract the spreading of errors, but
still provides a significant improvement compared to the
naive decoding patch.

We will begin by defining the average gate fidelity we
will use to quantify the quality of logical gates. Then, we
explain how to find the modified decoding patch, which
corresponds to the Voronoi cell of a deformed lattice. Our
proposed modification is a generalization of the error-
protected two-qubit gates described in Ref. [7] to general
Clifford gates and GKP geometries. In the ideal error-
correction case, we provide both numerical and analytical
results for the quality of the logical gates. Then, we
describe how to (approximately) incorporate the effect
of non-ideal error correction in a teleportation-based QEC
circuit. These results complement recent work which
analyzed the performance of two-qubit gates when using
dissipative error correction [32].

Given an n-mode GKP logical gate U that implements
the n-qubit gate U, we define the logical channel £ p  as

an n-qubit-to-n-qubit channel consisting of the follow-
ing steps:

(1) First, we encode the n-qubits into orthogonalized
approximate GKP codestates using the encoding
operator Ry = (10 o) (0] + [T o) (1])".

(2) Second, we apply the logical operator U to the state.

(3) Third, we perform a round of ideal error correction
(as described in Sec. II) over a patch P, which
returns the state to the ideal codespace, represented
by the map Cp.

(4) Finally, the resulting ideal GKP codestate is
rewritten as an n-qubit state by the map R’ =
(10)(0[ + [1)(1])®".

Mathematically, we write the logical channel as
Eypa = TR oCpo T[UR,]. (14)

where J[O]p = OpOT. Note that our definition Eq. (14)
assumes ideal error correction; later in this section we will
modify this definition to account for the effects of non-
ideal error correction.

To quantify how well the map £ p o executes the gate
U, we use the average gate fidelity. The average gate
fidelity (&, U) of a quantum channel £ with a unitary U is
defined as [33]

F(E.U) = / I

where the integral is over the uniform (Haar) measure
dy of state space. For notational convenience we write
F(Eypa,U) = Fypa. Specifically, we can calculate the
average gate fidelity F'; p o of the logical gate U from the
entanglement fidelity of the map J[U'] o £y p 4 as detailed
in Ref. [34].

To compute £, pa we utilize the GKP stabilizer sub-
system decomposition (SSSD) that we have recently
developed [19] (see Appendix C 1 for a summary). The
GKP SSSD has the property that the ideal decoding map
J[R"] o Cp is equivalent to taking the partial trace over the
“stabilizer subsystem,” which is a natural operation to
perform in this formalism. Using the SSSD for our analysis
has two key advantages. From an analytical perspective,
the SSSD naturally provides a first-order approximation to
the gate fidelity that is convenient to use and agrees well
with the numerical results (see Appendix C); while
numerically, calculating the gate fidelity with the SSSD
requires fewer computational resources with increasing
GKP codestate quality (A — 0). This last property con-
trasts with traditional Fock space simulations which
require higher truncation dimensions as A — 0 and thus
can only simulate GKP codewords with sufficiently low
average photon number.

Now we present our analytical results. In Appendix C
we estimate the average gate infidelity of the identity gate,
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1 — F; p a. Intuitively, this captures idling noise when the
only source of errors is due to the use of approximate GKP
codestates. The estimate is given by

n

1 —Fipaw sz erfe(d/(24)), (16)

where erfc(x) is the complementary error function, and d
and a are the distance and degeneracy (respectively) of the
patch P as defined in Sec. II. Note also that for large x we
also have erfc(x) ~ e /(x\/7).

For a given GKP Clifford gate A, the average gate
infidelity will be larger than or equal to that of the identity
gate, depending on how A propagates displacement errors.
Conveniently, the average gate fidelity of a GKP Clifford
gate A can be expressed in the form of Eq. (16) by
inputting the distance and degeneracy of a modified patch
that accounts for this spreading of the errors. Specifically,
in Appendix B we show that

Fapa=Frsayipa (I7)

for any GKP Clifford gate A represented by the symplectic
matrix S(A). One can then calculate the distance and
degeneracy of S(A)~!P and substitute these into Eq. (16)
to estimate the average gate fidelity.

If error correction is performed over the Voronoi cell
P =V, then typically the modified patch S(A)~'P has a
shorter distance than P and therefore a larger infidelity
than the identity gate. Note, however, that any gates
1mplernented by a rotation—notably the Hadamard gate
H, sq=¢€ Ba'a i the square GKP code, and the permutation
gate Hhenglex = ¢9'e in the hexagonal GKP code—
achieve the same average gate fidelity as the identity gate
since they leave Voronoi cells invariant.

To counteract the effects of the spreading of errors, one
can instead use a modified decoding patch given by

S(A)YV, = {S(A)v|lveV,}. (18)

In the case of ideal error correction, the modified
patch Eq. (18) exactly counteracts the spreading of errors
due to the Clifford gates, since Eq. (17) guarantees that
Fysye.a = Fry,.a, see Fig. 3.

We quantify the effect of the modification in Eq. (18)
both analytically using Eqgs. (16) and (17) and numerically
using the SSSD. In Table I, we present the distance d and
degeneracy a of the Voronoi cells of the square and
hexagonal GKP codes, as well as the deformed patches
S(A)™'V, due to various single- and two-qubit Clifford
gates. The latter deformed patches represent the perfor-
mance of the gates if the modification in Eq. (18) is not
performed, while the Voronoi cells represent the perfor-
mance with the modification. In Fig. 4, we present the

FIG. 3. Diagram of the transformation of the square GKP
Voronoi cell Vg = S(qu)ng under a logical phase gate qu
represented by the symplectic matrix S(S ) [Egs. (12a)—(12¢)].
If error correction is subsequently performed over Vy,, then pre-
gate displacement errors lying in the red-shaded regions are
mapped to logical errors by S. The shortest such displacement is
represented by the arrow. Alternatively, if error correction is
performed over the modified patch S (S‘sq)Vsq, the pre-image of

this patch is Vg, maximizing the distance of the patch.

corresponding average gate fidelities calculated numeri-
cally. We moreover show in Fig. 12 in Appendix C that the
theoretical estimates given by Eq. (16) and Table I are in
agreement with the numerical results from Fig. 4 for small
enough values of A.

Our results show that to achieve a 102 error rate in a
C,, gate (even in the absence of gate noise), one would
need a squeezing of Agg =~ 7.5 (for square GKP) with the
modification in Eq. (18), compared to a squeezing of
Ay ~ 9.8 without it. Meanwhile, for fixed Agzg = 12, the
modification improves the average gate infidelity by
roughly two orders of magnitude for both the square
and hexagonal GKP codes.

TABLE I. Ideal Clifford gate patches. Summary of the dis-
tances d and degeneracies a of the patches S(A)~'V, corre-
sponding to the GKP Clifford gates A =1,5,52,7® I,C,,. Cyy
for the square and hexagonal GKP codes decoded over their
Voronoi cells V.. The average gate fidelity of each gate is
estimated by Eq. (16), but can be improved to the average gate
fidelity of the identity gate by modifying the patch over which
error correction is performed to P = S(A)V,. Note that using
elementary geometry we can obtain exact expressions for these
values, which are displayed in Table III.

Code Square Hexagonal

Gate a d/\/x a d/\/xm
1 2 1 3 1.075
S 1 0.707 2 0.703
S2 1 0.447 1 0.427
I®1 4 1 6 1.075
Cyy 2 0.707 2 0.703
Cyy 4 0.577 2 0.703

043020-6



MODELING LOGICAL GATES AND READOUT OF ...

PRX QUANTUM 7, 043020 (2026)

(a) Agp
4 810 12 14 16

(b) Agp
4 8 10 12 14

15

FIG. 4. Average gate infidelity 1 — F, .4 Of (a) single-qubit and (b) two-qubit GKP Clifford gates A = 1, S, §?, C applied to the
square and hexagonal GKP codes, decoded over the Voronoi cell 1V of their respective lattices. The average gate infidelity of the S, S?
and C; gates can be reduced to be the same as that of the identity gate by instead performing ideal error correction over a modified
patch P = S(A)V, immediately following the application of the gate, where S(A) is a symplectic matrix with unitary representation
equal to A. The plots labeled opt represent the average gate fidelity of the identity gate F;, o and that of Clifford gates with a modified
decoding patch F A.5(A)v.a- Note that the square and hexagonal C gates have similar average gate infidelities and are overlapping in (b).

Moreover, we find that the hexagonal code outperforms
the square code for the identity gate, as expected from the
geometry of their respective logical lattices. However,
Clifford gates typically decrease the distance of the
hexagonal code patch more than for square code, making
the use of the modified patch Eq. (18) more important.

Since the modification in Eq. (18) eliminates the errors
caused by the spreading of errors by the gate, the new
leading source of error will now be from performing
approximate error correction. This is a significant consid-
eration because errors can now occur both before and after
the gate, causing some errors to be spread by the gate, and
others not. As a result, neither the original patch )V, nor the
modified patch S(A)~'V, optimally correct this noise,
reducing the performance of the gate.

To tackle this issue we define a third correction patch
that accounts for the partially spread distribution of errors.
We derive the required patch by using an analytical
approximate expression analogous to Eq. (16) that incor-
porates the use of approximate codestates in the QEC
cycle. We show that in general the spread of errors due to
the gate can only be partly corrected even when the
optimal patch is chosen. From this point on, we only
provide analytical formulas due to the good agreement
between numerical and analytic results in the ideal case, as
shown in Fig. 12.

In order to capture the effects of approximate quantum
error correction, we include an additional Gaussian ran-
dom displacement channel in our model. The new channel
arises from performing a teleportation-based QEC cycle
(Fig. 5) with approximate GKP codestates, as we show in
Appendix D.

Explicitly, instead of Eq. (14), we define the logical
channel as

Eypa = TR oCpoG(Zqrc) o T[UR,]. (19)

FIG. 5. Quantum circuits for teleportation-based QEC
using approximate GKP codewords. The left circuit is the
teleportation-based QEC circuit using approximate GKP qu-
naught states as in Fig. 2, while the right circuit consists of an
ideal QEC cycle preceded and followed by Gaussian random
displacement channels with ¥ = tanh(A?/2)] and Zqgc given in
Eq. (21). We show in Appendix D that the left and right circuits
are approximately equal.

where G(Zqgc) is a Gaussian random displacement (GRD)
channel

o) == ||

and the covariance matrix Zqggc is given explicitly by

2
e ETWT(). @)

ZQEC = tanh(AQ/Z)MEPlMZ]MZTPlME (21)

with M =|[a,p]/+/7 and P, = diag(—1, 1). Equation (21)
arises from explicitly calculating the effect of approximate
codestates on the ancilla qubits as depicted in Fig. 5 (see
Appendix D for a full derivation). Note that for the square
GKP code, Zqgc = tanh(A?/2)1, but in general Zqpc may
not be proportional to the identity matrix.

Note that we have assumed that the amount of noise
introduced by the approximate codestates on the data and
ancilla qubits is equal, but there are multiple reasons why
this may not be the case in practice. First, additional noise
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could occur on the data qubit prior to error correction
due to loss and/or dephasing. And second, inefficiency in
the homodyne detection can also be modeled under the
twirling approximation as Gaussian random displacement
noise immediately preceding the measurement. Such addi-
tional noise could, in principle, be accounted for using the
same tools as below by modifying the covariance matrix
describing the noise. We also note that it is possible to
use the methods described later in Sec. V to reduce the
inefficiency of the homodyne measurements (at the cost of
using an additional physical mode).

With the definition of the logical channel in Eq. (19), we
can now calculate the average gate fidelity Fypa. In
Appendix D, we show that for a Clifford gate A, the
average gate infidelity is approximated by

i 2,
1= Fypaw zn—“jrfflerfc(deff/(zfm)), (22)

where a.; and dy are the effective degeneracy and
distance of a modified patch P’ that optimally accounts
for the additional noise arising from Zggc.

It is important to note that there is an additional v/2
factor in Eq. (22) compared to Eq. (16). This factor
arises from the approximate codestates used in the
error-correction circuit, and can greatly increase the error
rates even in the best-case scenario where the distance
remains unchanged, i.e. d; in Eq. (22) is equal to d in
Eq. (16). Indeed, multiplying A by a factor of /2 is
equivalent to subtracting 10log;,(2) ~ 3 dB from the GKP
squeezing Agg—or, to be concrete, approximate error
correction on a 10 dB codestate performs roughly the
same as ideal error correction on a 7 dB codestate.

In addition to the unavoidable \/E factor introduced by
approximate codestates, the effective distance may
also alter the error rate, intuitively, one can understand
the origin of d.4 as follows (see Fig. 6). First, there is
some incoming noise from the approximate GKP codes-
tate, which we approximate as a GRD channel with a
covariance matrix X = tanh(A?/2)I [Fig. 6(a)]. Then,
the Clifford gate A is applied, spreading the errors and
transforming the covariance matrix X > S(A)ZS(A)”
[Fig. 6(b)]. Next, we apply the GRD channel G(Zqkc)
that is associated with approximate error correction, so
that the overall noise is given by a GRD channel with
covariance matrix T, = S(A)ZS(A)T + Zggc that we
now must decode [Fig. 6(c)].

To understand how best to decode this noise, we define a
(non-symplectic) transformation of phase space that maps
2t to a matrix proportional to the identity [Fig. 6(d)].
Labeling the transformation matrix B~!, the optimal patch
to decode over is then the Voronoi cell Vy-i, of the
transformed lattice B~' £, and the effective distance d.g is
the shortest vector in this lattice. On the physical phase
space [Fig. 6(c)] the correction patch is then BV g1 ,.

FIG. 6. Visual representation of the optimal patch and effective
distance of the S‘Sq gate when approximate error correction is
considered. (a) An approximate GKP state, represented (using
the twirling approximation) as an ideal state that has incurred
Gaussian random displacement error with standard deviation
~A/+/2. (b) The logical phase gate S’Sq is applied, deforming
the correction patch and the spread of the noise. (c) Finally, an
additional Gaussian random displacement channel G(Zqgc) is
applied to incorporate the effects of approximate error correc-
tion. The optimal correction patch (dashed) can be found by
performing a (non-orthogonal) transformation B~! that reshapes
the Gaussian noise to be symmetric with standard deviation ~A.
(d) The optimal patch is the Voronoi cell of the transformed
lattice, Vg-1,.

In Table II, we present the effective degeneracy and
distance corresponding to various Clifford gates for the
square and hexagonal codes, assuming that the modified
patch is optimal as described above. Importantly, note that
Table II displays the performance of the optimal patch
against Clifford gates with approximate error correction,
while Table I displays the performance of the naive patch
in the ideal error-correction case. To make this point
explicit, consider the performance of the square GKP §
gate. In the case of ideal error correction, the effective
distance of the S gate can be improved from 0.707./7 in
the naive case to /7 using Eq. (18). In the approximate
QEC case, the largest possible effective distance is
0.894,/7 even with an optimally chosen patch.

In general, Clifford gates introduce errors that can
only be partly compensated for when approximate QEC
is taken into account. Roughly speaking, the two-orders-
of-magnitude improvement observed in the ideal case
becomes halved to a one-order-of-magnitude improvement
in the approximate case. Concretely, to achieve a 1072C,
average gate infidelity requires codestates with Agp ~
11.0 dB of squeezing in the square GKP code. Note that
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TABLE II. Clifford gate patches taking into account approxi-
mate error correction. Summary of the effective distances d.¢ and
degeneracies a.g of the optimal patches P(A) corresponding to
various Clifford gates followed by approximate error correction
for the square and hexagonal GKP codes. The average gate fidelity
of each gate is estimated by Eq. (22). Note that these values can all
be evaluated analytically, as displayed in Table IV. Finally,
note that Hadamard gates do not affect the performance of the
square GKP code, so that the two-qubit gates (H ® H)C, and
(H ® H)Cyy perform identically to C, and Cyy respectively.

Code Square Hexagonal
Gate Aeff deii/ /7 Aeff dei/ /7
1 2 1 2 0.931
H 2 1 3 1.075
S 1 0.894 1 0.703
St 1 0.894 3 1.075
I®1 4 1 4 0.931
H® H 4 1 6 1.075
(H® H)Cyzy 2 0.894 2 0.931
(H® H)Cyy 12 1 2 0.931

this is roughly 3.5 dB more squeezing than is required
to achieve this infidelity with ideal QEC, indicating that
there are contributions both from the 3 dB introduced
intrinsically by the approximate codestates and from the
decreased effective distance of the correction patch.

With these general comments made, there are still two
interesting features of Table II that we point out now. First,
the hexagonal GKP code is outperformed by the square
GKP code for the identity gate. This is because just two
logical quadratures are measured in Fig. 5, causing an
asymmetry in the noise in Xggc and breaking the sixfold
rotational symmetry of the hexagonal code. Indeed, the
effective degeneracy for the identity gate is 2 for the
hexagonal code in Table II, compared to 3 in Table I
However, the logical Hadamard gate spreads the noise in
such a way that the asymmetry in QEC is exactly counter-
acted, restoring the full effective distance and degeneracy
of the hexagonal code (see Appendix D). Therefore, the
hexagonal code only outperforms the square code if a
logical Hadamard gate is physically implemented before
each round of teleportation-based QEC. Note that the
hexagonal logical Hadamard gate H,., is not a rotation,
and single-mode squeezing is required to implement it.
Interestingly, the logical S/, = e ~%4%/? gate also has this
property—meaning that arbitrary single-qubit Clifford
gates can be performed while preserving the maximum
effective distance during each round of QEC.

Taking this into account, the hexagonal code also
outperforms the square code for the C,, gate.
Specifically, we compare the performance between the
hexagonal (H ® H)C,, gate and the square C, gate. To
achieve a target two-qubit gate infidelity of 1072, the

square GKP code requires codestates with Agg = 11.0
while the hexagonal code requires Az = 10.8. Put differ-
ently, codestates with Ajg = 12 achieve a gate infidelity of
0.29% in the square code and 0.20% in the hexagonal
code. Note that to obtain these values we have used a
slightly more accurate formula than Eq. (22) that takes into
account the effects of all Voronoi-relevant vectors of the
patch P'—as we explain in Appendix D. To summarize,
the hexagonal code modestly outperforms the square code
at the cost of requiring single-mode squeezing during
every round of QEC.

Finally, remarkably, the effective distance of the square
Cyy gate is exactly y/z7—the same as that of the identity
gate. This is particularly surprising given that this is not
true for the C,, gate, nor for any two-qubit gate of the
hexagonal code. In Appendix D we show that the optimal
patch for the Cyy gate is in fact related to the Voronoi cell
of the D, lattice—the densest lattice packing in 4D—
giving rise to the very high effective degeneracy of the
patch. However, it is worth noting that Ajg must be
reasonably large for the improved effective distance to
decrease the infidelity enough to make up for the increased
effective degeneracy a4 = 12—indeed, the square Cyy
gate only outperforms the C,, gate when Ayg > 13.2. We
also briefly comment that the distance of the C, gate can
be increased by applying single-qubit gates immediately
afterward—however the advantages of this are small and
only apply for Agg > 12.2 (see Appendix D for more
details). In contrast, each generalized controlled gate
performs identically in the hexagonal code due to the
sixfold rotational symmetry of the code. We leave further
investigations of the consequences of this to future work.

IV. ANALYTICAL ERROR ESTIMATES
FOR LOSS AND DEPHASING

In the previous section, we developed an analytical
formula Eq. (16) that estimates the average gate fidelity of
a Clifford gate acting on approximate GKP codestates. In
this section, we extend these methods to general noise
channels such as loss and dephasing. The result of this is
that we obtain a random displacement channel that
approximates the effects of loss and dephasing on approxi-
mate GKP codestates. The obtained channel has two key
advantages: first, random displacement channels are effi-
cient to simulate even for multi-mode systems, and second,
the resulting fidelity expressions agree quite well with the
exact expressions, with less than a 1% relative error for
loss and less than 20% for dephasing in the regime of
interest. In the case of loss, this vastly outperforms
previously used random displacement channel approxima-
tions as used, for example, in GKP-qubit code concatena-
tion studies such as Refs. [6,7], because it is able to capture
the joint effect of loss acting upon approximate GKP
codestates. Finally, we also extend our methods to
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numerically analyze Kerr nonlinearities that can arise
from performing two-qubit gates in superconducting GKP
qubits, although the formula we develop is not as con-
venient to analyze theoretically.

To obtain our results we use the GKP SSSD to formally
write down the average gate fidelity of the logical channel
that represents the effect of the noise channel on the GKP
code (Sec. VII of Ref. [19]). Our resulting estimate is
essentially the first-order approximation of that formal
expression. Such an analytical error estimate offers both
theoretical and practical insights. Our analytical error
estimate is closely related to the twirling approximation
applied to the noise-plus-envelope channel [20], which has
been previously used to model the envelope operator in
simulations of GKP-qubit code concatenations [5-7]. As
such, our results both justify the twirling approximation
and generalize it to arbitrary noise channels. We can use
our estimates to, for example, derive the optimal A,y that
minimizes the error given some amount of loss and/or
dephasing. Importantly, our estimates are only valid when
loss and dephasing are applied to approximate GKP codes.

We begin once again by defining the metric we use to
quantify the error due to loss and dephasing. As in
Appendix A, we use the average gate fidelity Eq. (15)
to characterize the performance of the GKP code against
noise as follows. Given a CV noise channel N, we define a
logical noise channel

N =J[R"eCpoNoTR], (23)

where R = (|0)(0| + |1)(1])®" is the ideal encoding map,
and Cp represents a round of ideal error correction over the
patch P. Comparing to the definition of the logical gate
channel £, p A in Eq. (14) there are two key differences:
the logical operator U in Eq. (14) is replaced with the noise
channel AV in Eq. (23), and the states are initially encoded
in an ideal GKP codestate |@) in Eq. (23) instead of an
approximate GKP codestate |, ,) in Eq. (14). However,
this is without loss of generality: to account for approxi-
mate codewords in Eq. (23), we simply include the
envelope operator e~Nd'a in N

We aim to derive an approximate expression for the
average gate infidelity F of the logical noise map N ;. We
present the full derivation in Appendix C using the SSSD
[19], and focus on the main results here. All the expres-
sions below depend on the characteristic function c(u, V)
of the noise map N, which we define such that

N(p) = //dzu d*ve(u,v)T(w)pT(v)". (24

Explicitly, one can obtain the characteristic function ¢ of
a general CV channel from the characteristic functions
c;(v) = w(E;T(v)")/(2x) of any Kraus operator represen-
tation of N(p) =Y, E;pE] through the equation

c(u,v) =>;ci(u)c;(v)*. For Gaussian channels, one
can also use the formulas presented in Appendix F of
Ref. [19], although note that due to a different definition of
the displacement operator the formulas differ in some
places by a factor of 2z. The characteristic function also
generalizes straightforwardly to multi-mode channels;
however, in this section we focus on the single-mode case.

We make two assumptions in our derivation, that

(1) the noise map N is approximately proportional to a

CPTP map, and
(2) the characteristic function ¢ decays sufficiently
quickly as |u|, [v] = oo.

The first assumption would be redundant if N were
trace-preserving; however, since we incorporate the non-
unitary envelope operator into N, the assumption is valid
only when A is small. The second assumption (which we
discuss in more detail in Appendix C) essentially requires
that the noise channel can be written as a superposition of
sufficiently small displacement operators; or, more intui-
tively, that N is “close to the identity channel,” since
the characteristic function of the identity channel is
6%(u)8?(v). Importantly, for this assumption to be valid
for loss or dephasing, we must include the envelope
operator (or any other regularizing operator) before the
loss or dephasing channel.

Given the above assumptions, the average gate infidelity
of the logical noise map Eq. (23) is given by

1—1_7%%// dzvc(v,v)/// d*ve(v,v) (25)
3 R2\P R?

in the single-mode case. Note here that incorporating the
envelope operator (or any other regularizing operator) into
N is necessary since omitting the envelope operator would
make N trace-preserving and the denominator would
diverge.

Interestingly, since Eq. (25) only depends on the
diagonal, “stochastic” elements of the characteristic func-
tion ¢(v,v), the result would be the same as if we had
applied the twirling approximation to the original noise
channel. In particular, since the right-hand side of Eq. (25)
depends only on the diagonal elements of ¢, and these
diagonal elements are real and non-negative, N could be
replaced by a random displacement channel £, over the
probability distribution p(v)  ¢(v, V) given by

&0 = [[ @vpmrwperey. eo)

Such a channel may be obtained from A by uniformly
twirling A over the group of displacement operators, i.e.

&= [[ TN TR @
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which we refer to the twirling approximation of /. Note
that the twirling approximation is a less restrictive
approximation than the two assumptions we made in
arriving at Eq. (25); because, for example, in Eq. (25)
we have disregarded displacements that take you outside
the patch P but do not cause a logical error, such as those
corresponding to stabilizers.

The twirling approximation was first introduced in
Ref. [20] and is commonly used in studies on concat-
enated GKP-qubit codes [5-7,35,36] to approximate the
envelope operator e 2@ 35 a random Gaussian dis-
placement noise channel with variance 6> = A?/2. The
twirling approximation can also be viewed as a CV
generalization of the qubit Pauli twirling operation that
is used to approximate noise models in qubit QEC code
simulations and to prevent the build-up of coherent errors
in experiments [37]—although note that in the CV case
the operation written in Eq. (27) is unphysical as it
requires the application of arbitrarily large displacements.
The CV twirling approximation of the envelope operator
has been justified theoretically [6] and numerically [38].
Therefore, this work justifies the twirling approximation
using the SSSD and generalizes it to noise channels of
interest that have not been analyzed using the twirling
approximation before.

We can evaluate Eq. (25) in the case when the diagonal
elements of the characteristic function take the form
e IMP/20°

(28)

c(v,v)

ie. the twirled channel £, is a Gaussian random
displacement channel with variance o?. In this case,
the approximations we have made are valid if ¢ is much
smaller than the length of the shortest logical operator.
Then, we have

1-F 2 erfc< d )
—FrxZa —,
3 2v26

where d is the distance and a is the degeneracy of the
patch P, as described in Sec. II.

Equation (29) can be applied to several cases of interest.
First, we consider a noise map consisting solely of the
envelope operator itself, i.e. N' = J[e~2*'4]. The diago-
nal elements of the characteristic function of the envelope
operator take the form of Eq. (28) with variance

(29)

o? = tanh(A2/2) = A?/2. (30)

As a sanity check, substituting ¢ = A/+/2 into Eq. (29)
indeed gives Eq. (16) with n = 1. In words, this means that
for sufficiently small values of A, the logical action of the
envelope operator on ideal codewords is approximately the
same as the logical action of a Gaussian random displace-
ment channel with variance 6> = A%/2, as has already

been utilized widely in GKP-qubit code concatenation
studies.

However, we can also apply our estimate to other maps
of interest. For example, consider the noise map given by
the composition of the envelope operator with a loss of y.
We define loss as evolution under the master equation
p =«([ap,a’] + [a,pa’])/2 for some time ¢, where
y = 1 — e, The characteristic function of A takes the
form of Eq. (28) with variance

ANy (= VT—y)?
2= T—ytanh (2 ) 4 24 82V T0 (5
° ya‘“(z)Jerr T
A2 % },2
A I
I (31b)

Note that Eq. (31a) is valid whenever ¢ is much smaller
than the length of the shortest logical operator (which is
roughly /7 for most cases of interest), while the lowest-
order approximation Eq. (31b) is only valid in the slightly
more specific regime where both y and A are also small.
Indeed, the first of these approximations, ¢ < /7, is valid
across a wide range of A and y; for example, when
Agg = 12, 6 < \/7/4 whenever y < 18%. Quantitatively,
we show in Fig. 13 that the estimate Eq. (31a) agrees well
with numerically obtained values, with less than 1%
relative error in the regime of interest 10 < Agg < 18
and y < 10%.

Importantly, Eq. (31) takes into account the combined
effect of the envelope and loss operator acting together,
represented by the y?/8A? term which becomes larger as
A becomes small. This is because loss affects highly
squeezed (small A) GKP codestates more than less
squeezed GKP codestates due to the large average photon
number of highly squeezed GKP codestates. For fixed y,
we can (approximately) find the optimal level of GKP
squeezing by minimizing Eq. (31), giving Agpl =
—In+/1 —y ~y/2. Pleasingly, we can also write this in
terms of the average photon number of the codestate
i~ 1/(2A%) — 1/2, giving figy ~ 1/y — 1/2. This tradeoff
has already been noted in Ref. [13]. In Appendix C, we
also present a more detailed analysis that also considers
other Gaussian noise channels such as gain and Gaussian
random displacements.

Equation (31) can also be used to incorporate the effects
of loss into studies of GKP-qubit code concatenations
without the use of any additional computational resources.
Explicitly, one can model the effect of loss on an
approximate GKP codestate as a Gaussian random dis-
placement channel with variance given by Eq. (31), which
is a minor tweak to previous studies that have used a
variance of A?/2.
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Now we turn to analyzing dephasing noise, defined by

1

D,,(p) = Add) e~V /2 gita apeipala (32)

2
270

In particular, we wish to consider the noise map
N =D, 0Jle®. Since dephasing is
Gaussian channel, we cannot analyze A using the variance
defined in Eq. (28), since the diagonal elements of the
characteristic function take the form

a non-

€A2 e—¢2/20‘§
c(v.v) = 2(27)5 %6, A ¢ cosh(A?) — cos(¢)
y <_1 sinh(A?) | |2) 3
exp 2 cosh(A?) — cos(¢h) ) e

For numerical simulations, it may be possible to sample
random displacements approximately from the probability
distribution defined by Eq. (33) (which we leave for future
research); however, for our analytic results we find it more
convenient to work directly from Eq. (32). This allows us
to consider unitary e'®a'a rotation errors first, which are
Gaussian, and then integrate the resulting average gate
fidelity expressions over ¢. The details are shown in
Appendix C 6, and we summarize the key results here.

To understand our results, first consider the situation
where the envelope size A is fixed, and the amount of
dephasing o4 is varied. Unlike loss, which has a linear
contribution to infidelity for arbitrarily small y [as shown
in Egs. (C38) and (31)], we find that dephasing does not
have a first-order contribution to the infidelity for small o.
However, when o4 exceeds a critical amount of dephasing

oh =V2A%/d, (34)

we find that dephasing has an exponential impact on the
infidelity, comparable to the effect of loss. More precisely,
in the subcritical regime o4 < ¢ we have

B 25/2 4 A4 2
1—Fr : exp (— —2> . (35)
3z \ [0 — 3 A
and in the supercritical regime o4 > o we have
—-Fx 2 acy exp <— Ad (1 _ >>
3\/7dA(cq — c3) V264 204
(35b)

Importantly, in Eq. (35a), the only dependence of the
infidelity on o4 is in the square root, while in Eq. (35b), o4
also appears in the exponent. In Appendix C 6 we general-
ize Eq. (35) to include simultaneous loss and dephasing,

and also derive an approximate expression for the infi-
delity in the critical case when ¢4 = &j. Our results agree
reasonably well with numerics considering the crude
nature of our approximations, with the relative error
between numerical and analytical results being less than
20% in most cases of interest, see Fig. 14.

Now, consider the slightly different situation where
o4 is fixed and we wish to find the envelope size A
that minimizes the infidelity. This can be done approx-
imately by minimizing the exponent of Eq. (35b), giving
A = /dog/\/2, which is equivalent to the condition
o4 = 203.

Therefore, to quickly assess the impact dephasing will
have on a given GKP codestate, the single most important
thing to consider is whether the dephasing is larger than or
less than the critical dephasing 7. We show in Appendix C
that the critical dephasing when considering simultaneous
loss and dephasing is given by

ﬁA3+ﬁAy+ 7’
d d 2V2dA°

(36)

*
04 =

Evaluating ¢} for y = 1%, which is on the order of loss
that is observed in current GKP experiments [10], and
Agg = 10 and 12 (respectively) gives 032 = 0.077% and
0.022%, which are an order of magnitude smaller than
the current amounts of dephasing observed in the same
experiment (o§m0.6%). On the other hand, it can be
shown numerically that given 65 = 0.6% and y = 1%, the
optimal envelope size is Agg ~ 9.3, which is remarkably
close to the experimentally optimized envelope size
Agg ~ 9.4 that was used in Ref. [10].

Our methods can also be extended to analyze the effects
of a (unitary) Kerr nonlinearity exp(ifx(a’a)?/2). In
Appendix A we explain how to implement GKP
Clifford gates in superconducting circuits and why in
practice Kerr nonlinearities can occur when implementing
a gate, motivating our analysis which is presented in full in
Appendix C 7. Our result is simple to implement numeri-
cally but is not particularly theoretically insightful because
it involves a large summation, so here we simply sum-
marize our numerical results.

Similarly to loss and dephasing, higher quality codes-
tates are more highly affected by Kerr nonlinearity
than lower quality codestates due to their higher average
photon number, introducing a trade-off between the
increased noise from the envelope operator and the Kerr
nonlinearity. Qualitatively, when 6 is small enough, the
average gate infidelity remains almost identical to the
Kerr-nonlinearity-free case, but when 0y exceeds some
critical amount (which depends on A) the average gate
infidelity increases significantly. For example, a codestate
with Agg = 10 is barely affected by Kerr nonlinearities
of Oy < /4000, but when 6y = /1000 the average
gate infidelity is more than 10 times higher than in the
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Kerr-nonlinearity-free case. For a higher quality codestate
with Agg = 12, the Kerr nonlinearity must be well below
O0x = n/4000 for the codestate to remain unaffected.
However, we note that such requirements on 85 may be
too stringent: our analysis here compares the effect of Kerr
nonlinearities acting on GKP codestates in the absence of
loss and dephasing, which already can increase the average
gate infidelity by orders of magnitude. To have a better
idea of how much Kerr nonlinearity can be handled by a
given experimental setup these noise sources would there-
fore need to be considered together, which is in principle
possible using the methods presented here.

V. LOGICAL PAULI MEASUREMENTS

In order to implement Clifford circuits using only
generalized controlled gates, it is necessary to also perform
single-qubit logical measurements of all three Pauli
operators X, Y, Z. To perform such readout at the end of
a computation, the simplest proposal is to use homodyne
detection on the GKP mode. However, the efficiency of
homodyne detection in the microwave regime is low, with
state-of-the-art experiments achieving efficiencies on the
order of 60%-75% [17,18].

Here, we analyze the effect of such inefficient homo-
dyne detection on the logical readout failure rate of GKP
codes. Moreover, we propose two proof-of-principle
schemes that can improve the effective efficiency of
logical readout, one scheme based on single-mode squeez-
ing, and the second based on quadrature-quadrature
coupling to a separate readout mode (which can be
implemented with the circuits shown in Fig. 10). Both
of these schemes can be written as an effective homodyne
readout of the GKP mode with an effective efficiency 7.
depending on the parameters used in the scheme. We show
how to derive 7.4 in each of these schemes using the theory
of quantum trajectories, and propose experimental param-
eters that would allow a high-efficiency fast measurement
of the GKP mode.

Recall that we can write a logical Pauli operator as
5, = eV®i where s;=—p,g—p,g for i=1273
respectively [see Eq. (7)], and we can write s; =
ri(gcos@; + psin@;) in polar coordinates. To measure
G;, we can measure the rotated quadrature ¢’ = s;/r; =
q cos0; + psin@;, round the result to the nearest multiple
of b =/z/r; (which we call the bin size of the meas-
urement), and interpret the result as +1 if it is an even
multiple of b and as —1 if it is an odd multiple.

As pointed out in Appendix B in Ref. [19], binned
measurement operators do not always ideally read out the
logical Pauli operators of the GKP code. In the square
GKP code, this occurs with the readout of logical
Y =T(y/z /7). To see this, note that a displacement
error of T(\/z/4,—\/n/4) would flip the outcome of a
binned ¥ measurement even though such an error is

correctable by a round of ideal error correction. To perform
an ideal Pauli ¥ measurement, we would need to simulta-
neously measure one of the stabilizers alongside Y, and use
minimum-weight decoding to infer the logical outcome.
However, implementing such a scheme in practice requires
the use of an additional GKP approximate codestate that
increases the error rate enough that the scheme has at least
as large an error rate as the binned measurement scheme
(see Appendix G).

In the remainder of this section, we will (without loss of
generality) only consider Z measurements of general GKP
codes rotated such that f; =0, as all other Pauli mea-
surements are equivalent up to a re-scaling of the bin size
and rotation of the measurement quadrature. This con-
vention sets the bin size b = \/z/r; = a; and measure-
ment quadrature ¢’ = g. Even though in this section we
will analyze homodyne measurements in the context of
end-of-the-line logical readout, the techniques used here
can also be readily applied to improve the efficiency of the
homodyne measurements used in the teleportation-based
error-correction circuit Fig. 2.

An interesting and subtle point is that applying the
above binned Z measurement to approximate GKP code-
words |fzx) is not equivalent to maximum likelihood
decoding of the measurement outcome, in which a meas-
urement outcome ¢ = x is interpreted as a logical +1
outcome if and only if [, (x|0x)[* > |, (x[15)[*. Such a
maximum likelihood decoder cannot be exactly repre-
sented using a constant bin size as described above;
however, it is well approximated by setting the bin size
to b = cosh(A?)a,;, where the correction cosh(A?) goes to
1 as A goes to 0. We note however that the differences
between using a bin size of b = @, b = cosh(A?)a;, and
maximum likelihood decoding are negligible for any
values of A small enough to be useful in practice. We
will nevertheless use a constant bin size b = cosh(A?)a;
in all subsequent results.

Now, we consider inefficient homodyne detection of the
position quadrature ¢, which can be described by the
POVM elements

W, (X) :N/dx |x>q<xlexp(— 1 i,,

(X - X)Z) , (37)
where X € R is the recorded outcome of the measurement
and N is a normalization constant. This POVM already
accounts for the rescaling of the measurement outcome
due to loss occurring from the inefficient measurement.
We define the measurement error of the logical readout as
Mo = (P(1]0) 4+ P(0[1))/2, where P(1]0) is the prob-
ability of recording a —1 measurement outcome given the
initial state was |0, ). This can be calculated by evaluating
the integral
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The effect of inefficient homodyne measurements on the readout errors of approximate square GKP codestates. (a) Logical Z

measurement error (P(0|1) 4+ P(1]|0))/2 of approximate GKP codestates (with average photon number 7 and squeezing Ay ) measured
by a position measurement with efficiency #. For finite #, the limiting measurement error as the GKP codestate approaches the ideal
limit (7 — o) is plotted as a dashed line. (b) The efficiency required to reach a target logical Z measurement error rate M, as a function

of the GKP squeezing/photon number.

(2t+3)b _ _
p(1|0)zz/ I axu(w, (X)0,)0s]).  (38)
rez J (2t+)b

To evaluate the integral Eq. (38), we use the following
expression for |0,) in the position basis:

q<x|(_)A> - ZeZiszalaz e—%(Zxal)z tanh(A?)
SEZ
% e—%coth(Az)[x—2salsech(A2)]2. (39)

Equation (39) holds for general GKP codes, with the
only restriction that a, f# are rotated such that g, = 0.

After substituting Eq. (39) into Eq. (38) and evaluating
the integrals over X and x, this gives an exact infinite
series for the error probability P(1]|0), which can be
evaluated numerically by truncating the infinite series
(see Appendix F). The values obtained using this semi-
analytical method are indistinguishable from those
obtained using a direct Fock space simulation, but the
semi-analytic results can be used to probe smaller values of
A than would be possible due to the truncation dimension
of the numerical simulation. We plot the measurement
error M., as a function of A and 5 for the square GKP
code in Fig. 7(a), and show the efficiency # required to
reach various target measurement error rates in Fig. 7(b).

Additionally, we derive in Appendix F the following
approximation to the measurement error

| 1= p\-12
M ppor = erfc (E a <A2 + —’1> ) , (40)
n

which holds for small A. These results demonstrate that
M. 1s highly sensitive to the measurement efficiency #:
even at 7 = 0.7, which is close to the current state-of-the-
art, the minimum achievable measurement error rate in the
square GKP code is M = 5.6% as Agg — oo. This is
consistent with results obtained in Ref. [38] in their
analysis of teleportation error-correction schemes and

motivates the need to improve the effective efficiency of
homodyne detection for use in GKP codes. Concretely, one
needs a measurement efficiency of # = 0.85 to reach a
measurement error of 1%, or = 0.92 for 0.1%, using a
square GKP code with A ~ 12.

To achieve such efficiencies, we consider two alternative
schemes (illustrated in Fig. 8) for performing homodyne
detection to improve the effective efficiency of the meas-
urement. In the first scheme, we simply consider applying a
single-mode squeezing operator S(r) = exp(r(a’? —a?)/2)
(where r > 0 corresponds to squeezing the momentum
quadrature and r < 0 corresponds to squeezing the position
quadrature), before performing homodyne detection with
efficiency 5. We quote the amount of squeezing in decibels
as Sgg = (201og, e)r. Intuitively, amplifying the position
quadrature should improve the effective efficiency of
the measurement by improving the separation between
different position eigenstates. We can write the effective
POVM elements of the squeezing/measurement sequence
as V,,(X") = ST (r)W,(X")S(r), where X" is the measure-
ment outcome of the inefficient homodyne measurement
Eq. (37). By defining X = ¢™"X’, we obtain V, ,(X) =
W,..(X), where

Netr = (1 4+ 7 (7" = 1))7". (41)

Using this, we can calculate the amount of amplification
required to increase the effective efficiency of the meas-
urement; for example, if the physical efficiency is n = 0.7,
we can achieve 7. = 0.85 (or a 1% measurement error for
Agg = 12 dB) with a squeezing of Sgg &~ 4 dB, and 5. =
0.92 (0.1% error) with Sy ~ 7 dB.

Although such levels of amplification are achievable,
this scheme requires the GKP mode itself to be directly
released into the measurement sequence, which either
requires a change in the quality factor of the GKP mode
itself, or requires coupling to a second readout mode.
To combat this issue we consider a second scheme in
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FIG. 8. Two position measurement schemes to improve the

effective efficiency of the measurement. (a) The initial state is
subjected to phase-sensitive amplification, equivalent to an
application of the squeezing operator S(r) = exl@=a") followed
by a position measurement with efficiency #. (b) The initial state
(stored in cavity a) is coupled to a readout mode initialized in the
vacuum state (stored in cavity b) via the Hamiltonian
H/h = —gq, p,, which may be implemented using the circuit
QED designs presented in Appendix A. Simultaneously, the
readout mode’s position quadrature is measured at a rate k via
homodyne detection with efficiency #. In both schemes, we show
that the whole scheme is equivalent to a single position
measurement with an effective efficiency 7.4, which can be
greater than the efficiency of the physical position measurement
n given the right parameters.

Fig. 8(b). We consider a high-Q GKP mode with loss
rate y coupled to a low Q readout mode via a
Hamiltonian H = —gq,p, (where 1 refers to the GKP
mode and 2 to the readout mode). Such a Hamiltonian
can be engineered using the same circuits that implement
generalized controlled gates as discussed in Appendix A
and is identical to the Hamiltonian for a controlled-NOT
between two square GKP qubits. Homodyne detection is
performed on the position quadrature of the readout
mode with efficiency #, which we consider to be
occurring at a rate k simultaneously with the coupling.
To analyze this system we consider short timescales ¢ <«
1/y and neglect the effect of loss occurring on the GKP
mode. In this regime, the quantity of interest is the time
required to perform the measurement to a desired
efficiency. Here, we use quantum trajectories to solve
exactly for the POVM of the system using the method of
Ref. [21]. We relegate the details of the derivation of the
POVM to Appendix H so that we can focus on the results
of our analysis here.

The experimentally observed measurement outcome is
given by the observed photocurrent /(z) of the detector
(see Appendix H for details). We find that the resulting
POVM depends not on the entire measurement record
from time O to ¢, but only on one integral of the observed
photocurrent

X=-— K/(8921277)/tdt’(1 —e (),  (42)
0

where 7 =t — (1 — e7/?)(3 — ¢*"/?) /k. Given the ini-
tial state of the ancilla mode p,, we can write a single-
mode POVM element corresponding to a measurement
outcome X as

(43)
where N is a normalization constant, and
_ 1— —kt/2\4
o=k — ) (44)
4g°t°n

We see now from Eq. (43) that X indeed represents the
estimate of the position of the state. Substituting p, =
|0)(0| for the initial state of the ancilla results in a POVM
that corresponds to an inefficient homodyne measurement
[Eq. (37)] with effective efficiency

4q%ty

—_—. 45
4%ty + « 43)

Meff =

We analyze Eq. (45) as follows. First, we optimize the
measurement rate k to maximize the effective measure-
ment efficiency for fixed g, ¢, , noting that = depends on «.
Interestingly, due to the QND nature of the measurement
and the lack of noise on the GKP code, we find that the
resulting k,, depends only on the measurement time ¢ and
is given approximately by k. /27 ~ 3.79/t (see inset to
Fig. 9). The dependence of 5. on k is very weak near Ky,
so a fine-tuning of « is not required to achieve competitive
effective efficiencies. Next, we fix the physical efficiency
of the measurement at # = 0.75 and plot 75 as a function
of t and ¢ in Fig. 9. Figure 9 demonstrates that for a
coupling strength of g = 10 x 2z MHz, one can achieve
Neir = 0.85 (1% readout error for Agg =12 dB) in a
measurement time t=0.45 ps, and 7. = 0.92 (0.1%
error) after # =~ 0.63 ps.

We are interested in the required measurement time to
achieve a given effective efficiency (and hence logical
measurement error rate) for two reasons. First, if the
measurement time is too long, loss on the GKP mode will
become significant. Second, it is desirable for readout to be
conducted on a time scale comparable to that of other
superconducting architectures, such as those based on
transmon qubits. In transmon qubits, logical readout
typically takes on the order of hundreds of nanoseconds
[39], which is on the same order of magnitude as our
estimates for the time for our measurement scheme.
Stronger coupling strengths would help reduce the meas-
urement time required in our scheme.

Using Eqgs. (43) and (45), one can determine the effect of
changing other parameters such as the physical efficiency
n and the initial state of the ancilla mode p;, on the effective
efficiency #.54. The effective efficiency has only a weak
dependence on the physical efficiency; for example,

043020-15



SHAW, DOHERTY, and GRIMSMO

PRX QUANTUM 7, 043020 (2026)

10° 4 - 0.5
] g=1 -
F107t
& I =~
S O Lin-2 8
1014 % w4
- B g, [107° 75
< = 10 L 1074 g
0 - : =
: 0 t/“s 1| —+ 1075
0.0 0.5 1.0
t/ ps

FIG.9. Main: effective measurement inefficiency 1 — 7. of the
two-mode measurement scheme, as a function of the coupling
strength g/ (2x MHz) and measurement time 7, for a fixed physical
efficiency = 0.75. The two-mode measurement scheme consists
of coupling the GKP mode to an ancilla initialized in the vacuum
state via the Hamiltonian H = —gq, p,, and performing homo-
dyne detection for some finite time # on the ancilla mode at arate k
and efficiency 5. x is optimized to maximize the effective
measurement efficiency. The right axis shows the corresponding
logical measurement error of a GKP state with Ajz = 12 when
measured with homodyne detection of efficiency 7. Inset: the
optimal measurement rate K, /(27 MHz) as a function of the
measurement time .

increasing the physical efficiency of the measurement
from 7 =0.5 to =1 only results in a roughly 30%
decrease in the required measurement time to reach a given
effective efficiency, independent of the choice of g or
target effective efficiency. For the ancilla initial state p,,
one would expect that starting with a vacuum state
squeezed along the position quadrature would improve
the effective efficiency, as it reduces the additional noise
added to the signal from the position quadrature of the
GKP mode. In the infinite squeezing limit we substitute the
O-position eigenstate p, = |0),, (0] into Eq. (43), giving an
effective efficiency #.; = 1/(C + 1). However, this only
results in a decrease of no more than 20% in the required
measurement time to reach a given 7., for 0.5 <5 < 0.75
and any choice of g and 7.¢. As such, the coupling strength
g is the most important factor (along with the GKP mode
squeezing A) in reducing the logical measurement error in
GKP modes using this scheme.

As a final comment, we note that as t — oo, the state of
the GKP mode is projected onto the X-position eigenstate,
as shown in Appendix H4. It may then be easier to
generate a new GKP codestate from this position eigen-
state (or highly squeezed state in the finite ¢ regime) than if
the final state of the oscillator was the vacuum state.

VI. DISCUSSION AND CONCLUSIONS

In this work, we have given concrete methods to model
realistic noise in superconducting GKP qubits, bridging
the gap between experiment and theory. We began in
Sec. III by presenting an average gate fidelity metric for
quantifying the quality of Clifford gates and analyzing the

performance of ideal logical gates when subjected to errors
due to approximate GKP codestates. In Sec. IV we
presented a general method to analytically approximate
the effect of loss and dephasing on GKP codes using the
stabilizer subsystem decomposition [19]. Finally in Sec. V,
we considered the effects of homodyne detection ineffi-
ciencies on the rate of logical measurement errors. We
analyzed a scheme that can achieve feasible error rates
even with a low measurement efficiency using quantum
trajectories [21].

While our analysis of the performance of GKP Clifford
gates and of Kerr nonlinearities gave significant insight
into how to mitigate the spreading of errors due to the
logical gates, this does not necessarily exactly correspond
to the noise that may occur due to non-ideal gate
execution. One could use the theoretical analysis con-
ducted in Ref. [40] to determine the leading sources of
error in the implementation of a given generalized con-
trolled gate. One could then model these effects using the
methods developed in Sec. IV to produce an estimate of the
average gate fidelity of each generalized controlled gate in
the presence of realistic noise sources. We leave such an
analysis to future work.

It also remains an open question whether the insights
gained from the modified decoding patches for GKP
Clifford gates can be carried over to schemes using
autonomous GKP error correction [16,26,32] instead of
teleportation-based error correction. For example, perhaps
our modified decoding patch could correspond to a
modified autonomous error-correction scheme immedi-
ately following the gate, although we leave investigating
such ideas to future work.

To perform logical readout of GKP codestates, we
analyzed a scheme utilizing quadrature-quadrature cou-
pling to an ancilla mode to implement high-efficiency
logical readout. However, this scheme requires the use of a
low-Q readout ancilla prepared in the vacuum state,
increasing the overhead required for computation with
GKP codes. We found that the performance of this scheme
is highly sensitive to the strength g of the quadrature-
quadrature coupling between the GKP and ancilla modes,
but the values of g that are feasible in GKP experiments
remain to be seen. Additionally, the high-Q GKP mode and
low-Q readout ancilla must be coupled with a device with a
large on-off ratio to prevent unwanted leakage from the
GKP mode to the ancilla. These factors must be considered
when assessing the viability of this scheme for specific
experimental platforms.
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APPENDIX A: PHASE-TRACKED
SINGLE-QUBIT CLIFFORD GATES

In this appendix, we outline how to perform arbitrary
Clifford circuits in GKP codes without physically imple-
menting any single-qubit Clifford gates, reducing the
spread of errors in the computation. In this scheme,
single-qubit Clifford gates are tracked in software and
absorbed into the two-qubit Clifford gates in the circuit.
Instead, a larger set of two-qubit gates must be performed.
We call these gates generalized controlled gates, and this
procedure is sometimes referred to as the “Clifford frame”
[41]. Conveniently, all the generalized controlled gates can
be implemented using a single piece of superconducting
hardware—either a transmon or a SNAIL—with each gate
differentiated by the phase of a local oscillator. This is
advantageous since it reduces the number of physical gates
that must be implemented, reducing the spread of errors in
the circuit (as discussed in Appendix C). These results
have already been presented in Ref. [42], however we
reiterate them here as they provide important context for
the main text.

We now step through precisely how the single-qubit
Clifford gates need to be tracked in order to implement a
general quantum computation. We start with a universal
quantum computing circuit comprising state preparation
in the [0) or |T) = (|0)+ e/4|1))/V/2 states, Pauli
Z-measurements, and adaptive Hadamard, phase and
controlled-Z gates. One can rewrite such a circuit instead
consisting of state preparation in the |[0) or |T) states,
Pauli X, Y and Z-measurements, and generalized con-
trolled gates (which must be performed adaptively).
For Pauli matrices o;,0; (i, j€{1,2,3}), we define the
o;-controlled-o; gate as

1
Ca,-o'j:I®1_5(1_6i)®(1_0j)‘ (9)

These gates can be interpreted as applying a o; gate to
the target (second) qubit if the control (first) qubit is a —1
eigenstate of o;, and doing nothing if it is a +1 eigenstate.
For example the Z-controlled-Z gate is simply the
controlled-Z gate, and the Z-controlled-X gate is the
controlled-NOT gate.

To rewrite a Clifford circuit in terms of generalized
controlled gates, we use the following fact: given a
generalized controlled gate Ca,v,- and a single-qubit
Clifford gate A, we have

Coo,(A® ) = (A® B)C,,,,. (A1)

where ¢ is given by calculating A'6;A = +6,, and where
B =1 if the sign is + and B =o¢; if the sign is —.
Equation (A1) can be used to commute the Hadamard and
phase gates past the controlled-Z gates in the original
circuit. Subsequently, the remaining single-qubit Pauli and
Clifford gates can be commuted past the Z-measurements,
leaving X, Y and Z Pauli measurements (which are
discussed in Sec. V) and removing the single-qubit
Clifford gates entirely from the circuit.

To implement a generalized controlled gate C(,I_(,j
between two GKP modes a and b with a gate time 7,
we must engineer the Hamiltonian

1
H,;. =——5 Q5 (A2a)
i0j T J
riri . .
= —ﬁ (e71OH0)ab + e~ 10=9%)gb" + H.c.),
(A2b)
where s; = —p, s, = g — p, s3 = g are the logical quad-

rature operators introduced in Eq. (7) and r;, 8; are the
polar coordinates s; = r;(gcos@; + psinf;). We can
interpret the Hamiltonian in Eq. (A2) as quadrature-
quadrature coupling; or, equivalently, as a phase-coherent
superposition of beamsplitter and two-mode squeezing
interactions. For the square GKP code, we have r, =

V2> r; = ry = 1, so either the Hamiltonian strength or
the gate time must be increased for generalized controlled
gates involving Y. Alternatively, in systems where such a
simultaneous interaction is not possible, the generalized
controlled gate can be decomposed into a product
of beamsplitter and single-mode squeezing interactions
using the Euler decomposition of the symplectic matrix
S(C,,igj) [43].

To implement the Hamiltonian in Eq. (A2) in super-
conducting circuits we can utilize either four-wave or
three-wave mixing between GKP modes, as depicted in
Fig. 10. Example elements that can be used to implement
four- and three-wave mixing include an ancilla transmon
or a SNAIL [44] (respectively). In both cases, the ancillary
element is capacitively coupled to each of the microwave
resonators housing the GKP modes. In both cases, two
drive tones with frequencies (w, + w,)/2 or w, £+ w, are
required (for four- and three-wave mixing respectively),
where w, and w; are the resonant frequencies of each
mode. Finally, to implement each generalized controlled
gate, one can simply change the relative phase between
these two tones. As a consequence, single-qubit Cliffords
can be implemented in software by tracking these relative
phases.

In the following paragraphs, we give an intuitive and
non-rigorous description of how to construct the
Hamiltonian that results from such a four- or three-wave
mixing circuit, and refer the reader to Ref. [40] for a more
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FIG. 10. Schematic diagrams of (a) four-wave mixing, and
(b) three-wave mixing between two GKP modes a and b with
resonant frequencies o, and w,. By phase coherently driving the
nonlinear coupling element with two microwave drives whose
frequencies are given in Eq. (A2), one can engineer the
Hamiltonian required to perform each generalized controlled
gate by altering the relative phase between the drives and the gate
time. Supplemented with state preparation in the |0) or |T) states
and measurement in any logical Pauli basis, this is sufficient to
achieve universal quantum computing.

thorough derivation. We begin with a two-mode harmonic
oscillator with Hamiltonian H = w,a’a + w,b"b. Four-
wave mixing can be understood as adding to the system
Hamiltonian any non-rotating terms consisting of the
product of any four of the operators: a, a®, b, b" and drive
terms V e */(@at+da) (where V,, w, and ¢, are the strength,
frequency, and phase of any of the microwave drive tones).
For example, we consider the term a to be rotating with
frequency —w, since a > ae '« in the rotating frame.

Using this heuristic, applying a drive with frequency
o, = (0, + ®,)/2 ensures that the term Ve (@) gp
(and its Hermitian conjugate) are non-rotating, thus pro-
viding a two-mode squeezing interaction with phase 2¢;.
This term acts as Ve*?1ab + H.c. in the rotating frame,
giving half of the interaction required in Eq. (A2).
Following similar logic, one can see that the beamsplitter
terms in Eq. (A2) can be engineered with a second drive
with frequency @, = (w, — w,,)/2. The phase difference
between each of the applied microwave tones and the
oscillator determines the phase on the beamsplitter and
two-mode squeezing terms, thereby specifying which
generalized controlled gate is implemented.

However, four-wave mixing also introduces several
unwanted terms into the Hamiltonian that reduce the gate
fidelity. Kerr (a™a?, b'>b?) and cross-Kerr (a’ab’b) terms
will be added to the Hamiltonian even in the absence of
microwave drives since these terms are always non-
rotating. Moreover, the presence of the two drives also
adds AC Stark shift terms such as V3a'a, which alter the
resonant frequency of each cavity depending on the drive
strength.

To avoid these unwanted Kerr, cross-Kerr, and AC Stark
shift terms, one can instead use three-wave mixing, which
can be implemented in circuit QED by replacing the
transmon with a SNAIL [44]. Intuitively, three-wave
mixing differs from four-wave mixing by only allowing
the addition of non-rotating terms containing products of
three operators each. This avoids the introduction of Kerr,
cross-Kerr and AC Stark shift terms, while still allowing

simultaneous beamsplitter and two-mode squeezing
interactions when driven by tones with frequencies w; =
0, + o, and v, = w, — w,. In practice, it may be difficult
to completely eliminate Kerr and cross-Kerr terms, justify-
ing our analysis of Kerr nonlinearity in Sec. IV and
Appendix C7.

In summary, we have removed the need to explicitly
perform single-qubit Clifford gates in superconducting
GKP circuits. Instead, the single-qubit Clifford gates are
tracked in software and implemented during two-qubit
gates by altering the relative phase between drives in a
three- or four-wave mixing circuit. Such a rewriting is
favorable because single-qubit Clifford gates in general
cause errors to spread during a circuit, as we explain in
the following section. It is worth noting, however, that
experimental implementations of such gates remain to be
seen and may face practical difficulties to reach large
coupling rates such as spurious nonlinearities or additional
dephasing.

Alongside the apparatus required to perform logical
GKP gates, one also needs to prepare the GKP state
[13,14,16,26,45,46], which typically requires coupling
to a qubit such as a transmon, and to implement non-
Clifford gates either directly [47-49] or via magic state
preparation [11].

APPENDIX B: RELATING THE FIDELITY
OF CLIFFORD GATES TO THAT
OF THE IDENTITY GATE

In this appendix, we derive the equation

Fipa=Frsayipa (17)

which equates the average gate fidelity of a GKP Clifford
gate A decoded ideally over a patch P with the average
gate fidelity of the identity gate decoded ideally over the
modified patch S(A)~'P.

To begin, recall the definition of the average gate fidelity

FE.U) = / dy | UTE W) UW).  (15)

from which it can be trivially seen that
F(E,U) = F(J[U" &, I). Recall also our definition of
the n-qubit to n-qubit channel

Eypa = TR oCpoT[UR,]. (14)

where we defined Fypa = F(Eypa,U) for shorthand.
From Eq. (15) we can write this equivalently as
F(TU o Eypasd).
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Next, for a GKP Clifford gate A, we claim that

J[A o Cpo J[A] = Csiy1p- (B1)

On an intuitive level we can understand this as follows.
From Appendix B, the decoder Cp» works by first meas-
uring the stabilizer generators. This projects the state
into a displaced ideal GKP codestate T(v)|y), where v
is revealed up to addition by a logical lattice vector
ma + nf for some m, n € Z. Then, we choose the unique
vector Kk that lies within the patch P and satisfies
k = v+ ma + nf. Finally, we return the state to the
codespace using T(k)7.

Now consider J[A"]oCpo J[A] as a single decoding
step. Since the GKP Clifford gate A preserves the stabilizer
group the information that is revealed about the state is the
same, i.e. we obtain v up to a logical lattice vector.
However, the correction we apply is now ATT(k)7A =
T(S(A)~'k) = T(k'), where k' is now the unique vector
that lies within the patch S(A)~!P and satisfies k' =
v 4+ ma + nf (for m, n € Z). This operation we identify as
simply being Cgz)-1p, proving Eq. (Bl). Note that
Eq. (B1) also follows from Eq. (77) of Ref. [19].

Finally, we have that

AR = RA, (B2)
since A acts perfectly on the logical codespace. Putting this
all together, we can write

Fapa=F(JANoEspa. 1) (B3a)
= F(J[ATR"]oCpo J[AR,]. 1) (B3b)
= F(J[RTAT]oCpo T[AR,]. 1) (B3c)
= F(J[R o Cgay1p o T[Ra]. 1) (B3d)
= F) 53 1pa (B3e)

proving Eq. (17).

APPENDIX C: DERIVATION OF
AVERAGE GATE FIDELITY ESTIMATES
UNDER IDEAL DECODING

In this appendix, we present the derivation of the
average gate fidelity estimates we used in Sec. III for
GKP Clifford gates and in Sec. IV for general noise maps
under the assumption of ideal decoding. Our first task will
be to derive a general formula [Eq. (25)] for the average
gate infidelity of a CV noise map N using the stabilizer
subsystem decomposition [19], assuming that A has a
characteristic function that is sufficiently “close to the
identity” (as we will explain in more detail later). Then,

assuming that the noise map is Gaussian and symmetric in
phase space, we show that the average gate fidelity can be
expressed using just three variables: the degeneracy a and
distance d of the patch P, and the variance o2 of the diagonal
elements of the characteristic function of the noise map
[Eq. (29)]. We use this formula to analyze a wide range of
relevant noise maps acting on approximate GKP codestates.
When the only noise comes from approximate GKP
codestates, we obtain Eq. (16), which was used in
Sec. III. However, we can also apply the formula to loss
[Eq. (31)], Gaussian random displacements, and gain.
Finally, we extend our results to dephasing, which is a
non-Gaussian channel, and derive the approximate expres-
sions for the average gate fidelity in Eq. (35).

Throughout this appendix, we will make frequent use of
the entanglement fidelity F, of a (finite-dimensional)
channel &, defined as

F, = (ME|(T ® €)(|ME)(ME|)|ME), ~ (C1)

where |ME) is a maximally entangled state across two
copies of the finite-dimensional Hilbert space, and 7 is the
identity channel. F, is related to the average gate fidelity
Eq. (15) by the relationship [34]

dF, + 1

F= .
d+1

(C2)

where d is the dimension of the Hilbert space. For clarity,
we will also define both the GKP stabilizer lattice

Ly = {2ma + 2nflm,ne 7}, (C3)
and the GKP logical lattice
Liog = {ma + nf|lm,n€Z}, 3)

the latter of which coincides with the definition of £ in
Appendix B. Note that Lg,, C Ly, since we can think of
each stabilizer as implementing a logical identity gate.

1. Stabilizer subsystem decomposition

We begin by summarizing the properties of the GKP
stabilizer subsystem decomposition (SSSD) that we will
use in the rest of this appendix. We refer the reader to
Ref. [19], particularly Secs. I and VII, for a more thorough
introduction.

The SSSD decomposes the CV Hilbert space H into a
tensor product of two Hilbert spaces L (the logical
subsystem) and S (the stabilizer subsystem) as follows.
First, consider an ideal GKP codestate |) that has been
displaced by a vector v, and label it

w.v) = TV)y). (C4)

One can show that for any patch P that is a primitive cell
of the logical lattice L)y, the set
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{lu. v)|ln€{0,1}, veP}

forms a basis of H. Therefore, we can replace the comma
in Eq. (C4) with a tensor product, which defines the
decomposition

(C5)

H=L®S,  |w.v)=[w)®Iv),  (Co)
for veP.

The stabilizer subsystem S encodes the possible stabi-
lizer measurement outcomes of a state, and is isomorphic
to the full Hilbert space H, analogous to how if you split
the real number line in two, you are left with two real
number lines. S has a quasi-periodic structure, such that
when an ideal codestate is displaced across a boundary
of P, a logical Pauli operator is applied to the logical
subsystem. The logical subsystem £ is isomorphic to C?
and represents the logical GKP information stored in the
CV state. In particular, the partial trace of a CV state over
the stabilizer subsystem S is equivalent to performing a
round of ideal decoding over the patch P and “forgetting”
the stabilizer measurement outcomes.

Recall that given a CV noise channel A/, we define the
logical noise channel (which maps qubit density matrices
to qubit density matrices) as

Nig = TR 2 Cpo N o T[], (23)

where R = |0)(0] + |1)(1]. The logical noise channel can
be written in terms of the SSSD as

Niog(p) = trs(N(p @ [0){0])).

In Sec. VII A of Ref. [19] we show that, in the single-
mode case,

Nlog(p) = Z

my,my.ny.ny €Z

X (/ d*v eV Q27 (my—ny)at+(my—ny)B) /2
P

(€N
jmmy Xmy 7y M Xm zn
( o ( )

xc(v+mua+ myf, v+ na + nzﬂ)>7
(C8)

where

0 1
Q= {_1 O} (C9)
and c(u, v) is the characteristic function of A" as defined in
Eq. (24). Note that due to a different definition of the
displacement operator the formulas differ in some places
by a factor of 2z. Intuitively, one can obtain Eq. (C8)
from Eq. (C7) by first writing A/(p) in terms of displace-
ments applied to the ideal codestate, then applying the

quasi-periodic boundary conditions of the subsystem
decomposition, and then taking the partial trace over S.

The results obtained above generalize straightforwardly
to multi-mode GKP codes as we now show (for more
details about multi-mode GKP codes we refer the reader to
Refs. [3,48,50,51], and Secs. III and IV of Ref. [19] for the
multi-mode SSSD). In the present paper, the details of the
multi-mode construction are not important, and we simply
include the multi-mode case to demonstrate the generality
of our results. To set this up, we define n-mode displace-
ment operators by

nwzénqwﬂ) (C10)
pe

for ve R?". As such, the characteristic function c(u, V) of
a CV noise channel A takes vectors with length 27 as
input. Then, suppose we have k qubits in our multi-
mode GKP code with logical lattice L£,,. Let the gen-
erators of this lattice {#;}?", be structured such that
T(¢,), -, T(€;) represent the k logical X operators
and T(€,.(), -+, T(€,4) represent the k logical Z
operators of the code. Then, we can write the logical
noise channel N log corresponding to a CV noise
channel N as

Nig(p)=Y_ P(m)pP(n)

m,n ez
x (/ d*"ve(v+ t’m,v+t’n)e”r9("m‘f")/2>,
P
(C11)
where we defined the k-qubit Pauli operators
k
P(m) f— ® inlimi+;1XmiZmi+lz (Clz)
j=1
and the matrix
On Iil
Q= |:_In On:| (C13)

in block form. Equation (C11) is a straightforward gen-
eralization of Eq. (C8). Equation (C11) will be the starting
point of the rest of our derivations.

2. Approximating the entanglement infidelity

Now we are ready to derive Eq. (25). Given a (trace-
preserving) quantum channel £, we define the y matrix
of £ as

E(p) = xrrPoP. (C14)

PP
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where the sum is over all n-qubit Pauli operators. Then, the
entanglement fidelity of the channel is given by
F, =11 (C15)

Now suppose that we only have access to a non-
normalized map & = NE with y matrix components
Zp.p» Wwhere N is some positive real constant and & is

trace-preserving. We can still obtain the entanglement
fidelity of £ from j using the equation

Fo=j1 / > v
P

In the context of GKP codes, we are interested in finding
the entanglement fidelity (and, hence, the average gate
fidelity) of the logical noise channel associated with the
envelope operator e~A%a followed by a (trace-preserving)
error channel £. We call the composition of the two maps
the noise map N(p) = £(e~2"**pe~2"'4) which is not
trace-preserving since the envelope operator is non-
unitary. Importantly, the entanglement fidelity is not
well defined for non-trace-preserving maps, so we
instead consider an “orthonormalized” channel N/ 0» SEE
Appendix G of Ref. [19] for one way of defining N, from
N Fortunately, for small A, the norm of the approximate
encoded state tr(e~22%'ap) is approximately independent
of the qubit state p. So, we approximate N\ to be propor-
tional to A/, with constant of proportionality N. The
logical channel N/ log,o associated with N, via Eq. (C11)
is trace-preserving and has a well-defined entanglement
fidelity F,. We can then approximately obtain F', from the
non-trace-preserving logical map N, associated with N/
using Eq. (C16).

Next, consider any non-normalized CV map N that is
“sufficiently close to the identity map.” We take this to
mean that the characteristic function c(u,v) decays
sufficiently quickly to O as |u| and |v| increase; note
that the characteristic function of the identity map is
c(u,v) = 6*(u)8*(v). In particular, we will assume that
whenever there is an integral of ¢(u, v), we can ignore any
terms where either u or v lie outside the Voronoi cell Vg,
of the stabilizer lattice Ly,y.

From Eq. (C11), we can write the entanglement infi-
delity exactly as

(C16)

1-F, = E )?p,p/ E Xp.ps (Cl7a)
P#I P
)?P,P _ Z </ 42y ei(VJrfp)TQ(S—t)
s.te Ly P
xc(v+fp+s,v+fp+t)>, (C17b)

where we denote £ as any representative of £, such that
T(¢p) applies a logical P to the GKP code; in the single-
mode case we simply have €p =0,a,a + f,f respec-
tively for P =1,X,Y,Z

One could of course numerically evaluate 1 — F, by
using the exact expression Eq. (C17) and truncating the
sums over s, t to some finite number; however here we
wish to arrive at a simpler, more intuitive expression for
the infidelity. To do this, note that ¢(v,v+s) can be
ignored for any non-zero s since v and v+ s cannot be
both in the Voronoi cell Vg, of the stabilizer lattice L.
So, we can approximate Eq. (C17b) as

Ipp~ Z /

SE€ E:(ab

d*"ve(v+€p+s,v+Ep+s), (C18)

and the denominator of Eq. (C17a) as

E J?sz/ d*ve(v,v).
P ! R2n

We can also use Eq. (C18) to write the numerator of
Eq. (C17a) as

Strend 3 [ @velvitrrsvier ),

P#I P#I s € Loy,

(C19)

(C20a)

~ / d*'ve(v,v), (C20b)
R\ P

where to go from Eq. (C20a) to Eq. (C20b), we have added
the sum

Zc(v+s,v+s)

S € Lytah
s#0

(C21)

which is small since v + s lies outside V,;, for any ve P!
Therefore, to calculate the entanglement fidelity we now
simply need to determine the ratio

1—Fez/ dz”vc(v,v)// d*'vc(v,v), (C22)
RZV:\'P RZn

where \ denotes the “set-minus” symbol. Alternatively, we
can trivially convert this to the average gate infidelity using
Eq. (C2), giving

"We note here that strictly speaking this statement relies on P
(which is an arbitrary primitive cell of £,,,) being contained
entirely within V;, (the Voronoi cell of L), which is true for
most cases of interest.
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_ 2n
11— Fa— 2n 2n
2" + I/RZn\’P d VC(V’ V)/ /[Rzn d VC(V’ V)’
(25))

where the prefactor is 2/3 when n = 1.

3. Gaussian characteristic functions

To continue our analysis, we assume that the diagonal
elements of the characteristic function take the form

c(v,v) «x e M/27 (28)

where we call 62 the “variance” of the noise map. Then, for
small o, we can apply Eq. (C22) to obtain

l—F,~o2" / ﬂe""‘z/z"2
e P .
R\ P (271’)

To approximate the integral over R*"\P in Eq. (C23),
we must now consider the geometry of the patch P and its
boundary 0P, as depicted in Fig. 11. Consider the length of
each vector v € 0P as one travels around the boundary oP.
Label each local minimum in the length of v as d;/2, and
the corresponding vector w;. We will call {d;} the set of
local distances of the patch. Then, the integral Eq. (C23) is
upper bounded by

(C23)

(2 12);,/ d2nve7|v\2/262
TTO RZn\fp

1 o 2 /952 2 /952
P dv,e="1/2 / A2y e~ IV /20

(277,’62)n Z Al_/z : R2n-1
(C24)

_ %Zerfc(d,- /(2v/20)), (C25)

where erfc(x) is the complementary error function.

One can understand Eq. (C24) as follows. The region of
integration R**\P can be written as the union of regions
R; = {veR>|v'w; > (d;/2)?}. Each integral in the
right-hand side of Eq. (C24) is simply an integral of
e M*/29* over the region R; where we have performed an
orthogonal change of variables such that the component v,
points in the direction of w;. Therefore, the sum of the
integrals over each region R; is greater than the integral
over R?"\ P as it overcounts any region of R?" that is in the
intersection of at least two regions R; N R; (see Fig. 11).
However, the intersection of these regions is further away
from the origin than JP and their contribution to the
integral is exponentially suppressed. As such, the upper
bound in Eq. (C24) becomes approximately equal to the
desired integral as ¢ — 0.

As 0 — 0 we can make additional approximations to the
sum in Eq. (C25). In particular, we can neglect all the
terms in the sum except for when d; is minimal. We define
the distance of the patch

d = min(d;) = 2min |v|, (C26)
i veoiP

€

where the factor of 2 ensures that when P is the Voronoi
cell, the distance of the patch coincides with the length of
the shortest (non-zero) displacement in the logical Pauli
group. We define the degeneracy a of the patch as half the
number of vectors vedP with length d. Assuming the
patch is centered at the origin, a is an integer. With these
definitions, we finally arrive at our entanglement infidelity
estimate

1 — F, ~aerfe(d/(2V20)). (C27)
or, equivalently,
= F a2 erfe(d)(2v/20)) (29))
~ o T 16 C o)).

From Eq. (C27) we see that three terms contribute to the
infidelity of the logical noise map. First is the variance o of
the noise map, which we calculate for various noise maps
of interest below. Since erfc is a monotonically decreasing
function, reducing ¢ always decreases the infidelity of the
noise map. The other two terms are the distance d and
degeneracy a of the patch P. The distance of the patch is
maximized (and hence the infidelity minimized) when P
is the Voronoi cell of the GKP lattice, in which case it is

FIG. 11. Diagram representing the regions of integration
in Eq. (C24). There are six local shortest vectors wy, - - -, Wg
on the boundary dP each of length d,/2, ..., dg/2. Due to the
z-rotational symmetry of P, the vectors w; come in pairs of
vectors of equal length. The approximation of the integral over
R?>"\P as a sum of integrals in Eq. (C24) overcounts the red-
shaded regions in the figure.
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equal to the length of the shortest non-trivial logical Pauli
operator of the code. Voronoi cells typically exhibit more
symmetry than arbitrary patches and consequently can
have degeneracies greater than 1.

Finally, a brief note of caution. In some cases, the
approximation of Eq. (C25) as Eq. (C27) is not very good
because the distance d is not much smaller than the next
smallest local distance d;. While Eq. (C27) will still hold
asymptotically, it may only provide a good approximation
for very small o. In these cases, it is best to simply use
Eq. (C25) to estimate the infidelity. Moreover, Eq. (C25)
has the advantage that it is always an upper bound on the
integral Eq. (C23). If the patch P is the Voronoi cell of
some lattice £, then finding the set of local distances {d,}
amounts to finding the lengths of all the Voronoi-relevant
vectors of L, for instance using the algorithms presented
in Ref. [52].

4. Envelope operator

We spend the rest of this appendix using Eq. (C27) to
calculate the entanglement infidelities of various noise
maps of interest. To start, we consider the errors arising
only from the approximate codewords themselves; i.e. we
choose the noise map N (p) = e 2’4"4pe=2""a The char-
acteristic function is given by

c(u,v) xexp <—;¥coth(A2/2)(|u|2 + |V|2)> (C28)

where the constant of proportionality is irrelevant since it
is canceled in the ratio Eq. (C22). The diagonal elements
c¢(v, v) therefore take the form of Eq. (28) with variance
0% = tanh(A?/2) ~ A%/2. As such we can immediately
apply this to Eq. (C27) to obtain the entanglement
infidelity of the trace-preserving logical map N, as

4 810 12 14 16

| — F, ~ aerfc(d/2A), (C29)

which directly gives Eq. (16).

Equation (C29) is a useful equation to test the validity
of our approximations over various patch geometries. In
Fig. 12 we compare the estimated average gate infidelities
from Eq. (C29) with the numerical average gate infidelities
as plotted in Fig. 4 for the envelope operator decoded over
a Clifford-gate-deformed patch P. The estimated values
are obtained by using the values for the distance and
degeneracy of each patch in Table I and substituting them
into Eq. (C29). The estimated values typically show good
agreement with the numerical values, with relative errors
below 1% in the parameter regime of interest. One
exception is that of the hexagonal S gate, which has a
larger relative error of between 10% and 25% in the regime
of interest, even though the error tends to 0 as Agp
increases. We attribute this increased error to the unusual
geometry of the deformed patch S(Shey)™'Viex. The
degeneracy of the patch is 2, but the two sides of the
patch that contribute to the equal distance are nearly
parallel. This means that the approximation of the integral
Eq. (C24) is less accurate because it overcounts a region of
R? that contains vectors with length only slightly larger
than d/2. Intuitively, one can imagine the red-shaded
regions in Fig. 11 if two adjacent sides of the hexagon
are nearly parallel. The red region would then contain

relatively short vectors that correspond to terms e~ M/ (2e%)

in the integral. These e~ M/(29") terms are, in turn, only
significantly smaller than the leading order terms
¢~ (@/2/29") for very small 6. Nevertheless, our estimate
still provides the correct asymptotic scaling for the
infidelity, and the relative error is less than 25% in the
regime of interest.

(b) Aas
4 8 10 12 14
100 1 1 1 1 1
41072 1
S
'L:: 1074 N
|
—
1076 .
0

FIG. 12. Comparison between the theoretical estimated average gate fidelity from Eq. (16) and the numerically calculated average
gate fidelity from Fig. 4, under the assumption of ideal error correction. Estimated and numerical average gate infidelity 1 — F' Ave.a of
(a) single-qubit and (b) two-qubit Clifford gates A = I, S, S?, C, applied to the square and hexagonal GKP codes, decoded over the
Voronoi cell V), of their respective lattices. Note that for the hexagonal C; plots in (b), a limited number of data points are included

due to the time taken to run the simulations.
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5. Phase-covariant Gaussian channels

One advantage of our analysis is that we can also easily
apply Eq. (29) to more general noise maps. For example,
consider the noise map given by the composition

N =&, ,0T[ed, (C30)
where &, is a single-mode phase-covariant Gaussian
channel defined as follows. First, we write the expectation
values and covariance matrix of an arbitrary single-mode
density matrix as

_ ) _ (@  Sap+pa)] ¢
”‘[<p>]’ V‘[%<qp+pq>2 () |

(C31)

as is standard in the study of Gaussian quantum states [53].
Then, &, , is the channel that transforms these matrices via

U= T, Vi 22V 4o, (C32)

where 7, v are non-negative real numbers that satisfy v >
|t2 —1]/2 to ensure &, is completely positive. Roughly
speaking, 7 represents how much phase-insensitive squeez-
ing (r < 1) or amplification (z > 1) is applied to the
quadratures, and v represents how much Gaussian noise
is added to the quadratures. Three commonly studied
channels take this form:

(i) loss:z=+/1—y,v=y/2,7y€[0,1];

(i) GRD: 7 =1, v = 6%, 65 > 0; and

(iii) gain: 7= /g,v=(9—1)/2,g> 1.

Note that setting 7 = 1, v = 0 results in the identity
channel. These channels are called phase covariant since
they commute with the rotation operators e?%'a.

We have previously written down the characteristic
function of phase-covariant Gaussian channels in
Appendix F of Ref. [19], although again note some
differences in factors of 2z due to the different definitions
of displacement functions. To compose this with the
envelope operator, we use the composition formula for
characteristic functions

c(u,v) = // d*ud* Ve, (u—a,v—9)c,(a, )

X o~ Qu/2 i Qv/2 (C33)

where c¢ is the characteristic function of the channel
N =N, oN,, and ¢, and ¢, are the characteristic
channels of A/} and N\, respectively. With this, we can
write the diagonal elements of the characteristic function
of A [Eq. (C30)] in the form of Eq. (28) with variance

1— 2
o> = rtanh(A%/2) + v + ¢ 27) coth(A2)  (C34a)
A? (1—1)?
N— . 4b
> +v+ A (C34b)

We can interpret the variance as being the sum of three
terms: one directly from the envelope operator (A%/2), one
from the noise added by the channel (), and one final term
that has a quadratic dependence on the phase-insensitive
squeezing/amplification |1 — 7| and an inverse dependence
on A2, Intuitively, this final term arises because amplifying
or squeezing phase space affects GKP codes more severely
the wider the GKP state is spread in phase space (i.e. for
small A).

We pause briefly here to precisely analyze the assump-
tions under which the infidelity estimate given by
Eqgs. (C27) and (C34a) is valid. As stated previously in
Appendix C2, we require that the modulus of the charac-
teristic function |c(u,v)| is negligibly small whenever
either u or v is longer than the length of the shortest logical
Pauli operator € ;, (which is roughly /7 for most cases of
interest), since €, is the shortest vector on the boundary
of V- In particular, since AV is a Gaussian channel, we
can always write

c(u,v) exp(—% [UT,VT}M|:::|),

where M is a 4n x 4n complex matrix. Then, the condition
on c is satisfied if the smallest eigenvalue 4,;, of the real
part of M satisfies Apin > |€min| 2. To see this, first note
that for |c(u, v)| to be negligibly small, we need the real
part of [u”, v']M["] to be large. Then, we have

o]}

whenever max(|u|?, |v|]?) > |€pin|*, from which the con-
dition follows. For the noise map given in Eq. (C30), the
smallest eigenvalue of M is 1/(26?), so our approxima-
tions are valid whenever ¢ is much smaller than

|€minl/ V2 ~+/m/2. This is a fairly loose requirement
and, in practice, is valid for a wide range of parameters.
The further approximation Eq. (C34b) is only valid in the
slightly more specific regime where |l —z|,v, A are
each also small.

Assuming 7 and v are fixed, one can easily show that ¢°
is minimized when A% = |Inz| = |1 — 7|, which represents
the optimal A that minimizes the infidelity of the noise
map. This optimal A depends only on the amount of
quadrature “squeezing” or “amplification” applied by the
Gaussian channel, and not on the additional noise v added
by the channel.

(C35)

2

> Aminmax(Jul?, |v|?) > 1, (C36)

s

2

’
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If we set £, in Eq. (C30) to a GRD channel with
v = o7, we obtain 6> = 6% + tanh(A?/2); in other words,
the variance from the Gaussian random displacements
adds linearly to the variance from the envelope map.
Moreover, since 7 = 1, the optimal envelope size is A = 0,
i.e. an ideal GKP codeword.

In contrast, setting &, , to a loss channel gives

A y  (1=yT—=y)?
= 4/1 —y tanh —+-——" (31
o> yan<2>—|—2+ h(Az) (31a)
AZ Y },2
z_ — —_— 1
2+2+3Ay (31b)

for small A,y, as discussed in Appendix I'V. The optimal
envelope size here is given by A> = —In\/T—y ~y/2.

In Fig. 13, we assess the validity of the average gate
fidelity estimate from Eqgs. (C27) and (31a) with the
numerically obtained fidelities in Fig. 5(a) of Ref. [19].
As in Fig. 12, we see that our estimates perform well,
with the relative error between the numerical and esti-
mated values being less than 1% within the region of
interest.

For comparison, note that the entanglement infidelity
of loss acting on the trivial bosonic encoding into the
Fock states [0) and [1)is | —F, =1—((1+/1—7)/2)*~
y/2. In contrast, approximate GKP codestates have
average entanglement fidelity given by Egs. (C27)
and (31b), which can be expanded to first order in y
to give

1 —F,=~aerfc(d/(2A)) + _d2/<2A)2, C38
(0/(28) + 15 (€38)
Agp
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FIG. 13. Comparison between the theoretical estimated aver-

age gate fidelity from Egs. (28) and (31a) and the numerically
calculated average gate fidelity from Fig. 5(a) of Ref. [19].
Estimated and numerical average gate infidelity 1 — F of the
logical noise map corresponding to the envelope operator
followed by loss for the single-mode square GKP code.

although note that for typical values of A, the approxi-
mation Eq. (C38) is an underestimate of the infidelity
and is valid only for even smaller values of y than for
Eq. (31b). We can now see that the error-corrected
infidelity is greater than the trivial encoding infidelity
for very small y where the constant term from A
dominates, but is less than the trivial encoding for slightly
larger y due to the exponential-in-A suppression of the
linear term in y. For much larger y, the approximation
Eq. (C38) becomes invalid, eventually leading to a second
crossover where the error-corrected infidelity is larger
than the trivial infidelity.

It is straightforward to show that the composition of
two channels &, , 0&, , =&, is given by 7 =11,
v = 13v| + v,. For example, post-composing loss with a
gain channel with g =1/(1 —y) results in a Gaussian
random displacement channel with v =o06% =y/(1 —y)
[54]. To first order in y, we have v~y and therefore
the noise associated with this channel is given by
0% ~ A?/2 +y. Comparing this to Eq. (31b), we see that
the linear contribution of y to the variance is doubled,
but there is no longer an inverse dependence on AZ.
Converting loss into a Gaussian random displacement
noise channel via this method is therefore advantageous
whenever A? < y/4 (approximately).

We can extend this analysis to find the optimal amount
of gain g given A,y that minimizes the noise. The

composition of loss and gain has parameters 7 =

Vgl —y) and v=(y+(9—1)(y +1))/2. In the low

noise regime where g — 1 and y are small, we have

A -1
2. 9 +

v (g=1-y)
2 2 '

8A2

+ (C39)

We can find the optimal gain by minimizing 62, which
leads exactly to

1—y
= x1+y—2A%
gopt (eAz —767A2)2 }’

(C40)

As A — 0, we have g, — 1/(1 —y), which is the
amount of gain required to recover the Gaussian ran-
dom-displacement channel. However, in the large A
regime, we are restricted by the fact that g must be greater
than or equal to 1. Therefore, Eq. (C40) is only valid when
Jopt = 1, or, equivalently, whenever A? < y/2 (approxi-
mately). If A% > y/2, the optimal amount of gain to apply
after a loss channel is O; in words, the reduction in error
rate obtained by (partially) canceling the phase-insensitive
squeezing from the loss is not enough to overcome the
extra noise from gain.
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6. Dephasing

So far, we have only considered Gaussian noise models,
such as the envelope operator, loss, Gaussian random
displacements, and gain. However, we also wish to model
(single-mode) dephasing, which is a non-Gaussian noise
channel defined by

1

D,,(p) = Add) e~V /2 eida apeipala (32)

2
2ro;

Since dephasing is non-Gaussian, we cannot apply
Eq. (C27) directly. However, unitary rotations et gre
Gaussian, so we will instead begin by analyzing the logical
performance of unitary rotations before discussing the
effects of dephasing.

For unitary rotations we consider the noise map
N =&, , 0T ae=Ma"a] \where we note that ¢4’
commutes with &£, ,. Since the noise map is Gaussian,
the diagonal elements of the characteristic function of N
are again a mean-zero Gaussian function [Eq. (28)], with
variance given by

1—1)2  2zsin?(¢/2)
2 = rtanh(A?/2 (
0" = ranh(A%/2) + vt S na?) T sinh(a%)
(C41a)
A? (1—17)2+¢?

Compared to Eq. (C34), there is only one new term,
which is inversely proportional to A2, Intuitively, this is
because rotations affect more highly-squeezed (lower A)
GKP codestates since the states are more widely-spread in
phase space, increasing the impact of rotations on the state.
If we substitute &, , for loss, we obtain

A2 2 2
NV A R

. 42
2 2 8A? 2A? (C42)

Note that, to the lowest order, there are no terms in
Eq. (C42) that are linear in ¢.

Unfortunately, we cannot analyze dephasing errors
in terms of a single variance since the channel is
non-Gaussian and therefore the diagonal elements of
the characteristic function Eq. (33) are not Gaussian-
distributed. However, we can use Eq. (32) and the linearity
of F, with respect to £ to write the entanglement infidelity
of the dephasing map as an integral of the entanglement
infidelities of the rotation maps by an angle ¢. More
precisely, we consider the noise map

N =¢&,,0D, 0Jle 2] (C43a)

= ! / dpe P 12%E, o j[ei‘/’“T“e’AZ“T“],
. .

2
2ro}

(C43b)

where we note that D, commutes with & ,. To recover
the noise map discussed in the main text we simply set
7= 1,v=0 such that &£,, is the identity map. From
Egs. (C27) and (C43b) we can write the entanglement
infidelity estimate as

1—F,~ , (C44)

a d
— = | dd e/ erf (7>
A /27103 /R re o 2\/§U<¢)

where we have written o(¢) in place of Eq. (C4la).
Such an expression is valid since the entanglement
fidelity F, is linear in the quantum channel it takes
as input.

Next, we wish to obtain an approximate expression
for Eq. (C44) in the regime where both o4 and o(¢)
are small. To do this, we use Laplace’s method, which
states that

b 2
dx h(x)eMI) \ o (x eMalo) (C45)
l ( ) M|g”(x0)| ( O)

as M — oo, where x € (a,b) is the unique input that
maximizes g¢(x) over the interval [a,b]. Intuitively,
Eq. (C45) comes from approximating h(x)e9™) as a
Gaussian function h(x)eM90)=Mlg"(x0)|=x0)*/2 and inte-
grating this over R. To apply Laplace’s method to
Eq. (C44), we first perform an asymptotic expansion

of erfc(x) ~ e /(x\/7), giving

1 F, 2L / dp o(p)e /20130 (C46)
wdoy Jr
To make contact with Eq. (C45), we write
P? dzoﬁ 2a
=——-—X h(p) =—— , (C47
00 =5 g D) = rgold). €4

and M = 1/03. Next, to find the maximum of g(¢) we
use the approximate expression for o(¢) in Eq. (C41b).
For convenience, we work in the regime where the low
order expansion of o(¢) is valid, and introduce the
notation

2 A2 I_TZ
o(p)} =03+ “§:7+”+(2A2) ,

(C48)
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where Ué is (approximately) the variance of the noise
introduced by &, , o J[e~2"%'?] as in Eq. (C34b). Note that
in the main text, we only consider the case where 7 = 1,
v = 0 (i.e. noise is only coming from the envelope operator
and dephasing), in which case we have o, = A/ V2.
With this notation, the turning points of g(¢) occur at

2v2A6?

VdA
¢:0, ¢::|:4—\/§\/O'd—0'*, G();:Tga (C49)

where the latter two solutions in Eq. (C49) only appear
if the argument of the square root is positive, i.e. 64 > 0.
We call o} the “critical” dephasing; when 7 =1,v =0,
we have o) = \/§A3 /d, as discussed in the main text
in Eq. (34).

At this point it is important to separate our analysis into
three cases:

1. the “subcritical” case when o4 < ¢ and g(¢) has a
single turning point ¢ = 0,

2. the “supercritical” case when o4 > ¢} and g(¢) has
three turning points, and

3. the “critical” case when o4 = ¢} and g(¢) has a
vanishing second derivative at ¢ = 0.

From the second derivative of g(¢) it is easy to show
that in the subcritical case ¢p = 0 is a global maximum, in
the supercritical case ¢ = 0 is a local minimum and the
remaining two stationary points both achieve the global
maximum (since g is even), and in the critical case ¢p = O is
a global maximum with ¢’(0) = 0.

We begin by applying Laplace’s method to the sub-
critical case. Here, the global maximum is ¢, = 0, so we
can directly apply Eq. (C45) to obtain

8aciA

d2
l-F,r—5_exp (— —2> ) (C50)
d2\/7_[ 632 _ Gﬁ SO'g

Note that the denominator of Eq. (C50) diverges at
64 = 0y, so this approximation is only valid when o4 is
sufficiently lower than o.

In the supercritical case, since we do not have a unique
maximum of g(¢) over ¢ € R, we first use the fact that g is
even to write

I—F, zz/oo dx h(x)eMots), (C51)
0

Now, g(¢) has a unique maximum in [0, o), so we can
apply Laplace’s method, giving

23/*a6y

Ad
—F,8r—————exp| ——
VrdA,/oq4 — o} p( \/iad <

_ %
! ! 20—d)>.
(C52)

Again, note that the denominator diverges at 64 = o}, 50
this approximation is valid only when o, is sufficiently
larger than o).

In the critical case, we cannot apply Laplace’s method
since ¢”(0) = 0. Instead, we make a fourth-order approxi-
mation of g(¢) and evaluate the integral using

2I'(5/4
/ dx e~ = (45 /4), (C53)
R Va
This gives an expression for the infidelity
2141 (5/4)a. /o, d?
1—F6z$exp<——2>, (C54)
x/d 8oy

which has no dependence on o4 since we have set it equal
to 0. We note that unlike the sub- and supercritical cases,
Eq. (C54) is an underestimate of the infidelity, which
arises from the fourth-order expansion of g(¢). We have
already discussed the main qualitative features of
Egs. (C50), (C52) and (C54) in the main text.

We compare the three approximate expressions in
Egs. (C50), (C52) and (C54) to the numerically evaluated
dephasing error rates given in Fig. 6(a) of Ref. [19] in
Fig. 14, with o, set to A/+/2, i.e. the noise map consists
only of the envelope operator and dephasing. The biggest
difference in the performance of the dephasing noise
estimates compared to the Clifford gate and loss estimates
in Figs. 12 and 13 is from the asymptotic behavior of the
sub- and supercritical estimates. Indeed, the approximate
expressions are useless in a region around the critical
dephasing rate. This is not a serious issue since one could
in principle interpolate between the three estimates
Egs. (C50), (C52) and (C54) in this region to avoid the
asymptote. Notwithstanding this issue, our estimates
perform reasonably well but notably worse than our other
estimates: in most regimes of interest the relative error is
below 25% compared with the numerical values.

Finally, we calculate the optimal A in the case where
64 = A/+/2. We can see from Fig. 14(a) that the optimal
infidelity is achieved in the supercritical regime Eq. (C52).
We can approximately find the optimal A by minimizing
the exponent, which leads to Ay, ~ v/dog/V/2; or, equiv-
alently, o4 =~ 20}. Calculating an analogous expression in
the presence of a phase-covariant Gaussian channel £, , is
less insightful since the minimum of the infidelity can
occur in either the sub- or supercritical regimes depending
on the values of 7 and v; therefore it is easier to simply use
a simple numerical optimization to find the minimum as
stated in the main text.
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FIG. 14. Comparison between the theoretical estimated average gate fidelity from Eqgs. (C50), (C52) and (C54) and the numerically
calculated average gate fidelity from Fig. 6(a) of Ref. [19]. (a) Estimated and numerical average gate infidelity 1 — F of the logical
noise map corresponding to the envelope operator followed by dephasing for the single-mode square GKP code, with no additional
Gaussian noise (i.e. 6, = A/ \/2). The critical infidelity estimates are plotted as black circles. (b) Relative error |1 — num/est| between
the estimated average gate infidelity (est) and the numerical average gate infidelity (num), for the same logical noise map. Values are
only plotted when the numerical average gate infidelity is above 1077 to avoid effects due to numerical inaccuracy. The critical

infidelity estimates are plotted as independent data points.

7. Kerr nonlinearity

Finally, we consider Kerr nonlinearity, which is a source
of error in superconducting devices that may arise for
example from the coupling elements that we proposed
using in the two-qubit gates in Appendix A. We define a
Kerr nonlinearity as the unitary operator

eiHK(a':'a)z/Z. (C55)
To analyze the effect of Kerr nonlinearity on approxi-

mate GKP codestates using the methods from this section,
we make use of the identity

ein/4 2M—1

V2M

izn®/(2M —inj*/(2M) Liznj/M
¢imn?/(2M) o—im/ (M) gimnj/ M

(C56)

which holds for any non-negative integers M and n. With
this, we can rewrite any Kerr nonlinearity with 0y = z/M
for some integer M as a coherent sum of rotation operators:

eilr(tfa)z/(ZM) — Z ei/rnz/(ZM)|n><n| (C57a)

n=0

2
I

(C57b)

iz 2M—1
et Z e—iﬂjz/(ZM)eiﬂj(aTa)/M. (C57¢)
M =

NoT

The sum Eq. (C57) is not particularly enlightening to
theoretically analyze in the low 6 limit, because the
number of terms in the sum increases even though the
unitary operator approaches the identity. Therefore, we

briefly outline how one can use Eq. (C57) to numerically
estimate the effect of Kerr nonlinearity on GKP codestates
and present our results.

First, we write the characteristic function of the Kerr
nonlinearity and the envelope operator e/#(@'@)*/2M)=A%a’a 5q

in 2M—1
e4

c(V) = ——— (v), C58a)
e (s

fj(V) - 1— eizrj/M—A2 ed R (C58b)

which comes from applying Eq. (C57) and using the
characteristic function of the envelope operator Eq. (C28)
extended to complex A. Then, to calculate the average gate
fidelity using Eq. (25), we need the diagonal elements of the

characteristic function of the channel 7 [¢#(a'a)*/ 2M)=Ad"a)

given by
Agp
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FIG. 15. Estimated theoretical average gate infidelity 1 — F of

the logical noise map corresponding to the envelope operator
followed by Kerr nonlinearity Eq. (C55) for the single-mode
square GKP code.

043020-28



MODELING LOGICAL GATES AND READOUT OF ...

PRX QUANTUM 7, 043020 (2026)

2M—1

Z FiWfe(v)".

jk=0

c(v.v) = le(v)]? =

(C59)

Now, each term f;(v)f(v)* is a Gaussian function of v,
which means that we can leverage the methods from
Appendix C3 to approximate the contribution to the
average gate fidelity from each term in the sum. This
directly leads to our results which are shown in Fig. 15 and
discussed in Sec. IV.

APPENDIX D: NON-IDEAL ERROR
CORRECTION AFTER CLIFFORD GATES

In this appendix, we extend the approximate analytical
Clifford gate fidelity Eq. (16) to incorporate the effects of
approximate codestates in the QEC circuit. More precisely,
inthe A — 0 limit, we wish to derive the expression for the
average gate infidelity

2"a,
> +ff1 erfc(dys/(2V24A)),  (22)

I =Fypa®
where a.; and d; are the effective degeneracy and
distance of a modified patch P'. To do this, we will first
use the twirling approximation to derive our noise model
for quantum error correction with approximate codewords
Eq. (19). Then, we will derive Eq. (22), including a
description of how to obtain the effective distance and
degeneracy assuming the patch P’ is chosen to be optimal.
We conclude with a few interesting observations: first, to
explain why in the hexagonal code one should perform a H
gate before each round of QEC; second, a description of
how the square Cyy gate is related to the D, lattice; and
third, a brief commentary on how performing single-
qubit gates after a square C,, gate improves the effective
distance.

We begin by describing our model for QEC with
approximate codestates. We are motivated by the passive
teleportation QEC circuit [25], shown for the square
GKP code in Fig. 16. This circuit uses two ancillary
modes each of which is initialized in the GKP qunaught
state

1B)sq < > _|V27s),. (D1)

SEZ

Note that the qunaught state is the unique simultaneous
+1-eigenstate of the operators T(v/27,0) and T(0, v/27).
Then, two 50-50 beamsplitter gates are applied, which we
define as

\LQZQm
|@>sq P:Pm

|@>sq \l/

FIG. 16. Square GKP passive teleportation error-correction
circuit. The GKP qunaught state and the 50-50 beamsplitter gates
used in the circuit are defined in Egs. (D1) and (D2) respectively.
The arrows adjacent to the beamsplitter symbols are there simply
to indicate which of the modes picks up the minus sign
in Eq. (D2).

1 —-10 0
4 I {1100
o in(p1g2—q1p2)/4 —_
UbS e s Sbs \/z 0 0 1 =1
0O 0 1 1
(D2)

Finally, the first and second modes are readout using a
homodyne measurement of the first and second modes.

The overall effect of the circuit in Fig. 16 can be
described by the measurement operators

M(qmv pm) = HGKP.qu(\/EQm’ \/zpm)T’ (D3)

where Tlggpq is the projector onto the square GKP

codespace. Importantly, v2q,, (respectively, v2p,,)
reveals the position (momentum) eigenvalues of the input
state modulo /7. Conveniently, the state is projected into
an ideal GKP codestate automatically, but a logical
operator may have been applied due to the displacement
operator. Therefore, the vector v/2[g,. pm|T must be
decoded using a patch P to determine the most likely
Pauli error that was applied. Subsequently, the logical
correction can either be applied physically or in software
by updating the Pauli frame of the state.

It is straightforward to generalize the square error
correction circuit to a general circuit by introducing the
Gaussian unitary operator U, which transforms a square
GKP codestate into a general one with lattice £. In
particular, U, is the unitary operator corresponding to
the symplectic matrix M, = |a,f]/+/7. A general GKP
code can then be decoded by first transforming it to a
square GKP code with UTE, then performing the circuit in
Fig. 16, and then transforming back to the general GKP
code with U,.

In Fig. 17, we show how the general GKP error-
correction circuit can be rewritten solely in terms of
passive linear elements (i.e. beamsplitters and single-mode
rotations). In particular, we use the fact that for any
Gaussian unitary U, we have

(U ® U)Ubs = Ubs(U ® U)v (D4)
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FIG. 17. Teleportation QEC circuit for a general GKP code with logical lattice L. (a) A general GKP code can be decoded by unitarily

transforming to a square GKP code via U I, then performing the square teleportation QEC circuit Fig. 16, and then transforming back to
the general code with U,. (b),(c), rearrangements of the circuit using the identities described in the main text.

which can be shown easily using the symplectic matrix Sy
in Eq. (D2). The result is the circuit in Fig. 17(c), which
uses general GKP qunaught states, 50-50 beamsplitters,
and logical quadrature measurements. In particular, the
general GKP qunaught state is defined as |@) = U.|@),,
and is the unique simultaneous +1-eigenstate of the
operators T(v/2a) and T(v/2).

Now that we have an ideal circuit that describes the error
correction cycle in Fig. 17(c), we can derive the model of
approximate error correction Eq. (19) by replacing the
ideal qunaught states with approximate ones. In Fig. 18 we
show how this can be approximated as an ideal circuit
preceded and followed by a GRD channel, defined as

o)) - —= ||

for a covariance matrix X that we now derive.
We derive the following similar methods to Ref. [55].
First going from Fig. 18(a) to Fig. 18(b), we apply the

2
(gﬂ;’n e*VTZ—lv/2 T(V)pT(V)T (20)

twirling approximation to the envelope operator e~Adla by
taking only the diagonal elements of its characteristic
function, as done in Appendix C4. More precisely, we
replace the envelope operator on each mode with the GRD
channel G(tanh(A2/2)I). One particularly useful property
of Gaussian random displacement channels is that, for a
Gaussian unitary U with symplectic representation S(U),
we have

JU]eG(Z)o J[U] = G(S(U)ZS(UV)T).  (DS)

We can use Eq. (D5) to proceed from Fig. 18(b) to 18(d),
first applying it to the beamsplitter Eq. (D2) and then to the
general GKP encoding Gaussian unitary U,. Note that in
Fig. 18 we have also rewritten the ¢ and p measurements
as a displacement 7'(u) (that depends on the measurement
outcome) followed by a projection onto the O-position and
momentum eigenstates. While such a rearrangement does
not make physical sense, mathematically it is convenient
since the resulting two-mode projection is a projection
onto the maximally entangled state

IME) =" [n)|n). (Do)

ne”z

written in the Fock basis. This maximally entangled state
has the property that for any bosonic operator O,
O ® IIME) = I ® OT|ME), where the transpose is with
respect to the Fock space representation of O. In particular,
we have ¢ = q, pT = —p, and T (v}, v,)T = T(—vy, v,).
As such, it is straightforward to show from Eq. (20) that

(ZT®G(X))(IME)(ME|) = (G(P\ZP;) ® I)(|ME)(ME]),
(D7)

where P, = diag(—1, 1) is a reflection in the y-axis, and
T = JII] is the identity superoperator. Applying Eq. (D7)
leads us to Fig. 18(e), from which panel (f) follows by
commuting the Gaussian random displacement channel
through the displacement and remaining Gaussian unitary
U, via Eq. (D5).

The result is that the approximate error-correction
circuit Fig. 18(a) can be written approximately as an ideal
error-correction circuit preceded by a Gaussian random
displacement channel with covariance matrix

ZQEC = tanh(Az/Z)MﬁPlleMZTPlME, (21)

and followed by a Gaussian random displacement channel
with covariance tanh(A?/2)1. Note that the form of Zqgc is
specific to the teleportation-based model of QEC that
we consider, and would be different for Steane error-
correction circuits.

In rectangular GKP codes, Zqpc = tanh(A%/2)I since
the matrix M, is diagonal and commutes with P;.
However, in general these matrices do not commute,
leading to an asymmetric distribution of errors due to
error correction. This is a problem for the hexagonal GKP
code, which has three equal-length stabilizer generators,
only two of which are measured. As a result, Xopc is
asymmetric and therefore does not reflect the hexagonal
symmetry of the code. We will show how to solve this
problem using logical gates soon.

Since our model of approximate QEC is now an ideal
QEC round preceded and followed by a Gaussian random
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|0) G(%1)
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FIG. 18.

(b)

%

(d)

¥, = tanh(A?/2)M P MM P MY

Teleportation QEC circuit with approximate codewords. (a) The ideal teleportation QEC circuit Fig. 17(c) with the ideal

codestates replaced with approximate ones. As described in the main text, we can apply the twirling approximation and use circuit
identities to perform the rewrites shown in circuits (a)—(f). The end result is circuit (f), which consists of an ideal teleportation QEC
circuit preceded and followed by Gaussian random displacement channels.

displacement channel, we can incorporate approximate
QEC into our existing logical channel definitions with the
addition of the channel G(Xqgc). In particular, we have

Eypa = TR CpoG(Zquc) o T[URA]. (19)
as described in the main text. Note that since we are not
interested in the state of the system after the round of error
correction, we discard the second Gaussian random dis-
placement channel in Fig. 18(f).

Now, we wish to approximate the average gate fidelity
F 4 p 5 for a Clifford gate A. Ultimately, we wish to derive
Eq. (22), and explain how to obtain the effective d ;. Our
strategy will be to rewrite this fidelity in the language of
Appendixes C and D by considering the average gate
fidelity F(N, 1) of a logical noise channel

N =J[R"oCpoNoTR]. (23)

To do this, first recall the definition of the average gate

fidelity

FEU) = / Ayl U EQ) W)U (15)

By performing a change of variables |¢p) = Ulw) we see
that F(€,U) = F(E0o J[U'],I). Applying this to Eq. (19)
gives

Fapa=F(JRoCpoG(Zqec) o TIARAAT],T) (D8a)
x F(T[R" 0 CpoG(Zqec) o J[Ae 2a"*ATR], I), (D8b)

where to go from Eq. (D8a) to Eq. (D8b) we have used
Ra « e~2'aR 2 along with Eq. (B2). Therefore, we have

FA.P.A = F(Nﬁa I) (D9)

*Here we briefly note that in the main text and for our
numerics, this equation is not strictly true. This is because we
orthogonalize the codestates after applying the envelope oper-
ator. However, in the context of approximate analytical formulas,
these issues are negligible since we are in the regime of small A.
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with the logical noise channel N given by Eq. (23) and

N = G(Zgpc) 0 J[Ae M@ a4t (D10)

Under the assumption that A is small, we can apply
the twirling approximation to the envelope operator in
Eq. (D10), allowing us to write N approximately as a
Gaussian random displacement channel:

N = G(Zqpc) 0 T[Ae 2" AT] (D11a)
~ G(Zqrc) o J[A] o G(tanh(A%/2)) o J[AT]  (D11b)
= G(Zqac) 0 G(tanh(A?/2)S(A)S(A)™")  (Dlle)
=G(2), (D11d)

with

T =tanh(A?/2)(M;'PT'M;' M7 PT' ML + S(A)S(A)T).
(D12)

Intuitively, Eq. (D12) contains contributions both from
errors that occur before the logical gate (second term), and
from errors that occur after the logical gate due to
approximate error correction (first term).

Now, we can apply the methods of Appendix C to
approximate the average gate fidelity F(N,,I).
Specifically, since N is a Gaussian random displacement
channel, its characteristic function is simply

e—VTE’l v/2
(27)"/det=

Therefore, applying Eq. (C22) gives the entanglement
infidelity as

81 ( (D13)

c(u,v) = u-—v).

d*v

1
—F,r — e
VdetX /R{Z”\P (2z)"

At this point, we define X = 2tanh(A%/2)%, and
0? = 2tanh(A?/2) ~ A?. This definition is chosen such
that X, = I for the identity gate in the square GKP code.
Now, X, is a positive definite matrix, so we can always
write £, = BB for some matrix B. Performing the change
of variables v — Bv gives

1 vz, (D14)

2n
1 —F,~o 2 / d—vne—lvlz/%z (D15a)
RZN\B—IP (271')
1
<3 Zerfc(d,- /(2V20)) (D15b)
R Qeff erfc(deff/(z\/ia))’ (D15¢)

TABLE III. Extension of Table I: ideal Clifford gate patches
without taking into account the modification of the patch. With
such a modification the effective degeneracy and distances are all
equal to those of the identity gate.

Code Square Hexagonal

Gate a d/\m a d/Vz

7 2 1 3 2/\3~ 1.075
i 2 1 2 2/3/7~0.703
3 I 1/V2m0707 2 21/3/7~0.703
32 e N CW TTIN ey
54 1 1//17~0243 1 2v/3/67 ~0.227
@l 4 ! 6 2/v/3 ~ 1.075
H®H 4 1 4 2/3/7 ~0.703
T,y 2 1V2m0707 2 2v/3/7~0.703
Ty I 1320577 2 2v/3/7%0.703
Cor VRS 2 b0

where {d;} is the set of local distances as described in
Appendix C3, while dg; and ag; are the distance and
degeneracy of the deformed patch B~!P (respectively).
From now on we will refer to these as the “effective”
distance and degeneracy, which reflect how the distance
and degeneracy of the patch are altered due to approximate
error correction. Note that the deformed patch B~'P is a
primitive cell of the deformed lattice B~'L, which is
in general not equal to £. To write Eq. (D15c) in the
form of Eq. (22) we simply apply Eq. (C2) to write the
entanglement fidelity as an average gate fidelity, and
use 6 = y/2tanh(A?/2) ~ A.

In the case where P is optimally chosen, it is straight-
forward to calculate the effective distance. In particular,
the optimal choice of P is such that B~'P is the Voronoi
cell V-1, of the deformed lattice B~' L. In this case, the
effective distance is simply the length of the shortest vector
in B~' L, while the effective degeneracy is half the number
of such shortest vectors in the lattice. This can also be done
by calculating the shortest vector in the original lattice £
under the metric B~/ B~! = %7, which avoids needing to
explicitly calculate the matrix B.

We summarize the distance and degeneracies of various
patches in the ideal QEC case in Table III and in the
approximate QEC case in Table IV, which are more
detailed versions of Tables I and II given in the main
text. In particular, note that in Table III, the distances and
degeneracies represent the performance of the naive patch,
and the distance and degeneracy can be improved to be
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TABLE IV. Extension of Table II: Clifford gate patches taking
into account approximate error correction. For notational brevity,
we have written R = SH.

/14715 ~ 0.966

14/15~0.966 1

V14/15 0966 2

\/3V/3/7 = 0.862

R)Czy 4 12/3/31 ~ 0.819

:

Code Square Hexagonal

Gate Aeft dest/ /7 Aeft dett/ /7

7 2 1 2 V3r~o0031
i 2 1 3 \/m ~ 1.075
3 A N N e R
@ I 1/V2%0707 1 1/\/2/3~0.537
g N N TTT IS
5 Loovsxosu 3 hsaiors
g boVER0T07 2 [ s00
g4 1 1/4/5 = 0.447 1 m/ﬁ ~0.537
o1 4 1 Y Va0
A®H 4 1 6 \/z/iﬁ ~ 1.075
Cyy 2 2/V5~0894 2 10/(7./3) ~ 0908
c R T N VeI 1T
,, 12 1 Y 3VETR0s62
(H®H)Cyz 2 2/V/5~0894 2 \/f/-z ~0.931
(HR®H)Czy 1 /2330816 2 V3/2~0931
(H® H)Cyy 12 1 2 \VEzro091
(R®R)Cyzz 4 4

(R®

R®

R)Cyy 4 10/(7+/3) ~ 0.908

those of the identity gate by modifying the patch according
to Eq. (18). In contrast, in Table IV, the patch has already
been modified and therefore the effective distances and
degeneracies represent the optimal performance of the
code against the gate. For more discussion, see the
main text.

It is worth briefly reiterating the discussion at the end of
Appendix C3, in particular, that sometimes Eq. (D15¢) is
not a good approximation of Eq. (D15b) for too large o.
This occurs when the distance d.g is not much shorter than
the next shortest local distance in the set {d,}. Therefore
when giving our rough estimates here and in the main text,
we use Eq. (D15c), where the set {d;} can be found by
calculating the set of Voronoi-relevant vectors of the
lattice with the algorithms given in Ref. [52].

Next, we explain why performing a logical Hadamard
gate H outperforms the identity gate / in the hexagonal
GKP code. Intuitively, this is because the asymmetric

spreading of the noise due to error correction in Eq. (21) is
canceled out by the action of H. In fact, this A cancellation
occurs in any GKP code for which || = || as we now
show. When A = H, we have

o= (MP\M'M"P\ML + S(H)S(H)")/2 (D16a)

=M (P\M;'M;"P,

+ S(Hy)M7'MTS(Hy)")ME /2 (D16b)
with S(H,) given in Eq. (12a). Using M, = |a, ]/ /7 we
can directly calculate

1TIB2 «.
PlelMZTPIZEUﬂﬂ ‘|1;|2ﬂ] (D17a)
2 yyTeim L e a-p
S(Hy)M'M;"S(Hy,) —ﬂ{a_ﬁ B | (D17b)

and therefore Eqs. (D17a) and (D17b) are equal if
le| = |B]. In this case, we therefore have
B =S(H). (D18)
Importantly, the transformation matrix B corresponds to
an ideal Clifford gate S(H), so the transformation leaves

the lattice invariant, B~!'£ = L. After the transformation,
the noise is symmetrically distributed with variance

o = y/2tanh(A?/2), and the effective distance d.; and

degeneracy a.g are the same as those of the original lattice
L. In the hexagonal code the H gate therefore achieves the
optimal performance, since the hexagonal lattice is the
densest sphere-packing in 2D (see Figs. 19 and 20).
Intriguingly, the rotational symmetry of the hexagonal
code means that the logical Hadamard H gate is not the
only gate with ideal performance. To be precise, the

rotations I:Izexggex = eima'a/3 and S}Tlexl:l}tex = emind'a/3,
when acting on codestates with a symmetric noise dis-
tribution, cannot spread any errors. As such, the gates
H;‘lexeiﬂa%a/:; = S‘:;BX and Hl-texe_iﬂa%aﬁ = I:I;EXS‘EBXH;;BX also
achieve the optimal average gate fidelity, alongside the
logical H,., gate. This is not true for, for example, the S},
gate, as shown in Table IV. Nevertheless, the gates ST and
H generate the single-qubit Clifford group, and it is
straightforward to show that any single-qubit Clifford gate
can be implemented up to Pauli gates in no more than two
rounds of QEC, without compromising the performance of
the hexagonal GKP code.

Next, we comment on the surprising observation that the
effective distance of the Cyy gate is the same as that of the
identity gate I for the square GKP code. First, we calculate
the matrix X,, which in this case is simply
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BVp-ip

FIG. 19. Visual representation of the optimal patch and
effective distance of the I, gate when approximate error
correction is considered. (a) An approximate GKP state, repre-
sented (using the twirling approximation) as an ideal state that
has incurred Gaussian random displacement error with standard
deviation ~A/ V2. (b) is the same as (a) since Tex does nothing.
(c) G(Zqgrc) is applied to incorporate the effects of approximate
error correction. The optimal correction patch (dashed) can be
found by performing a (non-orthogonal) transformation B! that
reshapes the Gaussian noise to be symmetric with standard
deviation ~A. (d) The optimal patch is the Voronoi cell of the
transformed lattice, Vg1 ..

21 1 0
o 12 0 1
To=(I+SC)SCWN2= 1] ¢ 2
01 -1 2

(D19)

We are interested in the properties of the lattice
B™'Ly,, = \/aB~'Z*, where B~ is any matrix that sat-
isfies BBT = ¥;. One such matrix is given by

I -1 -1 -1

g L1 1 -1 -
RV [ N B R
I B

(D20)

Now consider the D, lattice, which is generated by the
vectors (1,1,0,0),(1,-1,0,0), (0,1,—1,0),(0,0,1,—1).
Scaled in this standard way, the shortest vector in D, has
length v/2, and there are 24 vectors in D, with length v/2.
Rescaling by this v/2 and performing a change of basis, we
can write the D, lattice as

D,/V2 =B"'7%, (D21)

(a) (b) )
Vhex S(Hhex)vhex
H hex
(@ © IQ(EQE@

—1 T _ _
B S(Hhex)vhex 7VB?1£ S(Hhex)vhex

:BVB*1£

FIG. 20. Visual representation of the optimal patch and
effective distance of the H. gate when approximate error
correction is considered. The panels (a)—(d) represent the same
information as in Figs. 6 and 19. In this case, the noise added by
G(Zqgc) has the same shape as the noise after it is spread by
H,.y, and that therefore, B can be chosen to be S(H.). As a
result the transformed lattice B~' £ in (d) is equal to the original
hexagonal lattice L.

where B is precisely the same matrix as in Eq. (D20).
Therefore we can conclude that B‘lﬁlog is proportional to
the D, lattice, which is known to be the densest lattice
packing in 4D.

Finally, we comment that in the square GKP code, the
effective distance of the C, and C,y gate can be improved
by applying a single-qubit gate SH to each mode immedi-
ately following the generalized controlled gate. In both
cases, the effective distance of the combined gates is
0.966+/m, which is greater than the distances of 0.894,/%
and 0.816,/z for the C,, and C,y gates respectively.
However, the advantages are only felt for somewhat small
values of A because the increase in d.; comes with an
increase in a.g. Indeed, the crossover point only occurs
at 12.2 dB for the C, gate and 9.77 dB for the C,y gate.
We leave the consequences of these observations to
future work.

APPENDIX E: CHARACTERISTIC FUNCTION
OF IDEAL PAULI OPERATORS

In this appendix, we derive the characteristic function of
the ideal logical Pauli operators of a single-mode GKP
qubit code. The resulting expression provides a useful way
of performing the SSSD partial trace in Fock basis
simulations that may be of independent interest.

First, recall that the displacement operators 7'(v) form
an orthogonal operator basis of H and therefore arbitrary
operators can be written
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dvy dv
0= /] 1271_ 2)(0(1}1’ UZ)T(vl’ vZ)T’ (El)

where yo(vy,vy) = tr(OT (v, v,)) is the characteristic
function of the operator O. We define the stabilizer lattice
Ly, and the logical lattice £, as

ﬁstab = {Z(nla + l’lzﬂ)|i’l1, n; € Z}’ (Eza)

‘Clog = {nla + n2ﬂ|n1v n, € Z} = [’stab/z- (E2b)

These lattices are defined such that 7'(v) is a stabilizer
whenever v & L, and a (possibly trivial) logical Pauli
operator whenever v€& L,,,. In the language of lattice

theory, the stabilizer lattice (divided by a factor of \/2_7r)
is a symplectically integral lattice, and the logical lattice
(divided by v/27) is the symplectic dual of the stabilizer
lattice (divided by v/27).

As discussed in Appendix C1, e, # and a decoding patch
‘P together uniquely specify a GKP SSSDof H2 L ® S
into a logical (£) and stabilizer (S) subsystem, for more
details see Ref. [19]. One motivation for considering the
SSSD is because the partial trace over the stabilizer
subsystem trg is equivalent to performing a round of ideal
error correction and decoding over the patch P, and
“forgetting” the stabilizer measurement outcomes obtained
during the error correction.

It is worth noting that the logical Pauli operators X =
T(a),Y = T(a+p),Z = T(B) are not Hermitian opera-
tors and therefore have complex eigenvalues. However,
when performing a logical Pauli measurement, the result
ought to be +1 in keeping with the eigenvalues of a qubit
Pauli operator. To resolve this discrepancy we introduce
the logical Pauli measurement operators, which we define
in terms of the subsystem decomposition as

n=X®I, Y, =YQ®I Z,=ZQI. (E3)

These operators are both Hermitian and unitary; more-
over, they correspond to performing a round of ideal error
correction followed by a logical Pauli measurement using
X, Y or Z (which have eigenvalues +1 on the ideal GKP
codespace). One reason for studying these logical Pauli
measurement operators is that they can be used to obtain
the partial trace over the stabilizer subsystem via

(Itr(p) + Xtr(pX ) + Ytr(pY ) + Ztr(pZ,y,)).
(E4)

N[ =

trs(p) =

An equivalent characterization of the logical Pauli
measurement operator P, is by its action on displaced
ideal GKP codestates T(k)|£p), where the qubit state
|£p) is a £1 eigenvalue of the Pauli operator P. If k € P,
then the logical state of T(k)|£p) in the subsystem

decomposition is |£p), and therefore we have
P, T(k)|Ep) = £T(k)|Ep) = T(k)P|Ep), where P is a
logical Pauli operator (i.e. a displacement). Indeed, since
the states T(k)|£p) form an orthogonal basis for k € P,
+e{+,—} and fixed P, we can write

Pu=NY [ PRT0PE T, )

where the constant N is included to account for the fact
that the displaced codestates are not normalized.

Next, note that Y |£,)(£p| is the projector onto the
ideal GKP codespace, [1gkp, and can be written in terms of
displacement operators as

Mokp =, T(s), (E6)

s€ ‘Csmb

since every state in the codespace is a +1 eigenstate of
every stabilizer. Substituting Eq. (E6) into Eq. (E5) gives

P,.=N Z (/ A’k eiw(k'erfP))T(fp)T(S), (E7)
P

S€ ﬁslab

where we have written €y y ; = a, @ + f, B, respectively.
We can evaluate the constant N using the unitarity of
P.,. Indeed from Eq. (ES) we have

PuPL=N* > T(s)

Sesle'cslab
% // 42k de/eiw(s+t’p,k—k’)eiw(s’,k’+t’P)’
P
(E8)

where we have also used T(s)7T(s') =T(s+s') for
s,s’" € L. Next, we can evaluate the sum over s for
K.k’ € P using the Poisson summation formula:

Z (s k—K)

S e‘Cslab
— E eZia)(a,k—k’)n|+2iw(ﬂ.k—k’)n2

ny,n,€Z

(E9a)

= Y d(wak—K)/z+m)s(oB.k—K)/z+m,)

my,myE€Z
(E9b)
1Tl 0 1 /
- ml%ez > <; {ZT] [—1 0] (k—k +m1ﬁ—m2a)>
(E9c)
- Z Pk —K +2) o0

e ’Clog
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= 18’ (k — k). (E9e)

From Eq. (E9a) to Eq. (E9b) we have used the Poisson
summation formula, and Eq. (E9c) is simply a rearrange-
ment of Eq. (E9b) using

0

o(v,w) =v’ {_1 é]w (E10)

and w(a,p) =n. To arrive at Eq. (E9d) we use the
property of Dirac delta functions that

" (Mv) = 0" (v). Ell
In our case we have
Lla|| 0 1 1
detM_det<7—T [ﬁT} {_1 0]) = (E12)

giving Eq. (E9d). Finally, Eq. (E9¢) is obtained by using
the fact that k,k’€P and P is a primitive cell of the
logical lattice £y,,. Applying Eq. (E9) to Eq. (E8) gives

PuPh=aN 3 < / dzkefw<s’»k>>efw<s’fP>T<sf>.
S/e’cslab P
(E13)

The integral over k € P can be evaluated by first noting
that since w(#,s) is a multiple of 2z for any vector
¢ € L),,, adding a logical vector # to k does not change
the integrand. Using this logic, this means that the
integrand does not depend on the primitive cell P of
the lattice £, that defines the region of integra’tion3 —and
we can choose P to be the most convenient for our present
calculation. Writing k = k& + kgf and 8" = 2sqax + 253
for s, s’ﬁ € Z, we therefore have

. ’ 172 2
/ d2kelm(s ~k> = ﬂ'/ dk(l/ dk/}
» ~1/2 —1/2

« eia)(Zsﬁ,aJrZs;,ﬁ,k‘,a+k/,ﬂ) (El4a)
1/2 o, (12 o
:ﬂ// dk,, 6_2’”"”5/1// dkg e*7kssa
—-1/2 —-1/2
(E14b)
= ”63'{,,05‘\‘;},0 = 71'(35/70. (E14C)

*One can also see this by considering the cell transformations
described in Sec. VA. of Ref. [19].

Substituting into Eq. (E13) finally gives

PLPh =P N>T(0) =1 = N = 1/x. (E15)
We can finally write our result in full:
=3/ K piasen ) 1(2,)7(5). | E16
m P T ’

SE ‘Calab

where £x y ;, = a, a + f, p respectively.

It can be shown directly that P, =P), and
Yn =iXnZ,, as initially desired. Note also that
Eq. (E16) takes the form of Eq. (El) and therefore can
be used to find the characteristic function of P,;:

xp (V) =2 Z (/P 4’k eiw(k,s+t’P)>

s€ leah

x el@ErS)282(y — (s + €p)). (E17)

However, the main use of Eq. (E16) is to perform the
partial trace trg numerically. Indeed, from Eq. (E4), one
can calculate the partial trace of the state p simply from the
expectation values tr(pP,,). If one is evaluating the partial
trace of an individual state p, then it is most convenient to
evaluate

’k .
tr(me) _ Z (/PdTe—tw(k‘S-&-t’p))

SE ['slab

x e wlrs)/2y (L) +5), (E18)
where y,(v) is the characteristic function of p.
Alternatively, if the calculations are being conducted on
multiple states, then it is more convenient to obtain the
operators Eq. (E16) themselves. For numerical Fock basis
simulations, this can be done by truncating the sum over
L, using a Fock basis representation of the displacement
operators T(v), and evaluating the integrals over P
numerically if necessary.

If the GKP code is rectangular, i.e. @ = (y/7a,0), f =
(0,\/F/a) and P = (—y/za/2,\/7a/2] x (—/7/(2a),
V7/(2a)] for some a > 0, the integrals over P can be
evaluated analytically. In particular, we have

/2 . z/2 . —1)"
/ dx e~2ixn — ﬂén,Ov / dx efzx(ZnJrl) _ ( )

/2 /2 n+ 1/2 '
(E19)
for ne€ Z. Applying this to Eq. (E16) gives
x =1 > (=1)" T((2n + 1a) (E20a)
m T + l ’

nez 2
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1 T(2m+ Na+ 2n+ 1)p)
Y, = — . (E20b
7 m;Z (m+3(n+19) ( )
Zn = % > H)T T((2n + 1)B). (E20c)

nez n+ 2

Note that one could also use Y, = iX,Z,, instead of
Eq. (E20b), although this is less numerically stable for
simulations with truncated Fock space dimension.

One can also evaluate the integrals analytically for the
hexagonal GKP code defined by

V3 1

e =i~ 737

)» Prex = \/7_17<0 %)
(6)

and with a hexagonal patch P given by the Voronoi cell of
the logical lattice. Using Mathematica to evaluate the
integrals we obtain

Xm:% > fm.n)T((2m+ Da +2np),  (E21a)

mnez

Ym:% > fln—m)T(2m+ Da+ (2n + 1)B),

mnez

(E21b)

zm:% > fn.m)T2ma+ (2n+ 1)B),  (E21c)

mne”z

_(=1)"cos(§(m+n—1))
flm,n) = (m+n+;)(m—2n+%) ’

(E214d)

although in practice one only needs to calculate X, using
this method since we have Y, = ei7@'a/3X_e~ima'a/3 gnd
Zy = e-ima'al3X eina'a/3 in the hexagonal code.

Both Egs. (E20) and (E21) have recently been applied to
characterize GKP state preparation in experiment [56] and
a novel theoretical scheme [46], demonstrating that these
expressions are practical and convenient to implement.

APPENDIX F: DERIVATION OF
MEASUREMENT ERROR ESTIMATE

In this appendix, we derive the approximate expression
of the measurement error

1 1 —n\-12
M., ~ erfc <2 a <A2 n ”) ) (40)
0

of a GKP logical Pauli Z measurement using a binned
measurement with bin size » and homodyne measurement
efficiency 7. We consider any GKP code that is defined by

the vectors a = [a;,a,]" and g = [0,7/a;]", which is
rotated such that a logical measurement of Z = e4/®
can be done with a binned position measurement with b = a;.

To show Eq. (40), we make the approximation P(0|1) ~
P(1]0) (which is valid in the A — 0 limit). As such, we
have M., =~ P(1]0), the probability of obtaining a —1
logical Z measurement outcome given an initial state |0, ).
Now, the position wave function of the approximate
codestate |0,) is given exactly by

q<x|(_)A> _ Nozeﬂszalaze—%@sa])z tanh(A?)
seEZ

X e—% coth(A?)[x—2sa;sech(A?)]? . 39)

Recall that a position measurement with efficiency # is
described by the POVM elements

W, (X) :Nﬂ/dx |x)q(x|exp<—1 in(x—X)2>,
(37)

where X € R is the recorded outcome of the measurement
and N, = /n/(x(1 —n)) is a normalization constant
such that [ dX W,(X) = I. From Egs. (37) and (39) we
can write down the probability of recording a —1 meas-
urement outcome given an initial state |0,) as

(2t+3)b _ _
P(10) =" / X a(W, (X)) 0s)  38)
rez Y )b

(2t43)b 1 (x)? _
=N dX/ dx e TN (x[04)2. (FD)
ez J )b R
Next, we approximate the modulus squared of the wave
function Eq. (39) as

|q<x‘6A> |2 ~ N(Z)Ze*@m])z tanh(A?)
SEZ

X e~ coth(A?)[x—2sa;sech(A?)]? , (F2)

which assumes the cross terms originating from squaring
the sum over s in Eq. (39) are negligible. We approximate
the normalization constant in Eq. (39), Ny, using

= / dx], (x]0,)
~ J\/%Ze’@ml )* tanh(8%) (7 tanh(A2))1/2 (F3)

seEZ

-1
:sz<,/ntanh<A2> Ze—<2mo2tanhw>) )

SEZ
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One could approximate the sum in Eq. (F4) to directly
estimate N, but we will not need to do this for our
calculations.

Substituting Eq. (F2) into Eq. (F1) and integrating over
X gives

POI0) m N S T e @ unha) | (Es)

seZ

where we have defined

I - Z / (21+3)b X X2 (S22 (Fea)
rez J Q)b
1y -1/2
" J\/g(l + coth(A2)) . (F6b)
’ n
1 1=\ /2
0, » = — | tanh(A? +—) . F6c
12 =5 (tanh(a) + (Féc)

Now, I, can be approximated by setting b = a; and
sech(A?) ~ 1 (valid when A is small), giving

3
‘ te? (2[+%){11
Substituting X’ = X — 2sa; and ¢ =t — s gives
@r+d)a 2 (o2
I~y / X e X ), (F8)
fez (2t’+%)al

which is independent of s. Finally, we simplify the domain
of integration, which is valid when A is small such that the
exponent is quickly decaying, as

I,~2 / * X X (F9)
a/2
2 erfc< ol ) (F10)
= V27106, A — .
0, 2\/50_”A
Substituting Eq. (F10) back into Eq. (F5) gives
a
P(1|0) = V22N 6! erfc<—1>
( | ) nAYnA 2\/50',7.A
% Ze—(Zsal)ztanh(Az) (F11)
SEZ
ay
=erfc| ——— ), (F12)
(Zﬁﬁy],A>

where we have used Egs. (F6b) and (F4) to arrive at
Eq. (F12). Substituting Eq. (F6c) and expanding

tanh(A%) ~ A2 to lowest order gives the desired
result, Eq. (40).

APPENDIX G: COMPARING LOGICAL
MEASUREMENT WITH AND WITHOUT
ERROR CORRECTION

As discussed in the main text, we have previously
pointed out in Appendix B in Ref. [19] that binned
measurement operators do not always ideally read out
the logical Pauli operators of the GKP code. Indeed,
binned measurement operators are not ideal for ¥ readout
in the square GKP code, and for X, ¥ and Z readout in the
hexagonal code. In theory, one can perform these mea-
surements ideally by executing a round of ideal error
correction alongside the logical Pauli readout, and then use
a decoder to infer the most likely logical outcome.
However, this proposal neglects the effects of approximate
codestates in the round of error correction. This appendix
aims to show that such an error-corrected measurement
scheme does not improve the measurement error proba-
bility in the presence of approximate codestates.

We will begin by describing how to perform a round of
QEC alongside the logical readout, and how we model the
effect of approximate codestates. Then we will calculate
the measurement error M, of this scheme, and compare
it to the equivalent expression for binned measurement
operators Eq. (40). Much of the mathematical framework
of these calculations has already been established in
previous appendixes, so we only provide a sketch of the
derivations here. Note also that for simplicity, we assume
ideal measurements (y = l1)—although we expect that
incorporating measurement inefficiencies would not sig-
nificantly affect our results.

To measure the logical P of the code in an error-
corrected way, we need to simultaneously measure P and
one of the stabilizer generators S # £P2. This is because
the measurement outcome of a second stabilizer generator
can always be inferred from the outcome of P2. Now,
label the measurement-basis quadratures g and p such that
P = ¢V and S = ¢72V7P_ This is defined such that for a
Z measurement we have § = g and p = p; while for X we
have § = —p and p = @, and for ¥ we have § =g — p
and p = p.

To perform such an error-corrected logical measurement
one can use the circuit given in Fig. 21(a), which uses a
single ancilla mode, a 50-50 beamsplitter, and homodyne
measurements in the § and p bases. The ancilla mode is
initialized in the (approximate) GKP codestate |+p 4),
where |+p) represents the +1-eigenstate of the Pauli
operator P. However, to allow for the most general
possible scheme, we allow for the approximate GKP
codestate to have a biased noise distribution. Such a noise
distribution could, in theory, be achieved by first preparing
a GKP codestate with a different geometry and a
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FIG. 21.

3 -1 =T T
$=M:P,M;'s M;TP ML

Error-corrected logical readout with approximate codewords. (a) The ideal error-corrected logical readout with the ideal

codestates replaced with approximate ones. As described in the main text, we can apply methods similar to those in Fig. 18 to perform
the rewrites shown in circuits (a)—(c). The end result is circuit (c), which consists of an ideal error-corrected logical readout circuit

preceded by a Gaussian random displacement channel.

symmetric noise distribution, and then applying a
Gaussian unitary to prepare the desired state.

Now, to model the effect of the approximate codestate
on the measurement, we can follow the methods described
in Appendix D. In particular, we can approximate
Fig. 21(a) as Fig. 21(c), where G represents a GRD
channel [Eq. (20)]—the derivation of this follows almost
the same lines as in Fig. 18. The only difference is that we
allow the variance X, of the GRD channel on the ancilla
mode to be non-symmetric, as discussed above. If the
ancilla state is simply an approximate GKP codestate
|Tpa) = e 244 T,), then T, =tanh(A2/2)I; but in
general, we allow X, to be an arbitrary covariance matrix
satisfying det(%,) = tanh?(A?/2). Taking this into account
we end up with Fig. 21(c), which consists of an ideal QEC
and logical readout circuit preceded by a GRD channel
with variance

T = M:P\M;'EM;TPME, (G1)
where M is the matrix that transforms the quadrature
operators (¢, p) — (g, p). Explicitly, we have

My =[-f.a]/\/r, P=X; (G2a)
M; =la,a+pl/Vr,  P=Y; (G2b)
Mz = [a.fl/Vr =M, P=7Z (G20)

One can recover Eq. (21) (in Appendix D) from Eq. (G1)
by substituting M — M, and £, — tanh(A%/2)I.

Next, we wish to estimate the measurement error
M or = (P(0]1) + P(1]0))/2 associated with the circuit
in Fig. 21. We will make a simplifying assumption that the
input state on the data mode is simply an approximate GKP
codestate |y,) and can therefore be approximated by an
ideal GKP codestate |@) followed by a GRD channel
G(tanh(A2/2)I) following the methods of Sec. IV. This is
not necessarily the case, particularly if a logical gate has
been applied immediately before the measurement, in
which case the GRD channel will not be symmetrically

distributed—although we expect our results not to be
significantly different in this case.

From Fig. 21(c), we can model the measurement
error scheme as preparing first an ideal GKP codestate,
then applying the noise channel N = G(X) with X =
tanh(A2/2)I + X, performing a round of ideal QEC and
then finally an ideal measurement of P. As such we define
the logical noise channel

N;=JR|oCpoNoJ[R], (23)
the same as in Appendix D. Then, we can write the
measurement error as

Mere 55 (=N () (hrDl=)
+ (+pNe(|=p) (=p))|+2)-

Writing the logical noise channel in terms of its y-matrix
elements Eq. (C14), one can show that

E AP P

P'#IP

(G3)

Meor = (G4)

which is identical to Eq. (C15) except for the fact that sum
over Pauli operators excludes the Pauli operator P that is
being measured.

Because of this difference, we must revise a few
definitions. We define the measurement region R as the
set of vectors v whose closest vector the logical lattice L is
logically equivalent either to the identity gate or to P.
Intuitively, if an error 7(v) with v € R is applied to an ideal
GKP codestate, upon decoding this error will not flip the
measurement outcome of P. Just as in Appendix D, we
define £ = 2 tanh(A?/2)X,. Then, recall from Appendix D
that the effective distance d.y of the patch P is given by

— 9 Ty—1
dep = 2min 4/ V' X5 V.

vedP

(G5)

In words, d. is twice the length of the shortest vector
on the boundary of P, under the metric defined by the
inverse of the covariance matrix X,. Meanwhile, the
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effective degeneracy a.g is half the number of vectors
veJdP with a length d under the metric %,. We now
define the effective measurement distance d and degen-
eracy a, by adding to the definitions of d. and a.y the
requirement that the vectors v also lead to a logical error
that flips the measurement outcome; i.e. they do not lead to
a logical I or P upon decoding.

With these definitions we can follow the derivations in
Appendixes C2 and D to show that

—viz-lv/2
bl

M o = (G6)

Vdets Janz 2ﬂ

where the only difference with Eq. (D14) is that the
decoding patch P has been replaced by R. Finishing
the derivation gives

M or = @erfe(d/(2v2A)), (G7)

which is the same as Eq. (D15c¢) except for the fact that the
effective distance d.; and degeneracy a.; have been
replaced by the effective measurement distance d and
degeneracy a, respectively.

At this point it is useful to compare Eq. (G7) to the
equivalent expression for binned measurements (under the
assumption of 7 = 1), given by

Mo ~ erfe(b/(2A)), (40"

where b is the bin size of the measurement. The most
important difference between Egs. (40") and (G7) is the
additional v/2 factor in Eq. (G7) which arises from the use
of approximate codestates in the error-correction pro-
cedure. To overcome this, the effective measurement
distance d must be at least a factor of /2 larger than
the bin size b.

We compared values of d/b for all three measurement
bases in the square GKP and hexagonal GKP codes. In the
case where X, = tanh(A?/2)I, we found that in all cases
b =d, and therefore the binned measurements have a
lower measurement error. For each of these measurements,
we can improve d by using an ancilla with a highly
asymmetric noise distribution. In the most general case, we
allow X, to be an arbitrary positive-definite symmetric
matrix with determinant tanh?(A?/2). Maximizing the
effective measurement distance d using Mathematica
yields d =+/2b in all cases, only breaking even with
the binned measurement scheme. The binned measure-
ment scheme is therefore preferable since it is significantly
simpler to implement experimentally.

APPENDIX H: DERIVATION OF POVM OF THE
CONTINUOUS MEASUREMENT SCHEME

In this appendix, we provide the details of the deriva-
tions of the POVM

N/dx X) g, x|/dx " X|pp|%),,
1 1/2\2 :
o _ o l_ —Ki by
xexp{ {X X Zgr( e x1=) x] },

gkﬂf

(43)
where A is a normalization constant,
—n(l = —kt/2\4
c_Xr 11(226 ) (44)
4g°t°n
X = —\/x/(8g°2 / dr' (1—e™"MI(r),  (42)

and 7 =1 — (1 —e7*/2)(3 — e71/2) /x.

We consider a GKP mode (described by ladder oper-
ators a,a’ and position/momentum ¢, p;) coupled via a
Hamiltonian H = —gq,p, to an ancilla readout mode
(described by b, b', g5, p,). The ancilla mode is initialized
in an arbitrary state p;, which in the simplest case is the
vacuum state |0)(0|. The ancilla mode undergoes homo-
dyne detection at a rate x and efficiency #, and data are
collected for a total measurement time 7. We assume that
the GKP mode experiences loss at a rate y < 1/T which
we consider negligible for the following calculation. This
is justified by the fact that typical 7’| times for microwave
resonators are two to three orders of magnitude larger than
measurement times that we are interested in—roughly
1 ps—to be comparable to measurement times currently
achieved in transmon devices.

The goal of this appendix is to derive the POVM of the
above measurement scheme in terms of the detected
photocurrent record 1(0,7) = {I(#)},e () from time O
to time 7. We follow the methods of Ref. [21], which
we summarize here before presenting the details of the
calculations.

We will begin by writing down the stochastic master
equation (SME) that governs the dynamics of the normal-
ized density matrix p.(¢) conditioned on the detected
photocurrent record I(0, 7). Since the evolution of p.(7)
depends on the measurement current, the SME will contain
terms that depend on the Wiener increment dW(t) =
I(t)dt of the observed photocurrent. However, because
p.(t) is normalized, the corresponding SME is necessarily
nonlinear. As such we instead consider a linearized SME
that describes the dynamics of an un-normalized density
matrix p.(t) « p.(t). In this picture, the probability of
obtaining a given measurement outcome I(0, T) is given
by Tr(p.(T))pos(I(0,T)), where p., is the chosen
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ostensible distribution of the observed photocurrent record
(see Ref. [57], Chapter 4 of Ref. [58], or Appendix A of
Ref. [21] for details). We can then solve the linearized
SME by vectorizing the density matrix p.(t) — [p.(¢))
and using Lie algebraic techniques to simplify the resultant
expression.

We find that the state p,.(¢) does not depend on the entire
photocurrent record 1(0, ), but only on two integrals of the
photocurrent labeled R and S. The probability of a given
measurement outcome R, S can then be determined from
the trace of p.(T) and the ostensible distribution of R and
S, which can in turn be used to construct the POVM
elements Wy . Finally, we will convert this two-mode
POVM into a single-mode POVM by tracing out the
ancilla mode given its initial state p;, is known.

1. Linearizing the SME

We begin by writing down the stochastic master
equation (SME) of the system

dp.(t) = —ilH. p.(1))dt + x Dlblp, (1)ds

/R H[b]p, (NdW (1), (H1)

where H = —gq, p, is the system Hamiltonian, D[b]p =
bpb" —31{b'b,p} is the Lindblad dissipator, H[b]p =
bp + pb" — Tr(bp + pb") describes the homodyne detec-
tion, and dW(¢) is the Wiener increment which is related
to the relevant observed photocurrent /(z) via dW(t) =
I(t)dt. We use subscript ¢ to emphasize that p.(t) is the
density operator conditioned on the record of the observed
photocurrent I(0, ¢) from time O to 7.

Equation (H1) is defined such that Tr(p. (7)) = 1 for all
t; however, this normalization comes at the cost of the
nonlinearity in H[b]. Furthermore, to calculate the meas-
urement statistics, one would need to sample from the
actual distribution of the photocurrent record in any
simulation of Eq. (H1). An alternative approach would
be to instead consider the master equation for p.(z), which
we define as the non-normalized density operator with
norm Tr(p.(¢)) = p(1(0,1)|p(0)). This way, calculating
measurement statistics simply involves calculating the
trace of the evolved density operator, with the measured
photocurrent I(0, 7) sampled uniformly. However, this has
two problems: first, the SME is still nonlinear; and second,
sampling from I(0, ¢) uniformly results in the vast major-
ity of states having negligibly small norm.

The solution is to choose an ostensible distribution
for 1(0,7) that removes the nonlinearity in Eq. (HI1)
while still resulting in states with a finite norm. In
this picture, we track the evolution of a non-normalized
density operator p,(z), which is defined such that the
probability of obtaining a measurement record I(0, ) is

p(1(0.7)[p(0)) = Tr(p. (1)) posi(1(0. 7)), where we call
Post(1(0,17)) the ostensible distribution of I(0,¢). If we

choose the ostensible distribution of the photocurrent
such that each dW(r) obeys an independent mean-zero
Gaussian distribution with variance df, then the SME
becomes

dp.(t) = —i[=gq1 p2. pc(1)]dt + D[\/kblp(1)dt

- RI(bB(1) + (D)) AW (1), (H2)

which is now linear. Moreover, to reproduce the meas-
urement statistics of the system average we only need to
sample /(¢) from the Gaussian ostensible distribution,
since the additional contribution from the state of the
system is taken into account by the norm of p.(7).

2. Solving the linear SME

To solve the linear SME Eq. (H2), we vectorize the
density operator by “stacking” its rows. For an operator
p € L(H) acting on a Hilbert space H (which in our case
contains two modes), we define the corresponding vec-
torized operator |p) € H ® H*, where the resultant vector
space now has two modes for each mode in H, called the
physical modes (with lowering operators a, b, etc.) and the
fictitious modes (a, b, etc.).

For simplicity, we first consider H consisting of just a
single bosonic mode. In particular, for an operator p =
Y mnez Pmalm)(n| € L(H), we define the corresponding
vectorized operator as |p) =), ez Pmalm)|n) in the
Fock basis. Alternatively, |p) = (p ® I)|0)4, where [0); =
S, ez |n)|n) = e'@'0)[0) is the thermo-entangled
ground state between the two modes. Equivalently, |0)
is the simultaneous O-eigenstate of B =a—a' and
ﬁT = a’ — a. For an operator A = >, a,a" + f,a™ writ-
ten in terms of ladder operators, we define the correspond-
ing tilde’d operator as A =Y, aia" + piat. With
this definition, it can be shown that (A ® I)[0); =
(I ® A")|0);. These properties generalize straightfor-
wardly to when H consists of two (or more) modes.

To vectorize the linear SME Eq. (H2) we must obtain a
stochastic differential equation in d|p.(¢)) = (dp.(t) ®
1)|0) 4. We can do this by replacing all the operators acting
on the right of p in Eq. (H2) with operators acting on the
fictitious modes, giving

d|p.(t)) = (—i(H — H)dt + k D[b]dt
+ /K0 (b+b)dW(1)|p.(1)),  (H3)

where D[b] = bb —
is equivalent to

L(b*h + b'h). To first order in dt this
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pe(t + dr)) = exp(y/xr (b + b)dW (1))
x exp(—i(H — H)dt + x D[bdt

1 ~
=5k (b +b)*di)|p(1)). (H4)

where we note that one can recover Eq. (H3) from Eq. (H4)
by Taylor expanding each exponential to second order and
using dW(1)* = dt.

Equation (H4) demonstrates the advantage of writing
the SME in a vectorized form: now, the evolution operator
is an exponential that is at most quadratic in the raising and
lowering operators. In particular, the set of terms that are
constant, linear or quadratic in a,a’, @ a’, b, b, b, b
generates a closed Lie algebra I, allowing us to utilize
Lie algebraic techniques to rearrange the expression.
Writing the linear stochastic terms as dL(t) = \/kn (b +
b)dW(t) and the quadratic terms as Q = —i(H — H) +
x D[b] —Lxn (b +b)? for simplicity, we can formally
write the solution to Eq. (H4) as

po(1)) = lim [ [ exp(dL (jon)) exp(031)|p(0)), ~ (HS)

where ¢t = J&t. The first step to simplify this expression is
to commute each linear term dL(j5t) to the right of all
the quadratic terms @, modifying the linear term in the
process. To commute the jth linear term past the j
quadratic terms to its right, we must calculate dL’'(¢) such

that exp(dL(jét)) exp(Qjét) = exp(Qjst) exp(dL'(jét)).

Using the commutation formula e*Be™ = " | L.C1[B],
where C4[B] = B and C}[B] = [A,C%'[B]] for n > 1, we

find that
dL'(jét) = e_Qj‘s’dL(jét)eQ-f‘S’

- (e‘Kjét/z\/lc_n(b +b)

o 20— ey 7))o

(H6)

Since [dL'(t),dL'(t')] = 0 for all ¢, ¢, we can combine
all the linear terms into one exponential, which becomes an
integral in the 6t — 0 limit, giving

1Pr.5(1)) = exp(Q1) exp(Lg 5(1))[p(0)), (H72)
Lus(t) = ViR(b + B) = 22 s5(g, 4 3.
= /k ! Lok /2 (¢
R \/_A dt 1(7), (H7c)

— e M) (1). (H7d)

S:ﬂAtdt’(l

Note that we now write subscripts R, S to indicate that
the state pp¢ depends not on the entire measurement
record I(0, 7), but only on the two relevant integrals of the
photocurrent R and S.

3. Obtaining the POVM

Now, we wish to find the POVM {Wg} such that
Tr(Wg.sp(t = 0)) is equal to the probability of obtaining
the measurement outcomes R and § given an initial state
p(0), i.e.

Tr(Wg.sp(0)) = p(R. S|p(0))

= (4(01,{0)|Pr.5 (1)) Post(R, S).-

(H8a)

(H8b)

We will do this initially by instead evaluating
Qs ) = 4 (a] (BW sl B). /7. which can be
thought of as a mixed representation of Wy in the
position basis of the GKP mode a and the Husimi
Q-function representation in the ancilla mode b. From
Qs one can reconstruct Wy ¢ via the equation

WRS—/dx/dx/dzﬂ(QRSxx )

X [x) 4q (¥'| @ DD (p)). (H9)

- da
c

ab‘ e~ b pa—fa (H10)

is the Fourier transform of the normal-ordered displace-
ment operator, which reconstructs a given operator from its
Q-function representation.

To calculate Qg ¢ we begin by evaluating the inner
product Tr(Wg s|x)y|B)cq ('] (Bl) = 4(015(0]e"e x5 0)]x),
X"}, 1B)c|B*)c» where we adopt the convention of writing

the two physical and fictitious modes in the order a, a, b, b.
Noting that 4(0] = (0](0|e“@, our strategy to evaluate this
inner product will be to partially normal-order the oper-
ators acting on the b and b modes to remove all bt
operators to the left by annihilating them on the vacuum
state. The remaining exponents written in terms of
q1.4,.b,b act trivially on the initial state [p(0)) =
X)X 4|B)c|f*). and thus the inner product can be
evaluated. To do this, we make use of a faithful 10-
dimensional matrix representation of the Lie algebra [
given in Table I of Ref. [21]. In particular, it can be shown
that
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ea&erl;th — ea&ecl(b*h+i)*l3)ecz(q|bf+élb )ehi)

x exp(cs3(q1b + q,b) + c4(§,b + q,b)
+ ¢s(qi + 1) + c6q1G1 + ¢7(b + b)?),

(H11)
where

) = —Kt/2, (H12a)

s = (V2g/k)(1 — 51/2), (H12b)

c3 = (V2g/k)(1 — ™)1 4 —ne™/?),  (H12¢)

cy = (V2g/K)(1 = €2 (n — 1 — pe™2),  (H12d)

cs = (/) (2(1 — e™/?) — kt — nxr), (H12e)

ce = (2¢*/K*)(=2(1 — e7™/2) + xt —yxz),  (H12D)

c7=(n/2)(e™ —1), (H12g)

t=1—(1—e™?)(3 e /). (H12h)

Using the two equations

(O1{O1{0] (0fe“eer(P"+ Pl galant 28D P = (050,
(H13a)

p(015(011x) [x7) ¢ 1) |B7) e = 6(x — X7), (H13b)

we can now evaluate the inner product

015 01 ebrsOL) ') |B) 7). = 3(x = x)el 50,
(H14)

where f(x,x, 3, f*) represents the operator

f(q.3.b.b) = Lgs(t) +c3(q:1b + 4,1b) + c4(q,1b + q,b)
+ ¢s(q1 + G1) + c6q131 + ¢7(b + b)?
(H15)

evaluated at ¢ = § = x, b = and b = f*. Substituting
these values gives

4g'nt
———x
K
42

fx.x.p.p") =

(1 — e*"/2)2xRe(p)

—2n(1 — e™*")Re(p)?

42 /iiRRe(f) — @ Sx.  (HI6)

Now that we have calculated the contribution to Qg ¢
from the norm of pg¢(7), we must now determine the
ostensible distribution p.y (R, S), given that each dW (1) is
a Wiener increment, i.e. an independent Gaussian random
variable with mean 0 and variance dt. Since this is a
Gaussian distribution (as R and S are integrals of Gaussian
distributed random variables), we only need to calculate
the mean and covariances to determine the distribution.
Using E[dW(7)]=0 it is straightforward to show
that E[R| =E[S] =0, and from E[dW(t)dW(¢)] =
5(r — t')dtdr', we obtain

E[Rz] _ K/t /t e_K(t,'HH)/zE[dW(t’)dW(t”)]
0 JO

t

. / df e =1 — e (H17)
0
Similarly,
t J
E[S?] = K/ dt' (1 —e™/?)? = kr, (H18)
0
l J /
E[RS] = / di' (512 — ') = (1 — e~2)2,

0

(H19)

Defining X~ = [g[[g?] i_[[lgzs]]] as the covariance matrix of the

ostensible distribution, we thus obtain

1 _
-5 (R22111

1
ost(R,§) = ———=ex
Pos(R.S) 2nv/det p( 2

L ORSEL 4 S5 ) (H200)
(! mR2+ 2RS
T e P\T2\ 2 4 — kt coth(kt/4)
S2
(H20b)

T4 tanh(lct/4)> > '

where we define o¢? =detX = k(1 —e™) —4(1 —
e*"/2)2 for convenience.

Using Egs. (H9), (H13), (H16) and (H20b), we can now
write the POVM elements as
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PR
WR,S = DPost (R’ S) dx _ (ef(x.,x,/ )
R c T

X [x)gy (x| ® D (B)). (H21)

Next, we wish to turn this two-mode POVM into a
single-mode POVM {V , } by tracing out the ancilla
mode (initialized in the state p,) via the equation
Vrsp, = T1,(Wg spp,). Given in the position representa-
tion p,,(yv,y') = ,(vlpsly’),» we can formally write

. d’a
Tr(D™D (B)ps) :/dx/T(pb(x’x_\/EaR>
R C
% e|a\2/27iaRa,+ﬁa*7(1/}*+i\/§a,x)’

(H22)

where aiz = Re(a) and a; = Im(a). Note however that in
practice we cannot evaluate the integral Eq. (H22) on its

own due to the divergent ele’/2 term. However, substitut-
ing Eq. (H22) into Eq. (H21) and performing the resultant
integrals gives our desired result

Vsp, = A dR Tr,(Wg spp)

—N/dx )., <x|/d5cq2<5c|pbli>qz

1 1 2
e X=x=——(1—= —Kt/2)25.
xexp{ C[ X ng( e )x} },

(43)
where
N = (2a(kr — (1 — e *1/2)4))~1/2, (H23a)
X = —5/4/8¢*t™n, (H23b)
_ _ ,—kt/2\4
c_Xe n(l —e*=) (ad)

4g°t*n

4. The conditional post-state

As a final exercise, we consider the situation where the
ancilla state has been set to the vacuum state as in the main
text, i.e. p, = |0)(0|. Here, we wish to find the state of the
first mode of the system conditioned on the measurement
outcome, i.e. tr,(Wx s p(0) & |0)(0|). In vectorized form,
this is given by

5.0l elrs]p(0)) ® 10)]0), (H24)

up to a normalization, where ;,(0[ is the maximally
entangled state across the b and b modes. Using

Egs. (H7), (H11) and (H12) we can simplify this expres-
sion to

>
xp (_%(t —2(1—e™?)/x)(q; — Z11)2>

again up to a normalization factor. Intuitively, the first
exponent suppresses off-diagonal terms in the position
basis expansion of p(0), while the second exponent
suppresses terms whose position is far away from X. As
t becomes large, 7 ~ t — 3/, so the constant of decay in
the second exponent is smaller than that of the first
exponent by a factor of roughly #. Importantly, as
t - o0, |p(0)) is projected into a position eigenstate
1X), 4(X|, and for finite times, the state will consist of
some finite mixture of finitely squeezed states. It may be
easier to prepare a new GKP codestate for subsequent
computations from this final state than if the mode were
reset to the vacuum.
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