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As quantum machines have scaled up in their number of qubits, significant research has turned towards
increasing their fidelity with quantum error correction codes. Although promising results have been shown
with the surface code, which only requires near-neighbor connections between qubits, the high qubit overhead
of such local codes promises to be problematic. Consequently, recent work has explored non-local quantum
LDPC (qLDPC) codes, which have good asymptotic encoding rates. Despite theoretical progress, hardware
implementations of these codes have been a longstanding challenge.

At the experimental level, demonstrations of movement based communication on atom arrays suggest
this is a powerful new primitive to achieve non-local connectivity. Leveraging this, we present a protocol
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for implementing non-local qLDPC codes in hardware. Our protocol, qSIEVE, is a co-design of such codes
with movement in atom arrays. qSIEVE defines a restricted family of qLDPC codes that can be implemented
efficiently with systolic movement.

We then quantify the utility of qSIEVE in the context of a complete fault tolerant architecture. We compare
the cost of implementing benchmark programs in a standard, surface code only architecture and a mixed
architecture where data is stored in qLDPC memory with qSIEVE and loaded to surface codes for computation.

CCS Concepts: • Computer systems organization→Quantum computing;

Additional Key Words and Phrases: Quantum error correction, quantum LDPC codes, surface codes, neutral
atoms, quantum memory hierarchy
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1 Introduction
In order to execute most quantum algorithms, we need orders of magnitude lower error rates
than we can achieve physically. For example, chemistry and factoring algorithms can require error
rates below 10−15 whereas reasonable expectations for physical error rates on many platforms are
10−3 [9]. To alleviate this gap between algorithmic requirements and physical capabilities, many
researchers are focusing on developing fault-tolerant qubits. In a fault-tolerant quantum system, an
application’s quantum information is protected by underlying quantum error correcting (QEC)
codes, allowing for continuous detection and correction of errors. In this setting the use of a logical
quantum memory stores program qubits as logical qubits, each of which may be comprised of
10s–100s of physical qubits in a QEC code.

To date, the theory of fault-tolerance has been well studied [15, 61, 64, 69]; however, physical
implementations of fault tolerance are nascent, requiring non-trivial adaptions of theory to hard-
ware. Within this recently growing area of research, local codes such as the surface code [24] and
color code [12] have been dominant [1, 32, 51, 59], and for good reasons–codes only requiring
local qubit connectivity are the most feasible for platforms limited to nearest-neighbor connections.
Unfortunately, it’s known that such local codes have poor encoding rates, introducing a >100x
physical qubit overhead, and that non-local parity checks are necessary to produce QEC codes with
better encoding rates [7].
Although superconducting devices have received a lot of attention, on-chip fabrication has

constrained qubits to planar, nearest-neighbor connectivity, limiting a potential memory system’s
encoding rate. Recently, however, a breakthrough result [10] has brought considerable attention to
quantum computers made from reconfigurable atom arrays. In these systems, qubits are suspended
in free space via optical traps which can be moved in real-time, enabling non-local interactions not
available in on-chip devices. This difference in innate connectivity indicates a different set of QEC
codes should be used that takes advantage of the available non-locality to improve the encoding
rate of a logical quantum memory.
In this work, we address this need and present qSIEVE, a protocol that identifies and enables a

restricted set of non-local codes (Figure 1) for quantum computers made from reconfigurable atom
arrays. Codes within this set, such as generalized bicycle codes [31] and bivariate bicycle codes [13]
have a reduced overhead of up to 10x compared to the surface code. qSIEVE’s scheduler is also fast,
enabling all checks to be measured in ∼3 ms, leading to measuring a round of stabilizers 5-11x faster
than other protocols for non-local codes in atom arrays [75]. We further validate qSIEVE through
detailed circuit-level simulations and address different hardware control constraints. Importantly,
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Fig. 1. An overview of the large space of non-local qLDPC codes [2]. We identify a restricted subset of codes
in this space (highlighted in red) and present qSIEVE, a co-designed memory protocol using this restricted
set of non-local codes with the available non-locality in reconfigurable atom arrays.

qSIEVE enables multiple code blocks to be implemented with shared controls, which is extremely
favorable for scaling to sizes needed for advantageous quantum algorithms. To this end, we propose
and evaluate how qSIEVE can serve as a scalable quantum memory system.
We also quantify qSIEVE’s utility in a full fault-tolerant architecture that includes logical

operations. We analyze an architecture with three types of QEC systems. (1) Generalized-bicycle
codes that serve as efficient quantum memory, leveraging their good encoding capabilities, (2) A
small number of surface codes that perform computation, leveraging their good logical capabilities,
and (3) Ancilla systems that teleport data between qLDPCmemory and surface code compute, which
can be implemented in atom arrays [75]. Treating this mixed code architecture as a simple memory
hierarchy, we evaluate a suite of benchmark programs and compare with a surface code only
architecture. Overall we find that for most programs of interest the spatial savings of generalized-
bicycle codes outweigh the temporal overhead of loading and storing data between memory
and compute.

2 Background
For background on quantum computing fundamentals we refer to [21, 45, 55]. In this article we
give relevant background on quantum error correction and atom array quantum computers.

2.1 Quantum Error Correction
In this subsection we break down QEC codes into key components. To better convey the connections
between QEC theory and systems-level features, each component is further separated into 1©
theoretical underpinnings and 2© systems-level implications.
Stabilizer Matrices: Stabilizers are pauli-product observables measured on data qubits in a

QEC code. For example, a stabilizer 𝑆 = 𝑍1 ⊗ 𝑍2 ⊗ 𝐼3, measures the product of Z observables on
qubits 1 and 2 but does not touch qubit 3. Groups of stabilizers are often described using stabilizer
matrices, commonly referred to as parity check matrices in related literature. A stabilizer matrix,
𝐻, is a 𝑚 × 𝑛 binary matrix with rows indicating stabilizers and columns indicating data qubits.
Entry 𝐻𝑖,𝑗 ∈ {0, 1} defines if data qubit 𝑗 is included in stabilizer 𝑖. To protect against both X and Z
errors, and thus arbitrary errors on the logical qubit through linear combination, QEC codes have
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Fig. 2. Circuits for performing an X parity check and a Z parity check.

both X and Z stabilizers. In this work we only focus on codes where each stabilizer is uniformly
Z-type or X-type. A single row 𝑖 in a Z-type stabilizer matrix, 𝐻𝑍, therefore indicates a stabilizer
measuring 𝑍 on data qubits where 𝐻𝑍,𝑖𝑗 = 1 and 𝐼 on data qubits where 𝐻𝑍,𝑖𝑗 = 0. 𝐻𝑋 is defined
equivalently for measuring stabilizers comprised of X observables. All stabilizers additionally need
to commute. For a code with stabilizer matrices, 𝐻𝑍, 𝐻𝑋, this enforces 𝐻𝑋𝐻 𝑇

𝑍 = 0 mod 2, that each
pair of differing basis stabilizers has an even overlap.
Systems-Level Implications: Stabilizers can be viewed synonymously as parity checks which

allow indirect information to be gained about the underlying data qubits without fully collapsing
our quantum state. These checks are the defining feature of a specific QEC code, and different
constructions of the stabilizer matrices can define different families of codes. Although many
constructions exist, in practice only a few unique codes may be needed to enable a fault-tolerant
quantum system. For example, a single code used repeatedly for all program qubits can serve as a
logical quantum memory.
Parity Check Circuits: Figure 2 shows examples of circuits which measure weight-4 parity

checks. Each controlled gate introduces a +1 or -1 phase on the check qubit depending on the state
of the data qubit in the checked basis. The resulting phase on the check qubit indicates the parity
of the data qubits in the checked basis, which can then be measured out. In general, a weight 𝑤
parity check requires 𝑤 controlled operations, 1 for each constituent data qubit.
Systems-Level Implications: Parity check circuits are a key connection between the system’s

physical and logical layers. Since these circuits need to be physically executed for all parity checks
in our QEC code, they can introduce great stress on the connectivity of the device as each data qubit
is involved in multiple parity checks. Furthermore, the time taken to measure all parity checks
contributes to the logical cycle time of a code. Quality mapping of a code’s qubits to a device is
therefore critical to maximize circuit-level parallelism and minimize the logical cycle time.
Defining LogicalQubits Given the stabilizer matrices, 𝐻𝑍, 𝐻𝑋, of a code with 𝑛 physical data

qubits, we can define 𝑘 unique logical qubits where 𝑘 = 𝑛 − rk(𝐻𝑋) − rk(𝐻𝑍), corresponds to a 2𝑘
dimensional logical Hilbert space within our 2𝑛 dimensional physical Hilbert space. Independent
logical observables are defined as

𝑍𝐿 ∈ ker(𝐻𝑋) ∖ rowsp(𝐻𝑍)
𝑋𝐿 ∈ ker(𝐻𝑍) ∖ rowsp(𝐻𝑋)

and each logical qubit 𝑖 is made of an anticommuting pair of such observables:

𝑋𝐿,𝑖𝑍 𝑇
𝐿,𝑗 + 𝑍𝐿,𝑗𝑋 𝑇

𝐿,𝑖 = 𝛿𝑖,𝑗 mod 2

Note that the choice of which data qubits support which logical qubits is not necessarily unique,
i.e., there may be many solutions for 𝑋𝐿,𝑖, 𝑍𝐿,𝑖 that give rise to 𝑘 logical qubits. Furthermore, we
can define the code distance, 𝑑, as the minimum weight possible observable 𝑋𝐿,𝑖, 𝑍𝐿,𝑖. In general,
finding the minimum code distance is NP-Hard, and so sampling-based approximations are often
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Fig. 3. Check structure, indicating the data qubits (circles) involved in each parity check (squares). (a) The
surface code (local). (b) An example of a generalized bicycle code (non-local). The structure is identical for all
checks of the same type, with blue indicating X-type checks and red indicating Z-type checks.

used instead [53]. The parameters [[𝑛, 𝑘, 𝑑]] summarize a code’s performance. For example, the
rotated surface code has parameters [[𝑑2, 1, 𝑑]]
Systems-Level Implications: The encoding rate 𝑘/𝑛 indicates the qubit overhead incurred by a

specific QEC code, and the code distance 𝑑 is the minimum number of physical errors that equate
to a logical error. Codes with increased code distance have exponentially lower logical error rates,
and so during compilation a code distance should be chosen to ensure the logical circuit meets
fidelity requirements.
Syndrome Decoding: We define a syndrome, 𝑠, as a 𝑚 × 1 binary vector where 𝑠𝑖 ∈ {0, 1}

indicates whether stabilizer 𝑖 changed. The decoding problem is to deduce the most likely physical
error vector 𝑒 such that 𝐻𝑒 = 𝑠. This is a classical problem that is NP-Hard to solve exactly [29]. In
practice, decoding algorithms vary based on the specific QEC code being decoded.
Systems-Level Implications: A key constraint when decoding is performing it fast enough. If

the rate of syndrome generation is higher than the rate of syndrome decoding, then a backlog
occurs which exponentially slows down the computation [69]. Broadly, real-time decoding is a
classical problem that is its own subject of research which has seen lots of recent improvements
[19, 54, 72].

2.2 Local vs. Non-Local Codes
We refer to [7] for a formal definition of non-locality. As an intuitive definition, we say a code
is non-local if any mapping of the qubits to the device creates parity check qubits whose data
qubits are far away, requiring long-range entangling operations. In the example shown in Figure 3
the surface code is local because each parity check only needs nearest neighbor connections to
interact with its data qubits. In the generalized-bicycle code, however, the check qubits have data
qubits across the device, requiring long range operations. These long range operations are the key
challenge for implementing non-local codes in hardware.

2.3 Atom Arrays
Trapping and Movement: Atom arrays are quantum computers made from a 2D arrangement of
optically trapped atoms [6, 11, 30, 42]. These devices typically use two types of trapping beams. A
Spatial Light Modulator (SLM) creates static traps for atoms, and 2D Acousto-Optic Deflectors
(AODs) create reconfigurable traps. Atoms can be transferred from SLM traps to AOD traps, and
the AOD traps can then be translated, stretched, or squeezed, enabling mid-circuit movement of 2D
grids of qubits [11]. These devices also have long coherence times on the order of seconds [6, 30, 42]
and high-fidelity gates [23].
Two-Qubit Gates: Multi-qubit gates in these devices are mediated by the Rydberg interaction.

The |1⟩ state is coupled to a highly-excited Rydberg state, which blockades the same transition on
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neighboring atoms via van der Waals forces. The resulting interaction creates a CZ gate between
atoms. By moving atoms that need to interact near each other, a laser pulse can be used to execute
many CZ gates in parallel [23]. Furthermore, the strength of the Rydberg interaction scales ∝ 1

𝑟6
where 𝑟 is the distance from the excited atom. This means cross-talk can be removed by spacing
non-interacting atoms sufficiently far apart.

3 Motivation
The first step in the path towards realizing a fault-tolerant quantum system is encoding program
qubits into logical qubits via some QEC code. Such a system can be viewed as a logical quantum
memory, and although many QEC codes exist in theory [2], implementations for most of them in
actual hardware are still unknown. Most codes that we do know how to implement in hardware
are geometrically local codes and suffer from notoriously poor encoding rates, leading to costs in
the millions of physical qubits for large-scale quantum algorithms [9].
This cost in space is the key challenge to be addressed for quantum memory. It’s known that

for many algorithms of interest, a large portion of a quantum circuit consists of idle volume [38],
meaning most of a program’s qubits will be sitting idly at any given time.This is the task of quantum
memory and so minimizing its physical footprint will have a large impact on the overall circuit
cost. Additionally the quantum memory does not need to be responsible for holding qubits during
active steps of a quantum program. Theoretical constructions exist that can be used to move qubits
between codes [18], and furthermore it’s known how to perform such constructions in atom arrays
and with the codes qSIEVE targets [13, 75].
Reducing the space costs associated with quantum memory requires the use of better codes.

Many such codes are often categorized as qLDPC codes, and require some amount of non-local
operations. The challenge now becomes adapting theoretical constructions of these qLDPC codes
to existing hardware platforms. This is an area with few existing solutions (detailed in Section 4).
Since this is tightly connected to the hardware of interest, there are even fewer solutions for atom
arrays. Solving this problem and identifying a competitive memory protocol for atom arrays is
therefore the primary motivation of this work.

4 Related Work
Xu et al. [75] proposed an implementation of hypergraph-product and lifted-product codes on
atom arrays. They implement parity check circuits via 1D atom rearrangements that are applied to
rows and columns of an atom array, matching the product structure of the codes they consider with
the product structure of AODs. In this work, qSIEVE targets a different set of codes where we find
parity checks can be implemented by moving check qubits collectively in 2D. Table 2 summarizes
the key differences between their implementation and qSIEVE. In addition to measuring a
round of stabilizers 5-11x faster, the codes implementable by qSIEVE also have better encoding
rates at small sizes. For example, at 𝑑 = 6, codes compatible with qSIEVE have a ∼ 4× higher
encoding rate.

There has also been prior work on implementing other types of QEC codes, such as the surface
code [3], on atom arrays. Compiling algorithms for atom arrays in the Noisy Intermediate-
Scale Quantum (NISQ) era has also been a subject of research [5, 40, 46, 48, 49, 66–68, 73],
however many of these techniques would require adaptation to apply in a fault-tolerant
setting.
Some prior works explored how non-local qLDPC codes can be implemented on other types of

hardware [13, 50, 71]. Notably, IBM’s recent work [13] showed that the Tanner graphs of bivariate-
bicycle codes can be partitioned into two planar subgraphs. As a consequence, the codes can be
realized on planar superconducting chips with long range links.
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5 qSIEVE: EfficientQuantum Memory in Atom Arrays
Here we introduce qSIEVE: an efficient memory protocol that implements generalized-bicycle [31]
and bivariate bicycle [13] codes in atom array quantum computers. For simplicity we refer to both
families of codes as generalized-bicyle codes going forward, using the construction we detail in
Section 5.1.

5.1 Generalized-Bicycle Codes
As a family of qLDPC codes, generalized bicycle codes have promising asymptotic encoding
rates. Additionally, recent work has found many instances of generalized-bicycle codes with good
encoding rates, even at small sizes [13, 35]. Here we give the code construction of generalized-bicycle
codes used in qSIEVE.

Permutation Matrices: The check matrices of the generalized bicycle codes are created using a
collection of permutation matrices that identify data qubits (columns) with parity checks (rows).
Take for example,

𝑆3 = [
0 1 0
0 0 1
1 0 0

] ; 𝑆23 = [
0 0 1
1 0 0
0 1 0

] ; 𝑆33 = 𝑆03 = [
1 0 0
0 1 0
0 0 1

]

Each power 𝑆𝑝3 maps row 𝑖 to column 𝑖 + 𝑝 mod 3. In general we will define this type of matrix as
𝑆𝑝𝑙 for some size 𝑙.

As parity checks are performed on a collection of data qubits, we can sum many distinct permu-
tation matrices together to create a matrix 𝐴. For example,

𝐴 = 𝑆3 + 𝑆23 = [
0 1 1
1 0 1
1 1 0

]

defines 3 parity checks, each on two data qubits.
Generalized-Bicycle Code Check Matrices: As generalized bicycle codes are a two-block

quantum code[31] rather than a single matrix 𝐴 as described above, we use two such matrices 𝐴, 𝐵
that are constructed independently. The code’s X and Z check matrices are then defined as

𝐻𝑥 = (𝐴|𝐵), 𝐻𝑧 = (𝐵𝑇|𝐴𝑇) (1)

When A and B are each constructed from summing permutation matrices 𝑆𝑝𝑙 this check matrix
construction corresponds to the original definition of generalized-bicycle codes introduced in [31].

However, recent work[13, 35] has looked at a more general construction of generalized-bicycle
codes where 𝑆𝑝𝑙 is replaced by a tensor product of two independent permutation matrices 𝑆𝑝𝑙 ⊗ 𝑆𝑞𝑚.
For convenience, it is often easier to write 𝑆𝑝𝑙 as 𝑥𝑝 and 𝑆𝑞𝑚 as 𝑦𝑞 where

𝑥𝑝𝑦𝑞 = 𝑆𝑝𝑙 ⊗ 𝑆𝑞𝑚 (2)

Then our matrices 𝐴 and 𝐵 are expressed succinctly as polynomials over 𝑥 and 𝑦. As an example,
with 𝑙 = 5, 𝑚 = 4 𝐴 and 𝐵 could be

𝐴 = 1 + 𝑦2 + 𝑥2 = 𝐼5 ⊗ 𝐼4 + 𝐼5 ⊗ 𝑆24 + 𝑆25 ⊗ 𝐼4
𝐵 = 𝑦 + 𝑦2 + 𝑥3 = 𝐼5 ⊗ 𝑆4 + 𝐼5 ⊗ 𝑆24 + 𝑆35 ⊗ 𝐼4

which when combined into the check matrices as 𝐻𝑥 = (𝐴|𝐵); 𝐻𝑧 = (𝐵𝑇|𝐴𝑇) defines a specific
generalized-bicycle code with 𝑙𝑚 = 20 X parity checks, 20 Z parity checks, and 40 data qubits.
Where each parity check is on 6 data qubits (3 defined by 𝐴 and 3 defined by 𝐵).
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Fig. 4. Mapping of qubits from an example X check matrix (𝐻𝑥) to columns on the device. This check matrix
is derived from parameters 𝑙 = 5, 𝑚 = 4, 𝑎(𝑥, 𝑦) = 1 + 𝑦 2 + 𝑥2, 𝑏(𝑥, 𝑦) = 𝑦 + 𝑦 2 + 𝑥3. The mapping from the Z
check matrix (𝐻𝑧) to device columns is done in a corresponding manner, with Z check qubits located in the
bottom left corner of each group of four qubits.

Parameters of the Construction: Here we summarize the construction by highlighting key
parameters:

— 𝑙 , 𝑚: Together define the size of the X and Z check matrices of the code.
— 𝑥𝑝𝑦𝑞: A single permutation-like matrix defined in Equation 2 which identifies each data qubit
with a parity check.

— 𝑎(𝑥, 𝑦), 𝑏(𝑥, 𝑦): Identifies data qubits to parity checks. The total weight of both polynomials
together defines the weight of each parity check.

[[n,k,d]] of Constructed Code: Given a specific choice of 𝑙 , 𝑚, 𝑎(𝑥, 𝑦), 𝑏(𝑥, 𝑦) we can derive
[[𝑛, 𝑘, 𝑑]] for the constructed code.

— 𝑛: The number of data qubits, 𝑛, are the number of columns in 𝐻𝑥 and 𝐻𝑧 which is 2 ∗ 𝑙 ∗ 𝑚.
— 𝑘: The number of encoded qubits, 𝑘, can be calculated as 𝑘 = 2 ∗ 𝑙 ∗ 𝑚 − rk(𝐻𝑋) − rk(𝐻𝑍).
— 𝑑: As mentioned in Section 2.1 the code distance, 𝑑, is NP-Hard to calculate in general. For
small codes 𝑑 can be calculated exhaustively, however, most of the time sampling-based
approximations are used.

5.2 Qubit Mapping
Figure 4 gives an example picture of how qSIEVE maps qubits in the check matrices onto the device.
Motivated by the tensor product structure 𝑆𝑝𝑙 ⊗ 𝑆𝑞𝑚 we map all qubits to a position (𝑟𝑜𝑤, 𝑐𝑜𝑙) on a
𝑚 × 𝑙 grid. We then have four types of qubits to map to the device: X check qubits (rows of 𝐻𝑥), Z
check qubits (rows of 𝐻𝑧), A data qubits (columns of 𝐴), and B data qubits (columns of 𝐵). Each of
these is represented by a total of 𝑙𝑚 rows/columns. For each type we identify qubit 𝑖 with the 𝑖th
row/column and then map to the device at position (𝑟𝑜𝑤, 𝑐𝑜𝑙) = (𝑖 mod 𝑚, ⌊𝑖/𝑚⌋).
Figure 5 expands on the example and shows the full layout as well as how the check structure

translates to the mapping. Figure 5(b) also introduces a small modification to the mapping that
simplifies fast movement. The collision-free layout allows X and Z check qubits to be moved purely
vertically and horizontally without overlapping with a stationary data qubit, which would cause a
collision.

5.3 Systolic Check Operations
We first note that after our mapping, terms 𝑥𝑝𝑦𝑞 define a highly regular, parallelizable operation
which we define as a systolic check operation. Each term 𝑥𝑝𝑦𝑞 defines a mapping from checks
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Fig. 5. (a) A continuation of the example in Figure 4 showing the complete qubit layout we use for generalized-
bicycle codes. Each subgrid (X check, Z check, A data, B data) is mapped identically and interleaved. The
highlighted check structure shows the relative position of data qubits from a given 𝑋 check qubit. This
structure is identical for all 𝑋 check qubits up to periodic boundaries. 𝑍 check qubits have a mirrored structure.
(b) A modified version of the layout that simplifies collision-free movement of X and Z check qubits.

to data qubits with the relative position between the two being identical for all X(Z) checks*. This
regular structure is ideal for AOD movement, and our router exploits the available parallelism for
fast cycle times.
*Handling Periodic Boundaries: Due to the presence of permutation matrices in the code

construction, the offset dictated by systolic check operation 𝑥𝑝𝑦𝑞 from a check qubit to one of its
data qubits may go beyond the bounds of the layout. In such a case, the bounds of the layout are
‘periodic’ and the offset wraps around to the opposite side. To formalize this behavior, we derive
all possible relative positions between check and data qubits in our mapping. With no periodicity,
the relative position between check 𝑖 and its data qubit is (𝑟𝑜𝑤, 𝑐𝑜𝑙) = (𝑞, 𝑝). If 𝑖 ≥ 𝑚(𝑙 − 𝑝), we
have horizontal periodicity and the column offset is changed to (𝑝 − 𝑙). If 𝑖 mod 𝑚 ≥ (𝑚 − 𝑞), we
have vertical periodicity and the row offset is changed to (𝑞 − 𝑚). Overall, this gives four possible
relative positions: (𝑞, 𝑝), (𝑞, 𝑝 − 𝑙), (𝑞 − 𝑚, 𝑝), (𝑞 − 𝑚, 𝑝 − 𝑙). Additionally, if 𝑝 = 0 or 𝑞 = 0, this
reduces to only two possibilities, which is the case for most of the codes we simulate. Only one
code we simulate has mixed terms (𝑝, 𝑞 > 0).

5.4 Circuit Routing
To implement generalized-bicycle codes, the circuits of Figure 2 need to be executed for all X and Z
checks in the code. Since single qubit rotations can be performed with high fidelity in atom arrays
[33], we focus on routing the long-range two qubit gates between check and data qubits. These
long-range gates are mediated by atom movement using an AOD, therefore the router should aim
to minimize this movement cost.
Traveling Salesman Formulation: Figure 6 gives an overview of how qSIEVE’s restricted

code selection and mapping procedure allows for the routing problem to be treated as a traveling
salesman problem. We note that X and Z checks are routed separately; CZ gates for all X checks
are performed first, followed by CZ gates for all Z checks. Furthermore, all X (Z) check qubits are
moved collectively during routing. In addition to reducing movement time, doing so minimizes
the number of times atoms need to be transferred between movable, AOD traps and static, SLM
traps, which can be a source of error. The stops are derived from the relative positions described in
Section 5.3 for a code’s systolic check operations. Conveniently, if the space beyond the boundaries
is unoccupied (described further in Section 7.1) then moving to stop (𝑞, 𝑝) leaves all check qubits
with a different, periodic offset beyond the boundary. CZ gates can then be performed only between
the intended check-data qubit pairs. Importantly, the reverse also holds. When moving to the stop
(𝑞, 𝑝 − 𝑙) the check qubits that were excluded at stop (𝑞, 𝑝) are now within the boundaries and

ACM Trans. Quantum Comput., Vol. 7, No. 2, Article 9. Publication date: January 2026.



9:10 J. Viszlai et al.

. . .

Periodic Boundaries

y2x2

Resulting Systolic Check Operations

1 
y 
y2 
x3

Traveling Salesman Routing

� x2

y2
y

y2

x3
x2

x3

y
y2

y2

x2 Stop + Parallel CZ Gates

� x2

y2 y

y2

x3
x2

x3

y
y2

y2

x2 Periodic Stop + 
Parallel CZ Gates

Acousto-Optic Deflector (AOD) Movement
Parallel 2-Qubit Gates

Input Code 
Parameters

��������������������

����������������������������������������

������������

Device 
Mapping

Circuit
Compiling

Fig. 6. Overview of mapping and routing in qSIEVE. Given code parameters for a generalized-bicycle code,
qubits are mapped to the device to allow for systolic check operations. Routing is then formulated as a
traveling salesman problem and solved using the Concorde TSP solver. The routing in the figure shows the
path for X check qubits. A mirrored path is used for Z check qubits. The two example stops explain how the
𝑥2 operation is eventually performed for all checks. The timestep on the left performs all CZ gates for check
qubits with offset (0, 2), and the timestep on the right performs all CZ gates for check qubits with offset
(0, −3).

can perform their CZ gates. This can be seen in the case of 𝑥2 shown in Figure 6. To solve for
the minimal routing, we use the Concorde TSP solver. Fortunately, by moving X (Z) check qubits
collectively, the number of stops scales with the check weight, not the code size. And since we
expect the check weight to be small to minimize error propagation, qSIEVE can scalably route
generalized-bicycle codes of increasing size.

5.5 Movement Costs
We assume spacing between atom sites of 5𝜇𝑚 and acceleration of 0.02𝜇𝑚/𝜇𝑠2, and we model
movement costs according to [75], with all movement done along the Manhattan distance between
two consecutive stops. The movement time associated with a given check is thus,

(√6 ⋅ Δ𝑥/0.02 + √6 ⋅ Δ𝑦/0.02) (3)

whereΔ𝑥 is the distance that needs to bemoved along the horizontal direction, andΔ𝑦 is the distance
along the vertical direction. By using the collision-free grid arrangement shown in Figure 5(b), we
ensure that no collisions occur during movement. We summarize our movement costs in Table 2.

5.6 Hardware Compatibility
A key hardware feature required for our implementation is the collective movement of 2D grids
of check qubits. In atom arrays, coherent movement of a 2D array of qubits via an AOD has
been experimentally demonstrated in the context of quantum error correction [10, 11, 75]. High-
fidelity parallel CZ gates on adjacent qubits and single-qubit rotations have also been demonstrated
experimentally with error rates of ∼ 5 × 10−3 and < 10−3, respectively [23, 33, 43]. Most notably,
these error rates are below the threshold for many QEC codes, including the surface code and the
generalized-bicycle codes we consider. Various methodologies for mid-circuit measurement also
exist in experiment [10, 27, 60, 62].

The scale needed for a single memory block with qSIEVE has also been demonstrated as machines
with > 250 atoms exist in experiment [10, 22, 62]. For reference, the smallest code we simulate only
requires 144 atoms (using the [[72, 12, 6]] code).

6 Simulating Memory Performance
We evaluate the performance of our proposed implementation via numerical simulations. We con-
struct generalized-bicycle codes from code parameters 𝑙 , 𝑚, 𝑎(𝑥, 𝑦), 𝑏(𝑥, 𝑦) as described in Section 5
and compile their parity check circuits into a Stim [26] circuit.
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Fig. 7. Overhead of physical qubits per logical qubit (lower is better) for a collection of qSIEVE-compatible
codes with 𝑛 < 150. Estimated distance is an upper bound derived from a sampling-based approximation.

6.1 Error Modeling
In our simulations we use a full circuit-level noise model for a physical error rate 𝑝 that includes
propagation of errors during the parity check circuits. Single qubit gates are followed by {𝑋 , 𝑌 , 𝑍 }
errors with probabilities 𝑝

3 . Two qubit gates are followed by {𝐼 , 𝑋 , 𝑌 , 𝑍 }⊗{𝐼 , 𝑋 , 𝑌 , 𝑍 }∖{𝐼 ⊗𝐼 } errors
with probabilities 𝑝

15 . Qubit reset and measurement are flipped with probability 𝑝.
In our compilation process we also model the underlying movement operations. Idle errors are

added after each movement operation using pauli twirling approximations [25]. The movement
time is calculated as described in Section 5.5.

6.2 Decoding
Including initialization, our simulations decode over a standard 𝑑 parity check cycles. For decoding,
we use the BP-OSD decoder [47] available in the ldpc python package [56, 57]. The decoding
hyperparameters we use are amaximumnumber of iterations of 10,000, themin-sumBPmethod, and
the combination-sweep OSD with order 10. As is standard for CSS codes, we separate circuit-level
decoding into X and Z sub-problems, each only decoding errors that flip X or Z checks, respectively.

6.3 Code Selection
As shown in Figure 7, the set of codes compatible with qSIEVE is quite large. We find codes ourselves
by sampling parameters 𝑙 , 𝑚, 𝑎(𝑥, 𝑦), 𝑏(𝑥, 𝑦), and we select codes from recent works that can be
described as generalized-bicycle codes. However rather than simulate all possible codes, to evaluate
the performance of qSIEVE we select a representative set, shown in Table 1. # Steps/Op indicates
the number of movements and gate pulses necessary for each check operation as described in
Section 5.3. Mixed 𝑥, 𝑦 terms require 4 steps due to the presence of both horizontal and vertical
periodicity. All other terms require 2 steps. Three of the codes we choose are from recent work
on bivariate bicycle codes [13]. These can be seen as instances of generalized-bicycle codes with
trinomials 𝑎(𝑥, 𝑦) and 𝑏(𝑥, 𝑦) where terms are only either 𝑥𝑝 or 𝑦𝑞. We also choose two codes from
recent work on two-block group algebra codes [35]. In this context the generalized-bicycle codes
we address are a limiting case when the group being considered is a cyclic group.

6.4 Results
Memory Performance: Figure 8(a) shows the results of our circuit-level simulations. The logical
observables for each encoded qubit were found using the same methodology described in Section
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Table 1. Selected Codes Used in Numerical Simulations

[[𝑛, 𝑘, 𝑑]] 𝑙, 𝑚 𝑎(𝑥, 𝑦) 𝑏(𝑥, 𝑦) Check Weight # Steps/Op Source
[[72, 12, 6]] 6, 6 𝑦 + 𝑦2 + 𝑥3 𝑦3 + 𝑥 + 𝑥2 6 2 [13]
[[90, 8, 10]] 15, 3 𝑦 + 𝑦2 + 𝑥9 1 + 𝑥2 + 𝑥7 6 2 [13]
[[144, 12, 12]] 12, 6 𝑦 + 𝑦2 + 𝑥3 𝑦3 + 𝑥 + 𝑥2 6 2 [13]
[[128, 16, 8]] 8, 8 𝑦 + 𝑦2 + 𝑦5 + 𝑥6 𝑦2 + 𝑥2 + 𝑥3 + 𝑥7 8 2 This work
[[72, 8, 10]] 36, 1 1 + 𝑥9 + 𝑥28 + 𝑥31 1 + 𝑥 + 𝑥21 + 𝑥34 8 2 [35]
[[96, 10, 12]] 12, 4 1 + 𝑦 + 𝑥𝑦 + 𝑥9 1 + 𝑥2 + 𝑥7 + 𝑥9𝑦2 8 2 or 4 [35]
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Fig. 8. Logical error rate simulations of the codes in Table 1 using qSIEVE. The simulations also include a
surface code plot for comparison, generated from simulating 12 surface codes ([[1452, 12, 11]]).

8.1 of [13]. The physical error rate corresponds to the parameter 𝑝 in our error modeling described
in Section 6.1 with coherence times set to 10 seconds. We simulate generalized-bicycle codes and
the surface code for 𝑑 rounds. For each data point, we collected 𝑁𝑠 shots and defined 𝑁𝑒 as the
number of shots where a logical error occurred. 𝑁𝑠 was chosen dynamically until at least 1,000
errors occurred, or 109 shots occurred. All data points accumulated at least 100 errors. The plotted
logical error rate 𝑝𝐿 is then defined per round as 𝑝𝐿 = 1 − (1 − (𝑁𝑒/𝑁𝑠))1/𝑑 ≈

(𝑁𝑒/𝑁𝑠)
𝑑 .

Our results indicate that our implementation of the weight 6 generalized-bicycle codes has a
comparable logical error rate to surface codes but with a significantly better encoding rate. We
also find the weight 8 codes have poorer performance. This can be attributed to the longer circuits
necessary for the higher weight checks leading to increased error propagation. Future work could
improve this by using techniques such as flag fault-tolerance [17].
Coherence Sensitivity: Figure 8(b) shows the result of our sensitivity study to the coherence

time of the qubits. In this study, 𝑝 is set to 10−3 and the coherence time is varied. Logical error
rate 𝑝𝐿 is again defined per round as 𝑝𝐿 = 1 − (1 − (𝑁𝑒/𝑁𝑠))1/𝑑 ≈ (𝑁𝑒/𝑁𝑠)

𝑑 . We find that the
generalized-bicycle codes are more sensitive to coherence times than the surface code, as expected.
However, the generalized-bicycle codes are still feasible since coherence times in experiment are
on the order of seconds [6, 30, 42].

6.5 Effects of Global Control
In this work we assume two-qubit gates can be localized such that only pairs of adjacent check and
data qubits are addressed. Some experiments, however, employ alternative control schemes where
two-qubit gate addressing is global within a two-qubit gate zone [10]. In the absence of noise this
creates no difference–a Rydberg pulse on an idle qubit with no adjacent qubits results in an identity
operation. But in reality an idle qubit excited to the Rydberg state may still experience decoherence
errors proportional to the Rydberg state’s coherence time. To evaluate the impact of this on qSIEVE
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Fig. 9. Modified qSIEVE protocol to avoid idle qubits in a zoned/global control scheme.

when constrained to global addressing, we add in decoherence errors on idle qubits after two-qubit
gates in our simulations. The decoherence time is modeled as the two-qubit gate time, which we
estimate as 262 ns based on recent experiments [23]. The results are shown in Figure 8(c).
Our results serve as a conservative assessment of Rydberg decoherence’s impact on logical

error rates. We do not employ any mitigation strategies such as dynamical decoupling or erasure
conversion [74] which would require a physical experiment. Reported Rydberg coherence times
in experiment are < 100𝜇s, and so we conclude a naive application of qSIEVE in a global control
scheme may not be viable in the near-term.

Adapting to Zoned Controls: In Figure 9 we motivate how qSIEVE can be adapted to a zoned
control scheme, like the one employed in [10]. Given a pair of check and data subgrids (X, Z, A, B)
in the gate zone, idle qubits can be omitted in each systolic check operation by both shifting the
non-periodic qubits and the periodic check qubits before applying a two-qubit gate. This needs
to be broken into two movement steps since crossing movement paths would cause undesirable
heating and loss of atoms [11]. Minor optimizations can be employed, however. For example, shown
in Figure 9, ordering 𝑦2 after 𝑦 means previously periodic qubits rearranged during 𝑦 can be moved
with the non-periodic qubits in 𝑦2. We report estimated movement costs in Table 3 based on a fully
implemented protocol with localized control costs from Table 2 reported again for comparison. We
assume a separation of 20𝜇𝑚 between the storage and gate zones, and we find movement times are
still low enough that we can regain the logical error rates reported in Figure 8(a) and (b) in a zoned
control system.

7 ScaledQuantum Memory with qSIEVE
In Sections 5 and 6 we described the qSIEVE protocol and evaluated its performance for a single
code instance, which we will refer to as a memory block. The capacity of a single memory block
is limited to 𝑘, which for the codes we simulate is < 20, much less than the size of advantageous
quantum algorithms. In this section we therefore examine qSIEVE in a quantum memory consisting
of multiple memory blocks.

7.1 Tiled Memory Designs
Here, we evaluate a 2D tiled quantum memory where each block is an identical code implementable
by qSIEVE as described in Section 5. We first focus on the control costs associated with increasing
the number of memory blocks to meet program demand.
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Table 2. Summary of qSIEVE Performance

Code Encoding Rate Round of Checks Tool
[[72, 12, 6]] 0.166 2.71 ms qSIEVE
[[90, 8, 10]] 0.088 2.97 ms qSIEVE
[[144, 12, 12]] 0.083 2.97 ms qSIEVE
[[128, 16, 8]] 0.125 3.77 ms qSIEVE
[[72, 8, 10]] 0.111 5.25 ms qSIEVE
[[96, 10, 12]] 0.104 4.52 ms qSIEVE
[[625, 25, 6]] 0.04 14.85 ms [75]

[[2500, 100, 12]] 0.04 20.1 ms [75]
[[544, 80, ≤ 12]] 0.147 33.4 ms [75]
[[121, 1, 11]] 0.008 ∼ 1 ms [11]

(𝑑 = 11 surface code)

Table 3. Movement Times for Different Control Schemes

Code Round (Localized) Round (Zoned)
[[72, 12, 6]] 2.71 ms 4.00 ms
[[90, 8, 10]] 2.97 ms 4.27 ms
[[144, 12, 12]] 2.97 ms 4.39 ms

qSIEVE Tiled Memory with Shared Controls

Uncompressed Buffer Regions Compressed Buffer Regions

Fig. 10. Tiled memory using qSIEVE with uncompressed (left) and compressed (right) buffer regions to prevent
check qubits from bleeding into neighboring blocks during movement.

Shared AOD: Since each memory block uses the same code instance, they all have identical
systolic check operations. This means we can treat each block-level operation as a memory-level
operation, using a single shared movement and gate schedule for the entire memory. From a control
perspective, this means using the same AOD for all memory blocks in parallel, only requiring extra
laser power for the new trapping beams.
Shared Buffer Regions: Figure 10 depicts a tiled quantum memory using qSIEVE. Because

movement may result in check qubits temporarily beyond the boundary of their block, we need to
allocate buffer space to prevent these check qubits from bleeding into neighboring blocks. It will
never be the case that two blocks need to simultaneously use buffer space in between them, as that
would require them to have different movement paths. Instead, since movement is identical for all
blocks, buffer regions can be shared, reducing the overall footprint.
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Fig. 11. (a) Total memory footprint of qSIEVE vs. Surface Code. Area is expressed in terms of the atom spacing
(𝑟), which is assumed as 5𝜇𝑚 throughout this work. (b) Expected cycle time when accounting for cycles
experiencing atom loss that require a 90 ms reloading step. Plotted lines are for 10 program qubits, and shaded
regions indicate where qSIEVE is quicker than the surface code in the 𝑑 ≈ 6 case for varying program sizes.
In general, increasing the number of program qubits shifts the curves to the left.

Compressing Buffer Regions:We can further reduce the footprint of the buffer regions by
noting that the original spacing between check qubits shown in Figure 5 is 2𝑟, where 𝑟 is the initial
atom spacing. We assume 𝑟 is chosen as the distance at which no cross-talk occurs between idle
atoms, and so to ensure no cross-talk occurs between check qubits in the buffer regions, we only need
a spacing between them of 𝑟. This can be achieved smoothly with AOD movement, which supports
stretching and squeezing of traps in addition to translation, so long as no moving AOD traps cross
[11]. As a result, we can reduce the size of buffer regions by modifying the movement path such
that check qubits are squeezed from a spacing of 2𝑟 to 𝑟 after going beyond their block’s boundaries.

7.2 Memory Footprint
For large-scale atom arrays, current experimental demonstrations of traps with 6, 100 atoms have
practical upper limits around 1.5𝑚𝑚 on the field of view diameter of the trapping beams [44], as
such the physical footprint of our logical memory is important in addition to its physical qubit
count. Figure 11(a) shows the memory footprint when using qSIEVE versus surface codes for
varying program sizes. Area is expressed in units of the atom spacing, 𝑟, which we assume is 5𝜇𝑚
throughout this work based on experimental demonstrations [10, 62]. In spite of the need for buffer
space, we find the higher encoding rate of the codes enabled by qSIEVE leads to a lower overall
footprint when compared to surface codes. This advantage is furthered by the use of compressed
buffer regions. As a useful point of interest, we also plot an area cutoff of 0.5𝑚𝑚2 when the atom
spacing is 5𝜇𝑚. In the case of the [[144, 12, 12]] code with qSIEVE using compressed buffer regions,
this is about the area cost corresponding to 10,000 physical qubits, which is an expected upper
bound on the capabilities of a single atom array processor [10].

7.3 Effects of Atom Loss
In reconfigurable atom arrays, atoms may fall out of optical SLM or AOD traps, an event termed
atom loss. Although atom loss probabilities are < 0.1% [11], we expect to run a quantum memory
for millions of cycles in which case atom loss events are inevitable.
Logical Effects of Atom Loss: Detecting atom loss can be achieved via standard imaging of

the atoms which can occur at the end of a round of parity checks during measurement. After loss
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has been detected, a recovery operation is needed to reload new atoms. This can be treated as
an erasure error where atoms are reloaded into completely mixed states and the resulting effect
on the QEC code is an equally probable 𝐼 , 𝑋 , 𝑌 , or 𝑍 error on each replaced qubit [74]. This type
of error is easier to decode than the standard depolarizing errors we modeled in Section 6. If we
are in a regime where 𝑝𝑙𝑜𝑠𝑠 ≪ 𝑝, with 𝑝𝑙𝑜𝑠𝑠 being the loss probability and 𝑝 being the underlying
physical error rate, then we can expect no degradation of logical performance as the Pauli errors
introduced during erasure conversion would be limited by 𝑝𝑙𝑜𝑠𝑠 and dwarfed by those introduced by
𝑝. However, we note that detailed simulations of higher probability erasure errors in the non-local
codes we consider have not been evaluated yet and may perform differently than results for local
codes [74].
Reloading Delay: Recovering from atom loss requires reloading fresh atoms into the vacated

traps. Real-time implementations of this in experiment have been achieved in ∼ 90𝑚𝑠 [63]. Notably,
this reloading occurs on a larger timescale than our underlying logical cycles. If atom loss events
are sufficiently likely then the effective cycle time can become much slower due to the need for
reloading between rounds of parity checks. To evaluate the impact of this, we estimate the expected
cycle time:

𝔼 [𝑡cycle] = 𝑑𝔼 [𝑡round] = 𝑑 (𝑡checks + (1 − (1 − 𝑝loss)
𝑁) 𝑡reload)

where 𝑑 is the number of rounds in a logical cycle and 𝑁 is the total number of physical qubits.
𝑡checks is the standard time for a round of parity checks reported in Table 2. We assume loss is
detected and reloading is employed after each round of parity checks.
Figure 11(b) shows the expected logical cycle time for varying atom loss probabilities. We also

shade the areas where a 𝑑 ≈ 6 qSIEVE has a lower expected cycle time than the equivalent surface
codes for varying program sizes. In general the curves shift to the left as program size increases.
In our calculations, we assume a round of surface code checks takes 1𝑚𝑠 [11]. Interestingly, we
find that in expectation, for a range of loss probabilities the increased number of physical qubits in
surface code memory creates notably more rounds with atom loss leading to a higher cycle time
compared to qSIEVE.

8 Evaluation ofQuantum Memory Hierarchy
In this section, we evaluate the utility of a proof-of-concept quantum memory hierarchy. We
compare this against a fault-tolerant architecture based solely on surface codes [36].

Our evaluation of this quantum memory hierarchy serves as empirical evidence of the advantage
of carefully designed hardware implementations of QEC memory, which is a crucial assumption
justifying several recent works [13, 14, 75].

First, we describe details of the hierarchical architecture in Section 8.1. We consider an architec-
ture, shown in Figure 12, where generalized-bicycle codes are used as efficient memory systems,
surface codes are used for computation, and data transfer between the two is enabled by teleporta-
tion systems. This is a well-motivated architecture to consider as it also minimizes the hardware
complexity needed to implement logic, and recent work [75] suggests the LD/ST ancilla, which can
be viewed as hypergraph-product codes [18], may be feasible to implement in atom arrays. We aim
to show that, with well-motivated cost metrics, a hierarchical architecture with efficient quantum
memory can outperform a surface code-only architecture on a wide range of benchmark programs.
In our evaluation, we define cost as spacetime volume (qubit-seconds). This is a natural choice as
qLDPC memory reduces space costs due to higher encoding rates while increasing time costs due
to data movement. The spacetime volume therefore allows for an evaluation of this tradeoff.
Based on spacetime volume, the relative cost of the two architectures is dependent on the

program being run. We develop a compiler in Section 8.3 and evaluate key benchmark circuits,
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Fig. 12. A planar layout of the hierarchical qLDPC+surface code architecture discussed in Section 8.

matching program features such as serialization and T consumption to features of the hierarchical
architecture through sensitivity studies described in Section 8.5. Although our analysis is focused on
generalized-bicycle codes in atom arrays, many insights, such as the impact of load/store time and
the breakdown of costs per benchmark, have broad implications for future hierarchical fault-tolerant
systems with a dedicated quantum memory component.

8.1 Hierarchical Architecture Details
Figure 12 shows the layout we consider for the hierarchical qLDPC+surface code architecture. In
our evaluation we consider implementation costs for atom array quantum computers by default.

QuantumMemory:We assume all memory blocks are implemented with the same generalized-
bicycle code using our protocol. This means the check structure is identical for all of memory,
allowing all blocks to use the same AOD in parallel as described in Section 7.1.

LD/ST: We model LD/ST ancilla constructed according to [18] to implement a 𝑍𝑍 measurement
between a qLDPC qubit and a surface code qubit. This can be treated as a hypergraph product code
with a space cost of ∼ 2𝑑2 qubits. This allows for the use of the circuit in Figure 3 of [52]. Since
the temporal cost of loads and stores is high we find this ancilla system best minimizes the overall
spacetime volume by requiring only a single 𝑍𝑍 operation.
LD/ST ancilla systems are laid out to connect memory blocks to a subset of the surface codes.

We assume the use of an AOD allows for the LD/ST ancilla to selectively connect one of potentially
many surface codes to the memory block. In the example of Figure 12, each LD/ST ancilla is assigned
1 memory block and 2 surface codes, except for the right-most which is assigned 1 surface code.
We also make a simplifying assumption that each LD/ST ancilla can only operate on one qubit,
meaning two logical qubits can’t be loaded or stored from the same memory block simultaneously.

Surface Code Compute: We assume the surface codes use the wide design from [39] and cost
2𝑑2 qubits each, allowing single-qubit Clifford gates to be done in software and access to both 𝑋
and 𝑍 boundaries.

The surface code compute section consists of a row of surface codes which house data, and a row
of surface codes for routing CNOT and T gates via lattice surgery. Additionally, we can remove the
routing surface codes if using movement-based transversal CNOTs. This is also the same layout
used in the baseline surface code only architecture.

T State Factories: We assume a section of the device is dedicated to producing magic states in
magic state factories. The underlying code is also surface codes, and we assume these surface codes
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Table 4. Gate Costs Used in Estimates

Gate # Logical Cycles Code Type
X, Y, Z, H, S 0 -

CNOT 2 Surface Code
T 2 Surface Code

Load 2 LD/ST Ancilla
Store 1 LD/ST Ancilla

connect to the routing space, allowing for T state injection. The T state factories we consider are
described in [37].

8.2 Cost Modeling
Gate Costs: Table 4 shows the number of logical cycles we assume each operation takes to execute.
CNOT requires a 𝑍𝑍 measurement followed by a 𝑋𝑋 measurement which takes 2 logical cycles
when implemented using lattice surgery [28, 36] or 1 logical cycle when implemented using a
transversal CNOT [11]. T gates are performed via state injection using a CNOT gate, consuming
a T state produced in a magic state factory. Load and Store both only require a 𝑍𝑍 measurement
between a qLDPC and surface code qubit, which takes 1 logical cycle. This is followed by measuring
out the old qubit location. For Store this is the surface code, and can be done in a single measurement.
For Load this is a qubit in qLDPC memory. To avoid disturbing the other qubits in the memory
block, we must re-use the qubits in the LD/ST ancilla system to measure out the qLDPC qubit
using a system according to [18]. Like the LD/ST system, this can also be treated as a hypergraph
product code. In total, this means Load takes two logical cycles, one for measuring 𝑍𝑍 and one for
measuring out the old qLDPC qubit.

LD/ST and Surface Code Costs: By default, our simulations assume that for the LD/ST ancilla, a
round of measuring checks takes 2.5ms based on [75]. The sensitivity of this assumption is evaluated
in Figure 15. For surface codes, we assume one round of parity checks takes 1ms based on [11]. For
both codes, we assume a logical cycle is a standard 𝑑 rounds of parity checks.
T Factory Costs: The T factory is chosen to ensure the output T gate fidelity is low enough

to reach overall program fidelity requirements. We model candidate T factories and production
rates based on [37]. We also model potential stalls in benchmark programs due to in-progress T
state production.

8.3 Compilation Methodology
For compilation, we operate on input programs that have already been synthesized into a fault-
tolerant gate set of Clifford + 𝑇 using standard approaches [45, 58]. The main task of compilation is
therefore to: (1) map qubits to qLDPC memory blocks, (2) insert load and store operations, and (3)
route gates and T states in the surface code. We develop a proof-of-concept compiler with several
reasonable heuristics to take advantage of program features such as serialization under a memory
hierarchy but leave it as future work to conduct an in-depth study of compilation targeting the
quantum memory hierarchy.

MappingQubits:We use a graph-coloring mapper to assign program qubits to memory blocks. A
slowdown that can be attributed to poor mapping occurs when a CNOT operates on two qubits in the
samememory block. Since two qubits cannot be loaded from the samememory block simultaneously,
their loads must be serialized. A reasonable heuristic therefore is to maximize the number of CNOT
gates with qubits mapped to different memory blocks. We build an interference-style graph where
qubits are nodes and edges indicate two qubits have a CNOT between them. Each memory block is
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treated as a color and the mapper aims to find a graph coloring that maximizes the number of edges
with nodes of different colors. Coloring is then performed using a Chaitin-style approach [16].

Inserting Loads and Stores: We insert loads and stores greedily. For each time step in the
program, we iterate through all operations in that time step. If the support of the operation is already
in the surface code, no LD/ST is needed. Otherwise, we schedule load operations when possible;
that is, when there are free surface codes to load the support to and free LD/ST ancillae to perform
teleportation.The operation is delayed otherwise. We say a qubit is active when there’s an operation
to be scheduled on it, and an inactive qubit may become active in future steps. Before executing
a round of computation, we attempt to schedule additional LD/ST operations in anticipation of
future usage, in a round of prefetching. We first schedule load operations, if possible, on the qubit in
each memory block that becomes active the earliest; then, we schedule store operations, if possible,
on qubits in surface codes, if another qubit in the memory will become active sooner. To break ties,
we’ll prioritize one support of a CNOT gate when the other support is already in the surface code.
These heuristics also implicitly optimize for qubit reuse, since no qubits may become active sooner
than a currently active qubit, meaning that an active qubit in the surface code will not be stored
until all operations on it are executed. The only exception is a tiebreak when it becomes necessary
to make space for a CNOT gate to preserve dependency.

Routing Operations:The compiler needs to route two types of gates in the surface code: CNOT
and 𝑇. Routing is done greedily at each time step. To implement a CNOT gate via lattice surgery, a
path of ancilla in an additional routing space is allocated between the two qubits, and for 𝑇 gates, a
single routing ancilla between the data and the T state factories is allocated. If routing space cannot
be allocated for an operation, the operation is delayed. In the movement-based implementation, no
additional routing space is needed; however, we make a simplifying assumption that CNOT gates
and T gates must be serialized since AOD-based movement cannot cross over itself.

Ensuring Program Fidelity: To ensure the compiled program meets fidelity requirements, we
profile the circuit and choose requisite code distances and magic state factories. Overall program
fidelity is estimated as

𝑓prog = (1 − 𝜖mem)
𝑛blocks𝑛cycles

× (1 − 𝜖ldst)𝑛blocks𝑛ldst

× (1 − 𝜖surface)
𝑛surface𝑛cycles

× (1 − 𝜖rz)𝑛rz

× (1 − 𝜖t)𝑛t

𝜖mem is the logical error rate of a memory block, 𝜖ldst is the logical error rate of a LD/ST ancilla,
𝜖surface is the logical error rate of a surface code, 𝜖rz is the approximation error of RZ gates via
discrete T sequences, and 𝜖t is the logical error rate of a produced T state. 𝑛blocks is the number of
memory blocks which is also the number of LD/ST ancilla, 𝑛ldst is the number of LD/ST gates, 𝑛surface
is the number of surface codes, 𝑛cycles is the compiled program length, 𝑛rz is the original number of
RZ gates, and 𝑛t is the number of T gates in the synthesized program. Logical error rates are defined
per cycle and derived from simulations, as described in Section 6, and T state error rates are taken
from [37]. A few benchmarks required a larger code distance memory block than we simulated.
To accommodate this we chose the [288, 12, 18] code from [13] which is implementable with our
protocol. We use a conservative logical error rate estimate of 10−9 for the physical error rate of 10−3.

8.4 Benchmark Programs
To evaluate the performance of the hierarchical architecture, we choose a suite of available bench-
mark circuits that have diverse program features and applications, as summarized in Table 5. The
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Table 5. High-Level Descriptions of the Benchmark Circuits Selected

Benchmark Name Abbr. Application #Qubits Serialization T Consumption
Quantum Adder [34] adder Factoring 28, 64, 118 High Low
Berstein-Vazarani [8, 34] bv Algorithm 30, 70, 140 High None
Quantum Counterfeit Coin [34, 70] cc Algorithm 32, 64, 151 Low None
GHZ State Synthesis [34] ghz State Prep. 40, 78, 127 High None
Hubbard Prepare Oracle [4, 20] hb_prep State Prep. 40, 70, 90, 100 Medium Low
Hubbard Select Oracle [4, 20] hb_sel Chemistry 37, 76, 100, 162 High Medium
Ising Model Simulation[34] ising Chemistry 34, 66, 98 Low High
Multiple-Control-Toffoli [20, 41] mcx Factoring 30, 48, 120 High Low
Quantum Read Only Memory[4, 20] qrom Chemistry 18, 52, 125 Medium Medium
W State Synthesis[34] wstate State Prep. 36, 76 High High

main sources of benchmark circuits are open-source repositories qasmBench [34] and Cirq-ft [20].
We identify four main areas of benchmark applications: factoring subroutines, chemistry simulation
subroutines, resource state preparation, and algorithms that demonstrate complexity theoretic
quantum advantage. We also identify two key program features: serialization, which refers to the
average ratio of inactive to active qubits in each time step; and T consumption level, which refers
to the ratio of T gates to Clifford gates.

8.5 Results and Discussions
In this section, we summarize the performance results of the hierarchical architecture on the
benchmark programs. All simulations assumed a physical error rate of 10−3. We note that our
results are consistent with similar studies on qLDPC + surface code architectures [65], further
justifying the utility of qSIEVE. Our evaluation is necessarily distinct, however, since qSIEVE is a
solution for reconfigurable atom arrays where CNOT gates in surface code have more than one
implementation option and cycle times for qLDPC memory, LD/ST, and surface codes vary due to
differences in movement costs.

Firstly, we demonstrate the advantage of the hierarchical architecture with generalized-bicycle
codes by evaluating the spacetime costs of benchmark programs, compared against the cost in the
surface code-only baseline architecture. The spacetime cost breakdowns are reported in Figure 13
and Figure 14. Notably, the advantage of the hierarchical architecture is most significant when
the benchmark programs have a high level of T-consumption and serialization. In the former,
the program runtime is bottlenecked by magic state distillation, rendering the additional LD/ST
costs negligible, given effective optimizations for qubit reuse. Indeed, Figure 13 shows that for the
benchmarks with a high level of T consumption, Ising model simulation and W-state preparation,
spacetime volume is dominated by the need for a large T factory. As a result, as shown in Figure 14,
their runtimes on the hierarchical architecture match the baseline runtime with a significantly
smaller qubit footprint due to efficient quantum memory, leading to reduced spacetime volumes.
In a program with a high level of serialization, a large proportion of idle qubits benefit from the
efficient, compressed memory. Furthermore, LD/ST time can be reduced via effective prefetching.
Indeed, the benchmark program with the worst performance is the counterfeit coin algorithm,
which had a low level of T consumption and a low level of serialization.

Secondly, we study the sensitivity of spacetime costs to key features of the hierarchical architec-
ture, such as LD/ST time, required output fidelity, and implementation methods of CNOT gates.
These studies are reported in Figures 15 and 16. We begin by commenting on the robustness of
the hierarchical architecture’s advantage. First, we note that the sensitivity to required output
fidelity is similar in both architectures due to the similar error suppression capabilities between the
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generalized-bicycle codes and surface codes. Secondly, as previously noted, variations in LD/ST
costs have negligible effects on benchmark programs with a high T consumption level. In both
cases, as shown in Figure 15, the advantage of a quantum memory hierarchy remains robust against
hardware variations. Additionally, we note that for most benchmarks, a lattice surgery CNOT
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has lower spacetime costs due to ease of parallelism and movement-free routing. However, serial
benchmarks with low T consumption, such as Bernstein-Vazarani and GHZ, perform better with a
serial, movement-based transversal CNOT since they experience no slowdown and can instead
benefit from the reduced space costs after removing routing surface codes.
Finally, we explore the impact of the number of surface codes and the saturation of qLDPC

memory (which decides the number of memory blocks). These define the overall qubit footprint
and varying them enables a useful study of space-time tradeoffs in the hierarchical architecture. In
Figure 17 we find that a hierarchical architecture with generalized-bicycle codes affords considerable
freedom to balance time and space resources while maintaining an advantage over the surface code
baseline. As we increase the number of memory blocks and surface codes, pressure on routing
parallel CNOTs and LD/STs decreases, allowing for reduced runtimes. However, if optimizing for a
balanced spacetime volume we find a high memory block saturation and few surface codes lead to
the lowest overall costs due to the high qubit footprint of QEC codes.
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9 Conclusion
In this work we presented qSIEVE, a protocol for implementing a restricted set of good non-local
QEC codes in reconfigurable atom arrays. qSIEVE enables logical quantum memories with up to
10x fewer physical qubits than an equivalent memory using surface codes. Additionally, measuring
a round of stabilizers with qSIEVE is 5-11x faster than alternative protocols for atom arrays, and
we present a tiled memory design with shared controls to allow qSIEVE to scale in size effectively.

Through detailed compilation and evaluation of key fault-tolerant benchmarks, we show the
restricted set of codes enabled by our protocol is sufficient for a quantum memory hierarchy to out-
perform a standard surface code only architecture under a broad range of potential hardware costs.

We hope this workmotivates future research on hardware-tailored protocols for memory-efficient
QEC codes as well as compilers for quantum memory hierarchies, which we believe will be critical
to organize the currently growing physical systems into efficient, fault-tolerant systems capable of
large-scale quantum algorithms.
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