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Abstract—Spin qubits in silicon quantum dot arrays are a
promising quantum computation platform for long-term scala-
bility due to their small qubit footprint and compatibility with
advanced semiconductor manufacturing. However, spin qubit
devices face a key architectural bottleneck: the large physical
footprint of readout components relative to qubits prevents a
dense layout where all qubits can be measured simultaneously,
complicating the implementation of quantum error correction.
This challenge is offset by the platform’s unique rapid shuttling
capability, which can be used to transport qubits to distant
readout ports. In this work, we explore the design constraints
and capabilities of spin qubits in silicon and propose the SNAQ
(Shuttling-capable Narrow Array of spin Qubits) surface code
architecture, which relaxes the 1:1 readout-to-qubit assumption
by leveraging spin shuttling to time-multiplex ancilla qubit ini-
tialization and readout. Our analysis shows that, given sufficiently
high (experimentally demonstrated) qubit coherence times, SNAQ
delivers an orders-of-magnitude reduction in chip area per
logical qubit. Additionally, by using a denser grid of physical
qubits, SNAQ enables fast transversal logic for short-distance
logical operations, achieving over 10x improvement in local
logical clock speed while still supporting global operations via
lattice surgery. This translates to a 3.2-5.7x improvement in
key Adder and Lookup fault-tolerant subroutines. Our work
pinpoints critical hardware metrics and provides a compelling
path toward high-performance fault-tolerant computation on
near-term-manufacturable spin qubit arrays.

I. INTRODUCTION

Scaling quantum computers up to the million-qubit pro-
cessors needed to enable powerful applications [1]-[5] is
an immense architectural challenge. Spin qubits in silicon
quantum dot arrays are a promising candidate for large-scale
quantum computing, primarily due to their small footprint (on
the order of 100 x 100 nm per qubit) and their compatibility
with existing advanced semiconductor fabrication techniques
[6]-[11]. However, the small footprint that makes spin qubits
attractive creates a fundamental architectural challenge: phys-
ical readout components, such as a single-electron transistor
(SET) or single-electron box (SEB), require large reservoirs
and ohmic contacts that are many times the size of a quantum
dot [12]-[17]. This makes it difficult to build a dense array
of dots while dedicating a unique readout component to each
qubit, instead incentivizing asymmetric fixed-width arrays as
shown in Figure 1(a). On the other hand, spin qubits also offer
the unique and compelling capability of extremely fast spin
shuttling between quantum dots [18], [19], which can enable
novel shuttling-based hardware layouts that can overcome the
readout bottleneck [20]-[25]. Shuttling comes with a cost,
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Fig. 1. (a) Depiction of a possible implementation of a 7-dot-wide array

of quantum dots, similar to devices fabricated by industrial and academic
groups [26]-[30]. Electrons (black) are held in place at the plunger gates
(light gray) and can interact with their neighbors or shuttle to adjacent
plungers by manipulating the voltages on the barrier gates (orange). Single-
electron transistors (green) allow for qubit readout on the two sides of the
array. (b) SNAQ achieves similar performance to baselines while improving
chip area efficiency and readout component efficiency per logical qubit. (c)
SNAQ avoids the downside of a longer syndrome extraction cycle by enabling
transversal CNOTs (tCNOTs), achieving significantly faster logical clock
speeds compared to lattice-surgery-based approaches.

though. Qubits accumulate errors proportional to the distance
shuttled, making it crucial to minimize shuttling distance when
possible.

Previous spin qubit architecture proposals have addressed
these challenges by introducing sparser arrays, creating large
interior spaces to fit the needed components, but at the cost
of a large shuttling overhead required to enable the dense 2D
qubit connectivity needed for error correction. In this work,
instead of designing an entirely new hardware layout, we
consider the proven design of a fixed-width, limited-readout
array [26]-[29], posing the central question: can we efficiently
run the surface code in this constrained geometry by sacrificing
measurement parallelism in exchange for a denser qubit array?

We propose a hardware-aware surface code architecture
named SNAQ (Shuttling-capable Narrow Array of spin Qubits)
that leverages fast spin shuttling to overcome the limited
readout capabilities in silicon quantum dot hardware. We
show that for sufficiently low idle error rates demonstrated
by existing spin qubit hardware, the initialization and mea-
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Fig. 2. Proposed SNAQ (Shuttling-capable Narrow Array of spin Qubits)
architecture. (a) For ease of visualization, we translate from the spec1ﬁc chip
components in Figure | to the abstract components we will use in the rest of
the paper. Depicted is a layout of a distance-5 surface code patch on a 7-dot-
wide array. Initialization and readout components (green) are only available on
the edges of the array. Data qubits (dark gray) are interleaved with channels of
empty dots (light gray) used to shuttle surface code ancilla qubits from edge
to edge in the direction of the black arrows. Surface code X and Z stabilizers
(blue and pink) are shown behind the array, supported on the data qubits. (b)
A logical 1 x N layout of surface codes in a narrow array. (c) Possible design
of a fully scalable architecture consisting of loops of SNAQ channels, with
large spaces in between to allow for integration of control wires and readout.
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surement of physical qubits can be serialized with manageable
impact on the logical performance of the surface code. This
creates a significantly denser qubit array, which reduces the
required amount of spin shuttling for error correction and
enables the transversal CNOT for short-range logical multi-
qubit gates, delivering logical clock speed improvements and
greater potential parallelism. This work makes the following
main contributions:

o We identify and characterize the qubit-to-readout area
mismatch as a key design challenge for scalable spin
qubit architectures.

o We propose SNAQ, a novel surface code architecture that
leverages fast spin shuttling to time-multiplex syndrome
extraction and overcome this bottleneck in near-term-
manufacturable arrays.

o We analyze the physical parameters for this new design
with detailed circuit-level simulations, pinpointing the
readout density p and the qubit idle error rate p;q as the
most critical hardware metrics for its viability. Although

the idle error restricts the lowest achievable logical error
rates, our method shows competitive performance against
baselines for algorithmically relevant error rates.

e We demonstrate through simulation that SNAQ enables
low-latency transversal CNOTs (tCNOTSs) for local mul-
tiqubit gates, creating a two-tiered latency hierarchy be-
tween fast-local tCNOTs and slow-global lattice surgery.

o We perform a thorough performance evaluation, showing
that SNAQ can achieve over 10x faster logical clock
speed. This translates to 57-84% reduced cost for key
fault-tolerant primitives, enabling an estimated 2.4-4.2x
improvement in resource estimates for large-scale factor-
ing algorithms.

II. BACKGROUND

In this section, we explain the components and terminology
of silicon quantum dot devices and provide some high-level
background on quantum error correction and the surface code.
We encourage the reader to refer to Ref. [31] for a more
thorough background on spin qubits and to Refs. [32], [33]
for more information on the surface code.

A. Spin qubits in silicon

Semiconductor spin qubits generally refer to nanoscale
qubits encoded in the spin states of electrons or holes in a
semiconductor substrate. In this work, we will specifically
consider electrons held in quantum dots in silicon, which is a
platform that has seen considerable recent progress [30], [31],
[34]-[37]. Here we will describe the general terminology and
architectural implications of the silicon spin qubit platform,
leaving a specific discussion of state-of-the-art performance
metrics to Section III. From an architectural perspective, these
devices present a compelling substrate for large-scale fault-
tolerant quantum computing: the qubit footprint is compara-
bly small (dot pitches on the order of tens of nanometers),
fabrication is compatible with existing CMOS processes, and
spin shuttling is a novel and powerful tool. We refer the
interested reader to Ref. [31] for a more thorough review of
semiconductor spin qubits.

A silicon quantum dot array is defined by electrostatic
gates as depicted in Figure 1, in which we identify three
important categories of these gates: “plunger” gates, each of
which is tuned to create a quantum dot that can hold one
electron; “barrier” gates, which control inter-dot tunnel cou-
pling, used for shuttling and for electron-electron entanglement
via the exchange interaction; and the gates that define the
large electron reservoirs and quantum dot that form a single-
electron transistor, which is used to measure the spin states
of electrons. The simplest way to compute with electrons
in quantum dots is to treat individual electrons as qubits,
where the two logical states are the spin states |1) and |]);
alternative encodings can exploit up to four electrons per qubit
to trade control complexity, magnetic gradient requirements,
and coupling speed [31]. Generally, increasing the number
of electrons that encode each qubit simplifies the control
requirements, but may reduce best achievable qubit coherence.



The exchange-only (EO) qubit encoding uses three electrons
to define each qubit, and is a promising choice for scalability
because it relaxes the requirement for localized magnetic
field control and instead can be operated by only tuning
DC voltages on barriers and plungers [38], [39]. In all qubit
encodings, logical operations between qubits are mediated
by the exchange interaction: by tuning the inter-dot tunnel
barrier and dot detuning, one can dynamically adjust the
exchange coupling between two adjacent electrons and thereby
implement controlled-phase, CNOT-equivalent, or SWAP-like
operations. It may even be beneficial to use multiple different
encodings in one architecture [40].

Silicon quantum processors introduce several unique archi-
tectural considerations that we account for in this work. First,
readout of spin qubits typically uses spin-to-charge conversion,
which is implemented using components that are significantly
larger than those that hold the qubits [12]-[17]. Designing
the layout of a silicon spin processor is thus similar to
the “pitch matching” exercise studied extensively in classical
architecture, where physical components of different sizes
must be integrated into a cohesive layout [41]-[45]. Because
the qubit-qubit interactions are fundamentally constrained to
be short-distance, the large readout size has motivated the
current approach of placing readout sensors on the edges of a
quantum dot array to allow for a dense qubit grid, which has
enabled impressive experimental demonstrations [26]-[29] but
has not previously been expected to scale to the fault-tolerant
era. Second, the capability of “shuttling” (moving an electron
spin coherently between quantum dots) has a different cost
model than qubit movement in neutral atoms or trapped ions.
In spin qubits, the shuttling is very fast (a few nanoseconds
per dot-to-dot transfer), but shuttling errors accumulate more
rapidly with distance than in atomic systems.

Silicon spin qubit technology is a highly promising can-
didate for truly scalable quantum processors. At the same
time, its distinct challenges and opportunities call for novel
architectural ideas to make the best use of this hardware and
enable efficient fault-tolerant computation.

B. Quantum error correction and the surface code

Quantum error correction (QEC) is the process by which
many physical qubits are used to encode a smaller number
of logical qubits with much higher lifetimes and operating
fidelities. A typical QEC code is encoded into a large number
of data qubits and operates by repeatedly measuring a set of
stabilizers of the code, which are joint observables on multiple
data qubits. Typically, each stabilizer is measured using an
ancilla qubit that interacts with each of the relevant data
qubits before being measured. Measurement of all stabilizers
of the code produces an error syndrome that indicates the
difference between the expected stabilizer parities and the
observed values. This syndrome must then be decoded by a
classical algorithm to determine which physical qubits expe-
rienced errors. We will refer to this stabilizer measurement
process as syndrome extraction (SE). Repeatedly performing
SE rounds and decoding allows individual physical qubit errors

to be corrected, stabilizing the logical qubit and extending its
lifetime.

Important metrics of a QEC code in the context of this work
are the code distance d, which determines the error robustness
and size of a code, and the threshold p*, which is the physical
error rate below which the code can be scaled up to increase
logical lifetimes. When the physical error rate p is below p*,
the logical error rate py, scales approximately as

NG
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Among the many QEC codes proposed, the rotated surface
code stands out for its easy-to-build planar connectivity re-
quirements, relatively high threshold, ease of decoding [32],
[33], and well-understood logical operations [46]-[48]. One
logical qubit in a distance-d surface code is encoded on a
square d x d grid of physical qubits, which we will refer to
as a “surface code patch”. Each stabilizer within this grid is
either a joint X or Z operator supported on four neighboring
qubits (or two on a boundary). Including edge stabilizers, there
are d? — 1 stabilizers that must be measured in each SE round.
Conventionally, each of these stabilizers is measured using a
unique physical ancilla qubit which is initialized, entangled
with the involved data qubits, and measured. Serialization
of syndrome extraction has been studied before to reduce
physical qubit overheads [49], [50] or to adapt to control
constraints [51]; in this work, we study the forced serialization
of the measurement of ancilla qubits due to the limited readout
capacity of the chip.

Two main methods have been proposed to entangle logical
surface code qubits, both of which are supported in SNAQ.
Hardware that is restricted to nearest-neighbor connectivity
can perform lattice surgery [46]-[48], which involves the
“merging” and “splitting” of surface code patches to perform
multiqubit Pauli measurements, each of which takes d SE
rounds. Alternatively, hardware with long-range connections
can perform a transversal CNOT (tCNOT), where each data
qubit of one patch interacts with its corresponding data qubit in
the second patch. When combined with specialized decoding
techniques [52], [53], tCNOTs only require ©(1) SE rounds
after each operation. Prior work has found that less than
one SE round is needed per tCNOT [52], saving signifi-
cant temporal costs compared to lattice surgery. Additionally,
while parallel shuttling of qubits is possible in a transversal
computation, parallel lattice surgery through the same shared
routing space is not, so tCNOTs may have compilation benefits
for certain workloads in restricted logical layouts. Decoding
a tCNOT-based logical circuit ostensibly requires use of a
more complex decoder than in a lattice-surgery-based system,
but methods have recently been developed to reduce the
transversal decoding problem to one closely resembling an
idling logical qubit, allowing for fast decoding [54].

III. HARDWARE REQUIREMENTS

SNAQ is designed to be compatible with current or near-
future silicon spin qubit technology. This section reviews state-



of-the-art spin qubit capabilities and lists the concrete device-
level capabilities we assume for SNAQ and the experimental
evidence that these capabilities are achievable in the near term.

A. Array geometry and readout placement

A SNAQ device consists of a narrow and dense two-
dimensional grid of quantum dots with readout components
on two edges of the array, such as the 7-dot-wide example
shown in Figure [(a). This design maximizes compatibility
with existing semiconductor fabrication techniques [30], [55],
and is a directly scaled-up version of existing devices such as
Intel’s 4x27-dot array [28] or HRL’s 3x3-dot array [29]. The
choice of a fixed width means that the array can be constructed
using a fixed number of interconnect layers, which are required
to control the interior dots in the array, regardless of the size
along the second axis of the array. A key parameter that affects
the performance of SNAQ is the readout density, p, which
is the density of readout devices along the sides of the array
relative to the rows of qubits. Readout density can be increased
by building more complex routing on the array edges or by
using a qubit encoding that occupies more dots, such as the
three-electron exchange-only qubits depicted in Figure 1.

B. Spin shuttling

SNAQ relies on coherent electron transport to move ancilla
qubits between readout/initialization regions and interior in-
teraction sites. There are two distinct methods for shuttling
an electron between dots. “Bucket-brigade” shuttling is per-
formed by a series of discrete single-dot jumps, which has the
advantage of only requiring discrete control pulses on plungers
and barriers, and has achieved error rates of less than 0.3% per
hop [56], [57]. “Conveyor-mode” shuttling involves operating
the metal gates along the path with smoothly oscillating
voltages to engineer a continuously moving potential wave
that carries the electron along. This second approach is more
complex to engineer, but can reach faster shuttling rates and
has been achieved with per-hop fidelities of 99.99% [19].
At a nominal dot pitch of 100 nm, these results correspond
to per-dot shuttling latencies around 2 ns. We find that
these experimentally achieved speeds and fidelities are already
sufficient to enable effective quantum error correction, and we
expect further improvement in the future.

C. Coherence

Data qubits in SNAQ are idle for longer intervals than a
standard surface code due to serialized ancilla initialization
and measurement. The idling coherence time of the data
qubits is therefore a crucial parameter that will significantly
affect the performance of a SNAQ device. Achieved spin
qubit coherence times vary significantly between device types
and choice of qubit encoding. State-of-the-art coherence times
range from around 1 ms to 0.56 s for one and two-electron
qubits [58]-[61]. Three-electron EO qubits, whose appeal has
grown recently, have been stabilized along one axis for up
to 720 us [62]. Coherence is expected to improve further
as device uniformity and material purity improve [31]. We

find that a coherence time of at least 200 s is required to
enable competitive error correction on SNAQ, with the specific
number depending on the code distance, readout element
density, and the strength of other error sources.

D. Physical qubit gate fidelities

SNAQ does not impose any unique constraints on the
fidelity of single- and two-qubit gates compared to surface
code proposals on other hardware modalities, simply requiring
that the gate fidelity is below the threshold of the surface code
(typically around 10~2). We set a realistic gate error target of
10~2, which has been nearly reached or surpassed in many
experimental spin qubit demonstrations [34]-[37], [63], [64].

E. Initialization and readout

Spin qubit readout via spin-dependent tunneling [12], [65]
offers a promising path towards fast high-fidelity readout.
Early experiments have demonstrated readout fidelity above
99% in 6 ps with a single-electron box (SEB) [16], 1.6 ps
using a single-electron transistor (SET) [14], and 990 ns using
a dot-charge sensor [66]. Theoretical analyses predict that a
readout fidelity of 99.97% and duration as short as 100 ns
could be achieved with the SEB [16], and readout above 99%
fidelity could be performed in only 36 ns with fully optimized
SET device parameters [67]. In this work, we assume that
initialization and readout each take 500 ns and have fidelities
comparable to physical quantum gates.

F. Practical summarized requirements for near-term SNAQ

The following target parameters capture the regime in which
serialized readout with shuttling yields competitive logical
performance, as we will show in simulation in the following
sections:

e Array geometry: Dense fixed-width rectangular array
of nearest-neighbor-connected dots with readout elements
confined to edges [28]-[30]. Readout density p at least
1, ideally closer to 2.

« Shuttling: Per-hop error pg, < 10~* at 2 ns latency [19].

o Idling: Coherence time exceeding 200 ps (effective idle-
error-per-us pig < 5 x 1073) under active stabilization
such as dynamical decoupling [58]-[62].

o Physical logic gates: CNOT error p, 2 99.9% [341-[37],
[63], [64].

« Initialization and measurement: Initialization and read-
out fidelity equal to p, with 500 ns latency each [67].

While the state-of-the-art metrics cited above have been
demonstrated across different devices, they rely on compatible
semiconductor fabrication techniques. We perform sensitivity
studies to variations in each of these variables, finding SNAQ
to be competitive across wide parameter ranges.

IV. THE SNAQ ARCHITECTURE

The layout of our proposed architecture is shown in Fig-
ure 2(a), where a 7-qubit wide array is used to supportad =5
surface code.
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A. Hardware layout

SNAQ consists of a dense fixed-width array of quantum
dots with readout components on both sides, as shown in
Figure 1(a). Although previous work has proposed building
long shuttling channels to route around these large readout
zones [23], [68], in this work we explore the more near-
term friendly approach of placing readout elements along two
outer edges of a fixed-width array [28], keeping the interior
free for uniform dot placement and nearest-neighbor exchange
coupling. A fixed array width w limits the largest surface
code that we can embed in the array using the mapping of
Figure 2(a) to dmax = w — 2. A two-column layout to enable
multiqubit interactions via lattice surgery would support a
maximum distance of dy. = [“’T_?’]

The denser qubit grid of SNAQ compared to alternative ar-
chitectures introduces additional control concerns, most impor-
tantly crosstalk between nearby control lines when addressing
qubits in parallel. However, this is not a fundamental obstacle,
as recent work has shown that, with proper calibration of
crosstalk compensation terms, voltage pulses can be applied
in parallel in very close range [69].

The readout density p, the ratio of readout sensors to array
rows, is a key hardware parameter. A density of 1 means that
each row has a readout sensor, as shown in Figure 2(a). The
readout density directly determines the amount of serialization
required to initialize or measure some fixed number of spin
qubits, so it has a significant effect on the speed and error rate
of the surface code. Achieving p > 1 in a manufacturable
device is difficult, but a small constant-factor increase (such
as p = 2) may be attainable with careful routing.

B. Scheduling a surface code on SNAQ

Figure 3(a) shows the specific schedule of shuttles and
CNOTs that perform a stabilizer measurement cycle of the
surface code. The ancilla qubits are first initialized on the left
side of the array and are shuttled into place as they become
ready. The ancilla qubits and data qubits then perform several

Round 1 wave A [ Il Initialize wave
Shuttle

Round 1 wave B [ 1| CNOT

Round 1 wave C [ 1| [ v | Measure wave

Round 2 wave A [ 1| Time ——>

Round 2 wave B [ 1] [ M |

Round 2 wave C [ 1 |

Fig. 4. Example pipeline schedule showing initialization, data entanglement,
and measurement for two successive rounds of ancilla qubits, split into three
waves each. The measurement of the first round of ancillae can be done
simultaneously with the initialization of the second round. Any blank space in
the schedule indicates idling, during which dynamical decoupling techniques
could be used to improve coherence.

layers of CNOTs. Finally, the ancilla qubits are shuttled to the
right side of the array, where they can be measured. Note that
the depiction of shuttle operations here is slightly simplified;
in reality, buffer space would be needed in between adjacent
ancilla qubits for them to both be shuttled at the same time.
This means that the group shuttle operation cannot be fully
parallelized.

To avoid harmful “hook errors”, where errors propagate in
detrimental patterns [32], we implement the commonly chosen
CNOT ordering shown in the lower right of Figure 3(a), where
the number in each corner of a stabilizer indicates the order
of the gates from the perspective of the ancilla qubit. Ancilla
qubits on the edges of the patch perform the same shuttling
pattern, simply skipping some CNOT gates.

The primary bottleneck of the SNAQ surface code is the
initialization and measurement of d?> — 1 ancilla qubits in
each round of syndrome extraction. In the proposed syndrome
extraction schedule, these ancilla qubits are all initialized on
the left side of the array, shuttled into place in the interior,
and then eventually measured and removed on the right side
of the array. Because a given surface code patch will only
have O(d) available initialization/measurement devices on one
of its edges for any constant density p, a sufficiently large
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Fig. 5. Two possible implementations of multiqubit operations in the SNAQ
architecture. (a) Lattice surgery can connect distant logical qubits via a channel
of “routing patches” (lighter shaded stabilizers), which requires a wider dot
array to support a second column of surface codes. (b) Spin shuttling enables
transversal CNOT operations for sufficiently close tiles. Between stabilizer
measurement rounds, physical qubits can shuttle past intermediate tiles to
reach the target tile, then perform the transversal operation and shuttle back.

code distance will require multiple serial waves of ancilla
qubit initialization/measurement, as depicted in Figure 3(b).
The number of ancilla waves is described by

d?—1
=g s ”

where d? —1 is the total number of ancilla qubits in a distance-
d surface code and 2p(d + 1) is the number of readout ports
on one side of a SNAQ surface code. This serialization is the
primary novel source of error that the SNAQ surface code must
mitigate. Logical initialization and measurement of a surface
code require serialized readout and measurement of the d>
data qubits as well, which can be done in a similar method to
the ancilla qubits (and can be done in roughly half the number
of waves by using both edges of the array at the same time).

Importantly, we note that steps 1 and 10 of Figure 3(a),
which are by far the longest due to serialization, can be
pipelined: while layers of ancillae are being moved to the
readout locations on the right side of the array, fresh waves
of ancillae can be initialized at the same time to fill in the
empty spots in the array, as shown in Figure 4. Our circuit-
level simulations account for this pipelining.

C. Multiqubit logical gates

Both lattice surgery and transversal operations are supported
in the SNAQ architecture, and their implementations are
depicted in Figure 5. Importantly, a two-column logical layout
is required to support lattice surgery, while a processor that
only uses tCNOTSs can be operated in a single-column layout,
which allows twice as large a code distance on a chip of the
same width. The tradeoff to using tCNOTs is that they natively
only work well for relatively small separation distances before
shuttling errors accumulate.

UnitCell | Bilinear | SNAQ (this work)
Near-term X v v
Low-d perf. X v vV
Ultrahigh-d perf. v X X
Logical operations LS LS LS + tCNOT
Logical clock 2.5 ps (local)
cyc%e time (d = 11) 28.6 pis 208 ps - 55%16 us (global)
Logical parallelism 2D ID LS ID transversal
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Fig. 6. Two prior spin qubit architecture proposals. (a) The Bilinear
architecture, based on Refs. [24], [25], consists of two rails of qubits, one
of which can shuttle back and forth. Data and ancilla qubits of a surface
code are placed column-by-column into the linear array. (b) The Bilinear
architecture supports a linear logical-level arrangement, where each (wide)
surface code patch is connected to others by a shared lattice surgery routing
bus (gray). (c) The UnitCell architecture, similar to Refs. [20], [23], [68],
consists of large unit cells, each of which contains a readout port. A data
qubit can be placed in each unit cell and the ancilla qubits must shuttle long
distances between unit cells. (d) The two-dimensional physical qubit array of
the UnitCell architecture naturally produces a two-dimensional logical array,
with lattice surgery routing space between surface code patches.

Bilinear D=0-0-0-0-0-0- 04

D. Prior proposals

We compare SNAQ to two baseline spin qubit architectures
based on prior proposals, which we call UnitCell and Bilinear,
depicted in Figure 6. These architectures both support a 1:1
ratio of readout ports to qubits, but achieve this by different
means. The Bilinear architecture restricts the physical qubits to
a 2xN physical layout, as proposed in Ref. [24]. This design
makes fabrication relatively straightforward and cost-effective,
but performance depends more heavily on shuttling (as not all
data-ancilla pairs can be placed near each other) and yields
a logical layout with only one shared lattice surgery routing
bus, limiting achievable logical parallelism.

The approach of the UnitCell architecture is to create large
unit cells that each contain a readout component and have
enough space for all readout and qubit wiring, as proposed in
Refs. [20], [23], [68]. Each unit cell is surrounded by shuttling
channels, allowing qubits to be moved between nearby unit
cells. We assume a relatively optimistic unit cell size of
5 x 5 pm, corresponding to 50 dot-to-dot shuttling distances
per side. The surface code can be implemented by assigning
each data qubit to its own unit cell and shuttling ancilla qubits
between data cells. The benefit of this approach is that the
amount of required shuttling does not change with the code
distance, so this architecture can in principle support arbitrarily
high code distance. The downside is a very large constant
amount of shuttling, which can be thought of as effectively
adding to the baseline physical error rate, thereby shifting the
code threshold. This reduces UnitCell’s relative performance



for smaller code distances. The resulting logical layout is
two-dimensional, as shown in Figure 6d, which allows for
improved logical parallelism compared to Bilinear.

SNAQ'’s layout lies somewhat in between these two base-
lines with its fixed-width design, though fundamentally differs
from both in purposefully deviating from the 1:1 readout-to-
qubit ratio of the baselines. This allows SNAQ to have a much
higher qubit density than either baseline, which is critical to
enable its transversal logic capabilities.

We provide a high-level, qualitative comparison of these
architectural tradeoffs in Table I. This summary highlights
our focus on near-term manufacturability, strong low-distance
performance, and efficient logical operations. Unlike the base-
lines, which are limited to lattice surgery (LS), SNAQ’s dense
design supports fast transversal CNOTs (tCNOTs), enabling a
more flexible, high-parallelism logical computation.

We note that the Bilinear architecture proposal has been ex-
tended to a two-dimensional architecture supporting transver-
sal operations [25], but this comes at the cost of increased
shuttling, significant added scheduling complexity, and extra
qubit costs required to avoid potentially defective shuttling
paths. The notion of “separation distance” between two logical
qubits, which we use to evaluate SNAQ’s tCNOT, is less well-
defined for this architecture, as the logical qubits do not live in
a sea of qubits but rather continually move on sparse shuttling
tracks. We therefore cannot perform direct comparisons to
SNAQ like we did for Bilinear and UnitCell. The logical
memory performance will be similar to Bilinear, and we expect
the tCNOT performance to vary significantly with specific
hardware parameters like the sparsity of the layout and the
overlap between adjacent loops.

Several proposals have been made for spin qubit archi-
tectures based on “crossbar” wiring layouts, which offer
compelling reductions in wiring complexity [7], [8]. However,
in the absence of near-perfect fabrication uniformity across
the chip, parallel operation of the physical qubits becomes
impossible, leading to severe serialization overhead [8], [51]
that Ref. [70] estimated would limit the best achievable logical
error rates to 2 x 1072 (at code distance d = 63) even with
a relatively high coherence time of 10 ps. Integrating readout
components also remains challenging, with current physical
crossbar implementations relegating readout to the edges of
the array similar to the SNAQ arrays considered here [27].

V. PERFORMANCE EVALUATIONS

We develop a custom simulation framework that can ac-
curately model the pipelined schedule of shuttled waves of
ancilla qubits, allowing us to precisely quantify both the clock
speed of the code and the logical performance. We simulate
the performance of our proposed architecture using Stim [71]
and decode with PyMatching [72]. For a given code distance
d, we assume a fixed array width of d+ 2. For all experiments,
we perform both X and Z-basis experiments and combine the
two error rates to obtain an overall error rate.
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Fig. 7. Exploring the effect of readout serialization in SNAQ. (a) Time to
complete one (non-pipelined) SE round in SNAQ compared to the baselines,
for various values of p. (b) Logical error rate as a function of p;jg for various
code distances and densities. Doubling p can give an order of magnitude
improvement in logical error rate. (c) Logical error rate of a d = 7 surface
code on SNAQ, showing “plateaus” where ranges of density settings lead to
the same number of ancilla waves, yielding the same performance.

A. Noise model

Our noise model is inspired by exchange-only spin qubits
[34]; while this limits the direct application of our results for
other spin encodings, our general takeaways should apply for a
wide range of possible implementations. We use a noise model
with three error parameters pg, psh, and pige. The parameter
pg sets the strength of gate and readout errors. Each CNOT
gate causes a two-qubit depolarizing error with probability
Dg» €ach readout encounters a bit flip with probability p,, and
each Hadamard gate causes a one-qubit depolarizing error with
probability p,/10. The parameter py, is the error-per-shuttle
such that shuttling a qubit over a distance of m dots incurs
a depolarizing error with probability m - pg,. Finally, the idle
error pige 1S defined as the chance that a qubit experiences
a depolarizing idle error in a 1 ps idle interval (in our noise
model, this is equivalent to the time for the five layers of
CNOTs in one SE round), so a coherence timescale of 1" would
correspond to pig = e~ (1 #)/T

We set the durations of physical operations assuming an
exchange pulse duration of 10 ns, which means that a CNOT
takes approximately 200 ns (the exact CNOT latency depends
on dot-level connectivity [73], [74], but here we leave it
fixed), a single-qubit Hadamard gate takes 30 ns, and the
shuttling latency is 2 ns per dot. We assume that initialization
and readout can each be done in 500 ns. Although our
numerical simulation results depend on these specific choices,
the important underlying ratio is the idle coherence timescale
relative to the rate of syndrome extraction rounds. Our results
can therefore be interpreted for different hardware latency



assumptions by rescaling pjq accordingly.

In some qubit encodings, the shuttling and idling errors can
be strongly biased towards dephasing noise [19], which would
incentivize asymmetric surface codes with d, # d,. A benefit
of SNAQ is that the readout serialization would be determined
by the smaller of d, or d,. Other options to consider include
bias-tailored variants of the surface code [75]-[78].

B. Impact of readout serialization

The readout density p is a critical architectural parameter
that directly affects logical performance by changing the
duration of each syndrome extraction (SE) round, as shown in
Figure 7(a). For p = 2, we see that the SE duration remains
below 10 us up to d = 21. Compared to the two baseline
architectures, SNAQ’s SE duration at the same code distance is
still significantly longer even with a relatively high p; however,
we will show later that SNAQ can still achieve a faster logical
clock cycle due to its ability to execute transversal gates. Note
that pipelining (Figure 4) will reduce SNAQ’s effective SE
latency by half.

To quantify the impact of readout serialization on SNAQ’s
logical performance, we simulate logical memory performance
at different readout densities p and different idle error rates
Pid> With p; = pg, = 0. Due to the increase in serialization
for larger distances, we do not expect to observe a clear
threshold (a point where the lines of the same group would
all cross). The results are shown in Figure 7(b), where we see
that doubling the density can improve the logical performance
at the same distance by more than an order of magnitude,
underscoring the importance of p for the SNAQ architecture.
Figure 7(c) visualizes this relationship for fixed d = 7,
showing performance “plateaus” where ranges of p yield the
same number of ancilla waves.

C. Comparison to other architectures

Although we cannot directly simulate code performance at
larger distances with current Monte Carlo methods, as the
number of required shots becomes impractical, we can instead
fit simulated lower-distance logical error rates to the expected
scaling behavior of SNAQ. With pg, p, and piq fixed, we can
model the idling logical error rate of SNAQ as a modification
of Eq. 1:

+

d+1)/2
(148 p)< ! G
P Ph P

pr(d) = A

where p‘;}ff is the cumulative shuttling error experienced by
the physical qubits and pgf is the cumulative idling error
experienced by the qubits. Here we have made the first-order
assumption of a linear threshold surface [79] characterized by
three thresholds pg, pg,, and pjy. To fit circuit-level simulation

data to this model, we use the form
d+1)/2
pr(d) = Ala + Bd +ynu(p, )2 @

where A, a, 3, and «y are fitting parameters, and n.,,(p, d)
is given by Eq. 2. This model accounts for the three ways
in which physical errors in SNAQ scale with increasing code

distance: gate errors remain constant, shuttling errors increase
linearly in d, and idle errors increase with the amount of ancilla
serialization n,,,. We have derived this model from the structure
of the SE circuit, and we find that it fits well to the available
simulation data, but we caution that it is an approximation
and circuit-level simulation still remains the most reliable
performance predictor. To fit the Bilinear baseline, we fix
v =0, and for the UnitCell baseline, we fix 5 =~y = 0.

In Figure 8(a), we simulate the performance of SNAQ and
baselines for distances up to d = 11 under (p,pg,Psh) =
(2,1073,107°) and various values of the critical parameter
Did, fitting each set of results to Eq. 4 and extrapolating to large
distances. At a fixed code distance, SNAQ’s logical error rate
is far more sensitive to pjq than the baselines. As expected,
we can clearly see that piy defines an error floor for SNAQ,
limiting the achievable logical error rate. However, we see
that it can still reach utility-scale error rates below 10~ with
pia = 5 x 1073, roughly corresponding to a coherence time of
200 ps, which is well within achievable ranges for spin qubits.
To reach extremely low error rates below 10~12 for long-term
resource-intensive applications, pq = 107 or 10™* will be
required. This translates to a spin qubit coherence time near the
single-ms range. Although this has already been demonstrated
in small devices [58]-[61], it remains to be seen whether the
same performance can be achieved at scale. Reductions in gate
and measurement duration compared to the assumptions in this
work would relax these coherence time targets.

However, comparing these architectures at a fixed code
distance is misleading because it obscures the starkly different
physical resource costs of the architectures. In SNAQ, where
I/O costs and qubit count are decoupled, the number of
qubits may no longer be the primary cost driver. We therefore
turn to more relevant architectural metrics by studying two
fabrication-limited resources: the total number of readout
components, which is a direct driver of I/O complexity, and
the chip area per logical qubit. Figure 8(b) shows the same
simulation data but with code distance converted to the number
of readout components required per logical qubit, revealing
SNAQ’s much more efficient use of readout components.
Finally, in Figure 8(c), we convert code distance to chip area
by assuming that each physical qubit (plunger and adjacent
barrier gates) takes up a 100 x 100 nm = 0.01 ym? space and
using an order-of-magnitude estimate of the readout footprint
as 1 um? based on Ref. [17] and chip images from e.g.
Refs. [12]-[16]. These estimates account for the footprint of
the components themselves, but do not include interconnect
routing, which will be implementation-specific. For UnitCell,
we therefore only consider the area taken up by the readout
component and shuttling channels (not the large interior spaces
reserved for wiring). This analysis reveals that, for achievable
pid, SNAQ produces logical qubits that are orders of magnitude
more area-efficient than the baselines, already providing a
clear advantage at pjg = 5 x 103 that becomes much stronger
with lower pyg.
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Fig. 8. Projecting logical performance to higher code distances under fixed
(g, psh) = (1073,1075) for various pig with SNAQ p = 2. (a) SNAQ
and Bilinear give diminishing returns as code distance increases due to an
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driver of packaging cost, showing that SNAQ outperforms Bilinear and
is competitive with UnitCell. (c) Logical error rate as a function of total
component area per logical qubit. For sufficiently low pjq, SNAQ achieves
better logical performance at significantly reduced total chip area compared
to both baselines.

D. Logical operations in SNAQ

An important difference between lattice surgery and
transversal CNOTs in SNAQ is the scaling of their error
rates as the separation between the two surface code patches
increases: in SNAQ, the physical shuttling and idling errors
that occur during a transversal CNOT will increase linearly
with the distance between the surface code patches, meaning
that the logical error rate will increase polynomially with
degree (d 4 1)/2 once the shuttling errors become dominant,
which implies that code distance cannot be increased indefi-
nitely to extend the tCNOT’s range. In contrast, lattice surgery
errors increase linearly with the total merge volume due to
a linearly increasing number of possible error chains, so it
is always possible to increase the code distance to enable
further-distance communication. We thus expect transversal
operations to perform better for sufficiently close patches,
while lattice surgery will be preferred for sufficiently long-
distance communication.

To investigate this tradeoff, we perform circuit-level simu-
lations of tCNOT and LS operations in the SNAQ architecture
using parameters (pg, Pid; Psh, p) = (1073,107%,1075,1.0).
We prepare two surface code patches in the logical |0) state
and either perform a tCNOT or an LS merge-split XX mea-
surement between them, calculating the resulting error rate,
which is the chance that either logical qubit experiences a bit
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Fig. 9. (a) Error rates of transversal CNOT (tCNOT) and lattice surgery
merge-split (LS) as a function of patch separation, which is defined as the
number of data qubit rows between the two patches. (b) The range in which
tCNOT incurs comparable error to idling is limited by the accumulation of
shuttling errors, and therefore scales linearly with the relative strength of pg.

flip. We include d rounds of idling on each patch before and
after the operation. We compare the error rate of this experi-
ment to that of two patches simply idling for 2d rounds. We
decode the lattice surgery experiment with PyMatching and
the transversal CNOT with BP+OSD [80], [81]. The results
are shown in Figure 9(a): the error rate of distance-d lattice
surgery scales linearly with increasing separation distance,
while the tCNOT’s error rate remains low (comparable to the
idling surface code) until accumulated shuttling errors become
stronger than the gate error p,, at which point the error rate
increases polynomially. The tCNOT’s limit is specified by
the relative strength of pg, to other error mechanisms, which
we demonstrate in Figure 9(b) by calculating the d = 5
tCNOT’s effective range for different ratios of p,/psh. We
define the range as the largest separation distance such that
the tCNOT adds a negligible (within sampling uncertainty)
additional error compared to the idling experiment.

We find that the LS error rate in Figure 9(a) is well-modeled
by a linearly scaling increase in logical error rate pr(s) =
% -pr(1) +p'd* for a separation distance of s data qubit
rows, where the prefactor gives the relative spacetime volume
of the merge operation, py,(1) is the lattice surgery error rate
at minimal separation distance, and pid° is the idling logical
error rate. We find that the tCNOT’s error rate is well-modeled
by pr, = A(B(s + d) + C)@+1/2 after fitting A, B, and C,
revealing the expected polynomial scaling behavior once s is
sufficiently large.

We envision several potential ways to extend the tCNOT to
longer effective ranges, all of which involve a space tradeoff
in the SNAQ array. First, the shuttled surface code could
stop along the way to perform multiple SE rounds during a
long-distance tCNOT, which would avoid accumulating shuttle
errors [82]. Second, extra spaces could be used to prepare Bell
pairs to use for gate teleportation or entanglement swapping
[83]. Finally, the most aggressive method is to designate every
other surface code as a dedicated logical ancilla for GHZ
state preparation, allowing for constant-depth CNOTs [84]-
[86]. These methods may enable long-distance communication
at significantly reduced cost compared to lattice surgery;
however, a thorough evaluation of the tradeoffs involved is
beyond the scope of this work.
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E. Logical clock speed

To further compare the two modes of logical operation in
SNAQ, we calculate the latencies of the operations, which
directly determine the logical clock speed of the fault-tolerant
processor. Figure 10 shows the durations of the tCNOT and
LS merge-split operations in SNAQ over varying separation
distance for three surface code distances d € (11,15,21). The
LS latency is the time to complete d pipelined SE rounds. For
the tCNOT, we show both the time to complete the tCNOT
itself as well as the overall average operation latency assuming
that two tCNOTs are performed for every SE round [5], [52].
We can speed up these individual SE rounds by using both
edges of the array for initialization and measurement of the
ancilla qubits, roughly halving the number of serialization
waves. For separation distances within the tCNOT’s fidelity-
limited range of 100, the tCNOT+SE latency is effectively
constant and is consistently over 10x faster than LS.

In Figure 11, we compare logical clock speed to the
baseline architectures, varying each hardware parameter across
a wide range, for three target logical error rates p; €
(10=%,1075,107°). For each instance, we simulate code dis-
tances up to 15, find the smallest distance that reaches the
target pr, and calculate the logical cycle time of the code.
SNAQ tCNOT consistently maintains an advantage across the
parameter space, with the exception of high piy (lower right),
where no instances of SNAQ could reach the target logical
error rate. SNAQ can operate even with very high shuttling
error, where the baselines fail (lower left). This demonstrates
the key tradeoff of the SNAQ architecture compared to the
baselines: physical qubits are packed much more closely,
reducing required shuttling costs but increasing idling time
due to readout serialization. SNAQ’s improvement factor is
most sensitive to the readout density p (upper left).

To further investigate SNAQ’s dependence on p, we study
this tradeoff in more depth in Figure 12. For fixed target py, =
10~ and varying piq and p, we again calculate the required
code distance and then convert to logical clock speeds. Across
the studied range of p, we see that SNAQ’s tCNOT speedup
varies from 2x to 15x, and its LS slowdown varies from 10 x
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Fig. 11. Logical cycle times of proposed spin qubit architectures under

varying noise parameters at fixed target logical error rates. Each plot shows
sensitivity to one of the four hardware parameters (p, pg,psh,pid). Vertical
dashed lines indicates default parameter values when held constant in other
plots. Points are omitted for parameter settings where no simulated code
distance could reach the target logical error rate. SNAQ’s tCNOT maintains
a consistent latency advantage across a wide range of hardware parameters,
while SNAQ’s LS operation is generally slower than that of the baselines.
SNAQ is more resilient to high py, than the baselines (lower left), but fails
for sufficiently-high p;y (lower right).

to negligible. We also see that SNAQ fails for p;q significantly
above 1073, with the exact failure point depending on p.

Finally, we consider performance at lower p; by extrap-
olating the simulated data using the models discussed in
Section V-C. For this analysis, we use fixed physical error rates
of (pg, Pshs pia) = (1073,107°,10~*), simulate distances up to
11, and fit the model in Eq. 4 to the data for a range of values
of p. These fits allow us to determine the code distance needed
for each architecture to achieve a certain logical error rate,
which we can then convert to logical clock speeds. Figure 13
shows the comparison of the logical operation speeds in SNAQ
to those of UnitCell and Bilinear. We find that SNAQ’s tCNOT
is significantly faster than either of the baselines across the
entire studied range. For a near-term target error rate of 1075,
we find consistent 7.5x and 10.6 x speedups across the density
range. For lower pr, the improvement is smaller but still
remains above 4x. Because the interaction distance of the
tCNOT is limited, we also compare the lattice surgery time
between SNAQ and the baselines, finding that SNAQ’s lattice
surgery still outperforms the baselines for a target p;, of 1076
but is less competitive for lower p; and lower p.
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Fig. 13. Comparing projected performance at lower logical error rates under
(pg, Psh, Pid) (1073,107%,10~%) for various p, assuming patches are
adjacent. SNAQ’s tCNOT outperforms baseline lattice surgery methods by
over 4x even for low p and can provide up to 22X improvement in the
range studied here. Lattice surgery on SNAQ is fast for higher py, and p, but
becomes less efficient for lower py, due to the significant increase in required
code distance (making each SE round take much longer).

FE. Architectural implications

The fidelity and latency studies discussed above suggest
that both tCNOTs and lattice surgery are valid options for
logical operations on the SNAQ architecture, with tCNOTSs
providing a significant speed advantage for sufficiently short
separation distance and LS operations enabling longer-distance
communication without degrading fidelity, but at the cost of
over 10x slower operation speed.

A SNAQ device of width w can support a surface code
distance of up to d = w — 2 in a logical 1 x N config-
uration if logical operations are restricted to only tCNOTs.
This processor would have a maximum allowed interaction
distance within which the tCNOT’s performance is acceptable,
which would depend on the relative strengths of shuttling

11

errors to other sources of error. This limited connectivity is
reminiscent of nearest-neighbor-connected noisy intermediate-
scale quantum (NISQ) processors, where long-range interac-
tions require multi-hop, higher-cost operations, except in this
case the extra cost is in latency instead of added error. In
these NISQ processors, locality-aware mapping and routing
techniques were developed to minimize the amount of long-
distance communication needed [87]; SNAQ may benefit from
the adaptation of these techniques to make use of fast tCNOTs
whenever possible. Compiling to a transversal-equipped ar-
chitecture presents several interesting opportunities to further
improve processor speed. First, logical shuttles in the same
direction can be performed in parallel. Second, only one of
the two logical qubits is actively in-use during the shuttling
periods of a tCNOT, allowing the other qubit to take part in
other operations in the meantime. Third, the end-to-end latency
of a longer-distance tCNOT can be nearly halved if the mobile
qubit is not shuttled back to its original location, but instead
deposited close to the stationary qubit after the operation.

On the other hand, the same width-w SNAQ device could
also support a surface code distance of up to d = L“’T_?’j in a
logical 2 x N layout, enabling both tCNOTs and lattice surgery
if one logical channel is left free to use as routing space.
A processor with two available modes of communication is
reminiscent of the latency hierarchies in classical computer
architecture, where care must be taken to minimize the use of
main memory accesses or network connections. This presents
a compelling challenge for future compilation research.

VI. FAULT-TOLERANT RESOURCE ESTIMATION

The numerics in the prior section showed that, using
transversal CNOTs, the SNAQ architecture can perform in-
dividual logical operations 2-15x as fast as competing ar-
chitectures for sufficiently close logical qubits. Such close-
range tCNOTs support key application subroutines including
quantum arithmetics and state preparation, which in turn can
implement important quantum applications such as factoring
and chemistry simulation [5]. In this section, we explicitly
compile several key primitives—T and CCZ distillation, the
Toffoli gate, GHZ state generation, and long-range transport—
and use them to calculate the costs of larger subroutines
(Adder and Lookup), with fixed p = 1 and d = 27. With these
subroutines as building blocks, we heuristically estimate the
improvements SNAQ can achieve compared against baselines.
Although large scale algorithms generally be nonlocal, we
find that the qubit transport costs are sufficiently low that
the tCNOTs still provide a speed advantage. In particular, we
estimate up to 2.4x and 2.9x reductions over the Bilinear
and UnitCell baselines for factoring, and expect significant
reductions for various chemistry simulation algorithms as well.

A. Primitives: state preparation, distillation, and logic

We simulate the runtime of several key fault-tolerant circuit
primitives by compiling them to either transversal or lattice
surgery instruction sets and calculating the execution time for
each architecture. For SNAQ, we insert an SE round after
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adder (CADD) is the key component of the quantum factoring algorithm.

every two layers of tCNOTs. In the following section, we
describe the primitives we consider.

1) 15-to-1 T state distillation: The 15-to-1 distillation cir-
cuit involves preparing 15 noisy T states and performing
an encoding circuit to produce one higher-fidelity T state.
For SNAQ, we use a tCNOT-compatible circuit shown in
Figure 14a. We assume T state preparation time comparable
to surface code initialization time and no decoding delay for
conditional S corrections. Our construction assumes that four
SE rounds are performed during the distillation, as shown
in Figure 14. We assume the implementation of a fold-
transversal S gate [89], [90], which we set to have a latency
equal to 2d - tshue + tonor. Neither of the two prior spin
qubit architecture proposals is compatible with parallelizable
transversal CNOTs, so lattice surgery is needed instead. For
the UnitCell architecture, we can use the implementation from
Figure 11 of Ref. [91], which requires 6d SE rounds on a
15-patch two-dimensional layout of surface codes. For the
Bilinear architecture, using a virtual 2xN layout of logical
surface code qubits as depicted in Figure 3 of Ref. [24], we
can implement the same circuit restricted to a 2x5 layout,
which extends the temporal cost to 12d SE rounds.

2) 8T-to-CCZ factory: The 8T-to-CCZ factory [92], [93]
(Figure 14b) is an alternative magic state preparation method
that outputs a |CCZ) state, which can be used to perform a
Toffoli gate. We follow the transversal implementation from
Ref. [5] and compare to the lattice surgery implementation
from Ref. [91], which involves 8 lattice surgery operations.
For both transversal and lattice surgery implementations,
we assume the input T states are prepared via cultivation
[94], which is approximately 15x lower-cost on transversal-
equipped architectures [95] (accounting for the added shuttling
overhead, which is small on SNAQ). This results in a 4.3-5.6 X
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more efficient |[CCZ) factory at d = 27, as shown in Table II.

3) GHZ states: An n-qubit GHZ state (Figure 14d) can
either be prepared using linear-nearest neighbour parallel
tCNOTs [84] or implicitly created when performing a Pauli
product measurement via lattice surgery, which we use as
baseline. GHZ states are used in CNOT fan-outs, which,
together with Toffoli gates (Figure 14c), form the Lookup
subroutine, which is important for factoring [4] and chemistry
simulation tasks that require PREP and SELECT oracles [96].
GHZ states are also used in Pauli exponentials in Trotterized
Hamiltonian simulation [97]. SNAQ’s GHZ state generation is
2.9-5.6x more efficient than the baselines.

4) Logical qubit transport: The final primitive we study is
the transport of logical information across large distances. A
long-range transport operation can either be done by shuttling
with intermediate SE rounds to avoid the accumulation of
errors, or through lattice surgery [48]. Therefore, the latency
of a transport operation increases with distance, but is upper-
bounded by the cost of an LS operation. Assuming we perform
one SE round for every 100 qubit distances traveled (Fig. 9),
k-patch transport via shuttling in SNAQ takes | kd/100] -tsg+
2kd - tg, time. The SE round cost has been amortized for the
result shown in Table II.

B. Subroutines

The two subroutines we consider are built of basic log-
ical operations and the primitives discussed previously. We
simulate the execution of their circuits, accounting for the
previously calculated costs of primitives.

1) Adder: The quantum adder (Figure l4e) performs a
reversible addition. It can be implemented as repeated applica-
tions of the MAJ and UMA blocks, which require |CCZ) states
and local CNOT interactions. We use a transversal adder for
SNAQ [5], and a volume-optimized adder using lattice surgery



MSD 15-to-1 8T-to-CCZ GHZ, n = 100 k-patch transport
Time (us) | Vol. (qubit-s) | Time (us) | Vol. (q-s) | Time (us) | Vol. (g-s) | Time (us) | Vol. (q-s)
Bilinear 654.5 9.536 2182.1 31.793 54.5 15.893 54.5 0.0795(k+2)
UnitCell 421.2 9.205 2808.5 40.920 70.2 20.456 39.0 0.102(k+2)
SNAQ 302.2 7.045 250.0 7.284 18.7 5.426 4.0k | 0.00586k
TABLE II
COST COMPARISON OF FAULT-TOLERANT PRIMITIVES AT d = 27.
Adder, n = 139 Lookup(7, 139) timi ilati t and logical t f
Time (ms) | Vol (¢-s) | Time (ms) | Vol (@) optimize compilation cost and logical error-rate performance
Bilinear 3.767 21350.9 3463 1535.0 under hardware constraints such as reaction time and gate
UnitCell 4.002 | 230554 4.458 2014.7 error rates. Although sweeping this full parameter space to
SNAQ 7.584 13446.9 0.711 354.4 . . . . .
determine the optimum for various factoring problems is an
CADD(10, 1067) Ref. [4] | CADD(7, 139) Ref. [5] important direction, it is beyond the scope of this work.
_ Time (ms) Vol. (g:s) | Time (ms) | Vol. (q-s) Instead, we use the optimized hyperparameters reported in [4],
Bilinear 79.1 1838772 10.7 60918 5 bl f . . h fi
UnitCell 05.4 2225879 130 74821 [5] as reasonable reference p01nt§ to estlm.ate the range o . im-
SNAQ 76.5 756051 10.0 17718 provements that SNAQ may achieve relative to the baselines,
TABLE III as shown in Table III. Aside from two QFTs that contribute

FULL COSTS OF LOGICAL SUBROUTINES AND CONTROLLED ADDERS
(CADD) AT d = 27. INCLUDES CCZ FACTORIES AND QUBIT TRANSPORT
CcOSTS. CADD DOMINATES THE COST OF QUANTUM FACTORING.

as the baseline [4]. The duration of both adders depends
on the reaction time, or how quickly the architecture can
resolve a series of measurements where each measurement
outcome determines the following measurement basis. Due to
the need for a reactive CZ gate and measurement serialization,
the SNAQ adder incurs a 7x longer reaction time than the
baseline, leading to a 2x slower overall duration. However,
due to cheaper |[CCZ) factories and lower |CCZ) consumption
rates, SNAQ achieves a lower volume with a much smaller
|CCZ) factory, leading to a 3.2 reduction in cost.

2) Lookup: The quantum Lookup (Figure 14f) appears in
many algorithms due to its use in both quantum arithmetic
[98] and chemistry [96]. It consists of a Toffoli ladder,
implemented using |CCZ) states, and a CNOT-fanout that can
be implemented using either a |GH Z) state or lattice surgery.
The state-of-the-art transversal implementation is given in [5],
and we use an established lattice surgery construction for the
baselines [4], [99]. While the Toffoli part of the Lookup is
reaction-time limited, this cost is hidden by the much costlier
CNOT-fanout operation, which can be done in parallel; as
such, the look-up is said to be Clifford-limited [99]. Due to
faster transversal implementation of the CNOT-fanout, SNAQ
achieves a 4.87x to 6.26x reduction in duration compared to
baseline, leading to a 4.37x to 5.74x volume reduction.

C. Algorithm impact

We can heuristically estimate the impact on large-scale al-
gorithms by considering the fraction of total algorithm volume
spent on the above subroutines and the speedup achieved
for that subroutine. The key subroutine for factoring is the
lookup-controlled adder (CADD), which performs a quantum
addition on states in specific superpositions prepared using
a Lookup (Figure 14g). With one additional round of qubit
shuttling, the data qubits can be laid out as illustrated in
Figure 14g. The Lookup and Adder sizes are chosen to jointly
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negligible volume, the entire factoring algorithm can be seen
as repeated applications of CADD, which therefore account
for the overwhelming majority of the total volume [4], [5].
We therefore estimate that the 2.43-4.22x improvements in
CADD (Table III) propagate to very similar volume reductions
for the entire factoring algorithm relative to baselines. This
estimate accounts for all required qubit transport costs, which
are included in the CADD cost.

Algorithms for chemistry simulation usually employ either
a qubitization [100], [101] or Trotterization [97] approach.
The state-of-the-art qubitization compilation technique uses
repeated applications of the PREPARE and SELECT oracle
[96], where Lookup operations and single qubit rotations that
require |T") states account for > 90% the cost [5], [102]. On
the other hand, Trotterization employs repeated applications of
Pauli exponentials, which are implementable using GHZ states
and magic states. We could expect time and volume reductions
for both approaches, since SNAQ provides speedups to |T)
distillation, GHZ state preparation, and Lookups. However,
the costs we estimate in Table III are specific to the register
sizes needed for factoring; the exact algorithmic speedup will
depend on the specific chemistry problem being studied.

VII. CONCLUSION

In this work, we proposed the SNAQ surface code, a novel
surface code implementation tailored for spin qubits. To over-
come the readout component size problem, we introduced the
idea of serialized ancilla qubit initialization and readout, show-
ing that this is an effective way to enable error correction on
a near-term-manufacturable silicon quantum dot array. SNAQ
is more space-efficient than prior proposals while providing a
substantial logical clock speedup through transversal logic by
leveraging rapid spin shuttling and a dense dot array.

SNAQ is sensitive to coherence time but tolerates higher
shuttling errors than the baselines, demonstrating the tradeoff
between readout efficiency and qubit density. Concatenating
SNAQ with a higher-level QEC code could provide a path
towards achieving ultra-low logical error rates beyond the
coherence-limited error floor. The fixed-width spin qubit array



may also be amenable to other specific classes QEC codes,
in particular Floquet codes [103] or adaptive concatenated
schemes [104]. These codes may be harmed less by the
serialization of ancilla measurement due to their already-
partitioned syndrome extraction schedules.

Overall, SNAQ demonstrates that the often-assumed 1:1
readout-to-qubit ratio is neither necessary nor optimal on a
shuttling-equipped architecture such as silicon spin qubits. En-
abled by the unique capability of fast spin shuttling, SNAQ is
both orders-of-magnitude more area-efficient and significantly
faster for common subroutines than proposals that mimic 2D
grid layouts. Our work highlights qubit coherence and readout
density as the most critical device metrics to enable this new
architecture, providing a compelling, practical path toward
fault-tolerant spin qubit processors.
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