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Fusion-based quantum architectures are the leading approach to photonic quantum computing.
However, the sub-threshold regime, where logical error rates must reach the levels required by useful
applications, has received little attention. We show that in this regime, fusion failure imposes a noise
floor on the logical error rate that prevents all-linear-optics architectures from reaching the required
rates at low overhead. For fusion-based architectures using quantum emitter spins, we show that
the noise floor is reduced by orders of magnitude at a lower overhead.

I. INTRODUCTION

Quantum computers must be built from imperfect
physical qubits. Since errors compound over long com-
putations, error correction, where many physical qubits
encode a single logical qubit, is required. It is widely be-
lieved that most useful quantum computing applications
require logical error rates of the order of ∼ 10−10 [1, 2],
demanding large code distances and making physical
qubit count the dominant constraint.

Photonic quantum computing has emerged as a lead-
ing platform under this constraint because photons can
be produced in large numbers and naturally provide
long-range connections, enabling high-rate quantum low-
density parity check (qLDPC) codes [3–5] which dramati-
cally reduce qubit overhead. Since photon-photon entan-
gling gates are challenging [6], Bell state measurements
(fusions) [7, 8] have been proposed as probabilistic en-
tangling gates, giving rise to fusion-based quantum com-
puting (FBQC) [9]. In FBQC, entangled resource states
are generated in parallel and then fused. Fusions drive
the computation and their measurement outcomes are
combined to realize quantum error correction.

One key metric in quantum error correction is the error
threshold, below which the logical error rate is suppressed
exponentially by increasing the code distance [10, 11]. In
fusion-based architectures, photon loss thresholds have
been analysed [9, 12, 13] and are within reach of state-
of-the-art hardware [14]. However, a threshold does not
specify the code distance needed to reach a given log-
ical error rate. The overhead required to reach a tar-
get error rate has been studied in circuit-based architec-
tures [2, 15–18], but the FBQC analogue has received
little attention.

In FBQC, fusion failure and photon loss both produce
erasures, and are typically combined into a single era-
sure budget, obscuring the fact that fusion failure, unlike
loss, does not improve with hardware engineering. Fu-
sion failure thus imposes a noise floor that persists even
at zero physical loss — an obstacle previously not em-
phasised in the FBQC literature [9, 12, 13, 19]. We show
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that this floor is a major constraint in the sub-threshold
regime. The fusion failure rate can be reduced via boost-
ing with ancillary photons, but at exponential photon
cost [20], eventually destroying loss tolerance [9]. In prac-
tical terms, FBQC at a fixed code distance may not reach
the required logical error rates at any physical loss rate.

We analyse the sub-threshold regime of several fusion-
based architectures numerically, including all-linear-
optics architectures [9, 12] and recently proposed ar-
chitectures based on quantum emitters [13, 21, 22].
In the latter architectures, quantum emitters generate
spin-photon entanglement deterministically [23], which
is converted into spin-spin entanglement by repeating
linear optics fusions until success [13]. We find that
the quantum-emitter-based architectures have a strongly
suppressed noise floor sub-threshold. Compared to all-
linear-optics architectures [9, 12] the overhead for reach-
ing 10−10 logical error rate is reduced by orders of mag-
nitude. Quantum emitters thus open a route to useful
FBQC at realistic resource overheads.

II. ARCHITECTURES

We consider different fusion-based architectures that
are illustrated in Fig. 1(a). First, we consider architec-
tures where entangled photonic resource states are ar-
ranged and fused in a fault-tolerant fusion network [9, 12]
with some spatial extension (distance), d. We call these
architectures all-linear optic because the resource states
can be generated probabilistically from single photons
and linear optics circuits with measurements [26]. The
fusions are realized by linear optics Bell state measure-
ments that consume the two measured photons (type-II
fusions [7, 8]). Upon success, they measure the Bell state
stabilizer generators ⟨XX,ZZ⟩. Upon fusion failure, the
fusions measure both photons in either the Pauli X or
the Pauli Z basis, depending on the fusion bias. In this
way, one of the two stabilizer generators is obtained as
a product of the two single-qubit measurements, and the
other one is erased. If one or more photons are lost, both
stabilizer generators are erased. Erasure due to fusion
failure can be reduced by boosting the fusion [20], where

ar
X

iv
:2

60
6.

28
49

0v
1 

 [
qu

an
t-

ph
] 

 2
6 

Ju
n 

20
26

mailto:mlo@sparrowquantum.com
https://arxiv.org/abs/2606.28490v1


2

Unencoded 6-ring Shor(2,2) 6-ring 5-ring encoded 6-ring

repeat-until-success (RUS) fusion

N = 6 N = 10

maximum N attempts 

(b) (c) (d) (e) (f)
100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

10-9

d = 4
d = 6
d = 8
d = 10

d = 20
d = 30
d = 40
d = 50

lo
g
ic

al
 l
o
ss

d = 4
d = 6
d = 8
d = 10

(a)

d = 4
d = 6
d = 8
d = 10

d = 4
d = 6
d = 8
d = 10

tim
e

tim
e

distance d bias

qubit 1

qubit 2

detectors

FIG. 1. (a) Illustration of the 6-ring fusion-based architecture [9] (left) and the FFCC RUS architecture [13] (right). Photons
are illustrated as circles and quantum emitter spins are illustrated as circles with an arrow. Type-II fusions are illustrated
by the orange ovals with an exemplary setup shown for dual-rail encoded qubits. In (b-f) we show the logical loss rate as a
function of the physical loss rate (subthreshold regime), with the dashed black lines indicating where the physical and logical
loss rates are equal. The simulations are shown for (b) the six-ring architecture with static bias arrangement and singly-boosted
fusion [24], (c) the Shor(2,2)-encoded six-ring architecture [9] with singly boosted fusion and random code orientation, (d) the
five-ring-encoded [25] six-ring architecture with unboosted fusion and static code orientation, (e, f) the foliated Floquet color
code architecture with repeat-until-success fusions [13, 21], where N is the maximum number of repeated fusion attempts.

2n − 2 ancillary photons 1 are required to obtain a fu-
sion failure probability of pf = 1/2n. If the fusion bias is
chosen randomly (random bias arrangement), the erasure
probability of every stabilizer generator is therefore [9]

pers = 1− (1− pf/2) · η1/pf , (1)

where η is the efficiency (probability that a photon is not
lost). Alternatively, the fusion failure basis can be fixed
(static bias arrangement) or it can be adapted based on

1 The fusion success probability could also be boosted using
quantum-emitter-based nonlinearities, a method that, however,
is experimentally less established [27].

previous fusion outcomes (dynamic bias arrangement),
which can improve performance [12]. In this work, we
consider the 6-ring architecture from Ref. [9] with ran-
dom or static bias arrangement [12], with Shor(2,2) en-
coding [9], and with an optimized 5-ring encoding of the
same size [25, 28]. In the last case, the measurement
basis is adapted conditioned on measurement outcomes
within the same encoded fusion. The other architectures
are non-adaptive.

Furthermore, we consider architectures that use quan-
tum emitter spins as data qubits and repeat-until-success
(RUS) fusions to realize entangling gates between the
spins [13, 21]. The particular architecture we consider is
based on the foliated Floquet color code [19, 29], and we
call it FFCC RUS. In this architecture, spin-entangled



3

photons are generated on demand [23] and fused with
an unboosted fusion, resulting in entangling gates be-
tween the spins upon fusion success. If a fusion fails,
new spin-entangled photons are generated and the fusion
is repeated until success, with some maximum number
N of allowed physical fusion attempts. The strength of
RUS architectures is that the probability of fusion fail-
ure is reduced to pf = 1/2N (in the absence of photon
loss 2) without exponentially many ancillary photons as
in boosted fusion [20]. In fact, the average number of
fusion photons is given by

NRUS = 2

N∑
k=1

k/2k, (2)

converging to a value of just 4 for N → ∞. Further-
more, repeating fusion upon demand is only minimally
adaptive. In contrast to more adaptive strategies such
as dynamic bias arrangement [12] or Macromux [30], the
adaptiveness is also local, making parallelization partic-
ularly simple.

III. NUMERICAL SIMULATIONS

We simulate the logical loss rate as a function of the
physical loss rate by repeatedly sampling erasures due to
photon loss and fusion failure. When a fusion measure-
ment outcome is erased, the corresponding parity-check
cells must be merged into a super-cell [31]. Erasure can
be simulated as a percolation problem on the syndrome
graph [12, 31]. Each erased XX or ZZ fusion outcome
corresponds to a syndrome graph edge, and when a con-
nected cluster of erasures spans (percolates) the fusion
network, there is a logical loss. For random bias arrange-
ment [9], XX and ZZ outcomes have the same proba-
bility of erasure (Eq. (1)), and logical loss can be sim-
ulated by standard bond percolation 3. In the case of
the FFCC RUS architecture [13, 21] and the architecture
with static bias arrangement [12] XX and ZZ outcomes
have different erasure probabilities, leading to inhomoge-
neous bond percolation. Both types of bond percolation
simulations 4 have linear time complexity [34] and thus
are not computationally demanding.

As a consistency check, we first determine loss thresh-
olds of the different architectures by identifying the point
where logical loss rates intersect for different lattice sizes.
The thresholds agree with the values reported in the
literature [9, 13], except for the unencoded 6-ring ar-
chitecture with static bias arrangement [12], where our

2 We refer the reader to Eq. B5 in Ref [13] for detailed erasure
probabilities when loss is present.

3 Knowing the syndrome graph percolation thresholds, one can,
for instance, reproduce Fig. 4 from Ref. [9] with a few lines of
code that we attach.

4 We use the source code from [32, 33] to which we added more
features for non-uniform bond percolation.

threshold is about 0.1% lower. We find thresholds
of 7.0%, 7.2%, 7.3%, 7.3% for the FFCC RUS architec-
ture [13] with N = 6, N = 7, N = 10, N → ∞; 2.7%
for the Shor(2,2)-encoded 6-ring architecture from [9] for
random or static code orientation and singly boosted fu-
sion; 0.38% (0.82%) for the unencoded 6-ring architecture
with static bias arrangement and singly (doubly) boosted
fusion [12]; and 0.78% for the unencoded 6-ring architec-
ture with random bias arrangement and doubly boosted
fusion [9] 5. For threshold values for other physical noise
sources, we refer the reader to Refs. [9, 12, 21].
We investigate the subthreshold regime for the dif-

ferent architectures as shown in Fig. 1(b-f). For the
unencoded 6-ring architecture with static bias arrange-
ment [12] in Fig. 1(b) and the Shor(2,2)-encoded 6-ring
achitecture [9] in Fig. 1(c), we use singly boosted fu-
sion [20] because there is no loss threshold otherwise [9].
In both cases, the logical loss rate bends and plateaus to-
wards zero physical loss. The plateau is due to the finite
fusion failure probability, although it is just pf = 1/4 due
to boosting [20]. Due to the constant rate of fusion fail-
ure, there is a finite probability, for any fixed size d, that
a chain of erasures percolates the syndrome graph. This
results in a finite logical loss rate (plateau), regardless of
how low the physical loss is. As a result, a fusion net-
work with distance d > 40 is required to even reach the
break-even point where logical loss equals physical loss
(see Fig. 1(b)). Furthermore, in Fig. 1(c), one can see
that the break-even point is rather a break-even regime:
for every fixed size d, there is a physical loss rate be-
low which the logical loss rate again exceeds the physical
loss rate. An arbitrarily low logical loss rate can still be
reached by increasing d, but the required values for d can
become very large.
The described issue in the subthreshold regime is also

present for the two locally adaptive architectures in
Fig. 1(d,e,f). However, it is much weaker and much lower
logical error rates can be reached at smaller values of d.
For the FFCC RUS architecture in Fig. 1(e,f), this im-
provement can be intuitively explained: at zero loss, an
RUS fusion suffers erasure due to fusion failure only if
all N physical fusion attempts fail. Increasing N , thus
exponentially reduces the probability 1/2N that RUS fu-
sion fails, strongly reducing the plateauing of the logical
error rate towards zero loss. In contrast to boosting with
ancillary photons [20], this reduction of fusion failure is
achieved without an exponential number of ancillary pho-
tons, maintaining high tolerance to photon loss.
To obtain a quantitative comparison between the dif-

ferent architectures, we fix the physical loss rate 1 − η
to 0.5%, 1%, 2% and estimate the value of d where the
logical loss rate drops below 10−10 [2]. For all-linear op-

5 For the FFCC RUS architecture, we used the model described
in Appendix B of Ref. [13]. Other models exploiting quantum
emitter reinitialization (Appendix C of Ref. [13]) would require
a higher level of real-time adaptivity.
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FIG. 2. Logical loss rate as a function of fusion network size, d. (a) Simulation for 2% physical loss. The FFCC RUS
architecture [13, 21] is plotted for N = 5 (solid), N = 6, 7,∞ (most transparent). The Shor(2,2)-encoded and the 5-ring-
encoded [28] 6-ring architectures [9, 12] are plotted for random and static (more transparent) code orientation, where we have
used unboosted fusion for the 5-ring encoding and singly boosted fusion [20] for the Shor(2,2) encoding. The FFCC RUS
architecture has a favorable scaling in comparison to both encoded 6-ring architectures.a (b) Simulation for 1% physical loss.
For the encoded 6-ring architecture, we also consider doubly boosted fusion (more transparent). (c) Simulation for 0.5%
physical loss, where the unencoded 6-ring scheme [9, 12] with doubly boosted fusion is below its threshold as well (static
bias arrangement is more transparent). For better visibility, we only show the simulation for random code orientation for the
encoded 6-ring architectures (higher boosting is more transparent).

a The error bars all have about the same size on the logarithmic scale because we sample until the logical loss rate has a relative
uncertainty of 0.2. This way, we dynamically adapt the number of samples and only use as many as needed.

tics architectures, we choose the boosting [20] level for
which the overall probability of erasure in Eq. (1) is min-
imized. We find that singly boosted fusion (pf = 1/4) is
best for 1 − η = 2%, doubly boosted fusion (pf = 1/8)
is best for 1 − η = 0.5% and 1 − η = 1%. We also
simulate singly-boosted fusion in the two cases where
doubly-boosted fusion leads to a lower erasure rate, as
the overhead may be lower when using fewer ancillary
photons. The corresponding simulations are shown in
Fig. 2. To reach a logical loss rate of 10−10, the FFCC
RUS architecture [13, 21] requires the smallest distance
d of the fusion network, followed by the 5-ring-encoded
6-ring architecture with unboosted fusion and adaptive
basis choice [28]. The Shor(2,2)-encoded (unencoded) 6-
ring architecture [9, 12] has an overhead that is greater
by about one (two) orders of magnitude when counting
the photons of the d3 unit cells of the fusion network.
This comparison only takes into account the size of the
fusion network in space and time, completely ignoring
the additional overhead of generating photonic resource
states (6-ring, Shor(2,2)-encoded 6-ring, 5-ring-encoded
6-ring) with linear optics [35].

To obtain a more physical comparison, we convert d to
the total number of photons, including those consumed in
generating the resource states. In the case of FFCC RUS,
we use Eq. 2 to compute the overhead as R = d3×6NRUS ,

where the factor of six is half the degree of the syndrome
graph, avoiding double counting. In the linear optics
case, the overhead is R = d3 ×

(
Nr +Nf

)
, where Nr is

the average number of photons required to generate the
resource states within one unit cell, and Nf is the per
unit cell number of ancillary photons for boosting [20].
We assume the same level of boosting in resource state
generation and the fault-tolerant fusion network. Fur-
thermore, we only count two photons for every Bell pair
used in boosted fusion [20], not counting the additional
overhead when generating these Bell states by linear op-
tics [36].
In the all-linear optics case, we consider a scheme

where resource states are built from three-qubit GHZ
states in a divide-and-conquer fashion [35], and the three-
qubit GHZ states are generated from single photons
via linear optics and post-selection [26] 6. We obtain
Nr = nGHZ · fGHZ + nb, where nGHZ(nb) is the aver-
age number of three-qubit GHZ states (ancilla boosting

6 One also could consider the architectures from Refs. [9, 12] using
quantum emitters for resource state generation [37–40]. However,
accumulation of quantum emitter noise during the resource-state
generation is likely quite problematic in these schemes. Further-
more, several interacting quantum emitters are often required to
generate useful graph states [37, 40].
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FIG. 3. Overhead R in terms of the number of consumed
photons to reach a logical loss rate of 10−10. The overhead is
shown for three photon loss rates and the different architec-
tures (FFCC RUS [13, 21], Shor(2,2)-encoded 6-ring fusion
network [9, 12], unencoded 6-ring fusion network [9, 12], and
5-ring-encoded 6-ring fusion network [25, 28]). Unboosted,
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Bias refers to static (random) bias arrangement for the unen-
coded 6-ring architecture [12] or static (random) code orien-
tation for the encoded architectures [9].

photons) used to build the resource state. Furthermore,
fGHZ = 6 · 32 represents the average number of photons
consumed to generate a three-qubit GHZ state with the
standard GHZ-state factory [26] using six input photons
and having 1/32 success rate. To estimate nGHZ and
nb, we use the source code from Ref. [35]. Here, the
effect of fusion failure on the probability of successful re-
source state generation is considered, ignoring heralded
loss from missing detection events in the resource state
generation. Noise accumulation in the all-linear-optics
resource state generation is also not taken into account.
The considered loss rates thus refer to the final resource
state. Both are optimistic assumptions for the all-linear
approach.

We summarize the overhead R in Fig. 3. The value of
d, where the logical loss rate crosses 10−10, is rounded
to the next integer for this estimation. For reaching
10−10, we find that the FFCC RUS architecture [13, 21]
has a significantly lower overhead than the considered

all-linear-optics architectures [9, 12]. The difference in
overhead is several orders of magnitude across various
photon-loss rates. This is even the case for the opti-
mized (adaptive) 5-ring-encoded 6-ring architecture [28],
where the required value for d is reduced, but resource
state generation dominates the overhead.

IV. SUMMARY AND OUTLOOK

For different fusion-based quantum computing archi-
tectures, we benchmarked the subthreshold regime in the
presence of photon loss and fusion failure. We identified a
noise floor caused by fusion failure and we estimated what
is required to reach a logical loss rate of 10−10. We find
that non-adaptive all-linear-optics architectures [9, 12]
require a fusion network of very large distance, resulting
in significant overhead. The distance can be reduced by
using encoded resource states [25, 28], which, however,
shifts the overhead to resource-state generation [35]. Re-
ducing the photon overhead in all-linear-optics quantum
computing will therefore likely require adding a high de-
gree of adaptivity on the level of fault-tolerance (dynamic
bias arrangement [12] or Macromux [30]) or on the level
of resource state generation [41, 42]. In both cases, this
adds an overhead to the classical control.

In contrast, the FFCC RUS architecture [13, 21] does
not require the generation of large resource states, as it
uses quantum emitter spins as data qubits. FFCC RUS
reduces the fusion-failure-induced noise floor by repeat-
ing fusions on demand, keeping photon-loss-induced era-
sures to a minimum. As a result, much less overhead is
required to achieve low logical loss rates, making such
emitter-based architectures [13, 21, 22] very promising
candidates for fusion-based quantum computing. We em-
phasize that emitter-based architectures are not limited
to the Floquet color code, but a large class of quantum
low-density-parity-check (qLDPC) codes can be imple-
mented similarly [5]. As qLDPC codes can encode a
higher rate of logical qubits per physical qubits [3, 4],
they may be a route to further reduce overhead.
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[5] S. X. Chen, M. C. Löbl, M. L. Chan, A. S. Sørensen, and
S. Paesani, Fusion-based implementation of qldpc codes
with quantum emitters, arXiv:2509.17223 (2025).

[6] B. Hacker, S. Welte, G. Rempe, and S. Ritter, A photon–
photon quantum gate based on a single atom in an optical
resonator, Nature 536, 193 (2016).

[7] D. E. Browne and T. Rudolph, Resource-efficient lin-
ear optical quantum computation, Phys. Rev. Lett. 95,
010501 (2005).

[8] M. Gimeno-Segovia, Towards practical linear optical
quantum computing, Ph.D. thesis, Imperial College Lon-
don (2016).

[9] S. Bartolucci, P. Birchall, H. Bombin, H. Cable, C. Daw-
son, M. Gimeno-Segovia, E. Johnston, K. Kieling,
N. Nickerson, M. Pant, et al., Fusion-based quantum
computation, Nat. Commun. 14, 912 (2023).

[10] A. Y. Kitaev, Fault-tolerant quantum computation by
anyons, Annals of physics 303, 2 (2003).

[11] E. Dennis, A. Kitaev, A. Landahl, and J. Preskill, Topo-
logical quantum memory, J. Math. Phys. 43, 4452 (2002).

[12] H. Bomb́ın, C. Dawson, N. Nickerson, M. Pant, and
J. Sullivan, Increasing error tolerance in quantum com-
puters with dynamic bias arrangement, arXiv:2303.16122
(2023).

[13] M. L. Chan, T. J. Bell, L. A. Pettersson, S. X. Chen,
P. Yard, A. S. Sørensen, and S. Paesani, Tailoring fusion-
based photonic quantum computing schemes to quantum
emitters, PRX Quantum 6, 020304 (2025).

[14] PsiQuantum team, A manufacturable platform for pho-
tonic quantum computing, Nature 641, 876 (2025).

[15] S. Bravyi and A. Vargo, Simulation of rare events in
quantum error correction, Phys. Rev. A 88, 062308
(2013).

[16] C. Mayer, A. Ganti, U. Onunkwo, T. Metodi, B. Anker,
and J. Skryzalin, Rare event simulation of quantum error-
correcting circuits, arXiv:2509.13678 (2025).

[17] A. Benhemou, K. Sahay, L. Lao, and B. J. Brown, Min-
imising surface-code failures using a color-code decoder,
Quantum 9, 1632 (2025).

[18] C. Gidney and C. Jones, New circuits and an open source
decoder for the color code, arXiv:2312.08813 (2023).

[19] S. Paesani and B. J. Brown, High-threshold quan-
tum computing by fusing one-dimensional cluster states,
Phys. Rev. Lett. 131, 120603 (2023).

[20] W. P. Grice, Arbitrarily complete Bell-state measure-
ment using only linear optical elements, Phys. Rev. A
84, 042331 (2011).

[21] M. L. Chan, A. A. Capatos, P. Lodahl, A. S.
Sørensen, and S. Paesani, Practical blueprint for low-
depth photonic quantum computing with quantum dots,
arXiv:2507.16152 (2025).

[22] P. Hilaire, T. Dessertaine, B. Bourdoncle, A. Denys,
G. de Gliniasty, G. Valent́ı-Rojas, and S. Mansfield, En-
hanced fault-tolerance in photonic quantum computing:
Floquet code outperforms surface code in tailored archi-
tecture, arXiv:2410.07065 (2024).

[23] N. H. Lindner and T. Rudolph, Proposal for pulsed on-
demand sources of photonic cluster state strings, Phys.
Rev. Lett. 103, 113602 (2009).

[24] H. Bombin, I. H. Kim, D. Litinski, N. Nickerson, M. Pant,
F. Pastawski, S. Roberts, and T. Rudolph, Interleaving:
Modular architectures for fault-tolerant photonic quan-

tum computing, arXiv:2103.08612 (2021).
[25] T. J. Bell, L. A. Pettersson, and S. Paesani, Optimizing

graph codes for measurement-based loss tolerance, PRX
Quantum 4, 020328 (2023).

[26] Y. Li, P. C. Humphreys, G. J. Mendoza, and S. C.
Benjamin, Resource costs for fault-tolerant linear opti-
cal quantum computing, Phys. Rev. X 5, 041007 (2015).

[27] K. H. Nielsen, E. Corminboeuf, B. Tissot, L. A. Petters-
son, S. Scholz, A. Ludwig, L. Midolo, A. S. Sørensen,
P. Lodahl, Y. Wang, et al., Photon sorting with a quan-
tum emitter, arXiv:2604.21758 (2026).

[28] L. Pettersson and A. S. Sørensen, Long-distance quantum
communication using concatenated ring graph codes,
Phys. Rev. Appl. 24, 044090 (2025).

[29] H. Bombin, D. Litinski, N. Nickerson, F. Pastawski, and
S. Roberts, Unifying flavors of fault tolerance with the
ZX calculus, Quantum 8, 1379 (2024).

[30] P. Birchall, J. Bridgeman, C. Dawson, T. Farrelly,
Y. Liu, N. Nickerson, M. Pant, S. Roberts, K. Seetharam,
and D. Tuckett, Macromux: scalable postselection
for high-threshold fault-tolerant quantum computation,
arXiv:2603.04875 (2026).

[31] T. M. Stace, S. D. Barrett, and A. C. Doherty, Thresholds
for topological codes in the presence of loss, Phys. Rev.
Lett. 102, 200501 (2009).
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