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Centre for Nanoscience & Quantum Information, University of Bristol, Bristol, United Kingdom
(Dated: September 30, 2022)

We present experimental and simulated results to quantify the impact of nonlinear noise in inte-
grated photonic devices relying on spontaneous four-wave mixing. Our results highlight the need for
design rule adaptations to mitigate the otherwise intrinsic reduction in quantum state purity. The
best strategy in devices with multiple parallel photon sources is to strictly limit photon generation
outside of the sources. Otherwise, our results suggest that purity can decrease below 40%.

Nonlinear light-matter interactions are an essential
tool for the generation of photon states, the foundation of
quantum photonics research in areas of communication
[1], computation [2], and metrology [3]. Furthermore,
they enable key active technologies such as electro-optic
modulators [4] and all-optical switches [5]. Here, we tar-
get the practical implementation of high purity heralded
single-photon sources (HSPSs) [6–10]. In isolation, they
are expected to perform very well, but we question the
impact of surrounding infrastructure in current genera-
tion circuits.

Making the assumption that the designated “photon-
source” is where all, or at least most of the nonlinear
interactions will occur, trivializes the effect of such oc-
currences in surrounding components. Previous works
have investigated the consequences of spurious photon-
generation and how they affect the outcome of their ex-
periment [11], even speculating on how future circuits
may avoid the penalties of such events.

Here, we build on this work to produce a method to de-
termine the impact of nonlinear noise on targeted quan-
tum states. Using the silicon-on-insulator (SOI) plat-
form as an example, probabilistic photon generation oc-
curs through the spontaneous four-wave mixing (SFWM)
process, thanks to the χ(3) of silicon. However, due to
the size of single-mode waveguides on the SOI platform
(500 x 220 nm); which prevents light coupling to higher
order modes, SFWM is phase-matched over the telecom
C-band and can occur in all the waveguides that we use.
For the first time, we quantify the effect of nonlinear noise
stemming from conventional photonic architectures and
use our modeling to predict the implications on a cir-
cuit’s ability to create targeted quantum states. This
work will therefore underline the importance of minimiz-
ing the brightness of photon generation outside of photon
sources and offer accurate predictions as to the perfor-
mance we can expect from real-world quantum photonic
circuits. Further, we validate our model using a fab-
ricated photonic integrated circuit (PIC) which allows
us to offer practical insights into future architectures of
PICs.

Commonly [12–18], bright pump-fields are created us-

ing an off-chip laser, optically coupled to the integrated
photonic circuit. Dense wavelength-division multiplexers
(DWDMs) are typically used before the chip to isolate
the desired pump spectrum, attenuating amplified spon-
taneous emission (ASE) at photon-counting wavelengths.
Further, DWDMs can be used before detection to iso-
late specific wavelengths of single-photons and remove
any residual pump-field with high (100 dB [19]) extinc-
tion. Filtering the pump to this extent ensures that light
reaching single-photon detectors is overwhelmingly due
to nonlinear photon generation inside the circuit. Once
the pump field is on-chip, so long as the nonlinear pro-
cess of choice is phase-matched, photons will be created
probabilistically.

Many integrated photonic experiments that utilize
multiple photon sources [12–18, 20] will distribute the
pump to each source using fixed couplers or tunable in-
terferometric devices such as Mach-Zehnder Interferom-
eters (MZIs). MZIs are commonly four-port devices but
can be cascaded to produce N-port devices [21, 22], and
are extremely useful for balancing optical power across
each output-port. This design philosophy comes from
the inherently scalable infrastructure of PICs. Quantum
PICs, however, should generally not be treated the same.
While devices can be designed independently of the sur-
rounding infrastructure, we must still treat the quantum
PIC as a complete system. Further, stacking these de-
vices together means that the effects seen in [11] will
occur inside every MZI where this bright pump field is
present, leading to unexpected behavior of the wider cir-
cuit. In practice, if spurious light mixes with our pure
quantum state, this fundamentally limits the purity of
all implementations of photon sources [23, 24].

There are many examples [12–14, 16–18] where the
source is considered as the sole nonlinear object when
simulating an integrated quantum photonic experiment.
This is a flawed assumption, as illustrated in Figure 1 by
the distinction between linear and nonlinear regions. We
present a more accurate model that exemplifies the im-
portance of accounting for and minimizing spurious gen-
eration events as we push towards higher fidelity sources
of quantum light [6–10, 23, 24]. We hope this model can
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FIG. 1. a) Schematic representation of a generic quantum photonic circuit. Here we have the input of |α〉, which propagates
through a combination of components (governed by their total transmission Tx) before being removed. It is clear that there’s a

large region of the circuit where the χ(3) interaction can take place outside of the sources, in contrast to the common assumption
that photons are mostly generated by the sources. b) Simulated HOM interference fringes using our model, compared to the
assumption that photons only come from the source. c) Simulation results for creating the |Ψ−〉 state using two HSPSs. From
left to right we include the density matrices (ρ) for the pure and mixed states resulting from successful and unsuccessful HOM
interference, as well as the states that we can expect if photons only come from the source, or if we use our model. Here we
use a simple ring resonator [14] as our source of comparison.

be used to future-proof integrated photonic architectures
by providing insight into the fundamental noise floor of
engineered quantum states.

We start by modeling the propagation of light through
a photonic circuit. The Hamiltonian of a waveguide with
a χ(3) interaction is [11, 25]

Ĥ = ĤL + ĤNL ≡
∫
dk~ωkâ†kâk − (1)

γ0

∫
dk1dk2dk3dk4Φ(k1, k2, k3, k4, z)â

†
k1â
†
k2âk3âk4 + h.c,

where γ0 is the effective nonlinear coupling constant, k
and ω are the angular wavenumber and frequency of each
field respectively, with z being geometric length, and ~
the reduced Planck constant. Φ(k1, k2, k3, k4, z) is the
biphoton wavefunction containing energy-consevation
(~ω4 = ~ω1 + ~ω2 − ~ω3) and the phase-matching condi-
tion [26]

φ(∆k, z) =

∫ L

0

ei∆kzdz = L sinc

(
∆kL

2

)
e

i∆kL
2 , (2)

with ∆k being the phase mismatch (k3 +k4−k1−k2) be-
tween the four fields, and L the length of the interaction
region. Given the input of a coherent state |α〉 and the
Hamiltonian in Eq. (1), we can map out the behavior of

any chosen combination of components. A simple exam-
ple would be to pump N different photon-sources in par-
allel and transfer the final state, resulting from all prior
nonlinear interactions, into an NxN unitary (Û) that me-
diates their linear interactions (Fig. 1). In this instance
we use a combination of routing waveguides, MZIs to bal-
ance power between sources, the sources themselves, and
asymmetric MZI (AMZI) spectral filters to remove |α〉.
Removal of |α〉 effectively halts further χ(3) interactions
and we are left with the photon-states that have already
been probabilistically generated. Additionally, removing
|α〉 quickly once it is no longer required is of great im-
portance for mitigating nonlinear loss mechanisms [27].

Figure 1 presents our treatment of a generic quantum
photonic circuit, starting from an input coherent state
|α〉, which is linearly evolved throughout the circuit un-
til it is removed. As for the nonlinear behavior, we use
the evolved pump field to calculate the generated photon-
states inside each component, which must then also prop-
agate through the circuit. We use this model to predict
the visibility of quantum interference we could expect
from a realistic implementation (Fig. 1b), which leads to
a corresponding decrease in the success probability of cre-
ating Bell states using heralded single-photons (Fig. 1c).
It is worth noting that we present a success rate rather
than the usual fidelity metric F = 〈Ψ−| ρ |Ψ−〉. We do
this because distinguishable photons can still bunch out
of a HOM interferometer, effectively increasing fidelity.
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Moreover, these random bunching events become more
common for lower fidelity quantum interference.
We can examine the behavior of each component individ-
ually with an input of |α〉, here our components can be
narrowed down to just two categories: single-rail (routing
waveguides, sources), and multi-rail (MZIs). To compare
components, we first combine the phase-matching condi-
tion in Eq. 2 and the assumption that terms dependent
on ∆k are approximately unity over our region of interest
such that

φ(∆k, z) ≈ L. (3)

Implying that we can modulate the strength of the non-
linear interaction just by changing the length parameter
L. Secondly, we move Φ(k1, k2, k3, k4, z) into the fre-
quency domain, and integrate our biphoton wavefunction
over our pump frequencies (ω3, ω4)

L

∫
Φ(ω1, ω2, ω3, ω4)dω3dω4 = LΦ(ωs, ωi), (4)

where ωs and ωi are the angular frequencies of the sig-
nal and idler fields. Finally, we normalize the biphoton
wavefunction such that

∫
|Φ(ωs, ωi)|2dωsdωi = 1. We

can then use Eq. 1 to write down the SFWM interaction
to first-order as [28]

|ΨSFWM 〉 = exp

(
− iĤNL

~

)
|vac〉, (5)

|ΨSFWM 〉 ≈ |vac〉+
γ0α

2

√
2
LΦ(ωs, ωi)âs

†âi
†|vac〉,

where α is the field amplitude of the coherent state, and
âs
† and âi

† denote the signal and idler creation operators
respectively. Higher order terms become necessary when
experiments require the parallel generation of multiple
photon pairs, but for our purposes the first-order case
serves as an illustrative example. Using Eq. 6, it is easy
to see that the SFWM interaction in a single waveguide
with the pump input in a coherent state, signal/idler in
the vacuum state

|Ψin〉 = |α〉|vac〉,

is given by(
1 +

γ0α
2

√
2
L′xΦx(ωs, ωi)âs

†âi
†
)
|Txα〉|vac〉. (6)

For brevity, we have modified the geometric length L of
this waveguide according to

LxT
2
x = L′x, (7)

Where T 2
x is a transmission co-efficient that accounts for

insertion / propagation losses, and L′x is therefore the

effective geometric length of waveguide x, and Φx(ωs, ωi)
is the associated biphoton wavefunction, as in Eq. 4.

For a 2x2 MZI, we start with input

|Ψin〉 = |α〉|vac〉|vac〉.

Due to the multi-rail nature of the MZI, the first two
states |α〉|vac〉 are the input states of the pump for the
upper and lower rail, respectively. The final |vac〉 state is
the vacuum state of the signal/idler photons. This state
is incident on a lossy coupler that splits the light across
the two arms of the MZI,

|α〉|vac〉|vac〉 → |rα〉|iκα〉|vac〉 (8)

r and iκ are the modified reflection and transmission co-
efficients, such that

r2 + κ2 = T 2
Split.

Similar to Eq. 7, T 2
Split accounts for the insertion loss

of the couplers themselves, where a lossless coupler has
T 2
Split = 1. Next, we need to consider linear propagation,

and photon-generation (Eq. 6) in both arms leaving us
with (

1 +
(ei(kpL1+θ)rα)2

√
2

L′1Φ1(ωs, ωi)âs
†âi
†
)
⊗(

1− (ei(kpL2)κα)2

√
2

L′2Φ2(ωs, ωi)b̂s
†
b̂i
†
)
⊗ (9)

|ei(kpL1+θ)rα〉|ei(kpL2)iκα〉|vac〉.

Here we need to account for the phase-shift inside the
MZI, to do this we include a tunable phase shift θ, and
propagation constant kpL1,2. As in Eq. 6, L′1,2 are the
effective geometric lengths of the individual waveguides
between the couplers, and kp is the pump wavenumber.

Additionally, â†s,i and b̂†s,i indicate photons generated in
the upper and lower arms, respectively.
Finally, the state is incident on a second lossy coupler,
that again splits the light according to Eq. 8, which we
concatenate to get(

1 +
γ0α

2

√
2

Φ(ωs, ωi)ŜFWM

)
|T1α〉|T2α〉|vac〉, (10a)

where we make the general assumption that Φ1(ωs, ωi) ≡
Φ2(ωs, ωi) with the final result of the nonlinear interac-
tion (ŜFWM ) given by

(L′1e
2i(kpL1+θ)r4 + L′2e

2i(kpL2)κ4)âs
†âi
† − (10b)

r2κ2(L′1e
2i(kpL1+θ) + L′2e

2i(kpL2))b̂s
†
b̂i
†

+

iκr(L′1e
2i(kpL1+θ)r2 − L′2e2i(kpL2)κ2)(âs

†b̂i
†

+ b̂s
†
âi
†),

and the transmission of the upper (T1) and lower (T2)
arms
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a)

Bunched

Model

b)

c)

Anti-Bunched

Experiment

FIG. 2. We present simulations for biphoton interference fringes with varying types and proportions of noise present in an
integrated photonic circuit. a) The effects of noise in individual components on the bunched (left) and anti-bunching photons
(right). b) A fully modeled map of the interference expected from our quantum photonic circuit, for varying pump-splitting
ratios between two distinct sources. c) A full experimental map of the same interference fringes from our fabricated circuit
(Fig. 3), where the dashed line indicates the data used in a).

T1 =
(
ei(kpL1+θ)r2 − ei(kpL2)κ2

)
, (10c)

T2 = iκr
(
ei(kpL1+θ) + ei(kpL2)

)
.

It is intuitive to see how this scales up, as for every rail
you add to the circuit, you gain an extra mode in both
the pump, and signal/idler fields.

Using the results of Eq. (1-10c), we can create a circuit
model to accurately predict the photon-states that are
created around a photon-source up until |α〉 is removed.
Once |α〉 is removed the remainder of the model can be
simplified to a linear scattering problem with negligble
nonlinear effects. By tuning the length of each compo-
nent, we can effectively control its contribution to the
final state. This lets us see the exact contribution of
the components that are not designated photon-sources,
which we present in Figure 2.

We can also verify these observations experimentally
using an integrated photonic circuit, our circuit contains

two sources within an interferometer as described else-
where [29] (Fig. 3). We measure two-fold coincidences
between the signal and idler on a single output arm
(bunched) and across both output arms (anti-bunched),
signal and idlers are separated off-chip using standard
DWDMs. We scan the phase-shifter (φ) in Fig. 3 to ob-
tain a biphoton interference fringe, resulting in the exper-
imental data in Fig. 2. Our pump is a pulsed laser oper-
ating at 1550 nm, with a bandwidth of 260 pm and a rep-
etition rate of 50 MHz, our resonant source is operated at
a bandwidth of 60 pm. Figure 2a demonstrates the effect
of introducing noise inside specific components. We have
separated the detection events where photons preferen-
tially bunch and anti-bunch, making it easy to see the in-
terference discrepancies in both cases, and an additional
asymmetry present in the bunching events. Experimen-
tally this is trivial when we measure both output ports,
because coincidences are naturally separated into these
two categories. Additionally, we present experimental
measurements of our fabricated photonic circuit, and plot
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FIG. 3. We present the photonic circuit used to verify the model and its predictions. The pump (green) is input through
a grating coupler on the left. It generates photon-pairs (represented by the red and the blue spheres) everywhere that it is
present. The centres of the red/blue spheres represent the origin of the photon-pair; clear – spurious pairs, black – Spiral, white
– Ring. The pump is removed, and the pairs are brought together on a final beam-splitter, and collected out of both grating
coupler outputs. The phase-shifter (φ) is used to control the relative phase of the |ΨS〉 and |ΨR〉, and the input MZI is used
to change the relative power between the two sources.

this alongside theoretical fits. The model represents the
data well, and it becomes easy to see how the sources of
noise could be combined to create the measured interfer-
ence pattern. Taking the analysis further, we can com-
pletely map the behavior of our quantum circuit using
this approach, presented experimentally (Fig. 2c) along-
side the model using estimated component lengths that
we adjust using typical device insertion losses (Fig. 2b).
Performing residual analysis on this data, we see mean
residuals of 1.1 ± 0.8 % and 0.6 ± 0.9 % for the anti-
bunching and bunching events, respectively.
When considering the probabilistic generation of photon-
pairs, the mitigation of multi-pair terms is crucial if aim-
ing for high interference fidelity and the detection mech-
anism is non-number resolving. We made sure that, at
least when considering the spurious noise of our circuit,
the interference patterns we have measured are solely due
to the design of the circuit. Decreasing the incident on-
chip pump power by more than an order of magnitude
(See Supplemental Material) leads to no overall change
in interference visibility.

This modeling of our circuit (Fig. 3) also allows us
to gain insight into the purity of the actual quantum
state that we generate. This leads us to some interest-
ing properties of the state (Fig. 4a), where we see the
purity of the quantum state out of the ring is far be-
low what we might have initially expected. Here our
only free-parameter is the MZI splitting ratio, and in the
typical operating scenario (50:50 for power division be-
tween multiple sources) the purity is lower than the one
expected from a single source. This trend highlights the
need to treat MZI’s with care when using them to balance
sources if the MZI itself is a source of nonlinearity. We
use unheralded g(2)(0) measurements to experimentally
characterize the spectral purity of a stream of photons.
In our unheralded g2(0) measurements we only filter and
detect the signal photons, but in standard operation idler
photons would receive the same treatment to remove as

much noise as possible. The byproduct of this is a slight
purity increase beyond what we present here. Figure 4a
presents the purity of |ΨR〉 which we are most interested
in, and also that of |ΨS〉. The purity of |ΨS〉 should be
approximately unchanged with the MZI splitting ratio,
although we do estimate some influence from the anti-
bunched terms still propagating through the ring. From
this comparison, we observe that as the coincidence rate
drops we also begin to see deviation from the model in
the spiral and ring case. Thankfully, by comparing the
two sources, we notice that they decay to the same pu-
rity and can therefore infer that the measured purity at
lower coincidence rates is limited by noise. Figure 4b in-
vestigates the effects of surrounding component effective
lengths on the quantum state purity we can expect from
|ΨR〉. We present the strength of our ring relative to an
equivalent length of waveguide for the filtering conditions
used, in this instance (Fig. 4) we used a standard DWDM
filter of 1.3 nm in bandwidth. In the presence of spuri-
ous photon generation, even conventionally short devices
O(100 µm) can present disastrous consequences for the
purity of the final state, with initial routing waveguides
and splitting MZIs having the biggest impact.

Here, we have modeled a photonic circuit of two dis-
tinct sources, but this is a best case scenario. As the
quantum photonics community aims to scale the number
of sources, we also scale the size of our pump-distribution
trees. Consequently, the earlier pump-splitters will be-
come a larger source of spurious noise as they will con-
tribute increasingly to the final quantum state. This has
larger implications for the creation of one of our most
fundamental resources for quantum communication [30]
and quantum information processing [31], the efficient
creation of Bell pairs.

Beyond employing MZI’s that use some combination
of multimode waveguides to suppress photon generation,
and long adiabatic tapers to avoid exciting higher order
modes, a simple solution is to employ filtering to specif-
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a)

b)

FIG. 4. a) g(2)(0) measurements for the spiral (|ΨS〉 - left) and the ring (|ΨR〉 - right) with a filter width of 1.3 nm, here
the spiral acts as our reference source. The shaded regions indicate the confidence in our model due to source brightness
estimations, we also track our coincidence rates to make inferences about noise present in the measurements. b) Purity decay
of our pure photon source with the lengths of different components as in Fig. 3 for a filter width of 1.3 nm. 100 % relative
brightness means that spurious generation is equally likely to intentional generation. Pre-ring and Post-ring denotes whether
the noise is generated before or after the ring, and the trends assume a 50:50 splitting ratio. The insert is a zoomed in portion
that highlights the earlier purity trends. See Supplemental Material for further details.

ically remove the noise from targeted wavelengths. We
explore two modes of operation; filtering tightly around
the photons before detection (behavior explored in Fig. 5
and [32]), preemptively filtering any spurious photons
that were created in the components preceding your des-
ignated photon source. As we can see from our model in
Figure 5, filtering tightly before detection is not a perfect
solution, and using the input MZI in a 50:50 configuration
always leads to purity degradation of between 1-3%. If
the sources in question require anything other than this
splitting ratio, their spectral purity will diverge, high-
lighting a need for tolerant source designs. This is con-
cerning as here we are presenting the best case scenario
through what is effectively a two source experiment, as
we attempt to move towards large numbers of high pu-
rity sources this problem can only get worse. Although
it is possible to recover most of the quantum state purity
when filtering, there is a limit to how tightly it can be
filtered before affecting the heralding efficiency of your
source. If we filter immediately before the photon source
instead, we can filter out all the noise across the wave-
lengths of interest before going on to generate our pure

quantum states of light, creating a ”wall-plug” source
[33]. Consequently, this would decouple the purity de-
pendence on the power-splitting ratio of the MZI, and in
general on the amount waveguide surrounding the source.

Experimentally, we characterize the effect of filtering
after the source using unheralded g(2)(0) measurements
with progressively tighter filtering bandwidths (Fig. 5).
The counterpart to our measurements could form a use-
ful comparison between the two techniques to demon-
strate the benefit of filtering on-chip prior to the photon
source in a real-world circuit, [8] does this intrinsically
but also filters very tightly for the g2(0) measurements.
Alternatively, this information could also be captured us-
ing stimulated emission tomography [34], but due to the
broadness, and relatively low peak intensity of the non-
resonant source, would require very high SNRs typical of
time-resolved single photon detection [35]. Our measure-
ments show relatively good agreement with the model,
with at worst a 2 - 3% discrepancy for the more strin-
gent filtering scenarios, which could be due to additional
sources of noise [36]. Here we have not characterized
the phase profile or chirp of the pump [32], as well as
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a) Amplitude
01

ωs

ωi

d)
b) c)

0.3nm0.3nm

FIG. 5. a) Effect of the size of a spectral filter relative to the photon source bandwidth (60 pm) on spectral purity. Shaded
regions indicate the confidence in the model due to source brightness estimations. Simulated biphoton wavefunctions of a b)
simple waveguide and c) our resonator. d) Filtering conditions on the simulated compound biphoton wavefunction (colors
correspond to the legend in a) ) at |ΨR〉 (Fig. 3).

any contributions from raman scattering in fibre [37] or
inelastic scattering in the Si waveguides [38], but from
Figure 5 we can easily see that by far the largest con-
tributor is spurious SFWM. A further point of interest
could be the accuracy of unheralded g2(0) measurements
as a definitive method of purity characterization, when in
standard operation we filter our data through heralding.
This would effectively mitigate events where, on exiting
the pump distribution section, spurious pairs have anti-
bunched. Regardless, they serve perfectly well for model
verification, but simulations without these anti-bunched
spurious pairs are included in the supplementary.

To address our observations we propose a design rule
change in the composition of integrated photonic circuits.
It is clear that we risk bottlenecking the purity of our
photon sources if we do not actively suppress the noise
generated outside of them. Previous works [11] modeled
the effect of noise on the bunching and anti-bunching of
photon pairs inside an MZI of fixed splitting ratio. Here,
we extend that to a more general treatment, expanding
beyond biphoton interference, and discussing the impact
on the quantum state itself. We have shown that mov-
ing to resonant sources alone is not enough to suppress
the impact of this noise. Wider, low-loss waveguide in-
terconnects could act as a means of noise suppression by
increasing the effective area of the mode, but with the
added risk of exciting higher-order modes. Simply fil-
tering allows us to retain the same infrastructure that
we already have and it is instead the quality of the fil-
ter that determines the noise floor. Additionally, as we
have mentioned SFWM can occur in any component so
long as the process is phase-matched, this includes fil-
ters like the AMZI. These reliable filtering components

are also a source of spurious noise, and typically operate
in a transmit/reject regime for generated photons and
pump, respectively, which means they produce streams
of bunched photons. Therefore, any future implementa-
tions should consider the contributions from the source
filter network to be the effective noise floor of the circuit,
and as such their footprint must be minimized. This sort
of noise floor consideration could be a limiting factor for
sources that already implement AMZI filtering as part
of their design [6, 8], potentially giving pump-isolating
designs like [39, 40] an advantage. The need to minimize
experimental noise floors underlines the demand for com-
pact filters, which would allow us to efficiently isolate the
source from any spurious FWM.

We envision this work to be fundamental in the en-
gineering of low-noise integrated photonic circuits. We
have presented a complete model of the quantum inter-
ference in our fabricated circuit using only waveguide
lengths and estimated losses to accurately recreate the
behavior, which in the future will drastically reduce the
discrepancies between expectation and reality. Further,
we have verified our model using interference patterns,
and also the measured quantum state purity of our pho-
tons which provides additional confidence in our simu-
lated quantum states. Finally, we offer solutions that
allow the retention of quantum state purity and have
contextualized this using the implementations of multi-
ple different source designs. As we move towards larger
and larger circuits with arrays of photon sources, the im-
pact of spurious noise must be mitigated wherever pos-
sible, as the magnitude of such noise will only grow with
scale. Our work addresses this limitation of integrated
nonlinear circuits and offers solutions that will lead to
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predictable, high-performing, large-scale quantum PICs.

∗ ben.burridge@bristol.ac.uk
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and A. Laing, Near-ideal spontaneous photon sources in
silicon quantum photonics, Nature communications 11,
1 (2020).

[11] J. W. Silverstone, D. Bonneau, K. Ohira, N. Suzuki,
H. Yoshida, N. Iizuka, M. Ezaki, C. M. Natarajan, M. G.
Tanner, R. H. Hadfield, and Others, On-chip quantum
interference between silicon photon-pair sources, Nature
Photonics 8, 104 (2014).

[12] S. Paesani, Y. Ding, R. Santagati, L. Chakhmakhchyan,
C. Vigliar, K. Rottwitt, L. K. Oxenløwe, J. Wang, M. G.
Thompson, and A. Laing, Generation and sampling of
quantum states of light in a silicon chip, Nature Physics
15, 925 (2019).

[13] D. Llewellyn, Y. Ding, I. I. Faruque, S. Paesani,
D. Bacco, R. Santagati, Y.-J. Qian, Y. Li, Y.-F. Xiao,
M. Huber, and Others, Chip-to-chip quantum telepor-
tation and multi-photon entanglement in silicon, Nature

Physics 16, 148 (2020).
[14] I. I. Faruque, G. F. Sinclair, D. Bonneau, J. G. Rar-

ity, and M. G. Thompson, On-chip quantum interference
with heralded photons from two independent micro-ring
resonator sources in silicon photonics, Opt. Express 26,
20379 (2018).

[15] J. W. Silverstone, R. Santagati, D. Bonneau, M. J.
Strain, M. Sorel, J. L. O’Brien, and M. G. Thompson,
Qubit entanglement between ring-resonator photon-pair
sources on a silicon chip, Nature communications 6, 1
(2015).

[16] J. Wang, S. Paesani, Y. Ding, R. Santagati,
P. Skrzypczyk, A. Salavrakos, J. Tura, R. Augusiak,
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S. Combrié, G. Lehoucq, I. H. Rey, T. F. Krauss,
C. Xiong, and B. J. Eggleton, Multi-photon absorption
limits to heralded single photon sources, Scientific reports
3, 1 (2013).

[28] Z. Yang, M. Liscidini, and J. E. Sipe, Spontaneous
parametric down-conversion in waveguides: a backward
heisenberg picture approach, Physical Review A 77,
033808 (2008).

[29] I. I. Faruque, B. Burridge, M. Borghi, J. Barreto, and
J. Rarity, Phase tomography of spontaneously emit-

mailto:ben.burridge@bristol.ac.uk
https://doi.org/10.1364/OL.42.003638
https://doi.org/10.1364/OL.42.003638
https://arxiv.org/abs/1703.10626
https://doi.org/10.1364/OL.43.000859
https://doi.org/10.1364/OE.26.020379
https://doi.org/10.1364/OE.26.020379
https://doi.org/10.1103/PhysRevA.85.013833


9

ted photon-pairs, in CLEO: QELS Fundamental Science
(Optical Society of America, 2021) pp. FF2I–1.

[30] S. Wehner, D. Elkouss, and R. Hanson, Quantum inter-
net: A vision for the road ahead, Science 362, eaam9288
(2018).

[31] 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, arXiv preprint arXiv:2101.09310 (2021).

[32] I. I. Faruque, G. F. Sinclair, D. Bonneau, T. Ono, C. Sil-
berhorn, M. G. Thompson, and J. G. Rarity, Estimating
the indistinguishability of heralded single photons using
second-order correlation, Physical Review Applied 12,
054029 (2019).

[33] I. Wang, J. Fargas Cabanillas, D. Kramnik, A. Ramesh,
S. Buchbinder, P. Kumar, V. Stojanovic, and M. Popovic,
Toward quantum electronic-photonic systems-on-chip: a
monolithic source of quantum-correlated photons with
integrated frequency locking electronics and pump rejec-
tion, in CLEO: Science and Innovations (Optical Society
of America, 2022) pp. SM3N–2.

[34] M. Liscidini and J. Sipe, Stimulated emission tomogra-
phy, Physical review letters 111, 193602 (2013).

[35] A. O. Davis, P. M. Saulnier, M. Karpiński, and B. J.
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