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High-speed generation and efficient entanglement detection on a photonic chip are essential for quantum information
applications but hard to achieve due to common photonic chips’ material properties and limited component perform-
ance. In this work, we experimentally demonstrate an entanglement witness on a silicon photonic chip, with multi-rail
single-photon entanglement generation based on decoy-state techniques. The detection is based on balanced homodyne
detectors on the same photonic chip with a bandwidth of up to 12.5 GHz, which allows room-temperature operation.
A loss-equivalent analysis method compensates for optical losses and system noises. Experimental results quantify an
entangled state fidelity of 92% in quantum state tomography and a Clauser–Horne–Shimony–Holt violation lower
bound of 2.59. These results establish a viable path toward fully integrated, high-bandwidth, room-temperature
quantum photonic systems, with potential applications in on-chip quantum optics and quantum random number
generation. © 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Integrated photonics technology provides a promising approach
for scalable quantum information processing, with appealing
features of cost-effectiveness, robustness, and high-speed signal
processing [1–3]. The fundamental building blocks to this goal are
high-fidelity generation, precise manipulation, and efficient mea-
surement of quantum states. Specifically, the entangled quantum
state attracts a particular interest [4], as quantum entanglement
is a primary element for the fundamental study of quantum
mechanics, and lies at the core of many quantum information
applications, which show unique advantages over their classi-
cal counterparts. For example, quantum communication [5,6],
quantum computing [7–9], and quantum imaging and sensing
[10–12], etc.

Up to now, integrated photonic platforms based on different
materials and techniques have been developed to generate entan-
gled photonics states, including optical nonlinearity, quantum
dots, and quantum gates [13–17]. However, there is still a lack of
experimental realization that could integrate all the critical compo-
nents on a single photonic chip. Even the state-of-the-art quantum
computer uses modular sources, switches, and detectors, with
optical fiber interconnections between chips [18]. Full integration

is important because only system-level integration could unleash
the full advantage of integrated quantum photonics in terms of
cost-effectiveness and scalability.

One technological challenge toward this target is that inte-
grated photonics platforms have unique strengths and weaknesses
in entanglement generation and detection. Integrating various
platforms on the same chip to combine the advantages is generally
difficult. Spontaneous parametric down-conversion (SPDC) and
spontaneous four-wave mixing (SFWM) are widely deployed for
entanglement generation, based on the second-order (χ (2)) or
third-order (χ (3)) optical nonlinearity, respectively. Leveraging the
mature silicon-on-insulator (SOI) technology, silicon photonics is
an appealing approach with the capability of mass manufacturing,
high-speed signal processing, and compatibility with comple-
mentary metal oxide semiconductor (CMOS) manufacturing
[19–21]. However, limited by strong two-photon absorption
for near-infrared (NIR) wavelengths, silicon typically has a rela-
tively limited entanglement generation rate via SFWM [22–24].
Lithium niobate features a strong nonlinearity for efficient photon-
pair generation based on SPDC [25–29], but the material itself
does not offer photon detection mechanisms for quantum state
measurement [30]. Enormous efforts have been made to integrate
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different material technologies into a single photonic chip or
package, toward the system’s full functionality with an uncom-
promising performance for each photonic element. To this end,
additional technological investigations are necessary to over-
come the fabrication challenge, for example, the lattice mismatch
between materials, and to develop simple fabrication processes
suitable for mass production [31,32].

Another hurdle to a fully integrated quantum system is the lim-
ited availability or performance of some critical components with
current technologies. One example is the integration of single-
photon detectors with photonic integrated circuits. Intensive
endeavors have been made to achieve this goal, with recent demon-
strations on integrated circuits with single-photon avalanche
diodes (SPAD) [33–35] and superconducting nanowire single-
photon detectors (SNSPD) [36–38]. However, they have not been
widely adopted yet for full system integration, as further investiga-
tions are needed to improve the detector performance and tackle
the photon processing issue at cryogenic temperatures [39,40]. A
promising alternative is the balanced homodyne detector (BHD)
for continuous variable systems [41–44], which also shows great
potential for detecting single photons [45,46]. It requires only pho-
todiodes and amplifiers working at room temperature. However,
homodyne detectors are sensitive to phase noise and vacuum states.
Thus, protocol and system-level design are required for the applica-
tion in entanglement witnessing. Another example is the stringent
requirement for optical filtering in integrated quantum systems. To
obtain high-quality entangled photon generation, it often requires
narrow-band filtering on the generated photo pairs or delicate
engineering of the optical nonlinear processes [47,48]. Moreover,
efficient pump filtering is also needed to isolate the signal and idler
photons from strong pump noises, which is especially challenging
for SFWM, where all the involved fields have a similar wavelength
[49,50].

In this paper, we report an experimental demonstration of
quantum entanglement witnessing with the states generated
and measured on a silicon photonic chip using an off-chip laser
source. Specifically, the quantum entangled states are generated by
impinging single-photon states on a 50:50 optical beam splitter,
leading to the quantum correlations between the Hilbert spaces of
the two optical output modes [51]. By adopting the decoy-state
method from quantum cryptography [52–55], we show that it is
sufficient to generate the multi-rail single-photon entangled states
using phase-randomized coherent states with several intensity
levels. Furthermore, we have developed high-speed BHDs on a
silicon photonic chip and introduced an innovative loss-equivalent
analysis method aimed at removing the stringent requirements for
high photodiode efficiency and low electronic noise in the ampli-
fier. The use of single-particle encoding and homodyne detector
decoding allows room-temperature and high-bandwidth opera-
tion. Additionally, we provide theoretical proof of the fair sampling
condition in our system, ensuring an accurate witnessing of the
on-chip quantum entanglement based on the CHSH violation
game with post-selected data [56,57]. Our experimental results
show that our scheme could provide CHSH violation approaching
its ideal value (2

√
2) for a maximally entangled state with practical

light sources and noisy high-speed homodyne detectors on the
same silicon photonic chip.

The paper is organized as follows. In Section 2, the entan-
glement generation and measurement scheme is defined and

introduced. In Section 3, the photonic chip design and characteri-
zation results are presented. In Section 4 and Section 5, a quantum
state tomography based on our setup is demonstrated, and the Bell
violation based on the CHSH inequality is shown to verify the
generated states.

2. ENTANGLEMENT GENERATION AND
MEASUREMENT

First, the working principles of our scheme are explained in detail,
including the probabilistic generation of the entangled state and
the measurement technique used to achieve near-ideal CHSH
violation with imperfect photodiode efficiency and electronic
amplifier noise.

When a single-photon state |1〉 impinges onto a beam splitter
(BS) with a reflection and transmission ratio of 50:50, it generates a
Bell state in the output two-mode system:

|9〉 =
1
√

2
(|0〉A|1〉B + |1〉A|0〉B ) , (1)

where A and B refer to two output spatial modes sharing the delo-
calized photon, as illustrated in Fig. 1(a).

To generate single-photon states using practical light sources,
the decoy-state technique is adapted to simulate the input of a pure
single-photon state [53–55]. Specifically, the phase-randomized
coherent statesρµ comprises a mixture of Fock states:

ρµ =

∫ 2π

0

1

2π
|
√
µe iθ
〉〈
√
µe iθ
|dθ =

∑
n

µn

n!
e−µ|n〉〈n|, (2)

where θ is the phase of the coherent state, and |n〉 represents a
Fock state that contains n photons for n ∈N. µne−µ/n! is the
photon-number distribution of coherent states, following a
Poisson distribution. Here, in our experiment, we would like to
extract the single-photon component.

The input is a mixture of phase-randomized coherent states ρµ
with L different intensities µ ∈ {µ0,1,2, . . . ,L |µ0 <µ1 < · · ·<

µL }. The phases of prepared states are assumed to be random and
cannot be accessed by the measurement devices. The random
phase eliminates the coherence among Fock states and enables the
analysis of single-photon entanglement, in conjunction with the
decoy-state method. Therefore, single-photon entanglement can
be extracted from an ensemble devoid of quantum correlations. We
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Fig. 1. Illustration of single-photon entanglement. A single photon
impinges onto a 50:50 beam splitter (BS), generating a Bell state in the
output two-mode system sharing a single photon. Quantum state mea-
surement consists of two locally operated balanced homodyne detectors
(BHD), with a controllable local oscillator (LO) phase ϕL O1 and ϕL O2 ,
respectively.
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believe the assumption is reasonable in our scenario since we are
not running a quantum key distribution (QKD) protocol, and the
user has full control of the chip.

Considering a general measurement device, the measured prob-
ability (or probability distribution) of the input state ρµ is defined
as the gain:

Qµ =

∑
n

P (n)
µn

n!
e−µ, (3)

where P (n) is the measured probability (or probability distri-
bution) from input Fock states |n〉. Following previous papers
[53,55], we define P (n) as the yield Yn . Since the gain Qµ is a
linear combination of yield Yn , the contribution of a single-photon
state Y1 can be precisely estimated by solving a set of linear equa-
tions, using experimental statistics as constraints and coherent
states with various intensity levels.

To measure such a two-mode entangled state is a non-trivial
task. Here, we use two locally operated BHDs for quantum state
characterization and the CHSH Bell test for entanglement wit-
nessing. The BHD measures the quadrature of the corresponding
input optical mode. When used with local oscillators (LOs) pos-
sessing a well-defined phase reference, the BHD pair provides an
efficient method for characterizing the delocalized entangled state
[58–60]. We provide details about the quantum state tomography
in Section 4 for the single-photon entangled state characterization
generated in our system.

For entanglement witnessing, we further examined it using
the CHSH Bell test. To apply the Bell theorem to the continuous
field quadrature, we follow the approach outlined in Ref. [58]
and provide proof that the fair-sampling condition holds in our
system. The homodyne detector outputs x are post-selected with
a fixed binning threshold T, such that the 0, 1 results are assigned
for x <−T and x > T, respectively. As such, the CHSH violation

faithfully witnesses the quantum entanglement generated on the
chip under the condition where the quantum states are restricted
within the {|0〉, |1〉} subspace. The details of the proof can be
found in Supplement 1, Sec. 1.

Practical imperfections, including propagation loss, detec-
tor inefficiency, and electronic noise, could spoil the quantum
state in the experiment and ruin the entanglement witnessing. To
mitigate these effects in the CHSH Bell test, we come up with a
loss-equivalent analysis method, which combines the modeling of
the realistic BHDs based on assumptions on their noise properties
and a modification in the decoy-state method.

The efficiency of photodetectors is modeled as optical losses
(BS with a transmittance of ηPD) in front of the photodetectors, as
shown in Fig. 2(a). Such a loss model is further equivalent to adding
an attenuator (BS with a transmittance of η′PD) to the signal before
mixing it with LO [61], as shown in Fig. 2(b). Besides, suppose it is
reasonable to assume that the electronic noise is independent of the
measured optical signal with a Gaussian distribution. In that case,
its effect on homodyne measurement can also be seen as equivalent
to an optical loss (BS with a transmittance ofηele) [62].

Similarly, two BHDs are connected to the two output modes
of the BS; the fictitious optical loss or partial beam splitters could
be combined, and the scheme is equivalent to placing all optical
loss (BS with a transmittance of ηtot = η

′

PD · ηele) in front of the
BS, as shown in Fig. 2(c). Here, we assume the efficiency and elec-
tronic noise of two BHDs are the same. If they are unbalanced, the
splitting ratio of the BS can be fine-tuned to match the difference.

To further eliminate the effect of optical loss on the input states,
the intensity of input phase randomized coherent states is increased
by 1/ηtot. Note that the loss applied to coherent states only atten-
uates their intensity. As such, the single-photon states generated
using the decoy-state technique after the fictitious optical loss will
not be affected, which shall not be confused with the loss analysis

(a) (b)

(c) (d)

Fig. 2. Schematic of the loss-equivalent scheme: (a) actual experimental setup. Photodiodes in BHD have non-unit efficiencies, and the electronic noise
in BHD is assumed to be independent of the measured optical signal and possesses a Gaussian dissolution. (b) Both the inefficiency of photodiodes [61]
and electronic noise [62] in BHD could be modeled as an optical loss on the input signal. (c) Equivalent scheme with a total optical loss in front of the BS.
(d) Simulating single-photon generation after the equivalent total optical loss with modified decoy-state intensities.

https://doi.org/10.6084/m9.figshare.30165190
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in Ref. [61]. As a result, if the detector efficiency and electronic
noise calibrations can be trusted, the single-photon generation
can be simulated without being affected by all the system imper-
fections. The detection can be considered as using a detector with
unit detector efficiency and no electronic noise, as illustrated in
Fig. 2(d).

There are three advantages of the proposed scheme. First,
the loss-equivalent scheme removes the stringent requirements
on high efficiency and low noise measurement in the quantum
system, allowing almost perfect entanglement witnessing with
realistic lossy and noisy components. Second, as a result, the criti-
cal components can be integrated into a single silicon photonic
chip. Beam splitters with tunable splitting ratios can be designed
with directional couplers or multimode interferometer (MMI)
couplers. High-speed optical modulators and photodetectors
are also available in the process design kits (PDKs) for photon
modulation and detection, respectively. Third, by accepting a
larger electronic noise, one can ease the bandwidth restriction in
homodyne detector design, which enables a much faster quantum
state measurement [63,64].

We note that, unlike works aiming for a loophole-free Bell test
with minimal assumptions, this work relies on specific assumptions
about the experimental setups to simplify the requirements for gen-
erating and witnessing quantum entanglement on integrated pho-
tonic chips.

There are several key assumptions in this scheme. First, we
assume that the source and detectors conform to the models
presented in this paper. Specifically, we assume the source is a
phase-randomized coherent state with precise intensity control.
On the receiver side, the homodyne detectors are assumed to
perform quadrature measurements with precise characterization
of quantum efficiency and electronic noise levels throughout the
entire duration of the experiment. Additionally, we assume the
identical and independent (i.i.d.) operation of the system, and our
data analysis is based on the asymptotic resource assumption.

3. PHOTONIC CHIP DESIGN AND PERFORMANCE
CALIBRATION

Our experimental system is fabricated on a silicon photonic chip
using a standard foundry process (IMEC iSiPP200) and PDK
optical components. The photonic chip design and its micro-
scopic photo are shown in Fig. 3, where the key components are
false-colored.

A 1550 nm wavelength continuous wave (CW) laser is used
as the signal source and coupled to the photonic chip via an input
grating coupler from the left side of the chip. A carrier depletion
Mach–Zehnder modulator (MZM) modulates the intensity of the
input laser into four levels to apply the decoy-state technique. Each
driving signal is slightly biased, using bias tees to match MZM’s
optimal driving voltage range and achieve optical intensity modu-
lation with the highest possible extinction ratio. A thermo-optical
phase shifter inside the MZM selects the modulator working point.
Subsequently, the modulated laser passes through a series of vari-
able optical attenuators made of a Mach–Zehnder interferometer
(MZI) and reaches the single-photon energy level.

The entanglement is generated by sending the single-photon
state through an MMI, acting as a 50:50 beam splitter. Considering
single-photon state input, the two output optical modes share an
entangled state as specified in Eq. (1). The quantum state is defined

based on the final analog-to-digital converter (ADC) sample.
The input signal is sampled into small uniform time bins with
identical properties. As a result, multiple samples can be collected
from each modulation level. Thus, the sample rate relates to the
bandwidth of BHD only. The maximum sample rate is twice the
BHD bandwidth to avoid aliasing. Each optical mode is measured
by a balanced homodyne detector with a local oscillator (LO).
The LO is generated from another laser with 170 MHz detuning
from the signal laser to avoid any signal distortion caused by noises
below the system’s low cut-off frequency of 20 MHz. The detuning
is intentional to uniformly and randomly distribute the phase of
input states. More detail for phase randomization is provided in
Supplement 1, Sec. 2.

Each homodyne detector consists of a thermo-optical phase
shifter for LO phase, an MZI as a tunable BS for detector balance,
and high-speed photodiodes. Noted here, due to the phase-
dependent loss of the high-speed modulator, we do not adopt
high-speed basis choosing, which does not affect the novelty of this
paper and will be covered in future works. Germanium photodi-
odes with a high bandwidth of up to 50 GHz and a responsivity
of 0.8 A/W are used. The homodyne detector’s top and bottom
electrodes provide photodiode reverse bias voltage, and the center
electrode is for signal output. Depending on the amplifier design,
the center electrode might require a bias tee with 0 V DC input for
a proper working condition of the photodiodes. Radio frequency
(RF) low-noise amplifiers operating up to 10 GHz are used in
our testing. The output data is collected on an oscilloscope and
post-processed offline, including spectrum whitening and noise
filtering. In our current experiment, high-speed modulation sig-
nals and detector outputs are connected using RF probes, while the
remaining electrodes are connected by wire bonding. For testing
purposes, we designed multiple copies of MZMs and homodyne
detectors on the chip. Four homodyne detectors are arranged in
parallel, such that, they can support up to four-dimensional entan-
glement generation and detection. In the current experiment,
we use only two homodyne detectors to measure the two-mode
entangled state.

To have a system calibration of our chip, core components,
including chip-based modulators and homodyne detectors, are
carefully characterized. Figure 4(a) shows the optical power as
a function of voltage added to both the MZM arms. The result
indicates that the maximum extinction ratio can reach close to
35 dB under reverse bias, with Vπ of about−2.6 V. However, due
to the RF crosstalk in our chip (see Supplement 1, Sec. 3), a forward
bias driving is chosen to achieve a higher driving efficiency using
minimum driving signal power. The resulting modulation speed
is limited due to the speed of slow carrier injection and recombi-
nation processes in silicon [65]. Therefore, the modulation speed
in our experiment is chosen to be 1 GS/s. As a reference here, the
small signal bandwidth of the modulator is 36.8 GHz. The lim-
ited modulation speed in our experiment indicates the different
requirements of chip components in quantum and classical appli-
cations. The optical power as a function of time is measured by
sweeping a 50 ps pulsed laser for better timing resolution. Only
three of the flat modulation levels are used for the experiment,
marked asµ1,µ2,µ3, as shown in Fig. 4(b).

For the balanced homodyne detectors, they are first character-
ized by the common-mode rejection ratio (CMRR), as shown in
Figs. 4(c) and 4(d). Figure 4(c) shows the frequency response of
the homodyne detector with a modulated LO input. The differ-
ence in the output RF power when the two arms are balanced and
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Fig. 3. (a) Experimental setup for on-chip entanglement generation and witnessing. Two lasers operated near 1550 nm wavelength with about 150 MHz
detuning are used as signal and local oscillator (LO). The source part modulates the input signal using an intensity modulator and attenuates the signal to
the required single-photon energy level. A pattern generator with bias tees is used to drive the modulator. A beam splitter (BS) splits the input states and gen-
erates the single-photon path-entangled states |9〉 = (|0〉A|1〉B + |1〉A|0〉B )/

√
2. The entangled states are then sent to the homodyne detectors for detec-

tion. The phase shifters A&B select the measurement basis, and the tunable BS precisely balances the detectors. The output of the homodyne detector is
amplified using a broadband RF amplifier and monitored using an oscilloscope. (b) Microscopic photo of the photonic chip, with key components false-
colored, includes the fiber array coupler, edge coupler, source, and receivers. The inset shows the zoom-in photo of a grating coupler, an MMI, and a homo-
dyne detector.

unbalanced indicates the current subtraction in BHD. Based on
our calibration, a 50 dB CMRR is observed below 1.5 GHz, while
a 20 dB CMRR can reach up to 6.5 GHz, as shown in Fig. 4(d).

A faithful implementation of our scheme also requires pre-
cise calibration of the detector noise and its shot-noise-limiting
performance, which is done by measuring the noise power of the
BHD, with and without LO input. Noise power calibration results
are shown in Fig. 4(e), with a maximum photocurrent of 2.2 mA.
Despite some RF noise near the 2.4 GHz band, our homodyne
detector achieves more than 10 dB shot-noise clearance below
1.7 GHz and more than 4 dB up to 10 GHz, as shown in Fig. 4(f ).
To show the feasibility of the proposed loss-equivalent analysis
method, we intentionally reduce the LO photocurrent to 0.4 mA,
which increases the portion of electronic noise in the overall output
signal, which infers a larger optical loss modeled by the fictitious
BS [62]. With the loss-equivalent analysis method implemented,
the BHD is considered ideal with unit efficiency and no electronic

noise. The output from BHD with only LO input is considered
pure shot-noise and is used to define the shot-noise unit through-
out the experiment in this manuscript. The output data is sampled
using an oscilloscope with 12.5 GHz bandwidth, corresponding to
a maximum sample rate of 25 GS/s. In our experiment, by keeping
only the flat region in the modulated signal, the final sample rate is
8.75 GS/s.

Characterization of other optical components on the chip can
be found in Supplement 1, Sec. 4.

4. QUANTUM STATE TOMOGRAPHY

To assess entanglement generated on the chip, quantum state
tomography is performed with the decoy-state technique.
Specifically, we follow the quantum state tomography with the
maximum-likelihood approach to construct the density matrix of

https://doi.org/10.6084/m9.figshare.30165190
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Fig. 4. Calibration result for chip-based modulators and homodyne
detectors. (a) Output power of the carrier depletion MZM modulator
as a function of the applied voltage on both arms. (b) Modulated signal
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decoy intensities µ1, µ2, µ3. (c) Spectrum response for the chip-based
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(d) CMRR result is calculated from (c). (e) Electronic noise spectrum and
measured shot noise with about 18 dBm input LO power. (f ) Shot noise
clearance is calculated from (e).

the quantum entangled state [64]. Different measurement bases
for two BHDs are selected by modulating the phase of LOs.

When a phase-randomized coherent state with intensity µ is
sent through the BS, based on Eq. (3), the coincidence detection
probability of the two BHDs is defined as

Qµ,dθ (x A, xB )=

∞∑
n=0

Yn(dθ)
µn

n!
e−µ, (4)

where Yn(dθ)≡ P (x A, xB |n, dθ) is the probability density
function of outcome x A and x B given the input Fock states |n〉
and measurement phase dθ . The subscript A, B denotes the two
output modes A and B , respectively.

To get a precise estimation of the yield with single-photon
input Y1(dθ)≡ P (x A, xB |1, dθ), we follow the method by Ref.
[55,66]. Considering the input coherent states with L different
intensities µ1 <µ2 < · · ·<µL and a vacuum states µ0 = 0, the
yield Y1,dθ can be estimated by

Y E
1,dθ =µ1µ2 · · ·µL

L∑
j=1

µ−2
j (e

µ j Qµ j ,dθ − Qµ0,dθ )∏
1≤i≤L,i 6= j (µi −µ j )

, (5)

where the subscript E denotes an estimation.
In this experiment, the three decoy-state intensities after com-

pensating for the equivalent losses µ are set to 0.9840, 0.2314,
and 0.0872. 106 samples are collected for each decoy state, while
5× 107 vacuum states are collected. The phase difference dθ
between Alice and Bob is scanned from −π to π with a π/4
interval. Both the measured quadrature distributions are shown

in Fig. 5(a), showing an apparent correlation behavior. The
distributions are then fed to a maximum likelihood solver to
obtain the constructed density matrix, as shown in Figs. 5(b) and
5(c). The maximum photon number is cut off at 10 photons, and
Figs. 5(b) and 5(c) show only up to two photons for clarity. The
complete density matrix is shown in Supplement 1, Sec. 5. Based
on the density matrix obtained, the fidelity is calculated as 0.9268.
The result confirmed that the single-photon entangled state is
generated with high fidelity.

5. CHSH VIOLATION

We perform the CHSH violation test to verify the generated entan-
glement further. To this end, two separated BHDs measure optical
modes A, B based on randomly modulated phases ϕa ∈ {0, π/2}
and ϕb ∈ {−π/4, π/4}, respectively. The outcomes x A and xB

from their homodyne detectors are post-processed by applying a
threshold T. The four possible coincidence probabilities can be
calculated as

P00(a , b)= P (x A <−T, x B <−T|a , b)
P01(a , b)= P (x A <−T, x B > T|a , b)
P10(a , b)= P (x A > T, xB <−T|a , b)
P11(a , b)= P (x A > T, xB > T|a , b)

, (6)

where the subscript 0, 1 denotes the assigned results when the out-
put is below or above the threshold. The quantum correlation E is
then given as

E (a , b)=
P00 + P11 − P01 − P10

P00 + P11 + P01 + P10
. (7)

Then, one can obtain the CHSH violation value S as

S = E (0, 0)+ E (1, 0)+ E (0, 1)− E (1, 1). (8)

When the decoy-state technique is applied, Eq. (6) is expanded
similar to Eq. (4). Take the result of P00 under the input of weak
coherent stateµ as an example:

P00,µ(a , b)= P (x A <−T, xB <−T|a , b, µ),

=

∞∑
n=0

P (x A <−T, xB <−T|a , b, n)
µn

n!
e−µ,

≡

∞∑
n=0

P00,n(a , b)
µn

n!
e−µ,

(9)

where P00,n is the coincidence probability of the Fock state |n〉with
detector settings of a and b. To calculate the CHSH violation of
state |0A1B 〉 + |1A0B 〉, the P00,1 should be extracted similar to
Eq. (5) as

P E
00,1 =µ1µ2 · · ·µL

L∑
j=1

µ−2
j (e

µ j P00,µ j − P00,µ0)∏
1≤i≤L,i 6= j (µi −µ j )

. (10)

The estimation P E
00,1 is also the upper (lower) bound for P00,1,

depends on the L is odd (even). The bounds are given by [55,66]{
P E

00,1 −1L ≤ P00,1 ≤ P E
00,1 (L is odd)

P E
00,1 ≤ P00,1 ≤ P E

00,1 +1L (L is even)
, (11)

https://doi.org/10.6084/m9.figshare.30165190
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Fig. 5. (a) Quadrature distribution at different phase differences dθ measured using the decoy-state method. The x axis is the result from Alice, while the
y axis is the result from Bob. The density matrix’s real (b) and imaginary (c) parts are calculated using a maximum likelihood solver.

with the bound interval as

1L = (−1)L+1µ1µ2 · · ·µL

 L∑
j=1

µ−2
j (e

µ j − 1)∏
1≤i≤L,i 6= j (µi −µ j )

− 1

.

(12)
With all four coincidence probabilities, we can provide an esti-

mation E E , an upper E+ and a lower bound E− for the quantum
correlation E :

E E (a , b)=
P E

00,1 + P E
11,1 − P E

01,1 − P E
10,1

P E
00,1 + P E

11,1 + P E
01,1 + P E

10,1

, (13)

E±(a , b)=
P±00,1 + P±11,1 − P∓01,1 − P∓10,1

P∓00,1 + P∓11,1 + P∓01,1 + P∓10,1

. (14)

Similarly, for the CHSH violation, we can calculate the estima-
tion S E , the upper S+, and the lower bounds S−:

S E
= E E (a0, b0)+ E E (a1, b0)+ E E (a0, b1)− E E (a1, b1),

S± = E±(a0, b0)+ E±(a1, b0)+ E±(a0, b1)− E∓(a1, b1).
(15)

Note that the upper and lower bounds do not flip for the last
item because it is supposed to be a negative value.

For the experiment, the decoy states used are the same as in
the previous section. Since the quantum correlation E (a , b) does
not depend on the global phase because of global phase drift, the
correlation is first evaluated as a function of the phase difference
dθ between Alice and Bob. As shown in Fig. 6(a), considering a
threshold T = 1, the solid line shows the simulated result with real

single-photon input using Eq. (7), while the shade mark the upper
and lower bounds simulated using a decoy-state method. The
dots and the error bars show the experimental estimated value and
bounds, respectively. The experimental results exhibit quantum
interference, with amplitude bound by [0.973, 1.071].

The CHSH result is further calculated as shown in Fig. 6(b).
Higher T leads to a higher correlation and lower success prob-
ability. When T > 0.15, CHSH violation S > 2, and the
Bell inequality is violated. The CHSH lower bound reaches a
maximum of S− = 2.59 at T = 0.82.

6. CONCLUSION

In this paper, we propose and demonstrate an integrated photonic
platform with quantum entanglement generation and witnessing.
The single-photon entangled states are generated at a sample speed
of 8.75 GS/s. The entanglement is verified first by performing a
state tomography that shows a fidelity of 92%. Then, a CHSH
violation test with a lower bound of 2.59 further witnesses the
quantum entanglement. Additionally, we provide proof of the
fair sampling condition to ensure that our experimental results
accurately reflect the presence of quantum entanglement in our
integrated system.

Compared to other common photonic platforms, such as ultra-
low-loss silicon nitride and high electro-optic coefficient lithium
niobate, our results highlight that silicon photonics, despite its
higher loss, offers unique advantages in CMOS-compatible, high-
speed homodyne detection and scalable on-chip integration. A
missing component for full chip integration is the on-chip laser,
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Fig. 6. (a) Quantum correlation E at different phase differences dθ
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lower bounds simulated using the decoy-state technique. The dots are the
estimations calculated using experimental data, and the error bars are the
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but it has already been demonstrated in major photonic found-
ries using monolithic, heterogeneous, and hybrid integration
methods [67].

By introducing an innovative loss-equivalent analysis method,
we treat detector inefficiency and electronic noise as equiva-
lent optical attenuation in the source. This optical attenuation
is then compensated for by increasing the input optical power.
Consequently, the stringent requirements on detector design,
such as high efficiency and low noise, are significantly reduced.
This leads to near-ideal quantum entanglement witnessing on
a chip that can operate at high speeds. However, also due to the
relatively high loss on the chip and the absence of a quantum
channel, the method cannot be directly applied to quantum key
distribution applications. The loss of chip components is provided
in Supplement 1, Sec. 4.

We remark that our focus in this paper is not on a loophole-free
test of a single-photon entangled state but rather on-chip quantum
entanglement generation and witnessing based on practical devices
and reasonable assumptions.

One of the key assumptions in our system is that the source is
a phase-randomized coherent state with precise intensity control.
For the current proof-of-principle purpose, the phases in our
experiment are not randomized perfectly using a phase modu-
lator and a true random number generator. However, it can be
achieved easily by operating a semiconductor laser diode in the
gain-switching mode [68,69] and applying proper intensity mod-
ulations. Additionally, we have considered only the asymptotic
case with accurate sources. The statistical fluctuation and the fluc-
tuation of the input state are not included in the analysis but are
achievable in recent works [70–72]. Another assumption required
is that the input states are i.i.d. However, our method to boost
the sample rate by using a higher detection speed unavoidably

introduces some correlation inside each modulation level. One
way to solve this is using the same modulation and detection speed.
Due to the equipment limitation, our result still shows some inter-
symbol correlation. There are also methods to remove the i.i.d
requirement [73], which we leave as future work.

The quantum entanglement generated in our system is prob-
abilistic and unable to operate in a single-shot manner. Although
single-particle entangled states are shown to be useful in quantum
communication [74] and quantum sensing [75–77] applications,
most applications require deterministic state generation, which is
beyond the probabilistic scheme demonstrated here. Therefore,
it can be useful in systems where statistical or entropy analysis is
sufficient, such as the fundamental study of quantum information
processing systems and quantum random number generation
[78]. These results establish a viable path toward fully integrated,
high-bandwidth, room-temperature quantum photonic systems.
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