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ABSTRACT 

The realisation of functional architectures on a mass-manufacturable technology able to provide high-density 

and high-quality hardware will be necessary for quantum computing. Graph states represent the state-of-the-art 

architectures for optical quantum computing [1], while silicon photonics has demonstrated to be the perfect 

candidate for the realisation of integrated optical components [2]. Here we report the first experimental 

demonstration of a silicon chip able to generate and manipulate all the existing graph states of four qubits. We 

demonstrate the generation of the two main classes of graphs by measuring both the ‘star’ and ‘line’ graph states 

and implement multipartite Mermin inequalities to show their entanglement properties. Furthermore, we develop 

an error model of the device and bound the dominant sources of error using Bayesian inference. So far, the 

scaling up of silicon quantum photonics has only seen boosts in the complexity of the circuits, increasing the 

number of waveguides as a route to larger Hilbert spaces [3] while keeping the number of scattered photons to 

one or two. Here, for the first time, we encode quantum information on four on-chip generated photons and 

perform non-trivial measurements on them. 
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1. INTRODUCTION 

Graph states are key entangled resources for quantum information processing. They are quantum states which 

can be drawn as graphs, with vertices representing qubits and edges representing entanglement. They are crucial 

ingredients for measurement-based quantum computing, where single-qubit measurements on a specific graph 

state drive the required task. Moreover, they play central roles in topological quantum error correction [4], 

simulation of complex processes and dynamics [5], quantum secret sharing [6], entanglement enhanced 

spectroscopy and quantum metrology, open destination teleportation and cryptographic protocols.  

Graph states have seen numerous realisations, in both optics [7] and other platforms [8], but a fast-

reconfigurable generation of arbitrary graphs on chip has never been achieved in integrated optics. Here we 

present a device able to combine the generation of four photons with their manipulation, allowing to prepare 

both classes of four-qubit graph state entanglement, i.e. classes closed under local unitary transformations. We 

refer to these classes by their best-known members: ‘star’ 𝑆4, and ‘line’ 𝐿4.  

 

2. DEVICE OPERATION AND CHARACTERIZATION 

Our device operates in four stages, as pictured in Fig. 1. (1) Bright 1550 nm pump pulses coherently excite 

four spiral photon pair sources, where pairs of non-degenerate signal and idler photons are generated by 

spontaneous four-wave mixing. We aim to generate a superposition of four photons (two pairs) between all of 

the sources. (2) Four asymmetric Mach-Zehnder interferometers allow to spatially separate the signal (red) and 

idler (blue) photons. The crossings configuration enables the realisation of two disentangled Bell pairs between 

sources 1-3 and 2-4. (3) A reconfigurable two-qubit postselected entangling gate (R-PEG) allows us to perform 

the missing correlation between the two Bell pairs: it can be configured to be a fusion gate or a controlled-Z gate 

depending on the class of graphs needed (the ‘star’ class or the ‘line’ class). (4) Then a series of two Mach-

Zehnder interferometers on each qubit perform local unitaries and tomography rotations. The detection of a four-

fold coincidence postselects on the success of the entangling gate, selecting the correct part of the overall final 

state. The electronic reconfigurability is provided by thermo-optical phase shifters; on- and off-chip coupling is 

realised by focussing vertical grating couplers; pump rejection is obtained with off chip filters before detection 

with superconducting nanowire single-photon detectors.  

Before measuring the overall four-photon graph states, an estimate of the photons’ indistinguishability is 

needed since high-quality two-photon interference between photons generated by different sources is crucial to 

the device’s operation. We measure a heralded Hong-Ou-Mandel (HOM) interference fringe, between the signal 



photons of sources 2 and 3, on an R-PEG MZI, heralded by the idler photons. We find a visibility of  V =
 (Nmax − Nmin)/(Nmax + Nmin)  =  0.82 ± 0.02, where Nmax and Nmin are the maximum and minimum values 

of the fitted sinusoid. Shown in Fig. 2d, this is the highest such visibility measured on a chip to date. 

 
Figure 1. Chip schematic: four photon pair sources, producing four photons in superposition; a qubit demultiplexer, which configures that 

superposition into a product of two Bell pairs; a reconfigurable postselected entangling gate (R-PEG); and four single-qubit projection and 
analysis stages, formed of Mach-Zehnder interferometers implementing Z and Y rotations. Corresponding graph states are indicated above 

each stage: ‘star’ or ‘line’ graph states, can be obtained for fusion or controlled-Z R-PEG configurations, respectively. 

3. GRAPH STATES GENERATION  

The four-photon ‘star’ and ‘line’ graph states can be verified by measuring their 16 stabilisers [9]. Their 

expectation values are plotted in Fig. 2a-b, for 𝑆4 and 𝐿4 respectively. From these observables, we can compute 

fidelities, shown in Table 1: both states satisfy the 𝐹 ≥ 1/2, thus witnessing genuine multipartite entanglement. 

In order to support the observation of four-partite entanglement, we investigate the nonlocal properties of the 

generated graph states by measuring Mermin-type inequalities [9], since they are specifically crafted for graph 

states and require only stabilizer observables. For each graph state, we measure two types of Mermin operators, 

𝑀𝐼𝐼
𝐺   and 𝑀𝐼𝐼𝐼

𝐺 , that require two and three measurement settings each party respectively. Results are listed in Table 

1 and plotted in Fig. 2c. 𝑆4 exceeds both 𝑀𝐼𝐼
𝐺 < 2 and 𝑀𝐼𝐼𝐼

𝐺 < 12 classical bounds. 𝐿4 exceeds the classical bound 

for 𝑀𝐼𝐼
𝐺, but not for 𝑀𝐼𝐼𝐼

𝐺  which is more strict. The higher postselection penalty of the controlled-Z, required to 

generate 𝐿4, results in a decreased fidelity, of which 𝑀𝐼𝐼𝐼
𝐺  is a simple rescaling. 

4. ERROR MODELLING 

In light of the values obtained for the state fidelities, an analysis of the sources of error is needed. The most 

realistic error factors are the effect of partial distinguishability of the sources, high squeezing inducing multi-

photon pair generation and normally distributed phase errors. To quantify their contribution, we want to estimate 

the distinguishability parameter (σ), the pairs-per-pulse parameter (p) and average phase error (δ) that matches 

the observed outputs. 

A useful method to address this kind of problem can be found using Bayesian Parameter Estimation 

protocols, having built for each of these error models, an independent simulator that outputs four-fold simulated 

rates for each of the stabiliser measurement configurations and for each generated state. The probability 

distributions for the three parameters are reported in Fig.2e-g. The values obtained, for the ‘star’ and the ‘line’ 

respectively, from fitting the probability distributions with a Gaussian distribution are σ𝑆,𝐿 = {0.82 ±

0.01, 0.82 ± 0.01}, p𝑆,𝐿 = {0.036 ± 0.009, 0.037 ± 0.012} and δ𝑆,𝐿 = {0.185 ± 0.007 rad, 0.182 ±
0.009 rad}. They are compatible with the parameters measured with direct techniques like HOM dips, 

coincidence to accidental measurements and crosstalk measures. This approach can reveal additional device 

performance information from existing data as no new measurements are required. 



 
Figure 2. Summary of experimental data. a, b. Stabiliser observables of the star and line graph states. c. Mermin parameters (𝑀𝐼𝐼

𝐺   and 𝑀𝐼𝐼𝐼
𝐺 ). 

Local hidden variable bounds are indicated with a dashed line. Values are reported in Table 1. d. On-chip Hong-Ou-Mandel interference, 

with HOM fringe visibility of V=  0.82 ± 0.02. Probability distributions for the (e) indistinguishability, (f) source brightness and (g) phase 

error, derived via a Bayesian parameter estimation method. 

TABLE 1. MEASURED PARAMETERS. 

State Fidelity 𝑴𝑰𝑰 
𝑮 (𝟐, 𝟒)* 𝑴𝑰𝑰𝑰

𝑮  Count Rate 

𝑆4
 0.78±0.01 3.17±0.07 12.45±0.12 (12,16) * 5.7 mHz 

𝐿4 0.68±0.02 2.61±0.14 10.93±0.29 (12,16) * 1.1 mHz 

𝜙+
(1,3)

 0.97±0.01 2.79±0.01** 3.90±0.03 (2,4) * 1.8 kHz 

𝜙+
(2,4)

 0.97±0.01 2.71±0.01** 3.88±0.03 (2,4) * 1.9 kHz 

*Classical and quantum bounds are listed in parentheses, where they apply. 

 **Indicates a Bell-CHSH test for the initial Bell pairs. 

5. CONCLUSIONS 

We have shown to be able to reprogram a silicon chip containing four integrated single photon sources and 

tens of passive and reconfigurable components to generate all classes of four-qubit graph states. Extending chip-

scale quantum optics into the multi-pair regime is a crucial step, together with the increase of circuit complexity, 

towards large-scale quantum computing with photons. Future developments in on-chip photon number now 

depend solely on reducing loss and increasing rates. The reconfigurable generation of arbitrary graphs on chip, 

never achieved before in integrated optics, will speed up the development of many graph-based applications. 
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