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Abstract— This paper presents recent advances in integrated
quantum photonic waveguide circuits, including fast
manipulation of path and polarization encoded qubits,
dynamically reconfigurable circuits for on-chip entanglement
generation and manipulation, multi-particle quantum walks, and
new technologies for photon pair generation and manipulation
including Lithium Niobate and Silicon technology platforms.
These results represent key steps in the development of practical
quantum photonic technologies for applications in quantum
communication, metrology, simulation, computation and
fundamental science.

coupler, which was fabricated in the silica-on-silicon material
system, and Fig. 1b shows the variation of coincidences as a
function of the separation between the two photons. The curve
clearly shows the expected dip around the zero delay, with a
high fidelity visibility of V = 100.1% ± 0.4%, demonstrating
the excellent quantum interference behaviour of the integrated
chip operating at the single photon level [8].
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Until recently, optical implementations of quantum
architectures have been realised using bulk optical elements
bolted onto optical tables, with photons propagating in free
space. Although many proof-of-principle experiments have
been reported, such an approach rapidly becomes impractical
as the complexity of the quantum optical circuits increases,
thereby making them inherently unscalable and confining them
to research laboratory optical tables. However, developments
over the past few years have overcome these bottlenecks
through implementation of integrated quantum circuits [7]
allowing quantum information science experiments to be
realised that are inherently stable and orders of magnitude
smaller than their equivalent bulk optic implementations. This
approach has been used to realise high fidelity operation of key
quantum photonics components.
II.

!%#$

INTRODUCTION

Quantum information technologies offer completely new
approaches to encoding, processing and transmitting
information. By harnessing the properties of quantum
mechanics, such as superposition and entanglement, it has been
shown possible to realise fundamentally new modes of
computation [1-2], simulation [3-4] and communication [5], as
well as enhanced measurements and sensing [6]. Quantum
information processing promises huge computation power,
whilst quantum communications offers the ultimate in
information security - guaranteed by the laws of physics. Of
the many prospective physical systems in which to encode
quantum information, photons are a particularly promising
approach due to their properties of low noise, easy
manipulation and low transmission losses.

ON-CHIP QUANTUM INTERFERENCE AND LOGIC GATES

On-chip quantum interference is a vital requirement of many
quantum photonics circuits. To demonstrate quantum operation
of integrated beam splitters, single photons were launched into
the two input waveguides of a directional coupler with 50:50
coupling ratio. Fig 1a shows a schematic of the directional
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Figure 1. Left column: Schematic diagram of a directional coupler and
quantum interference measurement. Right column: Schematic of the
integrated CNOT gate, and measured truth table.

Besides single photons operation, quantum information
processing requires universal two-qubit gates. The CNOT gate
is one such universal two-qubit gates, and its integrated
photonic circuit implementation is shown schematically in Fig
1c. To perform measurements on the CNOT gate, output
outcomes for each of the input states are measured in the
computational basis. The measured truth table is shown in Fig
1c, giving a high logical basis fidelity of F = 96.9% ± 0.2%,
highlighting the great advantage of using an integrated optical
circuit for highly stable circuits with precisely controlled
optical paths lengths and optical split ratios [8].
III.

ADVANCED COMPONENTS

Multiport beam splitters are interesting and useful devices
for the field of quantum information processing. They have
applications including the production of highly entangled
photonic states that form the basis of many of the powerful
protocols in quantum information processing, and they promise
a straightforward implementation of compact and robust
multiport circuits. Quantum interference of two- and four-port
multi-mode interference (MMI) devices have been investigated
using correlated photon pairs, demonstrating that they can
operate in the quantum regime with high fidelity [9]. The 2x2
MMI yields a two-photon visibility of V = 95.6 ± 0.9%,
whilst operation of the 4×4 port MMI device (show
schematically in Fig 2a) exhibits complex quantum

multimode interference
ons in integrated waveguides
interference behaviour. A new technique to fully characterize
such multiport devices has been developed, which removes the
need for phase-sensitive measurements and may find
applications for a wide range of photonic devices [9].
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Figure 1. A 4x4 multimode interferometer, silica on silicon waveguide.

Figure 2. (a): 4x4 multimode interference device. (b): optical micrograph of
II. METHOD
a 21 waveguide quantum
random walk device.
Testing the MMI devices to their full potential required the
construction of a spontaneous parametric down conversion
(SPDC) source: the process by which a nonlinear crystal splits
a very small proportion of photons from a strong pump beam
into pairs of daughter photons (See Fig 2). A 402 nm
continuous wave laser was focused to a waist of around 40 µm
in a 2 mm thick Type-I BiBO crystal. The crystal was cut to
output degenerate photon pairs (804 nm) at 3 degrees either
side of the pump beam. The daughter photons were filtered to
a bandwidth of 2nm and focused into polarisation maintaining
fibres.
The source was then fine tuned to ensure
indistinguishable properties of polarisation and centre
wavelength of the daughter photons.

Large waveguide arrays offer another advanced photonic
component that yields interesting and useful quantum
interference dynamics. Quantum walks of correlated photons
offer the possibility of studying large-scale quantum
interference; simulating biological, chemical, and physical
systems; and providing a route to universal quantum
computation. Using SiON waveguide circuits (Fig 2b) the
This photon pair
source was
tested for quantum
quantum
walks
ofpreviously
two identical
photons in an array of 21
interference in a directional coupler waveguide and was found
tocontinuously
produce a Hong Ou Mandel
Dip of near unit visibility
[7].
evanescently
coupled
waveguides has been
This provided a useful benchmark for the testing of the MMI
demonstrated
[10].
The
observed
quantum
correlations violate
devices.
the classical limit by 76 standard deviations, with correlations
that depend critically on the input state of the quantum walk.
2nm
2nm
These results present
a powerful approach to achieving
quantum walks with correlated particles to encode information
in an exponentially larger state space.
2x2 MMI

IV.

RECONFIGURABLE QUANTUM PHOTONICS CIRCUITS

such as silica [12] and silicon-oxy-nitride [10], and rely on
slow thermo-optic phase shifters. Such technologies offer
benefits in terms of low propagation losses, but their associated
large bend radii and low speed of operation limits the
scalability and usefulness of this technology. As alternative
technologies Lithium Nioabte and Silicon-on-Insulator
waveguide circuits have been investigated for both fast control
and circuit miniaturization. Using Lithium Niobate waveguide
circuits, fast polarisation and path control of single photons at
1550 nm has been achieved utilising the electro-optic effect
[13]. Heralded single photon state engineering, quantum
interference, fast state preparation of two entangled photons
and feedback control of quantum interference have all been
demonstrated. Using the silicon-on-insulator material system,
quantum waveguide circuits have been realised that are twoorders of magnitude smaller than previous implementations,
demonstrating quantum interference in MMI devices and the
on-chip manipulation of entanglement [14]. In addition, the onchip generation of correlated photon pairs has been
demonstrated in silicon micro-ring waveguide resonators,
demonstrating the possibility of on-chip integration of both
waveguide circuits and photon pair sources.
VI.

CONCLUSION

The ability to construct complex, interferometrically stable,
multi-purpose circuits is crucial for the development of future
quantum technologies and the pursuit of fundamental quantum
science. Within this work we have developed a toolbox of key
integrated quantum photonic components that can be utilised
for a wide range of quantum information science experiments.
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Figure 2. An SPDC two photon soure with 2x2 MMI waveguide

Highly reconfigurable quantum photonic circuits have been
demonstrated which can generate two-qubit entangled states
with any amount of entanglement and single-qubit states with
any amount of mixture, perform two-qubit state tomography
and process tomography, and implement the measurements
necessary for a Bell violation experiment [11]. The device is a
silica-on-silicon waveguide circuit (Fig. 3), and consists of a
reconfigurable state preparation stage, which can prepare any
separable two-qubit pure state, a postselected two-qubit
entangling gate, and a reconfigurable measurement stage,
which together with measurement in the logical basis can
perform arbitrary qubit measurement on each of the two
outputs of the entangling gate. Dynamic reconfigurability is
realised using thermal phase shifters.
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mixed states can be used for quantum computation [14]. Mixture may also play a role in biochemical systems whose
function relies on decoherence [15]. By tracing over one qubit of bipartite entangled states generated by the CNOT
gate, our circuit can generate arbitrary single qubit mixed states, with any amount of mixture. The degree of mixture
of the output state is determined by the degree of entanglement of the state generated by the CNOT gate. We prepared
∼100 mixed states, chosen at random by the Hilbert-Schmidt measure, and characterised each one by QST using the
measurement stage of the chip. The average quantum state fidelity across all 119 states was measured to be 0.98 ± 0.02.
We then chose 63 specific mixed states that mapped out the symbol ‘Ψ’ inside the Bloch sphere, and generated them
with high fidelity (Fig. 1(b)).
4. Conclusion
The ability to construct complex, interferometrically stable, multi-purpose circuits is crucial for the development of future

