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Integrated quantum 
photonic circuit 

~1mm 

8-photon quantum optics experiment  

Pan et al Nature photonics 
6, 225–228 (2012) 



Integrated device 

>1cm 

A.  Politi, et al. Science,320,5876 (2008). 

• Size / Compactness 

• Stability 

• Complexity 

• Route to scalability 

  Integrated Quantum Photonics 



Peruzzo, Lobino, Matthews, Matsuda, et al.  
Science 329 1500 (2010) 

Quantum Walk 

Matthews, Politi, Stefanov, O’Brien 
Nature Photonics 3, 346 (2009) 

1-Qubit operations CNOT gate 

Politi, Matthews, O’Brien  
Science 325 1221 (2009) 

Shor’s Factoring Algorithm 

Politi, Cryan, Rarity, Yu, and O’Brien  
Science 320, 5876 (2008) 
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FIG. 1. Universal linear optical processor (LPU). (a) Decomposition of a fully parametrised unitary for an m-mode circuit
to realise any LO operation. Sub-unitaries Di consist of Mach-Zehnder interferometers Mi,j (MZIs) built from phase shifters
(yellow) and beam splitters, to control photon amplitudes (↵i,j) and phases (�i,j). (b) Multi-photon ensembles are generated
via spontaneous parametric down-conversion (SPDC), comprising a BiBO crystal, dichroic mirrors (DM) and interference filter
(IF); preceded by a pulsed Ti:sapphire laser and second harmonic generation from a BBO crystal. Photons are collected into
polarisation maintaining fibers and delivered to the LPU via a packaged v-groove fibre array. The processor is constructed over
six modes as a cascade of 15 Mach-Zehnder interferometers, controlled by 30 thermo-optic phase shifters, set by a digital-to-
analgoue converter (DAC) and actively cooled by a Peltier cooling unit. Photons are then out-coupled into a 2nd packaged
VGA and sent to 6 (or 12 with fibre splitters for single-mode photon number resolving capability) single photon avalanche
diodes (SPADs) and counted using a 12-channel time-correlated single-photon counting module (TCSPC). See Appendix for
further details.

Such operation can be understood, with reference to
the schematic shown in Fig. 1(a), as a sequence of m
sub-unitaries D

i

, each of which is guaranteed to enable
transformation of the state of a photon input in its top
mode into an arbitrary superposition of all its output
modes. The top MZI in each D

i

is set to retain the
desired probability for a photon occupying the top mode,
before imparting the desired phase on the top mode. The
remainder of the photon undergoes a similar operation on
the subsequent modes. Full reconfigurability is realised
by feeding all output modes from one D

i

0 into all but the
uppermost input mode of the following D

i

0�1

[17].

Realising such a scheme requires sub-wavelength
stability and high fidelity components to support both
classical and quantum interference — possibilities
opened up by integrated quantum photonics [18–26]. A
schematic of our LPU is shown in Fig. 1(b). The device,
made with planar lightwave circuit (PLC) technology
[27, 28], comprises an array of 30 silica-on-silicon
waveguide directional couplers with 30 electronically

controlled thermo-optic phase shifters, to form a cas-
cade of 15 MZIs across six modes (see Appendix for
further details). Such an LPU can implement any LO
protocol, and here we focus on several protocols at the
forefront of quantum information science and technology.

Quantum gates: With the addition of single pho-
ton sources and measurements, and rapid feed-forward
of classical information, both the circuit [4] and
measurement-based [8–10] models of digital quantum
computing can be e�ciently implemented with LO. Ba-
sic two-qubit processes are realised probabilistically with
LO circuitry, therefore a key requirement for scalability is
that a successful operation is heralded by the detection of
ancillary photons, to signal that the processed photonic
qubits are available for use in the larger architecture [29].
We programmed our device to implement a new com-

pact four-photon scheme, suitable for measurement-
based quantum computing, which generates the entan-
gled state of two photonic qubits upon the detection of
another two ancilla photons, schematically displayed in

  Universal linear optic processor 

•  Programmable quantum optic circuit 
•  6x6 mode reconfigurable unitary 
•  15 MZIs with 30 thermal phase heater 

•  Used to implement 1000’s of quantum optics experiments (inc. 
heralded quantum logic, boson sampling) 

Carolan et al. Science 349, 6249 (2015)



•  Miniaturisation 
•  Additional functionality (sources, detectors) 

•  Full integration 

10cm 

4cm 



  CMOS / Silicon Quantum Devices 

450nm 

220nm 

>300 components 

2mm 

~1mm 

Sources Circuit 
Detectors 



100µm 

  Ultra compact silicon waveguides 
Human hair 

Silicon waveguide 

450nm 

220nm 

Ultra-high confinement of light 

Si waveguide is 200 times smaller 



  Increasing the complexity of integrated 
quantum photonics Single photon source 

(1 component) 
Engin et al Opt. Express 21, 
27826 (2013) or

bunch split

pump
�

� = 0 � =
⇡

2
~1 mm

photon sources

reconfigurability
passive optics

+ multiple sources + reconfigurability (5 components) 
Silverstone et al Nature Photonics 8, 104 (2014) 

+ ring sources  
+ WDM filtering 
(13 components) 

Silverstone et al Nat Comms 6, 7948 (2015) 

+ 4 source + logic gate 
(41 components) 

Santagati et al 
CLEO (2015) Entangled source 

Linear optics gates 



  Quantum photonics Moore’s law??? 
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  Scaling up 

emission everywhere; however, the far field explicitly delivers the
information—an image with theMIT logo. Until now, image informa-
tion has generally been stored and transmitted through the intensity
of the pixels; in contrast, this large-scale NPA technology opens
up another dimension for imaging: the image information is now
encoded in the optical phase of the pixels, much like a hologram,
but generated from a single point. This demonstration, as a static
phased array capable of generating truly arbitrary radiation patterns,
would also find immediate applications in, for example, complex
beam generation26 and mode matching in optical space-division
multiplexing27.
By comparison with other holographic approaches such as the

metasurface antennas12, the NPA allows separate control over the
phase and amplitude of light emission and on-chip single-point excita-
tion of the nanophotonic emitters, enabling truly arbitrary holograms
to be generated entirely on-chip for the first time;moreover, benefiting
from the use of guided light in silicon instead of free-space light,
active manipulation of the optical phase can be directly implemented
to achieve dynamic far-field patterns with more flexibility and wider

applications, by converting the pixel into a thermally phase-tunable
pixel in a CMOS process (Fig. 4a, inset). A portion of the silicon light
path in each pixel is lightly doped with an n-type implant to form a
resistive heater for thermo-optic phase tuningwhile maintaining a low
loss of light propagation. Two narrow silicon leads with heavy n1-
doping, providing electrical connections to and thermal isolation from
the heater, are connected to the heater on the inner side of the adiabatic
bends to minimize the loss caused by light scattering28,29. Figure 4a
illustrates an active 83 8 NPA in which each pixel has an indepen-
dently tunable phase shifter; the electrical controls are connected in
rows and in columns to simplify the electrical circuitry. This active
83 8 phased array was fabricated with CMOS-processing techniques
(Methods). Themeasured resistance is 2.5 kV per heater including the
two copper–silicon contacts, and a high thermal efficiency of about
8.5mW per p-phase shift is achieved, benefiting from the direct
heating of the silicon waveguide. By applying different voltages on
each pixel, different phase combinations can be achieved in the phased
array to generate different radiation patterns dynamically in the far
field, as shown in Fig. 4b–f, in which five different radiation patterns
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Figure 4 | Tunable phased array. a, Schematic illustration of the 83 8 active
phased array. Inset, diagramof an active pixelwith the same size (9mm3 9mm)
as the passive pixel in Fig. 1a. The optical phase of each pixel is continuously
tuned by the thermo-optic effect through an integrated heater formed by doped
silicon. b–f, Examples of the dynamic far-field patterns generated by the 83 8
active phased array by applying different voltage combinations to the pixels,
showing simulations and measurements. b, The original single-beam pattern

with no voltage on. c, d, The focused beam is steered by 6u to the edge of each
interference order in the vertical (c) and in the horizontal (d). e, The single
beam is split into two beams in the vertical direction. f, The single beam is split
into four beams in the horizontal direction. The green circle indicates the edge
of lens 1 (numerical aperture5 0.4), and the red box specifies the area of one
interference order (see also the Supplementary Movie for the dynamic pattern
generation).
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Scalability!!! 

>12,000 components on a single chip 



  Quantum Photonic Interconnect 

•  Quantum communications 
•  Entanglement distribution 
•  Blind quantum computing 

Beyond single chip Global interconnect 

•  Remote quantum sensing 
•  Distributed quantum computing 
•  Non-locality tests 



  Quantum photonic interconnect 

•  On-chip generation of path-entanglement 
•  Path to polarisation interconversion 
•  Chip-to-chip distribution of entanglement  

2

Figure 1: Quantum photonic interconnect and entanglement distribution between two integrated Si photonic chips.
a, Chip-A comprises path-entangled states generation, arbitrary projective measurement A(✓AZ , ✓AY ), and path/polarisation con-
version (PPC). b, Chip-B includes a projective measurement B(✓BZ , ✓BY ) and PPC. On the chip-A, signal-idler photon-pairs are
created in the spiralled waveguide single-photon source. Two Bell states |�i± are produced when ✓SS is controlled to be p/2 and p.
Idler qubit initially encoded in path are coherently coupled to polarisation and transmitted through a 10-m single-mode optical fibre
(SMF) and then reversely converted back to path-encoding on the chip-B. Signal qubit is analysed using A(✓AZ , ✓AY ) on chip-A, and
idler qubit is analysed using B(✓BZ , ✓BY ) on chip-B. The 2D grating coupler, behaving as the path/polarisation converter (PPC),
is used to coherently interconvert photonic qubit between polarisation and path-encoding. Optical microscopy images of, c, the
photon-pair source, d, the arbitrary state analyser (Inset shows the MMI splitter), and e, the 2D grating coupler PPC structure.

of 1.2×0.5 mm2 and 0.3×0.05 mm2. On chip-A, a signal
(�s⇠1550.7 nm) and idler (�i⇠1560.3 nm) photon pair is
generated via the elastic scattering of two photons from
a bright continuous-wave pump field (�p⇠1555.5 nm) in-
side 2-cm spiralled waveguide sources (Fig.1c), by using the
spontaneous four-wave-mixing (SFWM) nonlinear effect3.
The pump light is coherently split across two sources us-
ing a multimode interference (MMI) beam splitter with a
near 50/50 splitting ratio34 (Fig.1d). The photon pairs are
produced in either the top or bottom waveguides, yield-
ing a photon-number entangled state7 as (|1s1ii |0s0ii �
e

2i✓SS |0s0ii |1s1ii)/
p
2, where ✓SS is a thermally-controlled

phase after the sources. These photons are probabilistically
separated by two demultiplexing MMIs and post-selected
by two off-chip filters, producing the following maximally
path-entangled Bell states with a 25% success probability:

|�i± = (|0is |0ii ± |1is |1ii)/
p
2 (1)

when ✓SS equals to (n+1/2)p and np for an integer n,
and where subscript s and i represent the logical states of
signal and idler qubits. More details see Supplementary
Information. We use an on-chip path/polarisation con-
verter (PPC) to coherently interconvert the idler qubit be-
tween its path and polarisation-encoding. On chip-A, path-
encoded qubit is converted to polarisation-encoded before
transmitting across the fibre—thus preserving the entan-
glement throughout the chips and fibre platforms. Chip-B
reverses this process, converting the polarisation-encoded
qubit back to on-chip path-encoded qubit, by using a PPC.
Signal and idler qubits are manipulated and measured in-
dependently on the two chip using arbitrary single qubit
measurement stages A(✓AZ , ✓AY ) and B(✓BZ , ✓BY ), which

physically consists of an on-chip Mach-Zehnder interferom-
eter with an additional phase shifter (Fig.1d).

We first discuss the coherent interconversion of path and
polarisation encoding by using the PPC. In silicon quan-
tum photonics, transverse-electric (TE) mode is usually in
use, owing to its stronger waveguide confinement and conse-
quently enhanced SFWM behaviour. Thus, produced pho-
tons must be guided in TE-modes, which is easily achieved
by injecting pump light in this mode using a 1D TE-grating
coupler. Our PPC is implemented using a 2D grating cou-
pler (Fig.1e), where TE-polarised light coming from two
nearly orthogonal waveguides is combined into two orthog-
onal polarised components of light30,31. In this way, the
polarisation states of photons received by the fibre is de-
termined by the two-waveguide on-chip states, and vice
versa. This provides a coherent interconversion between
path-encoding and polarisation-encoding. Details are pro-
vided in the Methods and SI. To confirm the PPC coherent
mapping, we prepared arbitrary bright-light polarisation
states using bulk optical components and coupled them into
the on-chip receiver (Fig.2a). The 2D grating coupler con-
verted the prepared polarisation states into path-encoded
states, which were analysed on-chip by implementing a full
state tomography24. We prepared a set of six polarisation
states ⇢pol, and measured the corresponding on-chip path
states ⇢path; these states are shown as Bloch (or Poincare)
vectors in Figures 2b and 2c, respectively. The distance be-
tween the states can be described by the state fidelity, which
is defined as Fstate = (Tr[

pp
⇢pol · ⇢path ·p⇢pol])2. The

mean fidelity of the six measured states is 98.82±0.73%.
An example of a reconstructed density matrix for the path-
encoded state |+i is shown in Fig. 2d (full data are pro-

Wang, et. al, arXiv:1508.03214 (2015) 



370 µm 

NOON state��[|1s1i⟩|0s0i⟩ − ei2θss|0s0i⟩|1s1i⟩]/√2 

Bell state: |Φ⟩± = (|0⟩s|0⟩i ± |1⟩s|1⟩i)/√2  

λp!�
λs!�

λi!�

Clemmen, S. et al.  Opt. Express 17, 16558–16570 (2009). 

Silverstone, J. W. et al. Nat. Photon. 8, 104–108 (2014).  

SFWM 

  Entanglement generation 

Wang, et. al, arXiv:1508.03214 (2015) 



10 µm 

d 

|0⟩  

|1⟩  
|V⟩  

|H⟩  

α|H⟩ + β|V⟩  α|0⟩ + β|1⟩  
PPC 

  Path-Polarization Conversion (PPC) 

Wang, et. al, arXiv:1508.03214 (2015) 



A(θAZ, θAY) projected onto {|1⟩, |0⟩, |−⟩, |+⟩}, and B(θBZ, θBY)’s θBY was continually rotated (θBZ = 0)  

  Chip-to-chip entanglement distribution 

Bell-type violation 
S=2.638+-0.039 

(violates inequality by 
77% and by 16 s.d)  

 

Wang, et. al, arXiv:1508.03214 (2015) 



X. Cai, J. Wang, M. J. Strain, B. Johnson-Morris, J. Zhu, M. Sorel, J. L. O'Brien, 
M. G. Thompson, and S. Yu, Science, vol. 338, no. 6105 (2012) 

SEM images

HSQ Mask

Device etched into Silicon

  Integrated Compact Optical Vortex Beam Emitters 

•  Orbital angular momentum generation 
•  Quantum optics 
•  Chip-to-chip communications 

2nd order Bragg grating coupled to the 
rotating mode of the ring resonator  



  Experimental Results 

�	
�
X. Cai, J. Wang, M. J. Strain, B. Johnson-Morris, J. Zhu, M. Sorel, J. L. O'Brien, 

M. G. Thompson, and S. Yu, Science, vol. 338, no. 6105 (2012) 



  Integrated emitter array 

•  Integrated vortex emitter array with identical emitters 
realised 



  Movies 



  Chip-to-chip interconnects 



  Chip-based Quantum Key Distribution 

Current approach 

1mm 

£40K 40K 

Chip-based devices for: 
•  Low cost 

•  Compact 

•  Energy efficient 

•  Mass-manufacture 

•  Compatibility with microelectronics 

 



  Chip-to-chip QKD system 2
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FIG. 1: Integrated photonic devices for quantum key distribution consisting of: (a) A monolithically integrated
Indium Phosphide (InP) transmitter for GHz clock rate, reconfigurable, multi-protocol QKD. The chip encodes
quantum information on pulses of weak coherent laser light to be sent over optical fibre and is 2 mm by 6 mm.

(b) A Silicon Oxynitride (Triplex) photonic receiver circuit for reconfigurable, multi-protocol QKD that passively
decodes the quantum information with o↵-chip single photon detectors, with a footprint of 2 mm by 32 mm.
(c) The generic InP platform cross-section9. (d) A wavelength tunable continuous-wave laser formed from two

tuneable-distributed Bragg Reflectors (T-DBR) as a Fabry-Perot cavity with semiconductor optical amplifier (SOA)
stimulated by current injection. (e) Illustrating the size of transmitter chip. (f) The SiO

x

N
y

Triplex cross-section
with metalisation for heating elements19. (g) Microscopic image of the receiver circuit delay spirals

Transmitter: The fully integrated InP QKD trans-
mitter capable of modulation at GHz rates for standard
telecommunications channels is shown in Figure 1(a) and
has a footprint of 2 mm by 6 mm.

The InP device fabrication involves multi-step epitax-
ial growth process allowing for the monolithic integra-
tion of active and passive components through multi-
ple growth, etch and regrowth steps. It and was cho-
sen to meet the requirements of fast active electro-optics
and the capability to implement integrated semiconduc-
tor laser diode sources all with a small footprint due to
the high refractive index contrast9.

The on-chip continuous wave laser source, with a
>50dB spectral extinction and a FWHM of 34 pm, is
temporally modulated by reverse biasing the electro-
optic phase modulators (EOPMs) in the first MZI allow-
ing the creation of <150 ps pulses in the desired time-
bins. The laser intensity can be monitored by the on-chip
photodiode and used as feedback to stabilise the laser
current. The output of the transmitter can be seen in
Figure 2 for each of the four BB84 states, with a FWHM
of ⇠136 ps and >30 dB extinction.

Receiver: The integrated Silicon Oxynitride
(SiO

x

N
y

)19 QKD receiver circuit is shown in Figure 1(b)
and combined with o↵-chip superconducting single pho-
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FIG. 2: Transmitter output for the four BB84 states,
demonstrating the 136 ps FWHM pulses with near
30 dB extinction, and temporal separation of 580 ps.

ton detectors passively measures the transmitter’s sig-
nals.

The device was fabricated in SiO
x

N
y

to provide a
high index material platform allowing a small foot-print,
thermo-optic reconfigurability, and low loss waveguides.
The Triplex technology is fabricated with alternating
Si3N4 and SiO2 deposited and etched layers to cre-

InP-based transmitter chip 

SiON-based receiver chip 

Sibson, et. al, arXiv:1509.00768 (2015) 



2

LASER PH.ENC

P. MOD PH.RAND I.M

PD

(a)

MMIT-DBR
SOA

T-DBR

(d)

1.1mm

EOPM

MMI

6mm

2m
m

FIG. 1: Integrated photonic devices for quantum key distribution consisting of: (a) A monolithically integrated
Indium Phosphide (InP) transmitter for GHz clock rate, reconfigurable, multi-protocol QKD. The chip encodes
quantum information on pulses of weak coherent laser light to be sent over optical fibre and is 2 mm by 6 mm.

(b) A Silicon Oxynitride (Triplex) photonic receiver circuit for reconfigurable, multi-protocol QKD that passively
decodes the quantum information with o↵-chip single photon detectors, with a footprint of 2 mm by 32 mm.
(c) The generic InP platform cross-section9. (d) A wavelength tunable continuous-wave laser formed from two

tuneable-distributed Bragg Reflectors (T-DBR) as a Fabry-Perot cavity with semiconductor optical amplifier (SOA)
stimulated by current injection. (e) Illustrating the size of transmitter chip. (f) The SiO
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N
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Triplex cross-section
with metalisation for heating elements19. (g) Microscopic image of the receiver circuit delay spirals

Transmitter: The fully integrated InP QKD trans-
mitter capable of modulation at GHz rates for standard
telecommunications channels is shown in Figure 1(a) and
has a footprint of 2 mm by 6 mm.

The InP device fabrication involves multi-step epitax-
ial growth process allowing for the monolithic integra-
tion of active and passive components through multi-
ple growth, etch and regrowth steps. It and was cho-
sen to meet the requirements of fast active electro-optics
and the capability to implement integrated semiconduc-
tor laser diode sources all with a small footprint due to
the high refractive index contrast9.

The on-chip continuous wave laser source, with a
>50dB spectral extinction and a FWHM of 34 pm, is
temporally modulated by reverse biasing the electro-
optic phase modulators (EOPMs) in the first MZI allow-
ing the creation of <150 ps pulses in the desired time-
bins. The laser intensity can be monitored by the on-chip
photodiode and used as feedback to stabilise the laser
current. The output of the transmitter can be seen in
Figure 2 for each of the four BB84 states, with a FWHM
of ⇠136 ps and >30 dB extinction.

Receiver: The integrated Silicon Oxynitride
(SiO

x

N
y

)19 QKD receiver circuit is shown in Figure 1(b)
and combined with o↵-chip superconducting single pho-
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FIG. 2: Transmitter output for the four BB84 states,
demonstrating the 136 ps FWHM pulses with near
30 dB extinction, and temporal separation of 580 ps.

ton detectors passively measures the transmitter’s sig-
nals.

The device was fabricated in SiO
x

N
y

to provide a
high index material platform allowing a small foot-print,
thermo-optic reconfigurability, and low loss waveguides.
The Triplex technology is fabricated with alternating
Si3N4 and SiO2 deposited and etched layers to cre-

InP QKD transmitter (Alice) 

•  Contains 17 discrete 
photonic elements 

•  Includes: 
•  Tunable laser source 
•  Pulse modulator 

•  Phase modulator 

•  Intensity modulator 

•  Photo-diodes 

•  Size: 2mm x 6mm 
•  Produces time-bin encoded 

quantum states 

6mm 

Sibson, et. al, arXiv:1509.00768 (2015) 



InP Technology Platform 

•  Advanced photonic integration platform 
•  Active and passive integration: 

•  Low loss waveguides, Amplifiers, Detectors, Lasers, 
Modulators, Switches, Filters,  

processes is organized by the JePPIX platform [44], in which
Europe’s key players in the field of InP-based photonic
integration technology are cooperating. A more detailed
description of the InP-based generic foundry approach is
given in Smit et al [45]. At present (semi-) commercial access
to InP-based generic foundry processes is offered by three
chip manufacturers: the UK-based company Oclaro, the
Fraunhofer Heinrich Hertz Institut in Berlin and the COBRA
spinoff company SMART Photonics, located in Eindhoven,
the Netherlands, which is commercializing the COBRA
process.

Figure 6 gives a (strongly simplified) explanation how
the entry costs are reduced by the introduction of the generic
foundry approach. In a vertical integrated fab model the
component manufacturer owns the cleanroom facilities. The
costs of a well-equipped cleanroom fab for fabrication of
Photonic ICs are in the order of one or even a few hundred
million Euros (or dollars) for advanced fabs. As shown in
figure 6 chip volumes in excess of 10 million mm2 (2500 3″
wafers) are required to bring the investment cost per chip
below 10 € / mm2. A chip with moderate complexity measures
10–30 mm2, so at this price level about one million chips are
required for return of investment. Such investments are only
affordable for market-dominant, top-tier technology
companies.

A few cleanroom owners provide access to fabless cus-
tomers in order to share the burden of the cleanroom opera-
tional expenditure. In this way a fabless customer can avoid
the huge investment in a fab and restrict investment to just the
development costs of a specific integration process for a
specific PIC. We call this model the custom foundry model:
the foundry develops application-specific processes for cus-
tomized PICs. For PICs of moderate complexity the process
development costs, including process qualification, are in the
order of a million up to a few million Euros and the level of
10 € / mm2 is reached at volumes of a few times 10 000 chips
(the second curve in figure 6 labelled custom). These are still
significant volumes and the investment costs in combination
with the risk are prohibitive for most small and medium
enterprises (SMEs).

A dramatic further cost reduction can be achieved if the
chip design is based on a generic (standardized) integration
process, the development costs of which can be shared by
many users. Then the entry costs are mainly restricted to
design costs, which can be in the order of 100 k€. The design
costs can be reduced even further by development of dedi-
cated process design kits (PDKs) with component libraries
that contain the mask layout and accurate models of the
building blocks in the foundry platform. This will lead to both
a reduction of the design time and the number of design
cycles required to arrive at the required performance. In this
approach, the cost level of 10 € / mm2 can already be reached
at volumes of 1000 chips (the third curve in figure 6 labelled
generic). It will make entry costs for development of Photonic
ICs affordable for most SMEs. We expect, as a consequence,
that the introduction of the generic model will lead to a rapid
expansion in the application of Photonic ICs.

2. Generic integration process

There are many kinds of application-specific integration
technologies, but also for the more generic technologies there
is a large freedom in integration concepts, and different
foundries will have different integration technologies, even if
they are functionally equivalent. In this section we will
explain the basics of a generic photonic integration process
using the COBRA process as a representative example; it was
the first generic process that offered an MPW service and
most of the process and building block information is already
in the public domain.

The integration process can roughly be subdivided into
four process modules, which are illustrated in figure 8 and
will be described below in broad outline. We will also indi-
cate some new developments that are presently underway or
planned for the continued evolution in generic processes at
the JePPIX foundries Oclaro, Fraunhofer HHI and SMART
Photonics.
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Figure 3. (a) Basic building blocks in generic electronic and photonic integration processes. (b) Schematic cross-section of the basic building
blocks in a generic photonic integration process.
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  Integrated tunable laser 

•  Tunable laser 
•  3 section device 

•  2xDBR + SOA 

•  12mA lasing threshold 
current 
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FIG. 1: Schematic of the reconfigurable integrated InP transmitter “Alice” chip (left) which encodes quantum infor-
mation on weak coherent laser light to be sent over optical fibre to a SiON receiver “Bob” chip (right). A temperature
controller (TEC) and current driver stabilise the laser and control its intensity using feedback from an on-chip pho-
todiode (PD). Electro-optic phase modulators (used to perform pulse modulation (P.MOD), phase randomisation
(PH.RAND), intensity modulation (I.M), and finally phase encoding (PH.ENC)) are controlled through a combina-
tion of DC reverse biases (DC BIAS) and quantum random number (QRN) signals sent from a pattern generator
through RF amplifiers. The receiver also requires a temperature controller (TEC) for phase stability and voltage
sources (DC PHASE CONTROL) to control the thermo-optic phase modulators which determine the (passive) op-
eration of the device. O↵-chip superconducting nanowire single-photon detectors (SPD) detect the photons with
time-tagging (TIME TAGGING) hardware, and control software synchronizes the experiment and post-processes the

data.

Laser

The laser source is formed by a semiconductor optical amplifier (SOA) in an InP single-mode weak waveguide
structure that is excited through carrier injection. The optical amplifier provides the gain medium and allows the
laser to spontaneously emit over a wide spectral band. This is combined with two tunable distributed Bragg reflectors
(T-DBR) on either side to create a Fabry-Perot cavity that resonates at specific wavelengths. The T-DBR are weakly
index coupled gratings with uniform pitch, and are tunable via carrier injection.

The laser is driven by a laser diode current controller (Arroyo ComboSource 600) at ⇠20 mA, but is adjusted to
provide the desired phase relationship between successive pulses. Current versus optical power of the laser, including
output coupling loss, is illustrated in Figure 2 (a) which clearly shows a lasing threshold of ⇠12 mA. The spectrum
of the laser for di↵erent operating temperatures is shown in Figure 2 (b) from which we see it has a FWHM of
0.34 pm and ⇠50 dB side-band suppression. Temperature control and stabilisation is required to provide stable laser
operation. The laser wavelength can also be tuned by carrier injection into the T-DBR, as shown in Figure 2 (c).
Using both e↵ects we can easily tune the wavelength of the laser over a ⇠10 nm range.
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FIG. 2: Characterisation of the on-chip laser showing (a) the output power versus driving current with a lasing
threshold of ⇠12 mA, (b) the tunability of the laser wavelength by adjusting the temperature of the device, and (c)

the tunability of the laser wavelength by adjusting the voltages on the T-DBR.
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Spectral performance: 
•  ~1550nm 

•  34pm linewidth 
•  50dB ER 

•  10nm tuning range 

Sibson, et. al, arXiv:1509.00768 (2015) 



  Phase and amplitude modulators 

•  Electro-optic phase 
modulators, based on the 
Quantum Confined Stark 
Effect. 

•  >10GHz modulation possible 
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Photodiode

The photodiode is a ⇠1GHz bandwidth, blocking (full absorption) waveguide-pin structure. This PIN photodiode
structure is used to monitor the output from the laser signal to ensure stable laser intensity, by providing feedback
for current input to the SOA.

Electro-Optic Phase Modulator

The electro-optic phase modulators (EOPM) operate through the Quantum Confined Stark E↵ect (QCSE) in a
strong passive waveguide in which the core is a multi-quantum well (MQW) structure. By applying a reverse bias to
this structure the QCSE causes a shift in the bandgap of the material incurring both phase and loss, dependent on
the applied electric field. This e↵ect, when oriented parallel to the InP crystal lattice, can have an additional linear
electro-optic e↵ect which increases e�ciency. The QCSE is generally regarded as quadratic in nature, resulting in
more nonlinear characteristics for phase shifters. It also has further wavelength dependence for both phase and loss,
due to the proximity to the band-gap wavelength of the MQW core. By keeping the EOPM length less than 1 mm,
the phase modulators allow up to 10 GHz in bandwidth, but also require careful placement on the die to allow good
signal integrity to be maintained o↵-chip.

Figure 3 (a) shows the intensity profiles from the DC characterisation of one of the Mach-Zehnder interferometers
(MZI) on the transmitter chip, formed from two multi-mode interference devices (MMI) acting as 50:50 reflectivity
beamsplitters and an EOPM in either arm. From this one can see an extinction ratio of near ⇠19 dB can be achieved
over low voltage changes. Figure 3 (b) and (c) show the heat map of intensity at the two output arms for a full 2D
sweep of the EOPMs. An important note is the EOPMs su↵er from saturation which can limit the range of phase
that can be applied if the devices are too short.
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FIG. 3: The intensity profiles measured during the DC characterisation of one of the MZIs. (a) Optical intensity
output (at EOPM1 = 10V) varied over EOPM2 voltage showing extinction ratio of over 19dB for the output of the
first output arm, and the heat map of intensity at the first output arm (b) and second output arm (c) as the two

EOPMs in the Mach-Zehnder have their voltages varied.

The EOPM is terminated with a parallel combination of a DC-blocking capacitor and AC-terminating 50 ⌦ resistor
in series, allowing for high-speed RF operation. By concatenating two MZIs in series, one for timing intensity
modulation (I.M) and one for phase encoding (PH.ENC), time bin encoded states can be prepared with an extinction
ratio of ⇠29 dB, FWHM of 134 ps, and pulse separation of 580 ps. This illustrates the high speed operation of our
device and is given without compensating for detector jitter, time interval analysis, and trigger jitter.

Phase Encoding

To create |+i qubits, photon pulses are generated in the two temporal time bins with no phase change; however,
the |�i state requires a ⇡ phase di↵erence between the two pulses. Because of complications associated with driving
the EOPM’s to V⇡, we instead encoded the ⇡ phase shift by applying {0, �} and {�, 0} to the top and bottom EOPMs
in the MZI (PH.ENC) during the first and second time bin respectively. The ratio of these two states is

1 � exp(�i�)

exp(�i�) � 1
= �1 (1)
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  Time-bin encoded BB84 

•  Four BB84 time-bin encoded states 
•  ~600ps separation 
•  High extinction ratio 
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FIG. 1: Integrated photonic devices for quantum key distribution consisting of: (a) A monolithically integrated
Indium Phosphide (InP) transmitter for GHz clock rate, reconfigurable, multi-protocol QKD. The chip encodes
quantum information on pulses of weak coherent laser light to be sent over optical fibre and is 2 mm by 6 mm.

(b) A Silicon Oxynitride (Triplex) photonic receiver circuit for reconfigurable, multi-protocol QKD that passively
decodes the quantum information with o↵-chip single photon detectors, with a footprint of 2 mm by 32 mm.

(c) The generic InP platform cross-section9. (d) A wavelength tunable continuous-wave laser formed from two
tuneable-distributed Bragg Reflectors (T-DBR) as a Fabry-Perot cavity with semiconductor optical amplifier (SOA)

stimulated by current injection. (e) Illustrating the size of transmitter chip. (f) The SiO
x

N
y

Triplex cross-section
with metalisation for heating elements19. (g) Microscopic image of the receiver circuit delay spirals

Transmitter: The fully integrated InP QKD trans-
mitter capable of modulation at GHz rates for standard
telecommunications channels is shown in Figure 1(a) and
has a footprint of 2 mm by 6 mm.

The InP device fabrication involves multi-step epitax-
ial growth process allowing for the monolithic integra-
tion of active and passive components through multi-
ple growth, etch and regrowth steps. It and was cho-
sen to meet the requirements of fast active electro-optics
and the capability to implement integrated semiconduc-
tor laser diode sources all with a small footprint due to
the high refractive index contrast9.

The on-chip continuous wave laser source, with a
>50dB spectral extinction and a FWHM of 34 pm, is
temporally modulated by reverse biasing the electro-
optic phase modulators (EOPMs) in the first MZI allow-
ing the creation of <150 ps pulses in the desired time-
bins. The laser intensity can be monitored by the on-chip
photodiode and used as feedback to stabilise the laser
current. The output of the transmitter can be seen in
Figure 2 for each of the four BB84 states, with a FWHM
of ⇠136 ps and >30 dB extinction.

Receiver: The integrated Silicon Oxynitride
(SiO

x

N
y

)19 QKD receiver circuit is shown in Figure 1(b)
and combined with o↵-chip superconducting single pho-
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FIG. 2: Transmitter output for the four BB84 states,
demonstrating the 136 ps FWHM pulses with near

30 dB extinction, and temporal separation of 580 ps.

ton detectors passively measures the transmitter’s sig-
nals.

The device was fabricated in SiO
x

N
y

to provide a
high index material platform allowing a small foot-print,
thermo-optic reconfigurability, and low loss waveguides.
The Triplex technology is fabricated with alternating
Si3N4 and SiO2 deposited and etched layers to cre-
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SiON QKD receiver device 

•  Contains 23 individual photonic elements 
•  Includes: 

•  Asymmetric MZI 

•  Tunable delay line  
•  Balancer MZI 

•  Tap-off MZI (for COW protocol) 

•  Reconfigurable 
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tion of active and passive components through multi-
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sen to meet the requirements of fast active electro-optics
and the capability to implement integrated semiconduc-
tor laser diode sources all with a small footprint due to
the high refractive index contrast9.

The on-chip continuous wave laser source, with a
>50dB spectral extinction and a FWHM of 34 pm, is
temporally modulated by reverse biasing the electro-
optic phase modulators (EOPMs) in the first MZI allow-
ing the creation of <150 ps pulses in the desired time-
bins. The laser intensity can be monitored by the on-chip
photodiode and used as feedback to stabilise the laser
current. The output of the transmitter can be seen in
Figure 2 for each of the four BB84 states, with a FWHM
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CONFIDENTIAL
rates and high data rates. We have demonstrated up to 150ps FWHM pulses with a 600ps temporal separation. This
work demonstrates multiple protocols with Coherent One Way (COW) operating at 833MHz state rate, Differential
Phase Shift (DPS) at a 1.67GHz state rate, and BB84 at a 556MHz state rate (Figure 1b).

Fig. 2: Illustration of the integrated photonic device for reconfigurable multi-protocol QKD transmitter (Alice) and
bulk optical receiver (Bob). Alice includes an integrated wavelength-tunable semiconductor laser source temporally
modulated by an electro-optic amplitude modulator (PULSE MOD), monitored with an on chip photodiode. The tem-
porally modulated signal is attenuated (ATT) and intensity modulated (I.M) before encoding relative phases between
successive time bins (PHASE MOD). The bulk optical receiver includes a polarisation controller (PC) and polarisation
beam splitter (PBS), used as a tunable reflectivity beam splitter, followed by an AMZI.

This InP integrated photonic device in Figure 2 contains a wavelength-tuneable semiconductor laser source, con-
structed of a semiconductor optical amplifier (SOA) and two tuneable distributed Bragg reflectors (T-DBR) to form
a cavity and produces light in the standard 1550nm telecommunication band. The continuous wave laser source is
temporally modulated in to 150ps FWHM pulses with a 600ps temporal separation, in pairs for BB84 or as pulse
trains for COW and DPS. The pulse intensity can be monitored by the on-chip photodiode, and be used as feedback to
stabilise the laser current. The temporally modulated coherent state is further attenuated and the intensity modulated
in the next section of the circuit, and the last elements encode relative phases between successive time bins for both
DPS and BB84.

This integrated photonic device is decoded by a bulk optical circuit (Bob). This set-up has a polarisation controller
followed by a polarisation beam splitter as a reconfigurable reflectivity beam splitter, followed by an asymmetric
Mach-Zehnder interferometer (AMZI) with a delay t corresponding to the time delay between temporally modulated
pulses from the integrated transmitter. The reconfigurable reflectivity beam splitter allows a proportion of the signal
to be directly measured by a single photon detector for use in COW, and a proportion to be measured within the
AMZI with single photon detectors measuring the output of each arm, for all three protocols demonstrated. This set-
up allows reconfiguring for each protocols, as well as a passive detection scheme where the BB84 basis choice is made
by detection.

This work demonstrates the feasibility of using fully integrated devices within QKD systems and the benefits of
miniaturisation, reliability and reconfigurability that integrated photonics can provide for quantum communications
and cryptography. This could lead to further adoption within practical telecommunication networks, mobile applica-
tions and personal devices.
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  Tunable delay line 

•  8 programmable 
time bins 

•  0 to 2.1ns in 
300ps steps 

•  Loss ~ 5dB/ns 
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Thermo-Optic Phase Modulators

The thermo-optic phase modulators (TOPM) are a metal layer on top of the passive triplex waveguide structure
causing a resistance. With a length of 1.5 mm the phase modulators have a resistance of ⇠600 ⌦ and reach a 2⇡
phase shift at ⇠20 V. The thermo-optic coe�cient is linear with power and therefore quadratic with voltage. We
characterised them inside MZIs formed from two directional couplers acting as 50:50 reflectivity beamsplitters.

Loss

Propagation loss was measured to be around 0.5dB/cm, or 8.0dB/ns when considering a group index of around
1.7. The fibre to chip facet loss was between 1.7 - 5 dB loss depending on alignment and index matching gel with
polarisation maintaining single mode fibre arrays.

Discrete Time Bins

The asymmetric MZI is used to decode the phase encoded information and allows for discrete time bins to be chosen
as illustrated in Figure 5 (a)-(b). Combinations of 1 bin, 2 bins, and 4 bins can be included in the delay by tuning
MZI switches (Figure 5 (c)), allowing for any delay between 0 and 2.1 ns in steps of 300 ps. Increasing the delay does
bring with it increasing loss, as shown in Figure 5 (d).
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FIG. 5: Schematic diagram of the (a) asymmetric Mach-Zehnder interferometer (AMZI), (b) digital delay lines, (c)
MZI used to switch the signal into the di↵erent discrete delay line choices, and (d) the loss incurred for each of the

possible digital delays.

Calibration and Timing

To balance the loss inside the longer arm of the asymmetric MZI, there is a MZI (L-BAL) which routes a larger
percentage of signal into the longer arm than the shorter arm. This percentage should allow for equal intensities in
both arms at the recombination beamsplitter. To calibrate this tuning, the phase is swept and visibility is maximised.

To minimise the QBER due to the timing and phase errors, the temporal delay between the electronically defined
time-bins on the transmitter chip was adjusted to match one of the fixed digital delays on the receiver chip. The
optimum was found to be ⇠580 ps, as shown in Figure 6 (a). Figure 6 (b) shows that sweeping the temperature of
the chip does not a↵ect the temporal information (QBER-T); however, the phase relationship between the two arms
does change (QBER-P). The temperature corresponding to the minimum QBER-P was chosen.
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  On-chip quantum random number generation 

•  Alice chip reconfigured to generate ‘offline’ quantum random 
numbers 

•  Single photon detectors at the outputs detect either a 0 or 1 

•  Bernoulli factory algorithm used to provide a balanced coin  

•  Random numbers used to set the basis, bit states, decoy 
intensities and phase randomisation for each qubit sent 

Manufacturable photonic quantum 
computing: I Hardware  

Centre for Quantum Photonics, University of Bristol, HH Wills Physics Laboratory, Tyndall Avenue, Bristol, UK BS8 1TL 
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  Time-bin decoded BB84 

•  The four BB84 states and the receiver outcome 
probabilities.  

•  Information encoded in both time of arrival and phase 
between time bins – causing interference at the output 
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Abstract: We demonstrate a fully integrated photonic transmitter for time-bin based
multi-protocol quantum key distribution. This GHz rate Indium Phosphide device prepares
states for Coherent One Way (COW), Differential Phase Shift (DPS), and BB84 protocols.
© 2015 Optical Society of America
OCIS codes: 270.5568, 130.0130.

Quantum Key Distribution (QKD) provides a provably secure approach to share keys used to encrypt secret infor-
mation by sending single photons through a quantum channel from a transmitting party, Alice, to a receiving party,
Bob [1]. This is one of the first commercially developed quantum technologies, with a number of systems available for
purchase. It has also seen a number of long range demonstrations in fibre [2], and ground to air systems [3], working
towards satellite communications.

Integrated photonics provide a stable, compact, miniaturized and robust platform to implement complex photonic
circuits amenable to manufacture and is a compelling technology to implement future QKD systems [4]. The phase
stability of integrated photonics is a particularly suitable platform for time-bin encoded information, used in telecom-
munication QKD for fibre communications.

A number of examples have demonstrated integrated components for QKD [5, 6], while this work demonstrates
a fully integrated Indium Phosphide (InP) QKD transmitter (Alice) modulated at GHz rates for telecommunications
channels. The 2x6mm2 chip in Figure 1a, incorporates an integrated tuneable laser, electro-optic modulators and
photodiodes to allow for multi-protocol reconfigurable operation.

(a) Illustrating the scale of InP Photonic De-
vice (2mm x 6mm)

0 2 4 0 2 4 0 2 4

0 2 4 0 2 4 0 2 4

0 2 4 0 2 4 0 2 4

0 2 4 0 2 4 0 2 4

ARM 0 ARM 1

|1⟩

|+⟩

|−⟩

STATE

|0⟩

(b) The four BB84 states and the receiver outcome probabilities. Information
is encoded in both time of arrival and phase between time bins causing inter-
ference at the output (illustrated above with the temporal axes in units of ns)

Fig. 1

The electro-optic modulators can operate at frequency up to 10GHz allowing for short temporal pulses to be defined,
and therefore small temporal separation for the time bin encoded information. This allows for high data generation
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  BB84 result 

•  150ps duration pulses 
with 600ps separation 

•  Comparable to 
commercial systems  

•  @20km 
•  560MHz transmission rate 

•  1.6Mbps raw key rate 

•  1.4% QBER 
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FIG. 3: Experimental results for (a) BB84, (b) COW, and (c) DPS showing the raw detection rate, estimated secret
key rate, and relevant QBER. For BB84 the QBER is derived from the timing and phase errors, while for COW the

QBER is derived from the timing error and security of the channel is estimated from phase coherence between
successive pulses, and finally for DPS the QBER is estimated based on the error from the phase encoded information.

State (or clock) rates of 560 MHz, 860 MHz, and 1.76 GHz were used for BB84, COW, and DPS respectively.

ate a hollow box structure to guide light in a high
index-contrast but low loss waveguides measured to be
⇠0.5dB/cm. Metal layers on top of the structure create
thermo-optic phase shifters (TOPS) for reconfigurability.

The 2 mm by 32 mm footprint circuit includes a num-
ber of Mach-Zender interferometer’s (MZI) and thermo-
optic phase shifters which, once set, split and route the
received signals according to the desired protocol. It also
includes a digitally reconfigurable asymmetric MZI with
a delay, ⌧ , that can be set in multiples of 300 ps from 0
to 2.1 ns allowing further flexibility within network set-
tings, where di↵erent transmitters, standards, and time-
bin delays may be dynamically constrained by user re-
quirements.

Our detection is achieved by superconducting nanowire
single photon detectors20, with and estimated e�ciency
of ⇠45%, with ⇠50ps of temporal jitter, and ⇠10ns of
dead-time when operated in free-running mode .

Protocols and Operation: The BB8421 QKD pro-
tocol transmits one of two orthogonal states chosen at
random, encoded in one of two randomly chosen non-
orthogonal bases. We use the Z-basis {|0i, |1i} and the X-
basis {|+i, |�i} in a time-bin encoding. This is achieved
through |0i encoded by a photon in the first time bin and
|1i encoded by a photon in the second time bin, while |+i
is encoded by a photon in a superposition of the first and
second time-bin with no relative phase change, and |�i
is encoded by a photon in a superposition of being in the
first a second time bin, with a ⇡ relative phase change,
as illustrated in Figure 2.

The integrated transmitter modulates the continuous
laser source, selecting the time bin choice. The state
is phase randomised with a single electro-optic modu-
lator before being attenuated and intensity modulated.
We reduce the intensity of the {|+i, |�i} states by half,
compared to the {|0i, |1i} states in order to maintain the
same average photon number per state. The intensity
modulator is also used to encode the decoy photon lev-

els required to mitigate multi-photon contamination for
security22. The final MZI encodes the relative phase be-
tween successive time bins to implement a |�i state.

The four possible states enter the receiver device where
they encounter an MZI formed by a pair of directional
couplers and a thermo-optic phase shifter. This is used
as a tunable reflectivity beam splitter to send a portion
of the signal to a single photon detector necessary to im-
plement the COW protocol (detailed later)The phase de-
coding AMZI overlaps successive time bins creating three
possible time-slot within which to detect photons. Phase
information interferes in the middle time-slot allowing
measurements in the {|+i, |�i} basis, where as time of
arrival information in the first and third time-slots mea-
sures in the {|0i, |1i} basis? . This decoding allows for
a passive optical circuit, with the detection event consti-
tuting the random basis choice, limiting the requirement
for GHz rate quantum random number generators in the
receiver.

The COW protocol23 transmits pulses in pairs, encod-
ing |0i with the first bin and |1i with the second. Again
we use our pulse modulated continuous wave laser to gen-
erate pulses in these time-bins. While the key is gener-
ated unambiguously from the time of arrival of the single
photon in a pair, security of the channel is determined by
measuring the visibility from interfering successive pho-
ton pulses. A decoy state, with pulses in each time bin,
is included to increase the possibility of photons in suc-
cessive pulses for the interference measurement. The re-
ceiver routes a larger proportion of the signals to single
photon detectors for key generation, and a smaller pro-
portion to the AMZI for visibility measurement.

Finally, the DPS protocol24 encodes information
within the relative phase, 0 and ⇡, of a train of photon
pulses generated from the temporally modulated contin-
uous wave laser. The information is decoded unambigu-
ously through the AMZI by interfering successive pulses,
providing a QBER based on number of incorrect counts
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  Summary of all protocols 

•  Clock rate up to 1.7GHz 

•  QBER as low as 1.4% 

•  Secrete key rates up to 
2.35 Mb/s 

4

Protocol µ State QBER QBER Raw Secret

(per Rate Time Phase Rate Rate

pulse) (GHz) (%) (%) (Mbps) (Mbps)

BB84 0.45 0.56 1.46 1.40 1.61 0.63

COW 0.45 0.86 1.4 1.4 3.11 2.35

DPS 0.28 1.76 - 1.4 2.82 0.54

TABLE I: Comparison of parameters and measured
rates for the 3 QKD protocols over an emulated fibre

link of 20 km.

at the wrong output of the phase decoding circuit. The
security of the channel is determined by bounding the
possible information an adversary could extract, that in
turn would cause errors in the transmitted information.

Experimental Results: Performance of our integrated
devices is shown in Figure 3 for each of the three proto-
cols ((a) BB84, (b) COW, and (c) DPS) where the raw
key rate, secure key rate, and QBER observed are plot-
ted. Crucially, we are able to show performance which
is comparable to the state-of-the-art in current fibre and
bulk optical systems. The length of optical fibre between
Alice and Bob is emulated using a variable optical atten-
uator to induce channel loss, where a loss of 0.2 dB/km
is assumed (standard within telecommunications fibres
at 1550 nm). The e↵ects of dispersion and polarisation
have not been considered in this demonstration, as po-
larisation issues can be mitigated with active calibration
to maximise counts, and dispersion e↵ects will be min-
imal due to the 134 ps pulses can be considered single
wavelength to first order.

For BB84, using an attenuation equal to 20 km of fibre
in Fig. 3 (a) we obtain a secure key rate of 632 kbits/s us-
ing a clock rate of 560 MHz,; using average single photon
numbers of 0.45, 0.1, and 5.0⇥10�4 for the signal and
two decoy states chosen with probabilities of 0.8, 0.15,
and 0.05 respectively; and observe a QBER of 1.4% for
the signal photon level. The last decoy state is a vac-
uum level decoy state which is limited by the extinction
of the modulators. We highlight that this low QBER is
due to the extremely stable and highly controllable inte-

grated components of our devices. The secure key rate
for BB84 is calculated using the raw key rate (sifted for
signal states and correct basis measurement), and the
measured QBER, using the security proof of Ma et al.22.
We ensure phase randomisation between successive states
using an EOPM (Fig. 1(a)) and implement random sig-
nal and decoy states through intensity modulation, both
of which are necessary to ensure security25–28.

For COW, again using an attenuation equal to 20 km
of fibre in Fig. 3 (b) we obtain a secure key rate of
2.35 Mbits/s using a state rate of 0.86 GHz with QBER of
1.4% due to timing information and QBER of 1.4% due
to the interferometer and security of the channel. The
secure key rate of COW is calculated using the sifted key
rate and measured visibilities according to the security
proof by Branciard et al.29 shown to be a secure upper
bound for collective attacks.

Finally, for DPS and an attenuation of 20 km of fibre
in Fig. 3 (c) we obtain a secure key rate of 540 kbits/s
using a clock rate of 1.76 GHz and QBER of 1.4%. The
secure key rate of DPS is calculated by measuring the
key errors and visibilities according to the security proof
by Branciard et al.29 and is limited to collective attacks.

Discussion: These devices satisfy the requirements of
each level of a future QKD network and, together with
integrated single photon detectors, point the way to
seamless integration with the classical communication
infrastructure. They will directly enable multiplexing
of QKD channels using industry-standard techniques to
dramatically increase bandwidth, multiplexing with clas-
sical communications. Their compact size and high levels
of integration and control may also be beneficial in the
trusted node approach. The flexibility and reconfigura-
bility of these devices will enable operation to be opti-
mised for multiple applications, including di↵erent pro-
tocols, wavelengths and bandwidths (e.g. low bandwidth
in handheld, low-power applications for example).
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FIG. 3: Experimental results for (a) BB84, (b) COW, and (c) DPS showing the raw detection rate, estimated secret
key rate, and relevant QBER. For BB84 the QBER is derived from the timing and phase errors, while for COW the

QBER is derived from the timing error and security of the channel is estimated from phase coherence between
successive pulses, and finally for DPS the QBER is estimated based on the error from the phase encoded information.

State (or clock) rates of 560 MHz, 860 MHz, and 1.76 GHz were used for BB84, COW, and DPS respectively.

ate a hollow box structure to guide light in a high
index-contrast but low loss waveguides measured to be
⇠0.5dB/cm. Metal layers on top of the structure create
thermo-optic phase shifters (TOPS) for reconfigurability.

The 2 mm by 32 mm footprint circuit includes a num-
ber of Mach-Zender interferometer’s (MZI) and thermo-
optic phase shifters which, once set, split and route the
received signals according to the desired protocol. It also
includes a digitally reconfigurable asymmetric MZI with
a delay, ⌧ , that can be set in multiples of 300 ps from 0
to 2.1 ns allowing further flexibility within network set-
tings, where di↵erent transmitters, standards, and time-
bin delays may be dynamically constrained by user re-
quirements.

Our detection is achieved by superconducting nanowire
single photon detectors20, with and estimated e�ciency
of ⇠45%, with ⇠50ps of temporal jitter, and ⇠10ns of
dead-time when operated in free-running mode .

Protocols and Operation: The BB8421 QKD pro-
tocol transmits one of two orthogonal states chosen at
random, encoded in one of two randomly chosen non-
orthogonal bases. We use the Z-basis {|0i, |1i} and the X-
basis {|+i, |�i} in a time-bin encoding. This is achieved
through |0i encoded by a photon in the first time bin and
|1i encoded by a photon in the second time bin, while |+i
is encoded by a photon in a superposition of the first and
second time-bin with no relative phase change, and |�i
is encoded by a photon in a superposition of being in the
first a second time bin, with a ⇡ relative phase change,
as illustrated in Figure 2.

The integrated transmitter modulates the continuous
laser source, selecting the time bin choice. The state
is phase randomised with a single electro-optic modu-
lator before being attenuated and intensity modulated.
We reduce the intensity of the {|+i, |�i} states by half,
compared to the {|0i, |1i} states in order to maintain the
same average photon number per state. The intensity
modulator is also used to encode the decoy photon lev-

els required to mitigate multi-photon contamination for
security22. The final MZI encodes the relative phase be-
tween successive time bins to implement a |�i state.

The four possible states enter the receiver device where
they encounter an MZI formed by a pair of directional
couplers and a thermo-optic phase shifter. This is used
as a tunable reflectivity beam splitter to send a portion
of the signal to a single photon detector necessary to im-
plement the COW protocol (detailed later)The phase de-
coding AMZI overlaps successive time bins creating three
possible time-slot within which to detect photons. Phase
information interferes in the middle time-slot allowing
measurements in the {|+i, |�i} basis, where as time of
arrival information in the first and third time-slots mea-
sures in the {|0i, |1i} basis? . This decoding allows for
a passive optical circuit, with the detection event consti-
tuting the random basis choice, limiting the requirement
for GHz rate quantum random number generators in the
receiver.

The COW protocol23 transmits pulses in pairs, encod-
ing |0i with the first bin and |1i with the second. Again
we use our pulse modulated continuous wave laser to gen-
erate pulses in these time-bins. While the key is gener-
ated unambiguously from the time of arrival of the single
photon in a pair, security of the channel is determined by
measuring the visibility from interfering successive pho-
ton pulses. A decoy state, with pulses in each time bin,
is included to increase the possibility of photons in suc-
cessive pulses for the interference measurement. The re-
ceiver routes a larger proportion of the signals to single
photon detectors for key generation, and a smaller pro-
portion to the AMZI for visibility measurement.

Finally, the DPS protocol24 encodes information
within the relative phase, 0 and ⇡, of a train of photon
pulses generated from the temporally modulated contin-
uous wave laser. The information is decoded unambigu-
ously through the AMZI by interfering successive pulses,
providing a QBER based on number of incorrect counts
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  Future directions 

•  Fully packaged and deployable protoypes 

 
•  Working demonstrators within the Bristol 

city-wide QKD network 
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  Targeted Applications 

•  Mobile devices 
•  Computer networks 
•  City wide communication 

networks 



  Conclusion 

Chip-based technologies for 
Quantum Communications 

•  Compact, stable, robust 

•  Reconfigurable 
•  Multi-protocol 

•  Scalable 
•  Compatible with current 

photonic and/or 
microelectronic processing 

arXiv:1509.00768 - Chip-based Quantum Key Distribution 
 arXiv:1508.03214 - Quantum Photonic Interconnect 




