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Optical Transmitters and Receivers for Quantum Key Distribution

The invention relates to the field of quantum cryptography (QC) in general,

and to optical transmitters and receivers for quantum key distribution (QKD) in

particular.

In an optical QC system based on the BB84 protocol for example (see

"Quantum cryptography: public key distribution and coin tossing" by C. H.

Bennett and G. Brassard, Proc. IEEE International Conference on Computers,

Systems and Signal Processing, Bangalore, ppl75-179, 1984) a typical optical

receiver incorporates two receiver channels each of which can detect a photon

polarised in one of a pair of orthogonal polarisation states and distinguish the

polarisation state of the photon. The two pairs of polarisation states (one

associated with each channel) are normally mutually inclined at 45°. In

establishing a key, an initial step is to assign received photons to one or other

of the two receiver channels at random.

This type of optical receiver requires very accurate alignment of optical

components in free-space by manual adjustment and is therefore time-

consuming and expensive to produce. Construction of such a receiver

generally involves use of opto-mechanical mounts, or careful gluing of optical

components to achieve the necessary alignment tolerances. Production of such

receivers is therefore presently limited to a few units per person per hour and

their lack of mechanical robustness makes them unsuited to practical use.

In one aspect, the present invention provides an optical receiver for a quantum

key distribution system, the optical receiver comprising a plurality of optical

components mounted or formed in a substrate and optically coupled by one or

more hollow core waveguides formed in the substrate.

A receiver of the invention is physically robust because individual optical

components are supported by the substrate. The optical components are



optically coupled together by hollow core waveguides formed in the substrate.

In addition, use of a substrate allows the optical components to be mounted in a

much more compact arrangement than is possible using opto-mechanical

mounts, or in systems where optical components are aligned manually and then

glued in position. This has the important effect of reducing the alignment

tolerances required for the individual optical components so that manufacturing

tolerances may be reduced, allowing further improvements in productivity and

unit cost. The invention may therefore provide a mechanically robust, compact

and relatively inexpensive optical receiver for quantum key distribution that

admits of mass production.

An optical component may be retained in an alignment slot which is formed in

the substrate, intersects one of said hollow core waveguides and defines the

alignment of the optical component retained therein with respect to that hollow

core waveguide. This provides for the hollow core waveguide and the

alignment slot to be formed by the same process, for example a machining

process. All the optical components of the receiver may be retained in such

slots, so that the entire layout of the receiver may be produced by a single

machining process. The optical components of the receiver can then be

inserted into respective slots, either manually or by an automated pick-and-

place method, and simultaneously aligned: no additional step of aligning the

optical components is required after they have been located in the substrate. In

the case where all or some of the optical are formed in (i.e. integrated with) the

substrate, alignment of the optical components is achieved simultaneously with

fabrication of the substrate.

The optical receiver may have first and second receiver channels, each receiver

channel being arranged to detect a photon polarised in one of a respective pair

of orthogonal polarisation states and to distinguish the polarisation state of that

photon, respective pairs of polarisation states being mutually inclined. This

would provide an optical receiver suitable for use in QC and QKD based on the

BB84 protocol for example.



The optical receiver preferably incorporates means for randomly directing an

input photon to one of the receiver channels. Said means could comprise a

free-space beam splitter or a fibre-optic 3dB coupler for example, but more

preferably said means are integrated with other parts of the optical receiver.

For example said means may comprise an appropriately designed multimode

interference (MMI) splitter either mounted in or formed integrally with the

substrate. Dispersion of, and interference between, various transverse modes

in a multimode optical waveguide and the exploitation of these effects to

provide low-loss optical splitters, recombiners, routers, modulators and so forth

are explained in European patents 0 563 065 Bl, 0 563 068 Bl and 0 563 084

Bl for example. Alternatively, said means may comprise a beam splitter and

an input waveguide for receiving an input photon and guiding the input photon

to the beam splitter, each output of the beam splitter being optically coupled to

a respective receiver channel by a respective connecting waveguide, wherein

the input and connecting waveguides are hollow core waveguides formed in

the substrate. The beam splitter may be retained in an alignment slot formed in

the substrate, the alignment slot defining the alignment of the beam splitter

retained therein with respect to the input waveguide and the connecting

waveguides.

In order to correct for disturbances to the polarisation states of photons

received at the optical receiver, the optical receiver may comprise a

polarisation modulator which is either a discrete component device or

alternatively integral, or integrated, with the input guide. Received photons

could have disturbed polarisation states where they are received via one or

optical fibres for example.

The first receiver channel may comprise a first polarising beam splitter and two

single-photon detectors, the polarising beam splitter (PBS) having two outputs

each of which is optically coupled to a respective single photon detector by a

respective hollow core waveguide formed in the substrate. A photon polarised

parallel to one of the optic axes of the PBS is passed with 100% probability



(ignoring absorption and scattering losses and such like) to a corresponding

single-photon detector. A photon polarised at 45° to the axes has a 50%

probability of being passed to either single-photon detector.

In this case the second receiver channel may comprise a second polarising

beam splitter and two single-photon detectors, the second polarising beam

splitter having two outputs each of which is optically coupled to a respective

single photon detector by a respective hollow core waveguide formed in the

substrate, the second receiver channel further comprising a half-wave plate

optically coupled to the input of the second polarising beam splitter by a

hollow core waveguide formed in the substrate, the first and second polarising

beam splitters having substantially parallel optic axes and the optic axis of the

half-wave plate being inclined at substantially 22.5° to an optic axis of the

second polarising beam splitter. In this arrangement of receiver channels the

two pairs of orthogonal polarisation states are mutually inclined at 45°.

Preferably the hollow core waveguides are arranged to preserve the

polarisation states of photons guided within them. A convenient way of

achieving this is to form the hollow core waveguides with a substantially

square cross section.

An optical receiver of the invention may be used as part of a free-space system.

Alternatively it could be used in a system where photons are passed to the

receiver via an optical fibre or fibre-optic network, in which case the optical

receiver is preferably provided with an input adapted to receive an optical

fibre.

In a second aspect, the invention provides an optical transmitter for a quantum

key distribution system, the optical transmitter comprising a plurality of optical

components mounted or formed in a substrate and optically coupled by one or

more hollow core waveguides formed in the substrate. As is the case with an

optical receiver of the invention, an optical transmitter of the invention may be



assembled and aligned in a single process and thus admits of cost-effective

mass production. Because the optical components are linked by hollow core

waveguides, an optical transmitter of the invention may be realised in highly

compact form, which also has the advantage of a reduction in the alignment

tolerances required of the optical components. At least one of said optical

components may be a mounted component retained in an alignment slot which

is formed in the substrate, intersects one of said hollow core waveguides and

defines the alignment of the optical component retained therein with respect to

that hollow core waveguide.

If the optical transmitter is required to transmit a quantum key encoded by

polarisation states of transmitted photons, the optical transmitter comprises an

optical source (for example a semiconductor laser) and a polarisation

modulator, the optical source and the polarisation modulator being mounted or

formed in substrate and optically coupled together via one or more hollow core

waveguides. The optical source and/or the polarisation modulator may be

discrete components mounted in alignment slots formed in the substrate, or

they may be integral with substrate itself, i.e. formed in the material of the

substrate.

A hollow core waveguide formed in the substrate may also be present to guide

output from the polarisation modulator to an output of the transmitter.

Since QKD involves the transmission of single photons, a optical transmitter of

the invention preferably comprises some means for tapping off a portion of the

optical energy propagating in the optical transmitter when it is in operation, so

that the output level of the optical transmitter may be monitored and the optical

source suitably adjusted. Such means for could example be a Y-coupler

formed with hollow core waveguides. Preferably such means comprises a

multimode interference (MMI) splitter (symmetric or asymmetric) either

formed or mounted in the substrate and having an input optically coupled to the

optical source and an output coupled to the polarisation modulator by



respective hollow core waveguides formed in the substrate. Preferably the

MMI splitter is formed integrally within the substrate and has hollow core

input, output and multimode waveguides. Symmetric and asymmetric MMI

splitters are described in detail in European patents O563 065 Bl, 0 563 068

Bl and 0 563 084 Bl for example. Alternatively, the MMI splitter (or

equivalent device) may be positioned such that it has an input optically coupled

to an output of the polarisation modulator and an output coupled to an output of

the optical transmitter by respective hollow core waveguides formed in the

substrate.

An optical transmitter of the invention may include an intensity modulator

formed in or mounted in the substrate and arranged to control the output

intensity of the optical transmitter. This is useful where it is desired to operate

the optical transmitter in a pulsed mode and to vary the number of photons per

pulse. The intensity modulator may be a Mach-Zehnder interferometer device

comprising an MMI splitter and an MMI recombiner and means for modulating

the relative phase of radiation within the two arms of the interferometer.

Preferably the hollow core waveguides are arranged to preserve the

polarisation states of photons guided within them. A convenient way of

achieving this is to form the hollow core waveguides with a substantially

square cross section.

An optical transmitter of the invention may comprise an output adapted to

receive an optical fibre where a quantum key is to be transmitted over an

optical fibre or fibre-optic network.

The substrate of an optical receiver or transmitter of the invention may

comprise a semiconductor material, such as silicon. For example, the substrate

may comprises a silicon-on-insulator (SOI) wafer. Conveniently, the substrate

comprises a base portion having one or more channels formed therein, and a lid



portion attached to the base portion so as to form said one or more hollow core

waveguides.

Where the optical receiver/transmitter comprises mounted optical components,

one or more of these optical components may be attached to the lid portion,

such that when the lid and base portions are brought together these optical

components are located in corresponding alignment slots in the base portion, in

addition to completion of the hollow core waveguides.

The internal surfaces of one or more of the hollow core waveguides may carry

a reflective coating, for example a metal coating such as gold, silver or copper.

Gold has a refractive index less than that of air at wavelengths in the range 500

nm to 2.2 µm, which range encompasses the telecommunications range 1.4 µm

to 1.6 µm. Copper and silver exhibit refractive indices less than unity over the

ranges 560 nm to 2200 nm and 320 nm to 2480 nm respectively.

Alternatively, the reflective coating could be an all-dielectric, or metal-

dielectric stack, the optical thickness of the dielectric layers determining

interference effects that determine the reflective properties of the coating.

QKD, and QC in general, involves the generation and reception of single

photons. If a hollow core waveguide supports only a fundamental mode (for

example), a single photon launched into the waveguide will have a probability

of being located at various transverse positions across the waveguide which

corresponds to the classical transverse intensity distribution of a fundamental

mode in that waveguide, and the term "waveguide" in this specification should

be construed accordingly. It should also be noted that although the hollow core

waveguides within optical receivers and transmitters of the invention may be

dimensioned to provide this sort of waveguiding, they may also be

dimensioned such that do not actually provide guiding, but simply act as

hollow channels for providing optical communication between optical



components. The substrate then acts simply as an "optical breadboard" for the

optical components which form a free-space optical receiver/transmitter rather

than an integrated device in which optical components are optically coupled by

waveguides. The term "waveguide" in this specification should be given an

expansive meaning including both of these possibilities.

Embodiments of the invention are described below by way of example only

and with reference to the accompanying drawings in which:

Figures 1, 2, 3 and 4 schematically illustrate optical receivers of the invention;

Figure 5 and 6 illustrate formation of a hollow core waveguide in a

substrate and integration with an optical component; and

Figures 7 and 8 schematically illustrate optical transmitters of the

invention.

In Figure 1, an optical receiver 100 of the invention is shown schematically in

plan view. The receiver 100 comprises a plurality of optical components and

devices each retained within alignment slots formed in a silicon substrate 122,

the components/devices being optically coupled by hollow core waveguides,

such as 105, 123, which are also formed in the silicon substrate 122. Each

alignment slot defines the alignment of the optical component it retains with

respect to the hollow core waveguide intersected by the alignment slot.

The receiver 100 has an input 102 adapted to receive an input optical fibre 99.

A lens 103 is arranged to efficiently couple light from the fibre 99 into a

hollow core input waveguide 105. A wavelength filter 104 is retained in an

alignment slot which intersects the input waveguide 105 and defines the

alignment of the filter 104 with respect to the waveguide 105. The optical

receiver 100 further comprises a beam splitter 106, a half-wave plate 120

having its optic axis inclined at 22.5° to the plane of the substrate, first 108 and

second 110 polarising beam splitters (PBSs), each having an optic axis

substantially normal to the plane of the substrate 122, and four single-photon



detectors (SPDs) 112, 114, 116, 118, which may be single-photon avalanche

diodes (SPADs) or quantum dot detectors for example. PBS 108 and SPDs

112, 114 constitute a first receiver channel. The half-wave plate 120, PBS 110

and SPDs 116, 118 constitute a second receiver channel.

In use of the optical receiver 122, single input photons input from the optical

fibre 99 are coupled into the input guide 105 by the lens 103. If the photon is

of a desired wavelength it passes through the wavelength filter 104 to the beam

splitter 106 which directs the photon at random to one of the first and second

receiver channels, whether the photon is polarised parallel or perpendicular to

the plane of the substrate, or at ±45°to the plane of the substrate. If the photon

passes to the first receiver channel, and it is linearly polarised parallel or

perpendicular to the plane of the substrate 122, it passes to an SPD

corresponding to its polarisation, i.e. if the photon is polarised perpendicular to

the substrate 122, it passes to the SPD 112, and if it is polarised parallel to the

plane of the substrate 122 it passes to the SPD 114. If the photon is polarised

at ±45°to the plane of the substrate 122 it has a 50% chance of reaching either

SPD 112 or SPD 114.

If the input photon is directed to the second receiver channel, it passes through

the half-wave plate 120 before encountering the PBS 110. If the photon is

linearly polarised parallel or perpendicular to the plane of the substrate 122,

then on passing through the half-wave plate 120 it becomes linearly polarised

at ±45° to the plane of the substrate 122: the PBS 1110 then directs the photon

to either the SPD 116 or the SPD 118 with a 50% probability. If the photon is

linearly polarised at ±45° to the plane of the substrate 122 then on passing

through the half-wave plate 120 it will become linearly polarised either parallel

or perpendicular to the plane of the substrate 122 and will be directed to one of

the SPDs 116, 118 according to its polarisation state: if polarised perpendicular

to the plane of the substrate 122 it passes to SPD 118 and if polarised in the

plane of the substrate 122 it passes to SPD 116. The optical receiver 100 is

thus able to act as a receiver which implements the BB84 protocol.



Figure 2 shows second example optical receiver of the invention, indicated

generally by 200, in which certain optical components and devices are mounted

in a silicon substrate 222. Components and devices equivalent to those of the

optical receiver 100 of Figure 1 are labelled with reference signs differing by a

value of 100 from those labelling equivalent parts in Figure 1. The silicon

substrate 222 mounts components 203A, 204A, 208, 212, 214 which are

comprised in a first receiver channel; components 203B, 204B, 220, 210 216,

218 are comprised in a second receiver channel. Components of the two

receiver channels are optically coupled by hollow core waveguides such as 223

which are formed in the substrate and which are of substantially square cross-

section. In the optical receiver 200, the means 207 for directing an input

photon from input fibre 199 is a fibre-optic device comprising a 3 dB coupler

209.

Operation of the optical receiver 200 of Figure 2 is substantially the same as

that of the optical receiver 100 of Figure 1. An input photon from an input

optical fibre 199 (attached to an input 202 of the optical receiver 200) is

directed at random to one of the two receiver channels by the fibre-optic 3dB

coupler 209. The photon is coupled either into the first receiver channel by

lens 203A or into the second receiver channel by lens 203B. The two receiver

channels each have a wavelength filter 204A, 204B. The second receiver

channel has a half-wave plate 220.

A third example optical receiver of the invention is indicated by 300 in Figure

3. The optical receiver 300 comprises a plurality of optical components and

devices mounted in alignment slots formed in a silicon substrate 322 and

optically coupled together by hollow core waveguides, such as 323, which are

formed in the substrate 322 and which are of substantially square cross-section.

Components and devices equivalent to those of the optical receiver 100 of

Figure 1 are labelled with reference signs differing by a value of 200 from

those labelling equivalent parts in Figure 1.



Input photons from an input optical fibre 199 attached to an input 302 of the

optical receiver 300 are coupled into a hollow core waveguide by a lens 303. If

the input photons are of an appropriate wavelength they pass through a

wavelength filter 304 to a polarisation modulator 311 retained in alignment slot

formed in the substrate 322. On exiting the polarisation modulator 311 the

photons are manipulated and detected as described above with respect to the

optical receiver 100 of Figure 1 and the optical receiver 200 of Figure 2. The

polarisation modulator allows the polarisation states of received photons to be

corrected for disturbances caused by their passage through the optical fibre

299. The optical receiver 300 may therefore be used where transmission of

photons through an optical fibre or fibre-optic network results in some

disruption of the polarisation states of the photons. The optical receivers 100,

200, 300 may also be used in cases where single photons are to be received

through free space.

In Figure 4, a fourth example optical receiver of the invention is indicated

generally by 400. The optical receiver 400 comprises a plurality of optical

devices and components retained in respective alignment slots formed in a

silicon substrate 422 and optically coupled by hollow core waveguides, such as

423, of substantially square cross-section formed in the substrate 422.

Components and devices equivalent to those of the optical receiver 100 of

Figure 1 are labelled with reference signs differing by a value of 300 from

those labelling equivalent parts in Figure 1. Input photons from an input

optical fibre 299 attached to an input 402 of the optical receiver 400 are

coupled into a hollow core waveguide via a lens 403. If they are of an

appropriate wavelength the photons pass through a wavelength filter 404 to a

hollow core multimode waveguide 406. The multimode waveguide 406 is also

a hollow core waveguide formed in the silicon substrate 422, and has length,

width and height dimensions such that it operates as a symmetric or aymmteric

multimode interference (MMI) splitter. MMI splitters are described in

European patent 0 563 084 B l for example. A single photon input to the

multimode waveguide 406 has a 50% probability of being input into either of



hollow core waveguides 413A, 413B. The function of the multimode

waveguide 406 is therefore equivalent to that of the 3 dB coupler 209 of the

receiver 200 and to the beam splitters 106, 306 of receivers 100, 300. The

hollow core waveguides 413A, 413B are input waveguides for first and second

receiver channels respectively; photons entering these channels are

manipulated and detected as described above with respect to the receivers 100,

200, 300.

Figures 5 and 6 illustrate how a base portion 50 and a lid portion 55 of a

substrate may be machined and combined to form a hollow core waveguide 53

which is intersected by an alignment slot 54 for receiving in alignment an

optical component (not shown). The base portion 50 may be machined in a

single process to form both a channel 52 and the alignment slot 54. The optical

component may then be inserted into the alignment slot 54 and the lid portion

55 applied to the base portion 50 to form the hollow core waveguide 53. The

alignment of the optical component with respect to the channel 52 (and

ultimately to the hollow core waveguide 53 when retained in the alignment slot

54) is defined by the angle at which the slot 54 intersects the channel 52.

Therefore when an optical component is placed in the alignment slot 54 it is

simultaneously aligned with respect to the channel 52, and with respect to the

hollow core waveguide 53 when the lid portion 55 is applied to the base

portion 50. The optical component could alternatively be attached to the lid

portion so that the step of applying the lid portion 55 to the base portion 50 also

inserts the optical component in the alignment slot 54 and aligns it with respect

to the channel 52.

Figure 7 shows an optical transmitter of the invention, indicted generally by

500. The optical transmitter 500 comprises an optical source 502 (e.g. a

semiconductor laser), a coupling lens 503 and a substrate 520 comprising a

symmetric or asymmetric MMI splitter 504 and a polarisation modulator 506.

Output from the receiver 500 may be coupled via a lens 516 to an optical fibre

518 for transmission over a fibre-optic network to an optical receiver, for



example one of the optical receivers 100, 200, 300, 400 of Figures 1 to 4. The

MMI splitter 504 is a hollow core multimode waveguide formed in the

substrate 520 and has hollow core input 505 and output 507, 509 waveguides

which are also formed in the substrate. The polarisation modulator 506 may be

a discrete device located in an alignment slot or it may be formed integrally

with the substrate 520.

In operation, light from the optical source 502 is coupled into the hollow core

waveguide 505 and passes to the MMI splitter 504. A portion of the light

passes to the waveguide 507 and may be monitored for intensity. The

remainder of the light passes via the waveguide 509 to the polarisation

modulator 506. By monitoring the intensity of radiation in the waveguide 507,

the output of the source 502 may be controlled so that it emits single photons.

The polarisation modulator may be operated so that single photons output from

the transmitter 500 have various polarisation states required for QKD, for

example QKD using the BB84 protocol. The optical source may alternatively

be located in the substrate and coupled to the input of the MMI splitter 504 by

a hollow core waveguide formed in the substrate 520. The optical source,

MMI splitter and polarisation modulator could thus be comprised in a single

fully integrated optical transmitter. The polarisation modulator 506 may be

operated such that an individual photon is given a polarisation state which has

a degree of ellipticity such that after passing through an optical fibre or fibre-

optic network to a receiver it is has a desired linear polarisation state. In an

alternative embodiment, the polarisation modulator may follow the MMI

splitter rather than preceding it.

Figure 8 shows a second example optical transmitter of the invention, indicated

generally by 600. The transmitter comprises a pulsed optical source 602, a

coupling lens 603 and a silicon substrate 620 in which are formed hollow core

MMI splitters 604, 608, an MMI recombiner 612 and a phase shifting device

610. The components/devices formed or mounted in the substrate 620 are

optically coupled by hollow core waveguides formed in the substrate 620. In



operation, radiation from the pulsed optical source 602 is coupled into an input

waveguide of MMI splitter 604 at which a portion is tapped off for intensity

monitoring. The remainder passes to MMI splitter 608, which, together with

the phase-shifting element 610 and MMI recombiner 612, form an intensity

modulator in the form of a Mach-Zehnder interferometer. The intensity level

of the radiation tapped off by MMI splitter 604 may be observed and the source

602 adjusted so that it provides single photons. The intensity modulator may

be operated to adjust the number of photons per pulse output by the transmitter

600, as is required in certain modes of performing QKD involving decoy

pulses. The optical source may alternatively be mounted or formed in the

substrate to produce a fully integrated optical transmitter.

Figure 9 shows a third example optical transmitter 700 of the invention, the

transmitter 700 comprising various optical devices/components formed in or

mounted in a silicon substrate 720 and optically coupled by hollow core

waveguides, such as 705, 707 formed in the substrate 720. The optical

transmitter 700 comprises optical sources 702, 710 which generate single

photons polarised perpendicular to the plane of the substrate 720, and optical

sources 704, 708 which generate single photons polarised in the plane of the

substrate. Polarising beam splitters 706, 712 couple these photons to a beam

splitter 716. Photons output from sources 708, 710 pass through a half-

waveplate 714 such that they are linearly polarised at ±45° before reaching the

beam splitter 716. Any photon reaching the beam splitter 716 has a 50%

chance of passing to output waveguide 707.



Claims

1. An optical receiver for a quantum key distribution system, the optical

receiver comprising a plurality of optical components mounted or formed in

a substrate and optically coupled by one or more hollow core waveguides

formed in the substrate.

2. An optical receiver according to claim 1 wherein at least one of said optical

components is a mounted component retained in an alignment slot which is

formed in the substrate, intersects one of said hollow core waveguides and

defines the alignment of the optical component retained therein with respect

to that hollow core waveguide.

3. An optical receiver according to claim 1 or claim 2, the optical receiver

comprising first and second receiver channels, each receiver channel being

arranged to detect a photon polarised in one of a respective pair of

orthogonal polarisation states and to distinguish the polarisation state of that

photon, respective pairs of polarisation states being mutually inclined.

4 . An optical receiver according to any of claim 3 and comprising means for

randomly directing an input photon to one of the receiver channels.

5. An optical receiver according to claim 4 wherein said means is a multimode

interference (MMI) device formed or mounted in the substrate.

6. An optical receiver according to claim 4 wherein said means comprises a

beam splitter and an input waveguide for receiving an input photon and

guiding the input photon to the beam splitter, each output of the beam

splitter being optically coupled to a respective receiver channel by a

respective connecting waveguide, wherein the input and connecting

waveguides are hollow core waveguides formed in the substrate.



7. An optical receiver according to claim 6 wherein the beam splitter is

retained in an alignment slot formed in the substrate, the alignment slot

defining the alignment of the beam splitter retained therein with respect to

the input waveguide and the connecting waveguides.

8. An optical receiver according to claim 6 or claim 7 further comprising a

polarisation modulator, the polarisation modulator being retained within an

alignment slot which intersects the input waveguide.

9 . An optical receiver according to claim 6 or claim 7 further comprising a

polarisation modulator which is integrated with the input waveguide.

10. An optical receiver according to any of claims 3 to 9 wherein the first

receiver channel comprises a first polarising beam splitter and two single-

photon detectors, the polarising beam splitter having two outputs each of

which is optically coupled to a respective single photon detector by a

respective hollow core waveguide formed in the substrate.

11. An optical receiver according to claim 10 wherein the second receiver

channel comprises a second polarising beam splitter and two single-photon

detectors, the second polarising beam splitter having two outputs each of

which is optically coupled to a respective single photon detector by a

respective hollow core waveguide formed in the substrate, and wherein the

second receiver channel further comprises a half-wave plate optically

coupled to the input of the second polarising beam splitter by a hollow core

waveguide formed in the substrate, the first and second polarising beam

splitters having substantially parallel optic axes and the optic axis of the

half-wave plate being inclined at substantially 22.5° to an optic axis of the

second polarising beam splitter.



12. An optical receiver according to any preceding claim wherein at least one of

the hollow core waveguides formed in the substrate is of substantially

square cross-section.

13. An optical receiver according to any preceding claim and comprising an

input adapted to receive an optical fibre.

14. An optical transmitter for a quantum key distribution system, the optical

transmitter comprising a plurality of optical components mounted or formed

in a substrate and optically coupled by one or more hollow core waveguides

formed in the substrate.

15. An optical transmitter according to claim 14 wherein at least one of said

optical components is a mounted component retained in an alignment slot

which is formed in the substrate, intersects one of said hollow core

waveguides and defines the alignment of the optical component retained

therein with respect to that hollow core waveguide.

16. An optical transmitter according to claim 14 or claim 15, the optical

transmitter comprising an optical source and a polarisation modulator, the

optical source and the polarisation modulator being mounted or formed in

the substrate and optically coupled by one or more hollow core waveguides

formed in the substrate.

17. An optical transmitter according to claim 16 further comprising one or more

hollow core waveguides formed in the substrate and arranged to optically

couple an output of the polarisation modulator to an output of the optical

transmitter.

18. An optical transmitter according to claim 17 further comprising means for

tapping off a portion of the optical energy propagating within the optical the

optical transmitter when in operation.



19. An optical transmitter according to claim 18 wherein said means comprises

a mulitmode interference (MMI) symmetric or asymmetric splitter mounted

or formed in the substrate and having an input optically coupled to the

optical source and an output optically coupled to the polarisation

modulation by respective hollow core waveguides formed in the substrate.

20. An optical transmitter according to claim 18 wherein said means comprises

a mulitmode interference (MMI) symmetric or asymmetric splitter mounted

or formed in the substrate and having an input optically coupled to an output

of the polarisation modulator and an output optically coupled to an output of

the optical transmitter by respective hollow core waveguides formed in the

substrate.

21. An optical transmitter according to any preceding claim and further

comprising an intensity modulator mounted or formed in the substrate and

arranged to control the output intensity of the optical transmitter.

22. An optical transmitter according claim 21 wherein the intensity modulator is

a Mach-Zehnder interferometer device comprising an MMI splitter and an

MMI recombiner.

23. An optical transmitter according to any of claims 14 to 22 wherein one or

more of the hollow core waveguides is of substantially square cross-section.

24. An optical transmitter according to any of claims 14 to 23 having an output

adapted to receive an optical fibre.

25. An optical receiver or transmitter according to any preceding claim wherein

the substrate comprises semiconductor material.

26. An optical receiver or transmitter according to claim 25 wherein the

substrate comprises a silicon-on-insulator (SOI) wafer.



27. An optical receiver or transmitter according to any preceding claim wherein

the substrate comprises a base portion having one or more square cross-

section channels formed therein, and wherein a lid portion is additionally

provided to form said one or more hollow core waveguides.

28. An optical receiver according to claim 27 wherein one or more of said

optical components are attached to the lid portion.

29. An optical receiver or transmitter according to any preceding claim wherein

the internal surface of at least one of said hollow core waveguides carries a

reflective coating.

30. An optical receiver or transmitter as claimed in claim 29 wherein the

reflective coating comprises one or more layers of material to provide a

surface having an effective refractive index lower than that of the

waveguide core within the operating wavelength band of the optical

receiver.

31. An optical receiver or transmitter according to claim 30 wherein the

reflective coating comprises at least one layer of any one of gold, silver and

copper.

32. An optical receiver or transmitter according to claim 30 wherein the

reflective coating comprises at least one layer of dielectric material.

33. An optical receiver or transmitter according to claim 32 wherein the

reflective coating comprises at least one layer of silicon carbide.

34. An optical receiver or transmitter according to any preceding claim for

operation with radiation within the wavelength range 0.1µm to 20µm.



35. An optical receiver or transmitter according to claim 34 for operation with

radiation within the wavelength range 1.4µm to l .όµm.

36. A base portion for an optical receiver or transmitter according to any

preceding claim, the base portion comprising a plurality of alignment slots

and connecting hollow channels formed in a substrate, each alignment slot

being adapted to receive in alignment an optical component.

37. An optical receiver substantially as described above and illustrated in any

one of Figures 1, 2, 3 and 4.

38. An optical transmitter substantially as described above and illustrated in any

one of Figures 7, 8 and 9.
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