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(54) INTEGRATED PHOTONICS SOURCE AND DETECTOR OF ENTANGLED PHOTONS

(57) Systems and methods for an integrated photon source and detector of entangled photons are provided. In
certain embodiments, a system includes a first waveguide layer comprising a photon producing waveguide (301) con-
figured to provide two photons propagating in orthogonal modes of a single waveguide. The system also includes a
second waveguide layer comprising a photon conditioning waveguide network (304), the second waveguide layer formed
on the first waveguide layer, the second waveguide layer having a different index of refraction. Further, the system
includes a photon vertical coupling waveguide (302), coupling the photons into the photon conditioning waveguide
network (304), wherein the photon conditioning waveguide network (304) converts the photons to propagate in two
different waveguides in the same mode, wherein the photon conditioning waveguide network (304) provides the photons
as an output to an external device, wherein the photon conditioning waveguide network (304) receives the photons from
the external device and provides the photons to an interferometer (215).
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Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Pro-
visional Application Serial No. 62/924,058, filed October
21, 2019, and titled "INTEGRATED PHOTONICS
SOURCE AND DETECTOR OF ENTANGLED PHO-
TONS," which is hereby incorporated herein by refer-
ence.

BACKGROUND

[0002] Networks of synchronized atomic clocks are fre-
quently used to distribute accurate time across distances.
For example, the global navigation satellite systems
(GNSS) such as the global position system (GPS), GLO-
NASS, BeiDau, and Galileo are comprised of satellites
with synchronized atomic clocks and provide the distri-
bution of international time. Often, satellites are equipped
with hardware to facilitate the synchronization of clocks
on separate satellites. Synchronization hardware of re-
duced size and weight, and capable of high precision
timing alignment, permits synchronizing of atomic clocks
of smaller satellites.

SUMMARY

[0003] Systems and methods for an integrated photon
source and detector of entangled photons are provided.
In certain embodiments, a system includes a first
waveguide layer comprising a photon producing
waveguide configured to provide two photons propagat-
ing in two orthogonal modes of a single waveguide. The
system also includes a second waveguide layer compris-
ing a photon conditioning waveguide network, wherein
the second waveguide layer is formed on the first
waveguide layer, the second waveguide layer have dif-
ferent indices of refraction. Further, the system includes
a photon vertical coupling waveguide, coupling the two
photons into the photon conditioning waveguide network,
wherein the photon conditioning waveguide network con-
verts the two photons to propagate in two different
waveguides in the same mode, wherein the photon con-
ditioning waveguide network provides the two photons
as an output to an external device, wherein the photon
conditioning waveguide network receives the two pho-
tons from the external device and provides the two pho-
tons to an interferometer.

DRAWINGS

[0004] Understanding that the drawings depict only
some embodiments and are not therefore to be consid-
ered limiting in scope, the exemplary embodiments will
be described with additional specificity and detail using
the accompanying drawings, in which:

FIG. 1 is a block diagram illustrating an exemplary
interferometer according to an aspect of the present
disclosure;

FIG. 2 is a diagram illustrating different paths in a
chip-scale device according to an aspect of the
present disclosure;

FIGs. 3A-3C are diagrams showing the paths
through the chip-scale device for the different modes
according to an aspect of the present disclosure;

FIG. 4 is a diagram illustrating the various compo-
nents in a chip-scale device according to an aspect
of the present disclosure;

FIG. 5 is a diagram illustrating a vertical coupler ac-
cording to an aspect of the present disclosure;

FIG. 6 is a diagram illustrating a mode splitter ac-
cording to an aspect of the present disclosure;

FIG. 7 is a diagram illustrating a mode converter ac-
cording to an aspect of the present disclosure;

FIG. 8 is a diagram illustrating a bandpass filter ac-
cording to an aspect of the present disclosure; and

FIG. 9 is a flowchart diagram illustrating an exem-
plary method for using a chip-scale device to perform
interferometry according to an aspect of the present
disclosure.

[0005] In accordance with common practice, the vari-
ous described features are not drawn to scale but are
drawn to emphasize specific features relevant to the ex-
ample embodiments.

DETAILED DESCRIPTION

[0006] In the following detailed description, reference
is made to the accompanying drawings that form a part
hereof, and in which is shown by way of illustration spe-
cific illustrative embodiments. However, it is to be under-
stood that other embodiments may be utilized and that
logical, mechanical, and electrical changes may be
made.
[0007] Systems and methods for an integrated phot-
onics source and detector of entangled photons are pro-
vided herein. In certain embodiments, hardware is de-
scribed herein that enables methods for precise and se-
cure synchronization of optical atomic clocks using the
quantum interference of time-entangled photons. For ex-
ample, the optical atomic clocks on orbiting satellites may
be precisely and securely synchronized. Deployed
across a swarm of LEO/MEO satellites, embodiments
described herein may enable improved modalities of sig-
nal intelligence based on the coherent combination of
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distributed radio or optical apertures, including real-time
computational interferometry for increased sensitivity to
weak signals, and active beam forming radar/imaging for
increased covertness by reducing both signal spillover
and time-on-target.
[0008] Additionally, clock synchronization schemes,
described herein, may use a chip-scale, ultra-high-flux
source and interferometer for time-energy entangled bi-
photons, with a reduced size, weight, and power, high
pair production rate, and high flux-to-background ratio
for entangled photon pairs. Also, for increased size,
weight, and power reduction and improved deployability
in small satellite platforms, devices described herein may
be integrated onto a chip. In particular, both a photon
source and interferometric detector may be integrated
onto a chip.
[0009] In certain embodiments, entangled photons
may be generated through a spontaneous parametric de-
generate down-conversion of pump photons, also known
as degenerate difference frequency generation. Typical-
ly, the above method for photon generation may yield
entangled photons that have orthogonal polarizations to
one another. Typically, free-space optics are used to sep-
arate the entangled photons and convert them into the
same polarization state for use within a clock synchroni-
zation scheme. Embodiments described herein provide
a chip-scale photonic integrated circuit having on-chip
guided wave photonics for separating the entangled pho-
tons and converting the separated photons into the same
polarization state.
[0010] In some embodiments, a chip-scale photonic
integrated circuit may produce and interfere time-entan-
gled photons. The chip-scale photonic integrated circuit
may realize the optical functions for producing and inter-
fering the photons on a hybrid optical waveguide platform
which combines the nonlinear properties of periodically
poled potassium titanyl phosphate (ppKTP) waveguides
or waveguides made from similar material to ppKTP with
the low transmission loss, high confinement, and filtering
capabilities of silicon nitride waveguides or other
waveguides made from similar material to silicon nitride.
The chip-scale approach using the combination of
waveguides made from different materials enable im-
provements over previous types of sources based in fiber
and free-space optics.
[0011] In some embodiments, materials that have both
nonlinear properties and low transmission loss, high con-
finement, and filtering capabilities could be used to im-
plement similar optical functions for producing and inter-
fering the photons in an optical waveguide platform
based on a single material system, such as lithium nio-
bate.
[0012] In certain embodiments, the optical functionality
for producing and receiving entangled photons is imple-
mented on a single, integrated platform, yielding reduced
optical losses, enhanced mode overlap, efficient filtering
of photons, increased interferometer contrast, and im-
proved mechanical robustness, all while reducing size,

weight, and power when compared to fiber or free space
based systems. Additionally, embodiments described
herein permit higher precision time synchronization when
used in a system while enabling usage on smaller satellite
platforms, such as microsats.
[0013] FIG. 1 is a diagram illustrating a system 100 for
a Hong-Ou-Mandel (HOM) interferometer. As used here-
in, the chip scale integrated circuit may be used within a
HOM interferometer. As used herein, a HOM interferom-
eter is a device that may produce a pump photon 101.
The system 100 may split the pump photon into two
daughter photons 103 (referred to separately herein as
photons 103-A and 103-B). For example, the pump pho-
ton 101 may be produced by a laser source that produces
a laser having a wavelength of 405 nm or other desired
wavelength.
[0014] In certain embodiments, the pump photon 101
is split into daughter photons 103 that are guided through
optical structures for recombination. For example, the
pump photon 101 is split by optical structure 105 into
daughter photons 103-a and 103-b. The daughter pho-
tons 103 may each have a wavelength that is twice the
wavelength of the pump photon 101 (i.e., where the pump
photon 101 could have a wavelength of 405 nm, the
daughter photons 103 may each have a wavelength of
810 nm). Additionally, the system 100 may include guid-
ing optics 107 that guide the daughter photons 103 to
beamsplitter 110, upon which the daughter photons 103
are combined, such that quantum superpositions 103-c
and 103-d of the daughter photons impinge on detectors
109 for reception. For example, a detector 109-a may
receive and detect the daughter photon 103-a and the
detector 109-b may receive and detect the daughter pho-
ton 103-b; or detector 109-a may receive and detect the
daughter photon 103-b and the detector 109-b may re-
ceive and detect the daughter photon 103-a or detector
109-a may receive and detect both daughter photons
103-a and 103-b; or detector 109-b may receive and de-
tect both daughter photons 103-a and 103-b, in the man-
ner of a HOM interferometer.
[0015] In some embodiments, when the detectors 109
receive the associated daughter photons 103, the detec-
tors 109 may provide the signals to an electronic corre-
lator device 111, where the electronic correlator device
111 combines the electrical signals of the two detectors
109 for the performance of HOM interferometry. The
electronic correlator device 111 quantitively determines
the degree of temporal correlation of the signals pro-
duced by the detectors 109. For example, the electronic
correlator 111 may show that the coincidence rate of the
signals provided by the photodetectors 109 may drop
towards zero when the daughter photons 103 overlap
substantially perfectly in time. This drop towards a zero
rate of coincident detections is known as the HOM dip
illustrated in the trace graph 113. The dip occurs when
the two daughter photons 103 are substantially identical
in all properties. When the photons 103 become distin-
guishable, including and especially in regards to the
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equality of their times-of-flight between the source region
105 and the beam splitter 110, the HOM dip disappears.
In this way the system 100 is sensitive to the quality of
the times-of-flight of the daughter photons 103between
the source region 105 and the beam splitter 110 being
substantially perfectly equal.
[0016] FIG. 2 illustrates different optical paths 201 and
203 on a chip-scale device 200 that is both capable of
generating a photon, splitting the photon into daughter
photons, providing the daughter photons as outputs
(such as into free space or optical fibers), receiving the
daughter photons which may have been reflected from
remote mirrors or optical systems, and providing the re-
ceived photons to an interferometer for performing HOM
interferometry. As shown, FIG. 2 illustrates a source path
201 and an interferometer path 203. In the source path
201, an incoming pump photon is split into daughter pho-
tons which may be separated and directed to different
remote platforms,. In the interferometer path 203, the
daughter photons reflected by the remote platforms are
received and interfered in the manner of HOM interfer-
ometry.
[0017] In certain embodiments, the chip-scale device
200 utilizes the nonlinear optical effect of degenerate
spontaneous parametric down conversion (dSPDC), in
which a pump photon 205 splits into two "twin" daughter
photons 209 and 211 that are "born" at nearly the same
instant (e.g., within <100 femtoseconds of one another).
This simultaneity, enforced by quantum mechanics, may
be exploited for synchronizing separated atomic clocks.
To synchronize the separated atomic clocks, (i.e., when
the different atomic clocks are located on different satel-
lites) the synchronization is achieved by projecting
daughter photons 209 and 211 from the chip-scale device
200, reflecting some of the photons 209 and 211 from
each of the satellites, and providing them for recombining
in a Hong-Ou-Mandel (HOM) interferometer 215, in
which a purely quantum mechanical interference "dip" in
the coincidence rate is observed only when the paths are
substantially exactly equal as described above with re-
spect to FIG. 1. The arrival times of some of the entangled
photons from each satellite may be compared over a clas-
sical channel, enabling controllers to synchronize the
clocks with great precision (i.e., potentially with femto-
second precision).
[0018] In some embodiments, the chip scale device
200 is a chip-scale photonic integrated circuit that pro-
duces and interferes time-entangled photons. The chip-
scale device 200 may include optical functions and com-
ponents on a hybrid optical waveguide platform which
combines the nonlinear properties of ppKTP waveguides
(or other waveguides made from materials having similar
properties) with the high confinement and filtering capa-
bilities of silicon nitride waveguides. This combination
permits miniaturization, efficiency, robustness, while in-
creasing the useable flux of twin-photons 209 and 211.
[0019] In some embodiments, the chip-scale device
200 may include optical functions and components on a

single optical waveguide material platform that has both
nonlinear properties and low transmission loss, high con-
finement, and filtering capabilities, such as lithium nio-
bate.
[0020] In certain embodiments, the chip scale device
may generate a pump photon 205, and from the pump
photon 205 in the source path 201, and may generate,
by dSPDC, daughter photons 206a and 206b in the pho-
ton producing waveguide. Each of the twin photons 206a
and 206b may occupy a different waveguide mode, either
Transverse Electric (TE), or Transverse Magnetic (TM).
A Vertical Coupler (VC) region may adiabatically draw
the daughter photons 206a and 206b out of the photon
producing waveguide and into a photon conditioning
waveguide patterned on top of the photon producing
waveguide. Additionally, the TM and TE photons may be
separated by two diffractive waveguide mode splitters
(MS). The TE photon may then pass through a bandpass
filter (BPF) to reject background photons, through a sec-
ond MS, then may leave the chip 200 as emitted photon
211. Meanwhile, the original TM photon may be convert-
ed into a TE mode by a diffractive mode converter (MC),
which may also reverse the direction of propagation of
the photon. This (now TE polarized) photon may pass
through its own bandpass filter and leave the chip 200
as emitted photon 209. The various functions performed
on the chip may be performed by a photon conditioning
waveguide (in some embodiments, made from silicon ni-
tride or other similar material), where waveguide struc-
tures are patterned in a film deposited on top of the sub-
strate containing the photon producing waveguide.
[0021] In additional embodiments, the interferometer
path 203. the twin-photons 209 and 211 may be reflected
or sent back from remote satellites or other remote sys-
tems and are recoupled into the photonics component
waveguides on the chip-scale device 200 to complete an
HOM interferometer 215. (In some implementations, the
photons may also have their polarizations rotated by 90
degrees by conventional waveplates). Although the twin
photons 209 and 211 may re-enter the same waveguides
from which they were earlier emitted, because of their
now rotated polarizations, they may couple into the or-
thogonal waveguide mode (i.e., TM). Each photon then
may interact with a diffractive mode splitter (MS) that may
reverse the direction of propagation in the waveguide,
sending the photons 209 and 211 to the 50/50 waveguide
coupler. The output ports of the interferometer may be
directed onto photon detectors 212, such as single-pho-
ton avalanche photodetectors (SP-APDs), where the
photons 209 and 211 may be detected. The detected
signal outputs of the photon detectors 212 may be direct-
ed to an electronic correlator 215, which may determine
the degree of coincidence of the arrive times of the sig-
nals, thus completing an HOM interferometer 216.
[0022] FIGs. 3A- 3C illustrate the propagation of the
two photons produced by the photon producing
waveguide, into a photon vertical coupling waveguide,
and through the photon conditioning waveguide network.
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As discussed above, the photon producing waveguide
produces two photons having orthogonal waveguide
modes: one mode propagating in the TM mode and the
other propagating in the TE mode. Depending on the
mode of the photon, the photons propagate along differ-
ent paths through the waveguide network, such that the
waveguide network provides two photons propagating in
the TE mode off of the chip and receives two photons
back onto the chip, propagating in the TM mode. FIG. 3A
illustrates the path of the photon originally in the TE mode
of the photon vertical coupling waveguide 302. FIG. 3B
illustrates the path of the photon originally in the TM mode
of the photon vertical coupling waveguide 302. FIG. 3C
illustrates the path of the photons through the photon
conditioning waveguide network 304 that are received
from external devices.
[0023] In certain embodiments illustrated in FIG. 3A,
the photon in the TE mode of the photon vertical coupling
waveguide 302, passing into the photon conditioning
waveguide network 304, passes through a mode splitter
303 without diffraction. Then the photon passes through
a bandpass filter 305, which filters out fluorescence, as
well as stray pump light coupled from the photon produc-
ing waveguide 301. The photon then passes through the
mode splitter 307 without diffraction and is emitted
through the output port 321.
[0024] In certain embodiments illustrated in FIG. 3B,
the photon in the TM mode of the photon vertical coupling
waveguide 302, passing into the photon conditioning
waveguide network 304, is diffracted by the mode splitter
303. The photon is further diffracted by the mode splitter
309, whereupon the photon enters the mode converter
311. The mode converter 311 again diffracts the photon
but converts the photon from the TM mode into the TE
mode. As the photon is now in the TE mode, the photon
is not diffracted by the mode splitter 309. The photon
then passes through the bandpass filter 313, which filters
out fluorescence, as well as stray pump light coupled
from the photon producing waveguide. The photon then
passes through the mode splitter 315 without diffraction
and is emitted through the output port 319.
[0025] In additional embodiments illustrated in FIG.
3C, the two daughter photons emitted from the photon
conditioning waveguide network 304 may be sent back
from another optical device such that they are recoupled
into the photon conditioning network 304 in TM modes
at the waveguides 319 and 321. The two received pho-
tons in the TM modes may propagate into the waveguides
to the mode splitters 315 and 307 respectively. Both
mode splitters 315 and 307 diffract the received photons.
The photons then are interfered with one another via a
50/50 coupler 317 before being output on ports 323 and
325 for subsequent detection by photon detectors. In em-
bodiments discussed above, the TM mode from the pho-
ton vertical coupling waveguide 302 is converted by the
photon conditioning waveguide network 304 into a TE
mode for transmission out of the chip-scale device, while
the light received back into the device for subsequent

interferometric detection is in the TM mode. However, in
another embodiment, the TE mode from the photon ver-
tical coupling waveguide is converted by the photon con-
ditioning waveguide network 304 into a TM mode for
transmission out of the chip-scale device, while the light
received back into the device for subsequent interfero-
metric detection is in the TE mode.
[0026] FIG. 4 illustrates the different photonics com-
ponents within the chip-scale device 400. For example,
the chip scale device 400 includes a photon producing
waveguide 401, a photon vertical coupling waveguide
427; and a photon conditioning waveguide network (sim-
ilar to the photon conditioning waveguide network 304 in
FIGs 3A-3C) comprising mode splitters, 403, 409, 407,
and 415; mode converter 411; bandpass filters 413 and
405; input/output waveguides 419, 421, 423, and 425;
and 50/50 coupler 417. Possible embodiments for the
vertical coupler 427; mode splitters 403, 409, 407, and
415; mode converter 411, and bandpass filters are de-
scribed in greater detail below.
[0027] FIG. 5 is a side view diagram illustrating the
operation of a vertical coupler. To efficiently couple pho-
tons out of photon producing waveguide 501 into the pho-
ton vertical coupling waveguide 503, a stacked
waveguide is formed. Further, a relatively thin photon
vertical coupling waveguide 503 in relation to the width
of the photon producing waveguide 501 has little pertur-
bation on the shape of the weakly confined modes in the
photon producing waveguide 501. As discussed herein,
the photon vertical coupling waveguide 503 is gradually
widened throughout the overlapping portions of the
stacked waveguide. For example, the photon vertical
coupling waveguide 503 may widen from 100nm to
200nm over a distance of ∼500 microns. The gradual
widening of the photon vertical coupling waveguide 503
adiabatically draws the photons from the photon produc-
ing waveguide 501 into a much more tightly confined
waveguide mode. Additionally, the transfer preserves the
polarization modes of the propagating photons (i.e., TE→
TE, and TM→TM), with essentially zero mode cross-cou-
pling.
[0028] In further embodiments, the material used to
produce the photon producing waveguide and the mate-
rial used to produce the photon vertical coupling
waveguide may have a large difference between their
respective indexes of refraction. For example, where
KTP is used for the photon producing waveguide, the
photon vertical coupling waveguide may be made using
silicon enriched nitride films.
[0029] FIG. 6 is a diagram illustrating certain aspects
of a mode splitter as found in the chip-scale device 200.
In particular, FIG. 6 shows an isometric view 600 of a
mode splitter, a detailed isometric view 610 of a portion
of the mode splitter, and a frequency response graph 620
of the coupling of the different modes within the mode
splitter.
[0030] In certain embodiments, as shown in the iso-
metric view 600, the mode splitter may include a single
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input port 603. Through the input port the mode splitter
may receive two photons as an input 601 that are prop-
agating in different orthogonal modes within the
waveguide. For example, one photon may be propagat-
ing in the TE mode and another photon may be propa-
gating in the TM mode. The mode splitter may pass one
of the received photons at the input port 603 through to
the output port 607 as an output photon 609. For exam-
ple, the mode splitter may pass the TE mode photon re-
ceived at the input port 603 directly through to the output
port 607. Additionally, the mode splitter may diffract one
of the propagating photons so that one of the propagating
photons is coupled into a contra-directional waveguide
and passed through to the output port 613 as output 611.
For example, the TM mode may be diffracted by a cou-
pling portion 605 of the mode splitter and passed to the
output port 613.
[0031] In some embodiments, as shown in the detailed
isometric view 610 of the coupling portion 605 of the
mode splitter, to split the two orthogonally polarized pho-
tons into different paths, the mode splitter may include a
chirped-grating-assisted contra-directional mode cou-
pler. As shown, view 610 depicts the waveguide structure
and graph 620 shows the results of a calculation of its
spectral response. As shown, the coupling portion con-
sists of two closely spaced waveguides 621 and 625.
The waveguide 621 may further be patterned with a mod-
ulated sidewall 623, thus, creating an in-waveguide dif-
fraction grating which has a large overlap integral for the
TM-to-TM transition from one waveguide to the other.
The effect of the modulation is to couple the TM mode
from the forward direction in the waveguide 625 to the
backward direction in the waveguide 621; whereas the
TE mode passes through the mode splitter in the forward
direction, remaining in waveguide 625. Additionally, the
frequency of the modulated sidewall 623 may change
along the length of the mode splitter, to allow for a desired
frequency response for the mode splitter.
[0032] FIG. 7 is a diagram illustrating certain aspects
of a mode converter as found in the chip-scale device
200. In particular, FIG. 7 shows an isometric view 700 of
a mode splitter, a detailed isometric view 710 of a con-
verting portion of the mode splitter, and a frequency re-
sponse graph 720 of the conversion of the modes within
the mode converter.
[0033] In certain embodiments, as shown in the iso-
metric view 700, the mode converter may include a single
port 703. Through the port 703 the mode converter may
receive a photon as an input 701 that is propagating in
a particular mode within the waveguide. For example,
the photon received through the port 703 may be prop-
agating in the TM mode. The mode converter may con-
vert the mode from one mode into an orthogonal mode
within a converting portion 705, where the mode convert-
er converts the photon into an orthogonally propagating
mode to be output through the port 703 as an output. For
example, when the photon received on the port 703 is in
the TM mode, the photon output through the port 703

may be in the TE mode.
[0034] In some embodiments, as shown in the detailed
isometric view 710 of the converting portion 705 of the
mode converter, to make all the waveguide paths as sim-
ilar as possible for the two photons, the chip-scale device
may flip the in-waveguide polarization of the TM photon
using a single waveguide grating structure designed with
asymmetrically modulated sidewalls 709 and 711. For
example, the modulation of the sidewalls may be out of
phase with each other such that the transverse cross-
section of the waveguide along the length of the modu-
lation is constant. This asymmetric modulation creates a
cross coupling between the TM mode in the forward di-
rection and the TE mode in the backward direction. As
shown in the graph 720, mode conversion only occurs
within the stopband of the grating. To control the stop-
bands of the grating, the length of the converting portion
705 may be changed along with the modulation frequen-
cy of the modulated sidewalls 709 and 711. For example,
the frequency of the modulated sidewalls may either de-
crease or increase along the length of the converting por-
tion of the mode converter.
[0035] FIG. 8 is a diagram illustrating certain aspects
of a bandpass filter as found in the chip-scale device 200.
In particular, FIG. 8 shows an isometric view 800 of a
bandpass filter, a detailed isometric view 810 of a filtering
portion of the bandpass filter, and a frequency response
graph 820 of the filtering of photons by the bandpass filter.
[0036] In certain embodiments, as shown in the iso-
metric view 800, the bandpass filter may include a single
port 803. Through the port 803, the bandpass filter may
receive a photon as an input 801 that is propagating in
a particular mode within the waveguide. For example,
the photon received through the input port 803 may be
propagating in the TE mode. The bandpass filter may
filter photons having unwanted wavelengths in a filtering
portion 805 and provide the filtered photons as output
809 through the output port 807.
[0037] In some embodiments, as shown in the detailed
isometric view 810 of the filtering portion 805 of the band-
pass filter, to reject any background fluorescence pho-
tons that may be propagating in the waveguides, as well
as to reject any residual pump photons, a waveguide
bandpass filter is implemented. As shown, the filter is
made from two high reflectivity waveguide gratings 811
and 813 that manifest by a chirp in the modulation period
along the length of the waveguide, in other words, the
modulation of the waveguide gratings symmetrically, lon-
gitudinally varies along the length of the sidewalls of the
filters. Light just outside of the passband is diffracted back
down the waveguide, while light at the pump wavelength
is scattered out of the waveguide entirely. In some em-
bodiments the spectral location of the waveguide grat-
ings 811 and 813 may change along the length of the
filtering portion 805 of the passband.
[0038] FIG. 9 is a method 900 of using a chip-scale
device to produce and interfere pairs of correlated pho-
tons, as described above. The method 900 proceeds at
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901, where a pair of photons are generated in a photon
producing waveguide. Additionally, the method 900 pro-
ceeds at 903, where the pair of photons is coupled into
a photon vertical coupling waveguide. Further, the meth-
od 900 proceeds at 905, where one of the photons in the
pair of photons is converted in a photon conditioning
waveguide network so that photons are propagating in
identical modes in two different waveguides. In certain
embodiments, the method 900 proceeds at 907, where
the photons are provided to one or more external devices.
Further, the method 900 proceeds at 909, where the pho-
tons are received from the one or more external devices.
Additionally, the method 900 proceeds at 911, where
interferometry is performed on the received photons.

Example Embodiments

[0039]

Example 1 includes a system comprising a photon
producing waveguide configured to provide two pho-
tons propagating in two orthogonal modes of a single
waveguide; a photon vertical coupling waveguide,
coupling the two photons into the photon condition-
ing waveguide network, wherein the photon condi-
tioning waveguide network converts the two photons
to propagate in two different waveguides in the same
mode; wherein the photon conditioning waveguide
network provides the two photons as an output; and
wherein the photon conditioning waveguide network
receives the two photons as an input and provides
the two photons to an interferometer.
Example 2 includes the system of Example 1, where-
in the photon vertical coupling waveguide compris-
es: a first waveguide having the two photons provid-
ed by the photon producing waveguide propagating
therein; a second waveguide having a second cou-
pling portion in close proximity with a first coupling
portion of the first waveguide, wherein the width of
the second waveguide changes along the length of
the second coupling portion to adiabatically transfer
the first photon and second photon into distinct or-
thogonal modes of the second waveguide.
Example 3 includes the system of Example 2, where-
in the two photons are coupled into the second
waveguide at different locations in the second cou-
pling portion based on the respective mode of the
two photons.
Example 4 includes the system of any of Examples
2-3, wherein the adiabatic transfer of the two photons
into the second waveguide preserves the orthogonal
modes of the two photons when propagating in the
first waveguide.
Example 5 includes the system of any of Examples
1-4, wherein the photon conditioning waveguide net-
work comprises: a plurality of mode splitters; a mode
converter; a plurality of bandpass filters; a plurality
of transmission ports through which the two photons

are provided as output and received as input; and a
plurality of interferometer ports.
Example 6 includes the system of Example 5, where-
in a mode splitter in the plurality of mode splitters
comprises: a splitter input port configured to receive
a first photon propagating in a first mode and a sec-
ond photon propagating in a second mode that is
orthogonal to the first mode; a first output port; a
second output port; a first waveguide coupled to the
splitter input port and the first output port, wherein
the first waveguide receives the first photon and the
second photon and provides the first photon to the
first output port; and a second waveguide coupled
to the second output port, wherein the wall of the
second waveguide proximate to the first waveguide
has a modulated sidewall and the second photon is
coupled into the second waveguide and output
through the second output port.
Example 7 includes the system of any of Examples
5-6, wherein the mode converter comprises: a port
configured to receive a photon propagating in a first
mode; and a waveguide coupled to the port, the
waveguide having a first periodically modulated
sidewall and a second periodically modulated side-
wall, wherein the spatial phase of the modulation of
the first periodically modulated sidewall is skewed
relative to the spatial phase of the second periodi-
cally modulated sidewall, wherein the first periodi-
cally modulated sidewall and the second periodically
modulated sidewall cause the photon to output
through the port propagating in an orthogonal mode
to the first mode.
Example 8 includes the system of any of Examples
5-7, wherein a bandpass filter in the plurality of band-
pass filters comprises: an input port configured to
receive a photon; an output port; a first waveguide
coupled to the input port and the output port, wherein
the first waveguide comprises: a first sidewall formed
as a first waveguide grating; and a second sidewall
opposite to the first sidewall formed as a second
waveguide grating, wherein modulation of the first
waveguide grating and the second waveguide grat-
ing symmetrically, longitudinally varies along the
length of the first sidewall and the second sidewall.
Example 9 includes the system of any of Examples
1-8, wherein the photon conditioning waveguide net-
work is formed in a second waveguide layer formed
over a first waveguide layer, the first waveguide layer
acting as a substrate for the photon conditioning
waveguide network, wherein the first waveguide lay-
er and the second waveguide layer have different
indices of refraction.
Example 10 includes a method comprising: gener-
ating a pair of photons in a photon producing
waveguide; coupling the pair of photons into a pho-
tonic vertical coupling waveguide, wherein the pho-
ton polarization modes are coupled distinctly; con-
verting one of the photons in the pair of photons so
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that both photons propagate in identical modes in
different waveguides; providing the photons to one
or more external devices; receiving the photons from
the one or more external devices; and performing
interferometry on the received photons.
Example 11 includes the method of Example 10,
wherein a width of the vertical coupling waveguide
changes along a length of a coupling portion of the
vertical coupling waveguide and the photon produc-
ing to adiabatically transfer the pair of photons into
distinct orthogonal modes of the vertical coupling
waveguide.
Example 12 includes the method of Example 11,
wherein the pair of photons are adiabatically trans-
ferred into the vertical coupling waveguide at differ-
ent locations of the coupling portion based on the
respective mode of the photons in the pair of pho-
tons.
Example 13 includes the method of any of Examples
10-12, wherein converting the one of the photons
comprises: splitting the pair of photons so that a first
photon in the pair of photons propagates on a first
waveguide and a second photon in the pair of pho-
tons propagates in a second waveguide; and con-
verting a first mode of the first photon to be the same
as a second mode of the second photon.
Example 14 includes the method of Example 13,
wherein splitting the pair of photons comprises: re-
ceiving the first photon and the second photon on an
input port; coupling the second photon to a second
output port, wherein the second output port is cou-
pled to the input port; and coupling the first photon
to a first output port, wherein the first output port is
connected to a coupled waveguide, the coupled
waveguide having a modulated sidewall.
Example 15 includes the method of any of Examples
13-14, wherein converting the first mode of the first
photon comprises: receiving the first photon on a
port; and propagating the first photon through a
mode converting waveguide coupled to the port, the
mode converting waveguide having a first periodi-
cally modulated sidewall and a second periodically
modulated sidewall, wherein modulation of the first
periodically modulated sidewall and the second pe-
riodically modulated sidewall are out of phase with
one another such that a width of a transverse cross-
section of the mode converting waveguide is con-
stant along the length of the mode converting
waveguide such that the photon is output through
the port propagating in an orthogonal mode to the
first mode.
Example 16 includes the method of any of Examples
10-15, wherein providing the photons to one or more
external devices comprises: passing the first photon
through a first bandpass filter; passing the second
photon through a second bandpass filter; passing
the first photon and the second photon through as-
sociated mode splitters; and transmitting the first

photon through a first output port and the second
photon through a second output port to the one or
more external devices.
Example 17 includes the method of Example 16,
wherein receiving the photons from the one or more
external devices comprises: receiving the first pho-
ton through the first output port and the second pho-
ton through the second output port, wherein a re-
ceived mode of the received first photon and the re-
ceived second photon is orthogonal to a transmitted
mode of the transmitted first photon and the trans-
mitted second photon; and outputting the received
first photon and the received second photon through
respective interferometer ports.
Example 18 includes the method of any of Examples
1-17, wherein the photon producing waveguide is
formed in a first waveguide layer and the photonic
vertical coupling waveguide is formed in a second
waveguide layer, wherein the first waveguide layer
and the second waveguide layer have different indi-
ces of refraction.
Example 19 includes a system comprising a first
waveguide layer comprising a photon producing
waveguide configured to provide two photons prop-
agating in two orthogonal modes of a single
waveguide; a second waveguide layer comprising a
photon conditioning waveguide network, wherein the
second waveguide layer is formed on the first
waveguide layer, the second waveguide layer hav-
ing a different index of refraction from the first
waveguide layer; a photon vertical coupling
waveguide, coupling the two photons into the photon
conditioning waveguide network, wherein the photon
conditioning waveguide network converts the two
photons to propagate in two different waveguides in
the same mode; wherein the photon conditioning
waveguide network provides the two photons as an
output to an external device; wherein the photon con-
ditioning waveguide network receives the two pho-
tons from the external device and provides the two
photons to an interferometer.
Example 20 includes the system of Example 19,
wherein the photon conditioning waveguide network
comprises: a plurality of mode splitters; a mode con-
verter; a plurality of bandpass filters; a plurality of
transmission ports through which the two photons
are provided as output and received as input; and a
plurality of interferometer ports.

[0040] Although specific embodiments have been il-
lustrated and described herein, it will be appreciated by
those of ordinary skill in the art that any arrangement,
which is calculated to achieve the same purpose, may
be substituted for the specific embodiments shown.
Therefore, it is manifestly intended that this invention be
limited only by the claims and the equivalents thereof.

13 14 



EP 3 812 809 A1

10

5

10

15

20

25

30

35

40

45

50

55

Claims

1. A system comprising
a photon producing waveguide (301) configured to
provide two photons propagating in two orthogonal
modes of a single waveguide;
a photon vertical coupling waveguide (302), coupling
the two photons into the photon conditioning
waveguide network, wherein the photon conditioning
waveguide network converts the two photons to
propagate in two different waveguides in the same
mode;
wherein the photon conditioning waveguide network
provides the two photons as an output; and
wherein the photon conditioning waveguide network
receives the two photons as an input and provides
the two photons to an interferometer (215).

2. The system of claim 1, wherein the photon vertical
coupling waveguide (302) comprises:

a first waveguide(501) having the two photons
provided by the photon producing waveguide
propagating therein;
a second waveguide (503) having a second cou-
pling portion in close proximity with a first cou-
pling portion of the first waveguide, wherein the
width of the second waveguide changes along
the length of the second coupling portion to ad-
iabatically transfer the first photon and second
photon into distinct orthogonal modes of the sec-
ond waveguide.

3. The system of claim 1, wherein the photon condi-
tioning waveguide network comprises:

a plurality of mode splitters;
a mode converter;
a plurality of bandpass filters;
a plurality of transmission ports through which
the two photons are provided as output and re-
ceived as input; and
a plurality of interferometer ports.

4. The system of claim 3, wherein a mode splitter in the
plurality of mode splitters comprises:

a splitter input port (603) configured to receive
a first photon propagating in a first mode and a
second photon propagating in a second mode
that is orthogonal to the first mode;
a first output port (607);
a second output port (613);
a first waveguide (625) coupled to the splitter
input port (603) and the first output port (607),
wherein the first waveguide (625) receives the
first photon and the second photon and provides
the first photon to the first output port (607); and

a second waveguide (621) coupled to the sec-
ond output port (613), wherein the wall of the
second waveguide proximate to the first
waveguide has a modulated sidewall (623) and
the second photon is coupled into the second
waveguide (621) and output through the second
output port (613).

5. The system of claim 3, wherein the mode converter
comprises:

a port (703) configured to receive a photon prop-
agating in a first mode; and
a waveguide (705) coupled to the port (703), the
waveguide (705) having a first periodically mod-
ulated sidewall (711) and a second periodically
modulated sidewall (709), wherein modulation
of the first periodically modulated sidewall (711)
and the second periodically modulated sidewall
(709) are out of phase with one another such
that a width of a transverse cross-section of the
mode converting waveguide (705) is constant
along the length of the mode converting
waveguide (705) such that the photon is output
through the port propagating in an orthogonal
mode to the first mode.

6. The system of claim 3, wherein a bandpass filter in
the plurality of bandpass filters comprises:

an input port (803) configured to receive a pho-
ton;
an output port (807);
a first waveguide (805) coupled to the input port
(803) and the output port (807), wherein the first
waveguide (805) comprises:

a first sidewall (811) formed as a first
waveguide grating; and
a second sidewall (813) opposite to the first
sidewall (811) formed as a second
waveguide grating, wherein modulation of
the first waveguide grating and the second
waveguide grating symmetrically, longitudi-
nally varies along the length of the first side-
wall (811) and the second sidewall (813).

7. The system of claim 1, wherein the photon condi-
tioning waveguide network is formed in a second
waveguide layer formed over a first waveguide layer,
the first waveguide layer acting as a substrate for
the photon conditioning waveguide network, wherein
the first waveguide layer and the second waveguide
layer have different indices of refraction.

8. A method comprising:

generating a pair of photons in a photon produc-
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ing waveguide (301);
coupling the pair of photons into a photonic ver-
tical coupling waveguide, wherein the photon
polarization modes are coupled distinctly;
converting one of the photons in the pair of pho-
tons so that both photons propagate in identical
modes in different waveguides;
providing the photons to one or more external
devices;
receiving the photons from the one or more ex-
ternal devices; and
performing interferometry on the received pho-
tons.

9. The method of claim 8, wherein converting the one
of the photons comprises:

splitting the pair of photons so that a first photon
in the pair of photons propagates on a first
waveguide and a second photon in the pair of
photons propagates in a second waveguide;
and
converting a first mode of the first photon to be
the same as a second mode of the second pho-
ton.

10. The method of claim 8, wherein receiving the pho-
tons from the one or more external devices compris-
es:

receiving a first photon in the pair of photons
through a first output port and a second photon
in the pair of photons through a second output
port, wherein a received mode of the received
first photon and the received second photon is
orthogonal to a transmitted mode of a transmit-
ted first photon and the transmitted second pho-
ton transmitted to the one or more external de-
vices; and
outputting the received first photon and the re-
ceived second photon through respective inter-
ferometer ports.
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