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(57) ABSTRACT

According to an aspect of the present inventive concept
there is provided a photonic integrated circuit, PIC, com-
prising a waveguide array. Each waveguide is configured to
guide a light signal. All guided light signals originate from
a common light beam or multiple mutually coherent light
beams.

Each waveguide is associated with a mutually unique modu-
lator, providing modulation, by a modulation signal, of
phase and/or amplitude of the light signal, forming a modu-
lated light signal. The modulation signals of all modulators
have a common modulation period, such that the modulated
light signal comprises a plurality of sideband frequencies
representing different orders of frequency shifts based on
harmonics of the modulation period.

A free propagation unit comprising inputs associated with
the waveguides receives the modulated light signals. The
modulated light signals propagate freely in two spatial
dimensions through the free propagation unit and interfere to
form output signals. Different outputs of the free propaga-
tion unit receive light with different peak frequency corre-
sponding to different sideband frequencies.
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\

Guiding, in each waveguide in the waveguide array, a light signal,
wherein the light signal guided by all of the waveguides originales
from a common light beam or multiple mutually coherent light beams

S704
¥ .
Modulating, by generation of a modulation signal in each
modufator, a phase and/or an amplitude of the light signal being
guided in the associaled waveguide o form a modulated light
signal, wherein the modulation signals of all modulators have a
common modulation period, such that the modufated light signal
comprises a plurality of sideband frequencies representing
different orders of frequency shiffs based on harmonics of the
common modulation period

i S?(&@

Receiving, at each of the inputs of the free propagation unit, the
modulated light signal from the associated waveguide

5708
i N

Freely propagating the modulated fight signals from all
wavegquides in two spatial dimensions through the free
propagation unit fowards the array of oulputs of the free
propagation unit, wherein the modulated light signals interfere
with each other fo form output signals at the array of outputs,
such that different outpuls receive light with different peak
frequency corresponding fo different sideband frequencies

Fig. 4
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PHOTONIC INTEGRATED CIRCUIT FOR
MULTIPLE FREQUENCY SHIFTING OF
LIGHT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of and
priority to EP Patent Application Serial No. 22208009.5,
filed Nov. 17, 2022, the entire contents of which is incor-
porated herein by reference.

TECHNICAL FIELD

[0002] The present inventive concept relates to the field of
on-chip interferometric sensing, and more specifically to a
photonic integrated circuit, a system, and a method for
multiple frequency shifting of light.

BACKGROUND

[0003] In the past decade, photonic integrated circuits,
PICs, have proven to have many applications in the field of
interferometry to retrieve phase information of the light on
the chip. Phase information can provide information about
for example the optical path length the light has travelled
and can thus be used for distance measurements, utilized in
e.g. Laser Doppler Vibrometry (LDV), velocimetry, and
other remote sensing applications.

[0004] In homodyne interferometric systems the fre-
quency of the signal carrier and the local oscillator are the
same. Combining them on a photodetector converts the
intensity of the interference to a photocurrent which gives
information about the phase of the signal carrier.

[0005] In heterodyne interferometric systems there is a
frequency shift between the local oscillator and the signal
carrier. This causes the photocurrent signal from the detector
to have shifted in the electrical frequency domain, allowing
for reduction of photodetector noise.

[0006] Current methods for on-chip frequency shifting
focus on creating a single frequency shifted output, while
suppressing the other sidebands. However, in a number of
applications, multiple interferometric sensing beams at dif-
ferent frequencies are required. Using multiple different
single side band frequency shifters allows for generation of
multiple beams with different frequency shifts. However, a
challenge with such combinations is that the increasing
number of sensing beams results in increased bulky design
size, an increased number of pads and an increased com-
plexity of the read-out electronics. Moreover, such combi-
nations are inefficient in terms of creating multiple fre-
quency shifted output beams.

[0007] Hence, there is a need in the art for further
improvements related to efficiency and downscaling of
on-chip multibeam interferometry.

SUMMARY

[0008] An objective of the present inventive concept is to
mitigate, alleviate or eliminate one or more of the above-
identified deficiencies in the art and disadvantages singly or
in any combination. These and other objectives are at least
partly met by the invention as defined in the independent
claims. Preferred embodiments are set out in the dependent
claims.
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[0009] According to a first aspect of the present inventive
concept there is provided a photonic integrated circuit, PIC,
the PIC comprising:

[0010] a waveguide array, wherein each waveguide in
the waveguide array is configured to guide a light
signal, wherein the light signal guided by all of the
waveguides originates from a common light beam or
multiple mutually coherent light beams;

[0011] a modulator array associated with the waveguide
array such that each waveguide in the waveguide array
is associated with a mutually unique modulator of the
modulator array, each modulator being configured to
provide a modulation, by generation of a modulation
signal, of'a phase and/or an amplitude of the light signal
being guided in the associated waveguide to form a
modulated light signal, wherein the modulation signals
of all modulators have a common modulation period,
such that the modulated light signal comprises a plu-
rality of sideband frequencies representing different
orders of frequency shifts based on harmonics of the
common modulation period;

[0012] a free propagation unit comprising an array of
inputs, each input being associated with a waveguide of
the waveguide array and configured to receive the
modulated light signal from the associated waveguide,
such that the modulated light signals from all wave-
guides propagate freely in two spatial dimensions
through the free propagation unit towards an array of
outputs of the free propagation unit, wherein the modu-
lated light signals interfere with each other to form
output signals at the array of outputs, such that different
outputs receive light with different peak frequency
corresponding to different sideband frequencies.

[0013] By the term “light signal” is here meant any signal
carried by light. Given only as examples, a light signal may
be in the form of, but is by no means limited to, a continuous
light beam, a light beam with varying intensity, and/or a
sequence of light pulses. In this context the term “light”
should be allowed a wide interpretation, not limited to
visible electromagnetic radiation but may also include for
example ultra-violet light and infra-red light. In the present
context the “light signal” may be of a single wavelength, and
thus a single frequency. It should however be understood
that a single wavelength and a single frequency does not
necessarily mean a strictly single wavelength or frequency,
but rather than the light signal has a narrow line width
comprising a narrow wavelength band and/or frequency
band substantially forming a single wavelength with a
technically reasonable tolerance of a practical narrow band
light source. Henceforth, the wavelength and frequency of
the light signal will be referred to as the fundamental
wavelength and fundamental frequency of the light signal.
[0014] By the term “waveguide” is here meant any unit,
device and/or element within which light may be guided,
and within which transmission is restricted to a single
direction, thereby providing transmission with low loss. By
way of example, light may be reflected on inner walls of the
waveguide by total internal reflection or by means of a
reflective coating provided on the walls of the waveguide.
Given as non-limiting examples, the waveguide may be a
transparent dielectric waveguide or an optical fiber.

[0015] By the term “modulator” is here meant any unit,
device and/or element which can modulate a beam of light
signal being guided in the associated waveguide. The modu-
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lation provided by the modulator may be imposed on one or
more property of the light signal such as the phase, the
frequency, the amplitude, and/or the polarization. The modu-
lator is not limited to a specific type of modulator, but may
rather be of a number of different types, such as a PN
junction modulator, an electro-absorption modulator, an
acousto-optic modulator, a thermo-optic modulator or the
like.

[0016] By way of example, the modulation provided by
the modulator may be controlled by a control signal. The
control signal may be provided by a control unit connected
to the modulator array. The control unit may be configured
for controlling the generation of the modulation signal in
each modulator, by means of the control signal.

[0017] Each respective modulation signal may comprise a
single frequency or a plurality of frequencies. The frequency
content of the modulation signal may be referred to as the
power spectral distribution. By way of example, the modu-
lation signal may comprise a single or a plurality of sine
waves, or the modulation signal may comprise more com-
plex waveforms such as square waves or sawtooth waves.
[0018] The modulation signals of all modulators in the
modulator array have a common power spectral distribution.
Put differently, the modulation signals of all modulators
have the same frequency content. It should be noted how-
ever, that the amplitude of the different frequencies in the
modulation signal are not necessarily the same for the
different modulation signals.

[0019] The modulation signal of each modulator is a
periodic modulation signal having a modulation period,
providing periodic modulation of light in the associated
waveguide. The modulation signals of all modulators have a
common modulation period.

[0020] The modulation of the light signal in the associated
waveguide forms a modulated light signal. The modulated
light signal comprises a plurality of sideband frequencies
representing different orders of frequency shifts based on
harmonics of the common modulation period. In other
words, the modulated light signal comprises, in addition to
the fundamental frequency, a plurality of sideband frequen-
cies being shifted from the fundamental frequency by an
integer number of the overall modulation frequency corre-
sponding to the common modulation period. The sideband
frequencies may be shifted to higher and/or lower frequen-
cies with respect to the fundamental frequency. The modu-
lated light signal may comprise one, two, three, four, five,
six, or more sideband frequencies, in addition to the funda-
mental frequency.

[0021] Each waveguide is associated with an input of the
free propagation unit in order to allow coupling of the
modulated light signal from the waveguide into the free
propagation unit. Each waveguide may be arranged such
that an end of the waveguide coupling the modulated light
signal into the input of the free propagation unit may be in
physical contact with the free propagation unit, or it may
alternatively be physically separated from the free propaga-
tion unit so as to form a gap between the waveguide and the
free propagation unit.

[0022] By the term “free propagation unit” is here meant
any unit, device and/or element comprising a light guiding
medium allowing light to freely propagate in at least two
perpendicular directions. However, it should be understood
that the free propagation unit is a physical unit, and therefore
has physical dimensions and limitations. As such, the free
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propagation unit does not allow light to infinitely propagate
in the at least two perpendicular directions, but rather to
freely propagate within the free propagation unit and being
restricted by outer boundaries or walls of the free propaga-
tion unit.

[0023] The free propagation unit is configured to propa-
gate the modulated light signals coupled into the free
propagation unit from the waveguide array such that the
modulated light signals interfere with each other in the free
propagation unit to form output signals at the array of
outputs of the free propagation unit. By the present arrange-
ment different outputs receive light with different peak
frequency corresponding to different sideband frequencies.
Thus, in the manner described above, efficient separation of
the different sideband frequencies into respective outputs
may be provided without blocking light at other sideband
frequencies.

[0024] Given as non-limiting examples, the free propaga-
tion unit may be a slab region, a star coupler, a lens system
comprising one or more lenses, a plurality of combined slab
regimes, a multi-mode interferometer (MMI), a grating
configured to collect light from different directions into
different outputs, or an on-chip Fourier imaging structure.

[0025] An advantage of the PIC is that a more efficient
on-chip heterodyning frequency shifting may be provided.
Conventional on-chip heterodyning techniques typically uti-
lizes one frequency shifted output while suppressing the
other sidebands. In the present PIC, however, other side
bands are not suppressed, but rather the power of the
sidebands in different waveguides are collected to interfere,
and thereby creating multiple different frequency shifted
outputs. Thus, a power efficient on-chip heterodyning fre-
quency shifting may be provided since the power of the
sidebands is not lost, while providing a good side band
separation at the outputs.

[0026] Further, the present arrangement facilitates for on-
chip multi-beam heterodyning interferometers with a single
light source, a single detector and simplified read-out elec-
tronics to be made.

[0027] Another advantage is that frequency shifting allow-
ing for generation of multiple sideband frequencies may be
provided on chip at a reduced size. The present arrangement
may reduce the size of the device with which multiple
frequencies may be generated from a single light frequency.
Further, the present arrangement may allow for reduction of
the number of bonding pads required. It may also allow for
simplification of electronics. This, in turn, may further
reduce the size as well as the complexity of the system.

[0028] Yet another advantage is that on-chip frequency
shifting may be provided at a reduced cost. Since the number
of light sources may be reduced, and potentially reduced to
a single light source, the cost for such systems may thus be
reduced. Also, the need for additional optical elements may
be reduced, which may further reduce the cost. Costs may be
further reduced also due to reduced number of bonding pads,
reduced complexity of electronics and reduced design size in
general.

[0029] According to an embodiment, the PIC further com-
prises an output waveguide array, wherein each output
waveguide of the output waveguide array is associated with
an output of the free propagation unit and configured to
receive and guide a respective output signal of the output
signals.
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[0030] The output waveguides of the output waveguide
array may guide the respective output signals towards a
position at which the output signals may be used. By way of
example, in a heterodyne interferometry system, the output
waveguides may be configured to guide the respective
output signals towards for instance a target to be tested.
[0031] As an alternative to the output waveguides, it is
conceivable that the PIC may instead comprise for example
an array of lenses, prisms or mirrors configured to receive
and to guide the output signal. Further, instead of guiding the
output signals, it is conceivable that photodetectors are
arranged at the outputs of the free propagating unit. By way
of examples, a plurality of photodiodes or an imaging
detector may be arranged at the output array. By arranging
detectors at the outputs of the free propagating unit, infor-
mation about for example the frequency content of an
electrical signal, as for example a control signal, received at
the respective modulators or the modulator response to the
electrical signal may be determined.

[0032] According to an embodiment, the PIC further com-
prises a splitter configured to receive the common light
beam, to split the common light beam so as to form a
plurality of light signals, and to guide each of the light
signals towards a mutually unique waveguide of the wave-
guide array.

[0033] In case for instance a common light beam from a
single light source is to be used, the common light beam may
be split up into the waveguides by the splitter. It should be
understood that the splitter may form part of the PIC or it
may alternatively be a separate element. Given as non-
limiting examples, the splitter may be a star coupler, a
multi-mode interferometer (MMI) splitter, or a combination
of splitters.

[0034] An advantage with this embodiment is that the
splitter allows for a single common light beam to be used for
the PIC.

[0035] Another advantage is that if the splitter is inte-
grated on the PIC, the combination of the splitter and the
frequency shifting elements may be provided at a further
reduced and thus more compact size.

[0036] According to an embodiment, the splitter is further
configured to split an intensity of the common light beam
equally into the respective light signals.

[0037] According to an embodiment, the splitter is further
configured to split an intensity of the common light beam
into the respective light signals such that intensities of the
respective output signals are equal.

[0038] According to an embodiment, the PIC is further
configured to provide a delay between modulations of
consecutive modulators in the modulator array.

[0039] The term “delay” is here referring to the time at
which modulation occurs at the respective inputs of the free
propagation unit. By way of example, the delay between two
consecutive modulators may be in the order of 1 ps to 1 ms.
By way of further example, in LDV applications the delay
between two consecutive modulators may be in the order of
10 ns to 1 ps. In this manner, a frequency shift in the order
of 1 MHz to 100 MHz may be provided for LDV applica-
tions.

[0040] Delayed modulation may be provided by delaying
the start of modulation in consecutive modulators with
respect to each other. However, delayed modulation may
also be provided, for example, by providing different optical
delay lines for different waveguides such that different
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waveguides have different optical path lengths, thereby
providing phase difference between the different waveguides
at the inputs to the free propagation unit. It should be
understood that the delay between two consecutive modu-
lators may be within one period of the signal, as for example
in the order of 1 fs to 1 ps. However, as mentioned above the
delay between two consecutive modulators may be in the
order of 1 ps to 1 ms, thereby providing a delay being much
longer than the period of the signal.

[0041] According to an embodiment, the delay between
modulations of consecutive modulators is equal for all
consecutive modulators in the modulator array.

[0042] Ifaspacing between consecutive inputs is equal for
all consecutive inputs in the array of inputs, equal delay
between consecutive modulators may be required.

[0043] According to an embodiment, the free propagation
unit is in the form of a slab region.

[0044] By the term “slab region” is here meant any unit,
device and/or element comprising a light guiding medium
having a planar shape such that the light guiding medium
extends in two perpendicular directions, whereas the light
guiding medium in a third direction, perpendicular to the
plane, is restricted to extending only a fraction of the
extension in the other two directions, essentially forming a
thin plane of the light guiding medium. Light entering the
plane may be guided in all directions within a plane.
[0045] The slab region is configured to propagate the
modulated light signal coupled into the slab region from the
waveguide array, from the array of inputs towards the array
of outputs of the slab region.

[0046] According to an embodiment, the free propagation
unit is in the form of a star coupler.

[0047] By the term “star coupler” is here meant any
optical unit, device and/or element having multiple inputs
and outputs. A star coupler is commonly used for splitting
each optical input signal and distributing it to the outputs.
[0048] According to a second aspect of the present inven-
tive concept there is provided a system for multiple inter-
ferometric sensing, the system comprising:

[0049] a PIC according to the first aspect;

[0050] a control unit connected to the modulator array
and configured for controlling the generation of the
modulation signal in each modulator.

[0051] The control unit may be configured to provide
periodic control signals to the modulators, based on which
the modulation signals are generated. The control unit may
optionally be configured to provide adjustable delays
between the different control signals in order to provide
delayed modulation between consecutive waveguides. As an
alternative to the control unit being configured to provide
adjustable delays, the waveguides of the PIC may be
designed with appropriate delay lines, providing fixed
delays between consecutive waveguides.

[0052] According to an embodiment, the system further
comprises:

[0053] at least one light source configured and arranged
to provide a reference light beam and the common light
beam or the multiple mutually coherent light beams for
the PIC;

[0054] at least one photodetector comprising a light
sensitive element configured to generate an electrical
signal dependent on an intensity of light incident onto
the light sensitive element, the at least one photode-
tector being configured to receive the reference light
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beam and the output signals from the PIC being scat-

tered by a target, incident onto the light sensitive

element.
[0055] By the term “light source” is here meant any unit,
device and/or element at which light is generated. By way of
example, the light source may be, but is not limited to a laser,
a laser diode, a light emitting diode, an incandescent light
source, a fluorescent light source, or a combination thereof.
[0056] According to an embodiment, the light source is
further configured to generate at least partially coherent
light.
[0057] By the term “light sensitive element” is here meant
an element reacting to light impinging onto the element, by
generating an electrical signal as a response to the light
intensity. The light sensitive element may be arranged as a
single light sensitive element on a photodetector, or alter-
natively as an array of light sensitive elements, configured to
allow read-out of the electrical signals representing light for
image acquisition. Given as non-limiting examples, light
sensitive elements may be found on photodiodes, photo-
multiplier tubes (PMT), and pixels on image detectors such
as charge-coupled devices (CCD) and complementary metal
oxide semiconductors (CMOS).
[0058] The system for multiple interferometric sensing
may be a system configured to retrieve phase information of
the light, for example for on-chip interferometry. By way of
example, phase information of light may provide informa-
tion about the optical path length that the light has travelled.
The information may be used for measuring for instance
distance and/or velocity. Given as a non-limiting example,
the system may be a Laser Doppler Vibrometer (LDV)
system.
[0059] In the system for multiple interferometric sensing
the PIC may generate a plurality of sideband frequencies
representing different orders of frequency shifts based on
harmonics of the common modulation period, with respect
to the fundamental frequency. The PIC may further provide
a plurality of output signals at the outputs of the array of
outputs, such that each output receives an output signal
comprising a different peak frequency corresponding to a
different sideband frequency, than the other outputs.
[0060] The output signals may be guided towards a target,
after which the signal from the target may be directed
towards the one or more photodetectors. The reference light
beam being frequency shifted with respect to the output
signals is also directed towards the one or more photode-
tector. When the reference light beam is combined with a
frequency shifted output signal on a photodetector, the
signal from the photodetector may represent a difference-
frequency spectrum. If the different output signals are fre-
quency shifted to different frequencies with respect to the
reference light beam and with respect to each other, the
reference light beam and the different output signals from
the target may be combined onto a single photodetector,
allowing multiplexing of different output signals onto the
single photodetector, wherein the output signals may sub-
sequently be discerned in the electric spectrum from the
photodetector.
[0061] An advantage is that a system for multiple inter-
ferometric sensing may be provided at a reduced size. The
present arrangement may reduce the size of the PIC with
which multiple frequencies may be generated from a single
light frequency. Further, using a single photodetector for all
the output signals enables reducing the number of bonding
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pads required. It also enables the simplification of readout
electronics. This, in turn, may further reduce the size as well
as the complexity of the system.

[0062] According to an embodiment, the reference light
beam is one of the output signals from the PIC.

[0063] An advantage with this embodiment is that the
need for a separate frequency shifter dedicated for the
reference light beam may be eliminated.

[0064] According to a third aspect of the present inventive
concept there is provided a method for frequency shifting of
light in a photonic integrated circuit, PIC, comprising a
waveguide array, a modulator array associated with the
waveguide array such that each waveguide in the waveguide
array is associated with a mutually unique modulator of the
modulator array, and a free propagation unit comprising an
array of inputs, each input being associated with a wave-
guide of the waveguide array, the method comprising:

[0065] guiding, in each waveguide in the waveguide
array, a light signal, wherein the light signal guided by
all of the waveguides originates from a common light
beam or multiple mutually coherent light beams;

[0066] modulating, by generation of a modulation sig-
nal in each modulator, a phase and/or an amplitude of
the light signal being guided in the associated wave-
guide to form a modulated light signal, wherein the
modulation signals of all modulators have a common
modulation period, such that the modulated light signal
comprises a plurality of sideband frequencies repre-
senting different orders of frequency shifts based on
harmonics of the common modulation period;

[0067] receiving, at each of the inputs of the free
propagation unit, the modulated light signal from the
associated waveguide;

[0068] freely propagating the modulated light signals
from all waveguides in two spatial dimensions through
the free propagation unit towards the array of outputs of
the free propagation unit, wherein the modulated light
signals interfere with each other to form output signals
at the array of outputs, such that different outputs
receive light with different peak frequency correspond-
ing to different sideband frequencies.

[0069] According to an embodiment, the PIC further com-
prises an output waveguide array, each output waveguide of
the output waveguide array being associated with an output
of the free propagation unit, the method further comprising:
receiving and guiding, by each output waveguide, a respec-
tive output signal of the output signals.

[0070] According to an embodiment, the method further
comprises:

[0071] receiving, at a splitter, the common light beam;

[0072] splitting, by the splitter, the common light beam
so as to form a plurality of light signals; and

[0073] guiding each of the light signals towards a
mutually unique waveguide of the waveguide array.

[0074] According to an embodiment, the method further
comprises:

[0075] providing a delay between modulations of con-
secutive modulators in the modulator array.

[0076] Effects and features of the second and the third
aspects are largely analogous to those described above in
connection with the first aspect. Embodiments mentioned in
relation to the first aspect are largely compatible with the
second and the third aspects. It is further noted that the
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inventive concepts relate to all possible combinations of
features unless explicitly stated otherwise.

[0077] Other objectives, features and advantages of the
present inventive concept will appear from the following
detailed disclosure, from the attached claims as well as from
the drawings.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0078] The above, as well as additional objects, features
and advantages of the present inventive concept, will be
better understood through the following illustrative and
non-limiting detailed description, with reference to the
appended drawings. In the drawings like reference numerals
will be used for like elements unless stated otherwise.
[0079] FIG. 1 schematically illustrates a photonic inte-
grated circuit, PIC, configured for frequency shifting of light
passing therethrough.

[0080] FIG. 2A schematically illustrates a photonic inte-
grated circuit, PIC, configured for frequency shifting of light
passing therethrough, and comprising a splitter and output
waveguides.

[0081] FIG. 2B illustrates the modulation signals modu-
lating light signals in the waveguides when delayed modu-
lation is applied.

[0082] FIG. 3A schematically illustrates a system for
multiple interferometric sensing, comprising a separate fre-
quency shifter for the reference light beam.

[0083] FIG. 3B schematically illustrates a system for
multiple interferometric sensing, using an output signal from
the PIC as the reference light beam.

[0084] FIG. 4 illustrates a schematic block diagram
shortly summarizing the method for frequency shifting of
light in a photonic integrated circuit, PIC.

DETAILED DESCRIPTION

[0085] In cooperation with attached drawings, the techni-
cal contents and detailed description of the present inventive
concept are described thereinafter according to a preferable
embodiment, being not used to limit the claimed scope. This
inventive concept may be embodied in many different forms
and should not be construed as limited to the embodiments
set forth herein; rather, these embodiments are provided for
thoroughness and completeness, and fully convey the scope
of the inventive concept to the skilled person.

[0086] FIG. 1 schematically illustrates a photonic inte-
grated circuit 100, PIC. The PIC 100 is configured for
frequency shifting of light passing therethrough.

[0087] The PIC 100 comprises a waveguide array 110
comprising waveguides 112a, 1125, 112¢. Each waveguide
112a, 112b, 112¢ comprises a receiving end 114a, 1145,
114c¢ configured to receive a light signal. A light signal may
be provided to each receiving end 114a, 114b, 114c. The
light signals provided to the respective waveguides 112a,
112b, 112¢ originate from either a common light beam or
multiple mutually coherent light beams. Such light signals
may be provided by for example a single light source, such
as a single laser, generating a common light beam which is
split into several light signals which may subsequently be
provided to the receiving ends 114a, 1145, 114c of the
waveguides 112a, 1125, 112¢. Alternatively, such light sig-
nals may be provided by for example a plurality of lasers
being interconnected to a common control source, ensuing
that the plurality of lasers generate multiple mutually coher-
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ent light beams. Thus, the light signal provided to each
waveguide 112a, 1125, 112¢ has a common frequency @,
here referred to as the fundamental frequency @, of the light.

[0088] Each waveguide 112a, 112b, 112¢ in the wave-
guide array 110 is further configured to guide the light signal
from the receiving end 114a, 114, 114¢, through the wave-
guide 112a, 112h, 112¢, towards a transmitting end 116a,
116b, 116¢.

[0089] The PIC 100 further comprises a modulator array
120 comprising modulators 122a, 122b, 122¢. The modu-
lator array 120 is associated with the waveguide array 110
such that each waveguide 112a, 1125, 112¢ in the waveguide
array 110 is associated with a mutually unique modulator
122a, 122b, 122¢ of the modulator array 120. Each modu-
lator 122a, 1225, 122¢ is configured to provide a modulation
of a phase and/or an amplitude of the light signal being
guided in the associated waveguide 112a, 112h, 112c.
Modulation of the light signal is provided by generation of
a modulation signal in the modulator 122a, 1225, 122¢. As
a result of the modulation, a modulated light signal is
formed, propagating towards the transmitting end 116a,
1165, 116¢ of the waveguide 112a, 1125, 112¢.

[0090] Generation of the modulation signals may be pro-
vided by a control unit 140 being connected to the modulator
array 120. By way of example, the control unit 140 may
control the generation of the modulation signals in the
respective waveguides 112a, 1125, 112¢ by means of one or
more control signals which may be electrical signals con-
trolling for example the phase, frequency content and/or
amplitudes of the respective modulation signals. It should be
understood that the control unit 140 does not necessarily
form part of the PIC as such, but may alternatively be an
external control unit 140. By way of example, the PIC 100
and the control unit 140 may form part of a system for
multiple interferometric sensing.

[0091] The modulation signals of all modulators are peri-
odic modulations having a common modulation period T.
Based on the common modulation period T, a common
modulation frequency may be defined as:

=l

[0092] When the modulators 122a, 1225, 122¢ are driven
by the common modulation period T and thus the common
modulation frequency £, the electric field strength E, _, of
the modulated light signal may be expressed as the sum:

Epog =Eo ) Auexplitwo + n2))

n=—co

[0093] Thus, for each waveguide, the modulated light
signal comprises a plurality of sideband frequencies (®y+
nQ) representing different orders n of frequency shifts nQ
with respect to the fundamental frequency ®,, based on
harmonics of the common modulation period T, and there-
fore on Q. Given as a non-limiting example, the modulate
light signal may comprise the sideband frequencies m,—2€2,
0W—, 0,+Q, and ®,+2L, in addition to the fundamental
frequency ®,, as illustrated in FIG. 1.
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[0094] As illustrated in FIG. 1, the sideband frequencies
are symmetrically distributed around the fundamental fre-
quency w, of the light. However, it should be understood
that the PIC is not limited to providing a symmetrical
frequency shift around the fundamental frequency w,. For
example, asymmetrical frequency distribution with respect
to the fundamental frequency m, is equally conceivable,
such that the output frequencies may be for example w,,
wy+€2, and w,+2Q, wy+3€2, and w,+4€2.

[0095] It serves to mention that A, in the equation express-
ing the electric field strength above, may be a real number
or it may be a complex number having a real part and an
imaginary part.

[0096] The PIC 100 further comprises a free propagation
unit 130. The free propagation unit 130 comprises an array
of inputs 1324, 1325, 132¢. Each input 132a, 1325, 132¢ is
associated with a mutually unique waveguide 112a, 1125,
112¢ of the waveguide array 110 and configured to receive
the modulated light signal from the associated waveguide
1124, 1125, 112¢.

[0097] The free propagation unit 130 is configured such
that the modulated light signals from all waveguides 112a,
1125, 112¢ propagate freely in two spatial dimensions
through the free propagation unit 130 towards an array of
outputs 134a, 1345, 134¢ of the free propagation unit 130.
[0098] In FIG. 1, the free propagation unit 130 is illus-
trated as a slab region comprising a light guiding medium
with a planar shape extending in two perpendicular direc-
tions, whereas in the third direction, perpendicular to the
plane, the light guiding medium is restricted to extending
only a fraction of the extension in the other two directions.
In this manner, the slab region is configured to propagate the
modulated light signals coupled into the slab region from the
waveguide array, within the plane. However, it should be
understood that the free propagation unit 130 is not limited
to being a slab region, but may alternatively be a star
coupler, a lens system comprising one or more lenses, a
multi-mode interferometer (MMI), a plurality of combined
slab regimes, or the like.

[0099] The sideband frequencies as well as the fundamen-
tal frequency of the modulated light signals interfere with
each other in the free propagation unit 130. Different fre-
quencies from the different inputs 132a, 1325, 132¢ propa-
gate in different directions and interfere with each other such
that when the light reaches the different outputs 134q, 1345,
134c of the free propagation unit 130, the interference of the
light is such that the different outputs receive light with
different peak frequency corresponding to different sideband
frequencies. More specifically, in the example mentioned
above with four sideband frequencies in addition to the
fundamental frequency, the first output 134a may be reached
by light with a peak frequency at w,-2€2, the second output
1345 may be reached by light with a frequency at w,-£2, the
third output 134¢ may be reached by light with a frequency
at w,, and so on. Thus, by the present arrangement separa-
tion of the different sidebands and fundamental frequency
may be provided without blocking out unwanted sidebands
at the different outputs. Thereby a more efficient frequency
shifting and frequency separation may be provided.

[0100] FIG. 2A schematically illustrates a photonic inte-
grated circuit 200, PIC. The PIC 200 is configured for
frequency shifting of light passing therethrough. The PIC
200 shares some of the features with PIC 100 described in
relation to FIG. 1, the details of which are not repeated here.

May 23, 2024

[0101] The PIC 200 comprises a splitter 150. The splitter
150 comprises a splitter input 152 and an array of splitter
outputs 154a, 1545, 154c¢. The splitter 150 is configured to
receive a light beam at the splitter input 152. The light beam
may be provided by for example a single light source, such
as a single laser, generating the light beam. As illustrated in
FIG. 2A, the light beam may be provided through an input
waveguide 151 optically connected to the splitter input 152.
However, it should be realized that the light beam may be
provided to the splitter input 152 in alternative manners,
such as for example by an optical fiber, or by direct
connection of an output of the light source to the splitter
input 152.

[0102] The splitter 150 is further configured to split the
light beam so as to form a plurality of light signals, and to
guide each of the light signals to their respective splitter
outputs 154a, 154b, 154c¢. Since the light beam has a
frequency g, all of the light signals have a common
frequency .

[0103] The PIC 200 further comprises a waveguide array
110 comprising waveguides 112a, 1125, 112¢. Each wave-
guide 112a, 1125, 112¢ comprises a receiving end 114a,
1145, 114¢ configured to receive a light signal. Each receiv-
ing end 114a, 1145, 114c¢ is optically connected to a mutually
unique splitter output 154a, 1545, 154c¢, thereby allowing
each of the light signals at the splitter outputs 154a, 1545,
154¢ to be coupled into a mutually unique waveguide 1124,
1125, 112¢ of the waveguide array 110.

[0104] Similar to PIC 100, the PIC 200 further comprises
a modulator array 120 associated with the waveguide array
110. Each modulator 122a, 1225, 122¢ is configured to
provide a modulation of the light signal guided in the
associated waveguide 112a, 1125, 112¢, by generation of a
modulation signal. In the same manner as for PIC 100, the
modulated light signal in each waveguide 112a, 1125, 112¢
of PIC 200 comprises a plurality of sideband frequencies
(w+n€2) representing different orders n of frequency shifts
n€2 with respect to the fundamental frequency w,, based on
harmonics of the common modulation period T, and there-
fore on Q.

[0105] The PIC 200 further comprises a free propagation
unit 130 having an array of inputs 132a, 1325, 132¢. The
modulated light signal of each waveguide 1124, 1125, 112¢
is coupled into the free propagation unit 130 from the
transmitting end 116a, 1165, 116¢ of the waveguide 112a,
1125, 112¢ to the respective input 132a, 13256, 132¢ of the
free propagation unit 130. The sideband frequencies as well
as the fundamental frequency of the modulated light signals
propagate freely and interfere with each other in the free
propagation unit 130. Due to the interference of the light the
different outputs 134a, 134b, 134c¢ of the free propagating
unit 130 receive light with different peak frequency corre-
sponding to different sideband frequencies, thereby provid-
ing separation of the different sidebands and fundamental
frequency.

[0106] The PIC 200 further comprises an output wave-
guide array 160 comprising output waveguides 162a, 1625,
162¢. Each output waveguide 1624, 1625, 162¢ of the output
waveguide array 160 is optically coupled to an output 134a,
13454, 134c¢ of the free propagation unit 130 and configured
to receive and guide the output signal. Since the different
sidebands are substantially separated to the different outputs
134a, 134b, 134¢, cach output waveguide 162a, 1625, 162¢
may receive and guide an output signal corresponding to a
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respective sideband. Thus, the respective sidebands may be
guided individually, and the output waveguides 162a, 1625,
162¢ may be used to guide the respective sidebands to for
example dedicated measurement positions, if the PIC forms
part of a measurement system.

[0107] It serves to mention that the splitter 150 may be
configured to split the light beam such that the intensity of
the light beam is distributed equally into the respective light
signals being coupled into the waveguides 112a, 1125, 112c.
Alternatively or additionally, the splitter 150 may be con-
figured to split the intensity of the light beam into the
respective light signals such that intensities of the respective
output signals are equal in the output waveguides 162a,
162b, 162¢. Having equal intensities in the respective output
signals may be an advantage in some measurement appli-
cations.

[0108] As mentioned in relation to FIG. 1, the electric field
strength E,,_, of the modulated light signal may be
expressed as the sum:

Enog =Eo ) Ayexplitewo + n2)e)

n=—co

[0109] Thus, all modulators 122a, 122b, 122¢ in the
modulator array 120 may be driven to generate the same
modulation signal, i.e., to have the same modulation period
T. However, the PIC may be further configured to provide a
delay between modulations of consecutive modulators 122a,
122p, 122¢ in the modulator array 120. A delay in modula-
tion may give rise to a phase difference 4) between modu-
lations of consecutive modulators 122a, 122b, 122¢ in the
modulator array 120, at the inputs 132a, 1325, 132¢ to the
free propagation unit 130. In case the delay between modu-
lations of consecutive modulators 122a, 122b, 122¢ is equal
for all consecutive modulators 122a, 1225, 122¢ in the
modulator array 120, the electric field strength E,,,_, of the
modulated light signal at the transmitting end 116a, 1160,
116¢ of each waveguide 112a, 1125, 112¢ may be expressed
as:

& Waveguide 112a
E,=E, Z Apexplilwo + Q) +n X 0x )

n=—co

& Waveguide 112b
E,=E, Z Apexp(iwo +n O+ nx1x¢)

n=—o0

& Waveguide 112¢
E,=E, Z Apexplilwo + 1)t +n X2 X )

n=—co

[0110] The delay determines the angle between the differ-
ent orders n of the sideband frequencies. For each order n the
waveguide array 110 will have a different phase shift nx¢
and thus the different order sidebands will diffract into
different directions into the free propagation unit 130. This,
in turn, affects the position at which the different sidebands
reach the output side of the free propagation unit 130, and
therefore also the positions at which the output waveguides
162a, 162b, 162¢ are arranged.

[0111] FIG. 2B illustrates the modulation signals modu-
lating light signals in the waveguides 112a, 1125, 112c,
when delayed modulation is applied. It should be understood
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that, although the modulation signals are illustrated here as
sine waves, the modulation signals may alternatively com-
prise more complex waveforms.

[0112] As illustrated in FIG. 2B, the delay between the
modulation signals of two consecutive modulators, modu-
lating light signals in two consecutive waveguides, as for
example a and b, may be within one modulation period T.
The delayed modulation provides a phase difference
between the two modulation signals. Since the delay and
thus the phase difference determines the angle between the
different orders n of the sideband frequencies, the angle may
be tuned by tuning the modulation delay. Although the delay
between the modulation signals of two consecutive wave-
guides is here illustrated as being within one modulation
period T, it is conceivable that the delay may be longer, such
as more than 5T, 10T, 20T, 30T, or 100T.

[0113] Faurther, as illustrated in FIG. 2B, the delay between
modulations of consecutive modulators may be equal for all
consecutive modulators in the modulator array. However, it
is conceivable that different delays between different modu-
lators may also be applied.

[0114] FIG. 3A schematically illustrates a system 1000 for
multiple interferometric sensing. The system 1000 com-
prises a light source 300 in the form of a laser. The light
source 300 generates an output laser beam of frequency ®,
which is split into two beams. Splitting may be provided by
means of a splitter, a dichroic mirror, a prism, or the like.
[0115] The system 1000 further comprises a PIC 200, as
described in relation to FIG. 2A. One of the two beams
resulting from splitting the output laser beam forms the light
beam for the PIC 200 and is guided to the splitter input 152
of the PIC 200. As previously described, the light beam is
split by the splitter of the PIC 200 into light signals distrib-
uted through the waveguide array, in which the modulator
array modulates the light signals, generating modulated light
signals comprising a number of sideband frequencies includ-
ing the fundamental frequency ®, The light signals are
modulated by a modulation signal having a modulation
period T, and a modulation frequency €, as previously
defined. The modulated light signals propagate and interfere
in the free propagation unit of the PIC 200 such that the
sideband frequencies and the fundamental frequency are
output through respective outputs of the free propagation
unit, and guided by the respective output waveguides of the
output waveguide array 160.

[0116] It should be realized that the number of output
signals and thus the number of output waveguides may vary.
For example, when describing the PIC 200 in relation to
FIG. 2A, five output waveguides were described. However,
in the system 1000 described in relation to FIG. 3A, the PIC
200 is described as having three output waveguides. The
output signals of system 1000 have the frequencies ®;—CQ,
g, and My +Q, respectively. It should also be realized that,
for simplicity and brevity, only a few output signals and
frequencies are illustrated in the drawings, however, the
actual number of output signals and frequencies may typi-
cally be much larger, at least in the range of 1 to 100, such
as for example 10, 20, 30, 50, 100, or more.

[0117] As illustrated in FIG. 3A, the system 1000 may
comprise a control unit 140 connected to the modulator
array of the PIC 200, configured for controlling the genera-
tion of the modulation signal in each modulator.

[0118] The system 1000 may further comprise an array
500 of antennas 500a, 5005, 500c, associated with the array
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160 of output waveguides. The output signals of the output
waveguides may be coupled out of the PIC 200 by the
respective antennas 500a, 5005, 500c. The output signals,
each of which comprises a different frequency shift, may be
guided towards a target 10, which may scatter the light in the
respective output signals.

[0119] The other one of the two beams resulting from
splitting the output laser beam is guided to a frequency
shifter 400 configured to shift the frequency of the light
passing therethrough. In the present embodiment, the fre-
quency shifter is configured to shift the fundamental fre-
quency o, to output light with a frequency of m,-1.5Q. The
shifted beam from the frequency shifter 400 forms a refer-
ence light beam of the system 1000. Thus, by splitting the
output laser beam from the light source 300, the light source
300 may provide the reference light beam as well as the light
beam for the PIC 200.

[0120] The system 1000 further comprises a photodetector
600. The photodetector 600 is configured to receive the
output signals from the PIC 200 being scattered by a target
10, and to receive the reference light beam.

[0121] When the reference light beam is combined on a
photodetector with a frequency shifted output signal scat-
tered by the target, the photocurrent signal from the photo-
detector will be shifted in the electric frequency domain. The
present arrangement allows for less photodetector noise.
[0122] Since the different output signals are frequency
shifted to different frequencies with respect to the reference
light beam and with respect to each other, the different
output signals from the target may be combined with the
reference light beam onto the single photodetector, and the
output signals may subsequently be discerned in the electric
spectrum from the photodetector. By the present arrange-
ment, multiplexing of different output signals onto the single
photodetector may be enabled. In the manner described
above, phase information of the light may be measured.
Measuring phase information of light may provide informa-
tion about the optical path length that the light has travelled,
which may be used for determining for instance distance
and/or velocity. Given as a non-limiting example, the system
may be a Laser Doppler Vibrometer (LDV) system.

[0123] The system 1000 is here described to comprise a
PIC 200, as described in relation to FIG. 2A. However, it
should be realized that the system 1000 is not limited to
comprising the PIC 200. For example, if further beam
splitting would be provided external to the PIC in the system
1000, the PIC may be the PIC 100, as described in relation
to FIG. 1.

[0124] FIG. 3B schematically illustrates a system 2000 for
multiple interferometric sensing. The system 2000 shares
some of the features with the system 1000 described in
relation to FIG. 3A, the details of which are not repeated
here.

[0125] The system 2000 comprises a light source 300 in
the form of a laser. The light source 300 generates an output
laser beam of frequency w, which forms the light beam for
the PIC 200 and is guided to the splitter input 152 of the PIC
200. Output signals being frequency shifted with respect to
each other are generated and guided by the output wave-
guide array 160.

[0126] Contrary to the system 1000, the system 2000 does
not comprise any separate frequency shifter for generating
the frequency shift for the reference light beam. Instead, one
of the output signals from the PIC 200 is used as the
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reference light beam. Thus, the output signal of one of the
output waveguides in the output waveguide array 160 is not
coupled out of the PIC 200 to be guided towards the target
10, but is rather guided directly towards the photodetector
600. The output signals of the rest of the output waveguides
may be coupled out of the PIC 200 by the respective
antennas 500qa, 5005, 500¢, and guided towards a target 10.
The scattered light from the target 10 may subsequently be
combined with the reference light beam onto the photode-
tector 600, thereby providing multiplexing of different out-
put signals onto the single photodetector.

[0127] FIG. 4 illustrates a schematic block diagram
shortly summarizing the method for frequency shifting of
light in a photonic integrated circuit, PIC, comprising a
waveguide array, a modulator array associated with the
waveguide array such that each waveguide in the waveguide
array is associated with a mutually unique modulator of the
modulator array, and a free propagation unit comprising an
array of inputs, each input being associated with a wave-
guide of the waveguide array. It should be understood that
the steps of the method, although listed in a specific order
herein, may be performed in any order suitable.

[0128] The method may comprise guiding S702, in each
waveguide in the waveguide array, a light signal, wherein
the light signal guided by all of the waveguides originates
from a common light beam or multiple mutually coherent
light beams.

[0129] The method may comprise modulating S704, by
generation of a modulation signal in each modulator, a phase
and/or an amplitude of the light signal being guided in the
associated waveguide to form a modulated light signal,
wherein the modulation signals of all modulators have a
common modulation period, such that the modulated light
signal comprises a plurality of sideband frequencies repre-
senting different orders of frequency shifts based on har-
monics of the common modulation period.

[0130] The method may comprise receiving S706, at each
of'the inputs of the free propagation unit, the modulated light
signal from the associated waveguide.

[0131] The method may comprise freely propagating S708
the modulated light signals from all waveguides in two
spatial dimensions through the free propagation unit towards
the array of outputs of the free propagation unit, wherein the
modulated light signals interfere with each other to form
output signals at the array of outputs, such that different
outputs receive light with different peak frequency corre-
sponding to different sideband frequencies.

[0132] If the PIC comprises an output waveguide array,
each output waveguide of the output waveguide array being
associated with an output of the free propagation unit, the
method may further comprise receiving and guiding, by
each output waveguide, the output signal.

[0133] The method may further comprise receiving, at a
splitter, the common light beam, splitting, by the splitter, the
common light beam so as to form a plurality of light signals,
and guiding each of the light signals towards a mutually
unique waveguide of the waveguide array.

[0134] The method may further comprise providing a
delay between modulations of consecutive modulators in the
modulator array.

[0135] In the above the inventive concept has mainly been
described with reference to a limited number of examples.
However, as is readily appreciated by a person skilled in the
art, other examples than the ones disclosed above are equally
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possible within the scope of the inventive concept, as
defined by the appended claims.

1. A photonic integrated circuit, PIC, the PIC comprising:

a waveguide array, wherein each waveguide in the wave-
guide array is configured to guide a light signal,
wherein the light signal guided by all of the waveguides
originates from a common light beam or multiple
mutually coherent light beams;

a modulator array associated with the waveguide array
such that each waveguide in the waveguide array is
associated with a mutually unique modulator of the
modulator array, each modulator being configured to
provide a modulation, by generation of a modulation
signal, of'a phase and/or an amplitude of the light signal
being guided in the associated waveguide to form a
modulated light signal, wherein the modulation signals
of all modulators have a common modulation period,
such that the modulated light signal comprises a plu-
rality of sideband frequencies representing different
orders of frequency shifts based on harmonics of the
common modulation period;

a free propagation unit comprising an array of inputs, each
input being associated with a waveguide of the wave-
guide array and configured to receive the modulated
light signal from the associated waveguide, such that
the modulated light signals from all waveguides propa-
gate freely in two spatial dimensions through the free
propagation unit towards an array of outputs of the free
propagation unit, wherein the modulated light signals
interfere with each other to form output signals at the
array of outputs, such that different outputs receive
light with different peak frequency corresponding to
different sideband frequencies.

2. The PIC according to claim 1, further comprising an
output waveguide array, wherein each output waveguide of
the output waveguide array is associated with an output of
the free propagation unit and configured to receive and guide
a respective output signal of the output signals.

3. The PIC according to claim 1, further comprising a
splitter configured to receive the common light beam, to split
the common light beam so as to form a plurality of light
signals, and to guide each of the light signals towards a
mutually unique waveguide of the waveguide array.

4. The PIC according to claim 3, wherein the splitter is
further configured to split an intensity of the common light
beam equally into the respective light signals.

5. The PIC according to claim 3, wherein the splitter is
further configured to split an intensity of the common light
beam into the respective light signals such that intensities of
the respective output signals are equal.

6. The PIC according to claim 1, further configured to
provide a delay between modulations of consecutive modu-
lators in the modulator array.

7. The PIC according to claim 6, wherein the delay
between modulations of consecutive modulators is equal for
all consecutive modulators in the modulator array.

8. The PIC according to claim 1, wherein the free propa-
gation unit is in the form of a slab region.

9. The PIC according to claim 1, wherein the free propa-
gation unit is in the form of a star coupler.

10. A system for multiple interferometric sensing, the
system comprising:
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a PIC according to claim 1;

a control unit connected to the modulator array and
configured for controlling the generation of the modu-
lation signal in each modulator.

11. The system according to claim 10, further comprising:

at least one light source configured and arranged to
provide a reference light beam and the common light
beam or the multiple mutually coherent light beams for
the PIC;

at least one photodetector comprising a light sensitive
element configured to generate an electrical signal
dependent on an intensity of light incident onto the
light sensitive element, the at least one photodetector
being configured to receive the reference light beam
and the output signals from the PIC being scattered by
a target, incident onto the light sensitive element.

12. The system according to claim 10, wherein the ref-

erence light beam is one of the output signals from the PIC.

13. A method for frequency shifting of light in a photonic
integrated circuit, PIC, comprising a waveguide array, a
modulator array associated with the waveguide array such
that each waveguide in the waveguide array is associated
with a mutually unique modulator of the modulator array,
and a free propagation unit comprising an array of inputs,
each input being associated with a waveguide of the wave-
guide array, the method comprising:

guiding, in each waveguide in the waveguide array, a light
signal, wherein the light signal guided by all of the
waveguides originates from a common light beam or
multiple mutually coherent light beams;

modulating, by generation of a modulation signal in each
modulator, a phase and/or an amplitude of the light
signal being guided in the associated waveguide to
form a modulated light signal, wherein the modulation
signals of all modulators have a common modulation
period, such that the modulated light signal comprises
a plurality of sideband frequencies representing differ-
ent orders of frequency shifts based on harmonics of
the common modulation period;

receiving, at each of the inputs of the free propagation
unit, the modulated light signal from the associated
waveguide;

freely propagating the modulated light signals from all
waveguides in two spatial dimensions through the free
propagation unit towards the array of outputs of the free
propagation unit, wherein the modulated light signals
interfere with each other to form output signals at the
array of outputs, such that different outputs receive
light with different peak frequency corresponding to
different sideband frequencies.

14. The method according to claim 13, wherein the PIC
further comprises an output waveguide array, each output
waveguide of the output waveguide array being associated
with an output of the free propagation unit, the method
further comprising:

receiving and guiding, by each output waveguide, a
respective output signal of the output signals.

15. The method according to claim 13, further compris-

ing:

receiving, at a splitter, the common light beam;

splitting, by the splitter, the common light beam so as to
form a plurality of light signals; and

guiding each of the light signals towards a mutually
unique waveguide of the waveguide array.
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