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(57) Abstract: An optical receiver for performing full-field quadrature demodulation of modulated light signals includes a first polar-
izing mechanism (P1), a second polarizing mechanism (P2, P3), a beam-splitting mechanism (BS2), an electro-optic modulator (EOM),
a quarter-wave retarder mechanism (W), at least one camera sensor (C). The beam-splitting mechanism (BS2) separates incident light

beam transmitted by the electro-optic modulator (EOM) so as to allow part of the incident light beam to pass via the quarter-wave
retarder mechanism (W) before incurring polarization by the second polarizing mechanism, while another part of the incident light beam
incurs polarization by the second polarizing mechanism without passing via the quarter-wave retarder mechanism (W). Q-quadrature
and I-quadrature images are accordingly formed on the at least one camera sensor (C). The optical receiver further comprises circuitry
contigured to perform the full-field quadrature demodulation on the basis of light beams simultaneously acquired to obtain [-quadrature
and Q-quadrature images.
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Optical receiver for full-field optical quadrature demodulation

DOMAIN OF THE INVENTION

The present invention generally relates to an optical receiver for performing full-
field optical quadrature (I/Q) demodulation for detecting presence of modulated light

signals in a light beam received by said optical receiver.

BACKGROUND OF THE INVENTION

In order to cope with demodulation of modulated light signals, two main
techniques are in use: lock-in amplification and high-frequency envelope sampling.

The lock-in amplification technique enables detecting a few useful modulated
photons among billions of unmodulated background photons. This technique is based
on multiplication through a product detector of an incoming modulated light signal
with a time-varying reference signal generated by a local oscillator of the same
frequency, or with small detuning, so as to obtain modulation amplitude information
and/or modulation phase information at each pixel of the captured images. However,
in order to correctly demodulate the detected modulated signal in amplitude and
phase, the main drawback of this approach is the necessity of a reference signal,
locked in phase with the light source generating the modulated signal.

For instance, long distance full-field demodulation of light signals by an optical
receiver is a situation in which phase-locking cannot be achieved when the light
signals are modulated by respective light sources at various distances (therefore
typically implying different respective phases of light signals received by the optical
receiver) from the optical receiver.

Moreover, full field demodulation at high frequencies well above camera’s
frame rate is still a challenging issue, yet required for ballistic photon filtering for
instance.

This stresses a need for a full-field solution able to determine magnitude and
phase of source light signals spatially distributed in an image, in the shortest possible
timeframe although the optical receiver does not implement a phase-locking

mechanism enabling phase-locking with the light source signals.
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The high-frequency envelope sampling technique samples the incoming
modulated signal at rates higher than the modulation frequency, consistent with the
Nyquist’s theorem, in order to regenerate the envelope of the received modulated
light signal at each pixel of an image sensor. This technique suffers from many
limitations, the two main shortcomings being: (i) the need of very fast shuttering
techniques able to "slice" modulated signal over times much shorter than the
modulation period; and (ii) the very low throughput of light, since it is only acquired
on short times compared with the modulation period. In recent times, a new class of
image sensors have emerged that can sample at frequencies up to 40 MHz using direct
sampling of the modulated light. These so-called TOF (Time-Of-Flight) cameras can
detect the time-of-flight of a modulated light beam at each pixel at high-frame rates. A
class of TOF cameras further samples four intensity values for each pixel and
computes phase information using this "four-bucket" sampling technique. However,
such TOF cameras still have limited spatial resolution (typically 320x240) to date, and
furthermore require specific sensor hardware architecture. Moreover, they still suffer
from their low dynamic range, which make them unusable for high sensitivity
heterodyne detection, and are limited to applications over few meters. Furthermore,
hardware used to perform demodulation is part of the camera sensor itself, which
makes difficult the tailoring of this approach towards high sensitivity and high
dynamics large focal plane arrays.

It is desirable to overcome the aforementioned drawbacks of the prior art. In
particular, it is desirable to provide a solution that allows performing full-field
demodulation of modulated light signals without any phase lock-in mechanism.

It is furthermore desirable to provide a solution that allows performing such full-
field demodulation at low electronics complexity and at low power cost with low
impact on photon budget. It is furthermore desirable to provide a solution that allows
performing such full-field demodulation in moving objects situations. It is furthermore
desirable to provide a solution that is adapted to real-time applications. It is finally
desirable to provide a solution offering possible and easy tunability of the
demodulation frequency.

SUMMARY OF THE INVENTION
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To that end, the present invention concerns an optical receiver for performing
quadrature demodulation of modulated light signals, the optical receiver including a
first polarizing mechanism for performing a first polarization operation and a second
polarizing mechanism for performing second and third polarization operations, a
beam-splitting mechanism, an electro-optic modulator, a quarter-wave retarder
mechanism, and at least one camera sensor. The optical receiver is such that. the
electro-optic modulator is placed between the first polarizing mechanism and the
beam-splitting mechanism, wherein: the electro-optic modulator has a fast axis
oriented at forty-five degrees with respect to a polarization axis of the first polarizing
mechanism, the quarter-wave retarder mechanism has fast and slow axes which have
the same orientation as the respective ones of the electro-optic modulator, the second
polarizing mechanism is configured to perform the second polarization operation
according to a polarization axis identical to the polarization axis of the first polarizing
mechanism or orthogonal thereto and to perform the third polarization operation
according to a polarization axis identical to the polarization axis of the first polarizing
mechanism or orthogonal thereto. Moreover, the beam-splitter mechanism separates
incident light beam that is transmitted by the electro-optic modulator such that part of
said incident light is transmitted, via the quarter-wave retarder mechanism, to the
second polarizing mechanism for incurring at least one polarization operation among
the second and third polarization operations and then be imaged on one of the at least
one camera sensor so as to obtain a Q-quadrature image, and another part of said
incident light is transmitted to the second polarizing mechanism for incurring at least
one polarization operation among the second and third polarization operations and
then be imaged on one of the at least one camera sensor to obtain an I-quadrature
image. Finally, the optical receiver further includes circuitry configured to
simultaneously acquire the light beams used to obtain the I-quadrature image and the
Q-quadrature image and further configured to perform the full-field quadrature
demodulation on the basis of said I-quadrature and Q-quadrature images.

Thus, the optical receiver enables performing full-field demodulation of the
modulated light signals without any phase lock-in mechanism, in a single-shot
approach. Moreover, the optical receiver allows performing full-field demodulation at
low electronics complexity and at low power cost since the image acquisition mostly
relies on an optical arrangement, which further has low impact on photon budget. It

can further be noted that, thanks to the single-shot approach, the optical receiver is
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particularly adapted to cases where light sources generating the modulated light
signals and/or the optical receiver are moving objects.

According to a particular embodiment, the optical receiver further includes a
first converging lens placed between the first polarizing mechanism and the electro-
optic modulator so as to form an image at the location of the electro-optic modulator.

Thus, compactness of the optical receiver is improved.

According to a particular embodiment, the beam-splitting mechanism is a cube
made from two triangular glass prisms which are glued together at their bases using a
resin layer of polyester, or epoxy, or urcthane-based adhesive, having a thickness
adjusted such that, independently of incident light’s polarization state, half of incident
light is reflected and consequently output via a face of the cube for then incurring the
third polarization operation, and the other half of the incident light is transmitted via
another face of the cube for then passing via the quarter-wave retarder mechanism
before incurring the second polarization operation, and wherein one camera sensor is
used to capture the Q-quadrature image and another camera sensor is used to capture
the I-quadrature images. Such camera sensors can either be standard camera sensors,
even sensors designed for webcams, or camera sensors with a higher dynamics range
when the optical receiver is used within applications requiring camera sensors with
such higher dynamics range.

Thus, the optical receiver is easy to implement.

According to a particular embodiment, the beam-splitter is a polarization-
insensitive Fresnel biprism. Furthermore, a single camera sensor is used to
simultaneously capture the Q-quadrature and I-quadrature images, the Q-quadrature
image being captured by one half of the surface of the camera sensor and the
I-quadrature image being captured by the other half of the surface of the camera
sensor. Such a camera sensor can cither be a standard camera sensor, even a sensor
designed for webcams, or a camera sensor with a higher dynamics range when the
optical receiver is used within applications requiring a camera with such higher
dynamics range.

Thus, compactness of the optical receiver is improved.

According to a particular embodiment, the beam-splitting mechanism is
achieved by a polarization-insensitive Fresnel biprism and the second polarizing
mechanism is achieved by a Wollaston prism, and a single camera sensor is used to

simultaneously acquire the light beams used to obtain the Q-quadrature and
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I-quadrature images, wherein a first transitional image is formed on one quarter of the
surface of the camera sensor from light beam having incurred the second polarization
operation after having passed via the quarter-wave retarder mechanism, a second
transitional image is formed on another quarter of the surface of the camera sensor
from light beam having incurred the third polarization operation after having passed
via the quarter-wave retarder mechanism, a third transitional image is formed on yet
another quarter of the surface of the camera sensor from light beam having incurred
the second polarization operation without having passed via the quarter-wave retarder
mechanism and a fourth transitional image is formed on yet another quarter of the
surface of the camera sensor from light beam having incurred the third polarization
operation without having passed via the quarter-wave retarder mechanism. Moreover,
the circuitry is further configured to obtain the Q-quadrature image by subtracting, on
a per pixel basis, the second transitional image from the first transitional image, and to
obtain the I-quadrature image by subtracting, on a per pixel basis, the fourth
transitional image from the third transitional image.

Thus, the quadrature demodulation is then less sensitive to continuous
background light in the imaged scene and higher dynamics of the demodulated signals
1s ensured.

According to a particular embodiment, a second converging lens is placed
between the electro-optic modulator and the beam-splitting mechanism so as to input
collimated light into the beam-splitting mechanism.

Thus, compactness of the optical receiver is improved.

According to a particular embodiment, a single camera sensor is used to
simultaneously acquire the light beams used to obtain the Q-quadrature and
I-quadrature images, and the beam-splitting mechanism is achieved by dividing the
surface of the camera sensor into adjacent macro-pixels, which are 2 x 2 blocks of
adjacent pixels, and by applying different optical processes on the pixels of each
macro-pixel. Furthermore, the quarter-wave retarder mechanism is achieved by a
quarter-wave retarder placed on first and second pixels of each macro-pixel, the
second polarization is achieved by a polarizer placed on the first and third pixels of
cach macro-pixel, the third polarization is achieved by a polarizer placed on the
second and fourth pixels of each macro-pixel. Furthermore, the circuitry is further
configured to form a first transitional image by gathering the first pixels of all macro-

pixels, a second transitional image by gathering the second pixels of all macro-pixels,
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a third transitional image by gathering the third pixels of all macro-pixels, and a fourth
transitional image by gathering the fourth pixels of all macro-pixels. Finally, the
circuitry is further configured to obtain the Q-quadrature image by subtracting, on a
per pixel basis, the second transitional image from the first transitional image, and to
obtain the I-quadrature image by subtracting, on a per pixel basis, the fourth
transitional image from the third transitional image.

Thus, the quadrature demodulation is then less sensitive to continuous
background light in the imaged scene, and higher dynamics of the demodulated
signals is ensured, and compactness of the optical receiver is improved.

According to a particular embodiment, the circuitry of the optical receiver is
configured to determine, for each pixel position p of the Q-quadrature and
I-quadrature images, information Inf, (p) representative of a magnitude of a potential

modulated light signal present at said pixel position as follows:

nf@) = (inte@)” + (nt,))’

wherein Int,(p) represents intensity present at said pixel position p in the Q-

quadrature image and Int;(p) represents intensity present at said pixel position p in
the I-quadrature image.

Thus, demodulation is easily achieved.

According to a particular embodiment, the circuitry of the optical receiver is
configured to determine, for each pixel position at which said magnitude is above a

predefined threshold, information Inf,(p) representative of a phase ¢ of said

modulated light signal as follows:
Inf,(p) = arctan (IntQ (p)/Int, (p))

Thus, demodulation is easily complemented.

According to a particular embodiment, the electro-optic modulator is built from
one component among the followings: an electro-optic crystal, an electro-optic
polymer, an electro-optic ceramic, an electro-optic liquid cell, and a liquid crystal cell.

Thus, the optical receiver is easy to implement in real-time situations.

According to a particular embodiment, the circuitry of the optical receiver is
configured to obtain the Q-quadrature and I-quadrature images, and perform the
quadrature demodulation, on a regular basis. Thus real-applications can be targeted

since the optical receiver is adapted to perform single-shot quadrature demodulation.

LIST OF DRAWINGS
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The characteristics of the invention will emerge more clearly from a reading of
the following description of an example of embodiment, said description being
produced with reference to the accompanying drawings, among which:

Fig. 1 schematically represents a first arrangement for acquiring images in
quadrature, according to an embodiment of the present invention;

Fig. 2A schematically represents a second arrangement for acquiring images in
quadrature, according to another embodiment of the present invention;

Fig. 2B schematically represents how light is imaged on a single camera sensor
used in the scope of the second arrangement shown in Fig. 2A;

Fig. 3A schematically represents a third arrangement for acquiring images in
quadrature, according to yet another embodiment of the present invention;

Fig. 3B schematically represents how light is imaged on a single camera sensor
used in the scope of the third arrangement shown in Fig. 3A;

Fig. 4A schematically represents a fourth arrangement for acquiring images in
quadrature, according to yet another embodiment of the present invention;

Fig. 4B schematically represents how light is imaged on macro-pixels of a single
camera sensor used in the scope of the fourth arrangement shown in Fig. 4A;

Fig. 4C schematically represents how polarizing and quarter-wave retarder
mechanisms are applied to the macro-pixels of the single camera sensor used in the
scope of the fourth arrangement shown in Fig. 4A;

Fig. 5 schematically represents an algorithm for performing quadrature
demodulation from acquired images in quadrature; and

Fig. 6 schematically represents a circuitry architecture for executing the
algorithm of Fig. 5.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to an optical receiver arranged for performing full-field
optical quadrature demodulation of modulated light signals that may be received by
said optical receiver. The light signals may originate from modulated light sources or
from objects illuminated by such light sources. Such light signals may also be
produced by the interaction of a non-modulated light-source with an object or a

physical effect that induces such modulation.
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For instance, said light sources are placed on both sides of a landing track and
the optical receiver is embedded in an aircraft, so as to help landing the aircraft on the
landing track even in noisy / hazy environment by detecting ballistic photons retaining
the initial modulation generated by the light sources thus delineating the landing track.
Another example where full-field demodulation is required is three-dimensional
imaging using a modulated illumination, and where the distance of the objects (third
dimension) is directly retrieved from the phase information of the demodulated signal
at cach pixel. Another example is full-field imaging vibrometry, where vibration
modes of a given object/scene are displayed in real time. The optical receiver
according to the invention can be used in other circumstances in which modulated
light signals have to be demodulated.

The optical receiver according to the invention includes a first polarizing
mechanism for performing a first polarization operation and a second polarizing
mechanism for performing second and third polarization operations, a beam-splitting
mechanism, an electro-optic modulator, a quarter-wave retarder mechanism, and at
least one camera sensor. Hereafter are presented, in particular, different arrangements
of the second polarizing mechanism, of the beam-splitting mechanism and of the
quarter-wave retarder mechanism. In these different arrangements, the electro-optic
modulator has a fast axis oriented at forty-five degrees with respect to a polarization
axis of the first polarizing mechanism, the quarter-wave retarder mechanism has a fast
axis and a slow axis which have the same orientation as the respective ones of the
electro-optic modulator. Moreover, the second polarizing mechanism is configured to
perform the second polarization operation according to a polarization axis with the
same orientation as the polarization axis of the first polarizing mechanism or
according to a polarization axis orthogonal to the polarization axis of the first
polarizing mechanism. The second polarizing mechanism is also configured to
perform the third polarization operation according to a polarization axis with the same
orientation as the polarization axis of the first polarizing mechanism or according to a
polarization axis orthogonal to the polarization axis of the first polarizing mechanism.
It means that the orientation of the polarization axes used for the second and third
polarization operations may be identical or orthogonal. Moreover, in these different
arrangements, the beam-splitter mechanism separates incident light beam that is
transmitted by the electro-optic modulator such that part of said incident light is

transmitted, via the quarter-wave retarder mechanism, to the second polarizing
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mechanism for incurring at least one polarization operation among the second and
third polarization operations and then be imaged on one of the at least one camera
sensor so as to obtain a Q-quadrature image, and another part of said incident light is
transmitted to the second polarizing mechanism for incurring at least one polarization
operation among the second and third polarization operations and then be imaged on
one of the at least one camera sensor to obtain an I-quadrature image. Finally, the
optical receiver according to the invention further includes circuitry configured to
simultancously acquire the light beams used to obtain the I-quadrature and
Q-quadrature images and to perform quadrature demodulation on the basis thereof.

Fig. 1 schematically represents a first arrangement for acquiring images in
quadrature, according to an embodiment of the present invention.

The first arrangement shown in Fig. 1 comprises a first polarizer P1 forming the
aforementioned first polarizing mechanism, used to perform the first polarization
operation. The polarization axis of the first polarizer P1 matches the polarization of
the light signals to be demodulated, in case the light signals to be demodulated are
polarized. The polarization axis of the first polarizer P1 is represented by a vertical
arrow in Fig. 1.

The first arrangement further comprises an electro-optic modulator EOM, which
is understood herein as an electro-optic birefringent component with electrodes having
appropriate geometry so as to induce controlled optical phase anisotropy
(birefringence) between two directions of a transverse plane orthogonal to the
direction of propagation of the light beam, and which has a fast axis (represented by a
tilted arrow in Fig. 1) oriented at forty-five degrees with respect to the polarization
axis of the first polarizer P1. It can be noted that the electro-optic modulator EOM
inherently has slow axis oriented at ninety degrees with respect to the fast axis thereof.

In many applications, the incoming modulated light signals are not polarized,
having thus no predominant polarization state, and in that case, there is no specific
constraint on the polarization axis of the first polarizer P1 with respect to the
polarization of the light signals to be demodulated, only a relative constraint with
respect to the fast axis (and inherently the slow axis) of the electro-optic modulator
EOM.

The electro-optic modulator EOM has controllable light transmission, which is
driven electrically by an oscillator O. The oscillator O provides the electro-optic

modulator EOM with a voltage, or current, signal oscillating at a modulation reference
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frequency. The modulation reference frequency is set up to be within a predefined
range R around the theoretical modulating frequency of the light signals to be
demodulated. The modulation reference frequency may hence be equal to the
theoretical modulating frequency of the light signals to be demodulated. The oscillator
O can be external to the optical receiver and connected thereto.

The electro-optic modulator EOM is for instance built from an electro-optic
crystal, or an electro-optic polymer, or an electro-optic ceramic, or an electro-optic
liquid cell, or a liquid crystal cell.

The electro-optic modulator EOM is preferably placed at a location, within the
first arrangement shown in Fig. 1, at which an (intermediate) image is formed. In
order to ease the manufacturing and tuning of the first arrangement with respect to the
effective location of the (intermediate) image, a first converging lens L1 is preferably
placed between the first polarizer P1 and the electro-optic modulator EOM so as to
form the (intermediate) image at the location of the electro-optic modulator EOM.
Compactness of the optical receiver is thus improved.

The light transmitted by the electro-optic modulator EOM is injected in a first
beam-splitter BS1 so as two create two distinct image transmission channels for
transporting the light transmitted by the electro-optic modulator EOM. The first beam-
splitter BS1 forms the aforementioned beam-splitting mechanism. In order to ease the
manufacturing and tuning of the first arrangement with respect to the effective
location of the first beam-splitter BS1, a second converging lens L2 is preferably
placed between the electro-optic modulator EOM and the first beam-splitter BS1, so
as to input collimated light into the first beam-splitter BS1. Compactness of the optical
receiver is thus improved.

The first beam-splitter BS1 used in the first arrangement shown in Fig. 1 is
polarization-insensitive and is more particularly a cube made from two triangular
glass prisms which are glued together at their bases using a resin layer of polyester, or
epoxy, or urcthane-based adhesive. The thickness and optical properties of the resin
layer is adjusted such that half of incident light is reflected and consequently output
via a face of the cube (typically orthogonal to the face via which the incident light is
received), and the other half of the incident light is transmitted via another face of the
cube (typically opposite to the face via which the incident light is received),
independently of the polarization state of the incident light. Other kinds of

polarization-insensitive beam-splitter can be used as far as the incident light is split
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into two copies that can further be independently handled, like for instance presented
hereafter with regard to Fig. 2A.

The first arrangement shown in Fig. 1 further comprises a quarter-wave plate W
via which the light transmitted by the first beam-splitter BS1 passes. The quarter-wave
plate W forms the aforementioned quarter-wave retarder mechanism. The fast axis and
the slow axis of the quarter-wave plate W have the same orientation as the respective
ones of the electro-optic modulator EOM.

The first arrangement shown in Fig. 1 further comprises a second polarizer P2
via which the light transmitted by the quarter-wave plate W passes.

The first arrangement shown in Fig. 1 further comprises a third converging lens
L3 and a first camera sensor C, placed such that the light transmitted by the second
polarizer P2 passes via the third converging lens L3 and is imaged on the first camera
sensor C. The first arrangement shown in Fig. 1 further comprises a third polarizer P3
via which the light reflected by the first beam-splitter BS1 passes. The first
arrangement shown in Fig. 1 further comprises a fourth converging lens L3’ and a
second camera sensor C’, placed such that the light transmitted by the third polarizer
P3 passes via the fourth converging lens L3’ and is imaged on the second camera
sensor C’. The second polarizer P2 and the third polarizer P3 jointly form the
aforementioned second polarizing mechanism, wherein the second polarizer P2 is
used to perform the aforementioned second polarization operation and the third
polarizer P3 is used to perform the aforementioned third polarization operation.

Each one of the second and third polarization operations is performed according
to a polarization axis that has either the same orientation as the polarization axis of the
first polarizer P1 or an orientation that is orthogonal to the polarization axis of the first
polarizer P1. The second and third polarization operations may therefore be done
according to identical orientations of their respective polarization axes or may be done
according to orthogonal orientations of their respective polarization axes.

In a preferred embodiment of the first arrangement shown in Fig. 1, the
polarization axis of the second polarizer P2 has the same orientation as the
polarization axis of the first polarizer P1, and is consequently represented by a
vertical arrow in Fig. 1, and the polarization axis of the third polarizer P3 has an
orientation that is orthogonal to the polarization axis of the first polarizer P1, and is

consequently represented by a bold dot in Fig. 1. It avoids having later on to adjust by
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n the phase ¢ of detected modulated light signals when completing the quadrature
demodulation.

The camera sensors C and C’ are synchronized so as to capture respective
images at the same time. Thus, the images simultancously obtained by the camera
sensors C and C’ are in quadrature, the images captured by the first camera sensor C
being referred to as Q-quadrature images and the images captured by the second
camera sensor C’ being referred to as I-quadrature images. The light beams to
respectively form the Q-quadrature images and the I-quadrature images do not overlap
during capture. The images thus captured by the camera sensors C and C’ are then
stored in memory for further processing, as detailed hereafter. The camera sensors C
and C’, to date, typically offer standard frame rates of about tens to thousands of
images per second (10 Hz-1 kHz).

The whole optical arrangement comprising the electro-optic modulator EOM
thus acts as a shuttering mechanism so as to perform product detection based on an
heterodyne demodulation approach. Indeed, since there is no locking of the
modulation reference frequency of the oscillator O with the effective modulating
frequency of the light signals to be demodulated, a mismatch Aw may exist between
the effective modulating frequency of the light signals to be demodulated and the
modulation reference frequency of the oscillator O. In that case, the resulting
I-quadrature image and Q-quadrature image show a temporal modulation at a
frequency equal to the mismatch Aw, which can still be handled by the camera sensors
C and C’ provided that the effective frame rates of the camera sensors C and C’ are
fast enough to allow sampling the mismatch Aw (fulfillment of the Nyquist-Shannon
theorem). The aforementioned range R around the theoretical modulating frequency of
the light signals to be demodulated in which the modulation reference frequency has
to be set up is therefore such that the effective frame rates of the camera sensors C and
C’ are sufficiently high for sampling the mismatch Aw (fulfillment of the Nyquist-
Shannon theorem).

Thanks to the use of the quarter-wave retarder mechanism (the quarter-wave
plate W in the first arrangement shown in Fig. 1), the images captured by the first
camera sensor C depends on sin(A¢), whereas the images captured by the second
camera sensor C’ depends on cos(A¢@), wherein A@ represents a phase difference
between the modulation reference frequency of the oscillator O and the effective

modulating frequency of the light signals to be demodulated. Since the optical



10

15

20

25

30

WO 2017/194988 PCT/IB2016/001445

13

receiver is configured to perform single-shot quadrature demodulation, constraints on
the stability of the relative phase difference A¢ are low, since the relative phase
difference Ag only has to be stable within the integration time of the light beam by the
camera sensors C and C’, which can be of the order of one hundred microseconds
(100 ps).

The electro-optic modulator EOM configured as described with regard to Fig. 1
thus allows performing product detection by using two standard cameras, even
webcams, whatever being the modulation frequency of the modulated signals to be
detected. Cameras with higher dynamics range can also be used when the optical
receiver is used within applications requiring such cameras with higher dynamics
range.

Fig. 2A schematically represents a second arrangement for acquiring images in
quadrature, according to another embodiment of the present invention.

The second arrangement shown in Fig. 2A comprises the first polarizer P1. The
second arrangement further comprises the electro-optic modulator EOM driven by the
oscillator O. The second arrangement may further comprise the first converging lens
L1 and the second converging lens L2. The first polarizer P1 and the electro-optic
modulator EOM, as well as potentially the first converging lens L1 and/or the second
converging lens L2, are configured in the second arrangement shown in Fig. 2A in the
same way as in the first arrangement shown in Fig. 1.

The second arrangement shown in Fig. 2A further comprises a second beam-
splitter BS2, instead of the first beam-splitter BS1 (the second converging lens L2,
when present, being thus placed between the electro-optic modulator EOM and the
second beam-splitter BS2), so as two create two distinct image transmission channels
for transporting the light transmitted by the electro-optic modulator EOM. The second
beam-splitter BS2 thus forms the aforementioned beam-splitting mechanism. The
second beam-splitter BS2 is polarization-insensitive and is more particularly a Fresnel
biprism. The second beam-splitter BS2 creates two beams from the incident light
transmitted by the electro-optic modulator EOM (and potentially collimated by the
second converging lens L2).

The second arrangement shown in Fig. 2A further comprises the quarter-wave
plate W, the second polarizer P2 and the third polarizer P3, as well as the camera

sensor C.
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One of the two beams created by the second beam-splitter BS2 passes via the
quarter-wave plate W and then via the second polarizer P2. The other one of the two
beams created by the second beam-splitter BS2 passes via the third polarizer P3. The
second arrangement shown in Fig. 2A further comprises a fifth converging lens L4
and the camera sensor C, placed such that the light transmitted by the second polarizer
P2 passes via the fifth converging lens L4 and is imaged on one half C1 of the camera
sensor C and further such that the light transmitted by the third polarizer P3 passes via
the fifth converging lens L4 and is imaged on the other half C2 of the camera sensor
C. Thus, the second arrangement shown in Fig. 2A allows having simultancously the
in-quadrature images on a single camera sensor. Fig. 2B schematically shows how the
in-quadrature images are formed on the surface of the camera sensor C.

The second arrangement shown in Fig. 2A is such that the light beams to
respectively form the Q-quadrature images and the I-quadrature images do not overlap
during capture. For that purpose, a field mask may be inserted in the optical setup, at a
location at which an (intermediate) image is formed, so as to avoid superposition of
the Q-quadrature image and the I-quadrature image on the surface of the camera
sensor C. Such a field mask can be formed by the limited thickness of the electro-
optical modulator EOM, when the electro-optical modulator EOM is placed at a
location at which the (intermediate) image is formed.

In comparison with the first arrangement shown in Fig. 1, the second
arrangement shown in Fig. 2A does not require synchronizing capture operations
performed by distinct camera sensors. A counterpart is that it reduces the size of the
processed final image by a factor of two and that pre-processing has to be performed
to exploit the images, since the images captured by the camera sensor C in the second
arrangement shown in Fig. 2A need to be split in half in order to perform the
quadrature demodulation.

As for the first arrangement shown in Fig. 1, thanks to the use of the quarter-
wave plate W, the images captured by the camera sensor C in the second arrangement
shown in Fig. 2A depends on sin(A¢g) on one half of the surface of the camera sensor
C and on cos(A¢) on the other half of the surface of the camera sensor C. Both halves
of each image captured by the camera sensor C are thus in quadrature. The images
thus captured by the camera sensor C are then stored in memory for further

processing, as detailed hereafter.
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Fig. 3A schematically represents a third arrangement for acquiring images in
quadrature, according to yet another embodiment of the present invention.

The third arrangement shown in Fig. 3A comprises the first polarizer P1. The
third arrangement further comprises the electro-optic modulator EOM driven by the
oscillator O. The third arrangement may further comprise the first converging lens L1
and the second converging lens L2. The third arrangement further comprises the
second beam-splitter BS2 and the quarter-wave plate W. The first polarizer P1, the
electro-optic modulator EOM, the second beam-splitter BS2, and the quarter-wave
plate W, as well as potentially the first converging lens L1 and/or the second
converging lens L2, are configured in the third arrangement shown in Fig. 3A in the
same way as in the second arrangement shown in Fig. 2A.

In the third arrangement shown in Fig. 3, the optical receiver further comprises a
Wollaston prism WP. The Wollaston prism WP forms the aforementioned second
polarizing mechanism (second and third polarization operations) and is thus used in
replacement of the second P2 and third P3 polarizers of the second arrangement
shown in Fig. 2. The Wollaston prism WP is thus placed so as to receive both light
beams that are received by respectively the second P2 and third P3 polarizers of the
second arrangement shown in Fig. 2. In addition to its polarizing effect, the Wollaston
prism WP has an additional effect of beam-splitting. Since two incident light beams
are input to the Wollaston prism WP following the upstream beam-splitting operation
performed by the second beam-splitter BS2, four light beams are output from the
Wollaston prism WP.

The third arrangement shown in Fig. 3A further comprises the fifth converging
lens L4 and the camera sensor C, placed such that the four light beams transmitted by
the Wollaston prism WP are imaged on four distinct areas C'1, C2, C'3 and C'4 of
the camera sensor C, as schematically shown in Fig. 3B. Each one of the areas C 1,
C™2, C3 and C'4 represents one quarter of the surface of the camera sensor C.
Contrary to the light beams imaged on the areas C'3 and C 4, the light beam imaged
on the areas C'1 and C 2 have passed through the quarter-wave plate W.

Moreover, the Wollaston prism WP is set up such that the light beam imaged on
the area C'2 has orthogonal polarization compared with the light beam imaged on the
area C'1, and such that the light beam imaged on the area C'4 has orthogonal
polarization compared with the light beam imaged on the area C'3. For instance, the

that the light beams imaged on the areas C'1 and C'3 have incurred a polarization
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operation according to a polarization axis identical to the polarization axis of the first
polarizer P1, and the light beams imaged on the areas C'2 and C'4 have incurred a
polarization operation according to a polarization axis orthogonal to the polarization
axis of the first polarizer P1. The reverse situation can also be set up.

The Q-quadrature image is formed by subtracting, on a per pixel basis, the
image formed on the arca C2 from the image formed on the area C'1, and the
I-quadrature image is formed by subtracting, on a per pixel basis, the image formed on
the area C'4 from the image formed on the area C'3. Thus, in order to obtain the
Q-quadrature image and the I-quadrature image, pre-processing has to be performed
since the images captured by the camera sensor C in the third arrangement shown in
Fig. 3A need to be split and since the aforementioned subtracting operations have then
to be performed to finally obtain the in-quadrature images to be used for performing
the full-field quadrature demodulation.

As for the second arrangement shown in Fig. 2A, thanks to the use of the
quarter-wave plate W, the images captured by the camera sensor C in the third
arrangement shown in Fig. 3A depends on sin(A¢g) for what concerns the areas C'1
and C2, and on cos(A¢) for what concerns the areas C 3 and C 4. The images thus
captured by the camera sensor C are then stored in memory for further processing, as
detailed hereafter.

As for the second arrangement shown in Fig. 2A, a field mask may be inserted
in the optical setup of the third arrangement shown in Fig. 3A, in order to avoid
images overlap on the surface of the camera sensor C.

In comparison with the second arrangement shown in Fig. 2A, the third
arrangement shown in Fig. 3A further reduces the size of the processed final image by
a factor of two (factor of four compared with the first arrangement shown in Fig. 1). A
counterpart advantage achieved by the third arrangement shown in Fig. 3A is that,
thanks to the aforementioned subtracting operations, the quadrature demodulation is
then less sensitive to continuous background light in the imaged scene and higher
dynamics of the demodulated signals is ensured.

Fig. 4A schematically represents a fourth arrangement for acquiring images in
quadrature, according to yet another embodiment of the present invention.

The fourth arrangement shown in Fig. 4A comprises the first polarizer P1. The

fourth arrangement further comprises the electro-optic modulator EOM driven by the
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oscillator O. The fourth arrangement may further comprise the first converging lens
L1.

The fourth arrangement shown in Fig. 4A further comprises a third camera
sensor C” that integrates the aforementioned beam-splitting mechanism, the
aforementioned second polarizing mechanism and the aforementioned quarter-wave
retarder mechanism. More particularly, the surface of the camera sensor C” is divided
into adjacent macro-pixels. Each macro-pixel is a 2 x 2 block of adjacent pixels, as
shown in Fig. 4B, wherein a macro-pixel MP is represented as a 2 x2 block of
adjacent pixels Px1, Px2, Px3 and Px4. The beam-splitting mechanism is achieved by
applying different optical processes on the pixels of each macro-pixel MP of the
camera sensor C”, as shown in Fig. 4C. In addition, the fourth arrangement shown in
Fig. 4A further comprises a sixth converging lens L5 placed such that the light
transmitted by the electro-optic modulator EOM passes via the sixth converging lens
L5 and is imaged on the camera sensor C”.

As shown in Fig. 4C, a polarizer P2 is placed onto the pixels Px1 and Px3 of
cach macro-pixel MP, wherein the polarizer P2 has identical polarizing
characteristics as the second polarizer P2 of the first and second arrangements
respectively shown in Figs. 1 and 2. Moreover, a polarizer P'3 is placed onto the
pixels Px2 and Px4 of each macro-pixel MP, wherein the polarizer P'3 has identical
polarizing characteristics as the third polarizer P3 of the first and second arrangements
respectively shown in Figs. 1 and 2. The polarizers P2 and P'3 may be micro-grid
polarizers, or made of polyvinyl alcohol, or made of patterned liquid-crystal polymer.
Such polarizers have already been addressed in the document “Liquid crystal polymer
full-stokes division of focal plane polarimeter”, Graham Myhre et al, Optics Express
Vol. 20, Issue 25, pp. 27393-27409, OSA Publishing, Nov. 2012. Finally, a quarter-
wave retarder W' is placed onto the pixels Px1 and Px2 of each macro-pixel MP,
wherein the quarter-wave retarder W~ has identical quarter-wave retarding
characteristics as the quarter-wave plate W. The aforementioned second polarizing
mechanism and the aforementioned quarter-wave retarder mechanism are thus
distributed over the pixels of the camera sensor C”.

Upon capture, the optical receiver forms transitional images as follows:

- gathering the pixels Px1 of all macro-pixels MP into a first transitional image;
the first transitional image matches the image that would be captured on the area C 1

if the third arrangement shown in Fig. 3A were used;
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- gathering the pixels Px2 of all macro-pixels MP into a second transitional
image; the second transitional image matches the image that would be captured on the
area C 2 if the third arrangement shown in Fig. 3A were used;

- gathering the pixels Px3 of all macro-pixels MP into a third transitional image;
the third transitional image matches the image that would be captured on the area C'3
if the third arrangement shown in Fig. 3A were used; and

- gathering the pixels Px4 of all macro-pixels MP into a fourth transitional
image; the fourth transitional image matches the image that would be captured on the
area C 4 if the third arrangement shown in Fig. 3A were used.

The Q-quadrature image is formed by subtracting, on a per pixel basis, the
second transitional image from the first transitional image, and the
I-quadrature image is formed by subtracting, on a per pixel basis, the fourth
transitional image from the third transitional image. Thus, in order to obtain the
Q-quadrature image and the I-quadrature image, pre-processing has to be performed
subtracting operations are performed since the aforementioned transitional images
have to be formed and since the aforementioned subtracting operations have then to be
performed to finally obtain the in-quadrature images to be used for performing the
full-field quadrature demodulation.

Thanks to the use of the quarter-wave retarder W distributed over the macro-
pixels of the camera sensor C”, the images captured by the camera sensor C” in the
fourth arrangement shown in Fig. 4A depends on sin(A¢) for what concerns the first
and second transitional images, and on cos(A¢) for what concerns the third and fourth
transitional image. The images thus captured by the camera sensor C are then stored in
memory for further processing, as detailed hereafter.

As for the second and third arrangements respectively shown in Figs. 2A and
3A, a field mask may be inserted in the optical setup of the fourth arrangement shown
in Fig. 4A, in order to avoid images overlap on the surface of the camera sensor C.

As with the third arrangement shown in Fig. 3A, the fourth arrangement shown
in Fig. 4A allows achieving quadrature demodulation that is less sensitive to
continuous background light in the imaged scene and higher dynamics of the
demodulated signals is ensured. Compactness of the optical receiver is advantageously
improved compared with the third arrangement shown in Fig. 3A.

In any one of the arrangements shown in Figs. 1, 2A, 3A and 4A described

hereinbefore, the optical receiver may further include a filter F, placed upstream of the
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electro-optic modulator EOM and preferably placed upstream of the first converging
lens L1. The filter F is adapted to limit the light beam input to the electro-optic
modulator EOM to a spectrum band inline with the sensitivity of the electro-optic
modulator EOM and of the quarter-wave retarder mechanism. It allows reducing the
contribution of the ambient light when performing images captures, and further allows
reducing the influence of inherent dispersion in the beam-splitting mechanism and in
the quarter-wave retarder mechanism when capturing the images. Therefore,
chromatic aberrations are reduced.

After having captured images, either simultancously by using the two camera
sensors C and C’ with the first arrangement shown in Fig. 1, or simultancously by
using solely the camera sensor C with the second arrangement shown in Fig. 2A or the
third arrangement shown in Fig. 3A, or simultancously by using solely the camera
sensor C” with the fourth arrangement shown in Fig. 4A, further processing can be
performed so as to determine, on a per pixel basis, information representative of the
magnitude of the modulated light signals that may be detected, as well as, if need be,
information representative of the phase ¢ of said modulated light signals. This aspect
is detailed hereafter with regard to Fig. 5.

The optical receiver configured as described with regard to Fig. 2A, or Fig. 3A,
or Fig. 4A, thus allows performing product detection by using a single standard
camera, whatever being the modulation frequency of the modulated signals to be
detected.

Fig. 5§ schematically represents an algorithm for performing quadrature
demodulation from acquired images in quadrature.

In a step S1, the optical receiver acquires images in quadrature. The images in
quadrature are acquired by use of either the first arrangement shown in Fig. 1, or the
second arrangement shown in Fig. 2A, or the second arrangement shown in Fig. 3A,
or the second arrangement shown in Fig. 4A, as detailed hereinbefore. The images in
quadrature are acquired by transmission of a control signal to the first camera sensor C
in the second arrangement shown in Fig. 2A or in the second arrangement shown in
Fig. 3A, to the third camera sensor C” in the fourth arrangement shown in Fig. 4A, or
simultaneously to the camera sensors C and C’ in the first arrangement shown in
Fig. 1. Quadrature demodulation can be performed by relying on a single snapshot of

images in quadrature. Full-field quadrature demodulation is achieved by acquiring at
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the same time all pixels of the images in quadrature needed for performing the
quadrature demodulation.

When the second arrangement shown in Fig. 2A is used, as already mentioned,
the captured images have to be split in half in order to obtain the images in-
quadrature, and the optical receiver has to perform pre-processing to do so. The
optical receiver thus extracts, from the captured image, the pixels corresponding to the
half of the camera sensor C hit by the light transmitted by the second polarizer P2.
These pixels form the acquired Q-quadrature image to be used for the quadrature
demodulation. The optical receiver further extracts, from the captured image, the
pixels corresponding to the other half of the camera sensor C hit by the light
transmitted by the third polarizer P3. These pixels form the acquired I-quadrature
image to be used for the quadrature demodulation.

When the third arrangement shown in Fig. 3 is used, as already mentioned, the
captured images have to be split in four equal parts and then subtracting operations
have be performed in order to obtain the images in-quadrature, and the optical receiver
has to perform pre-processing to do so. The optical receiver thus extracts, from the
captured image, the pixels corresponding to the area C'1 of the camera sensor C and
the pixels corresponding to the areca C™2 of the camera sensor C, and further perform
the subtracting operation for obtaining the Q-quadrature image to be used for the
quadrature demodulation. The optical receiver further extracts, from the captured
image, the pixels corresponding to the area C'3 of the camera sensor C and the pixels
corresponding to the areca C*4 of the camera sensor C, and further perform the
subtracting operation for obtaining the I-quadrature image to be used for the
quadrature demodulation.

When the fourth arrangement shown in Fig. 2A is used, as already mentioned,
the pixels of the captured images have to be gathered to form the four aforementioned
transitional images and then subtracting operations have be performed in order to
obtain the images in-quadrature, and the optical receiver has to perform pre-
processing to do so. The optical receiver thus extracts, from the captured image, the
pixel Px1 of all the macro-pixels MP of the captured image so as to form the first
transitional image and the pixel Px2 of all the macro-pixels MP of the captured image
so as to form the second transitional image, and further perform the subtracting
operation for obtaining the Q-quadrature image to be used for the quadrature

demodulation. The optical receiver thus extracts, from the captured image, the pixel
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Px3 of all the macro-pixels MP of the captured image so as to form the third
transitional image and the pixel Px4 of all the macro-pixels MP of the captured image
so as to form the fourth transitional image, and further perform the subtracting
operation for obtaining the I-quadrature image to be used for the quadrature
demodulation.

In a following step S2, the optical receiver performs quadrature demodulation
on the basis of the acquired images in quadrature. The step S2 comprises two sub-
steps S21 and S22. In the step S21, the optical receiver determines, for each pixel
position p, information Inf,(p) representative of the magnitude of a potential
modulated light signal present at said pixel position. The information representative of

the magnitude of said potential modulated light signal can be obtained as follows:

nf@) = (inte@)” + (nt,))’

wherein Int,(p) represents the intensity present at said pixel position p in the

Q-quadrature image acquired in the step S1 and Int;(p) represents the intensity
present at said pixel position p in the I-quadrature image acquired in the step S1. A
modulated signal is detected at said pixel position p when the information Inf, (p)
representative of the magnitude of said potential modulated light signal thus obtained
is above a predefined threshold TH, which can be null. In the step S22, the optical

receiver determines, for each pixel position at which a modulated light signal has been
detected, information Inf, (p) representative of the phase ¢ of said modulated light

signal. The information Inf,(p) representative of the phase ¢ of the detected

modulated light signal can be obtained using an arctangent operation as follows:
Inf,(p) = arctan (IntQ (p)/Int, (p))

since the Q-quadrature image acquired in the step S1 depends on sin(¢) and the
I-quadrature image simultaneously acquired in the step S1 depends on cos(¢).

It has to be noted that the quadrature demodulation may consist solely of
detecting the potential presence of a modulated light signal with respect to each pixel
of the field of the images in quadrature captured by the optical receiver.

In a following step S3, the optical receiver performs post-processing on the basis
of the quadrature demodulation, i.e. on the basis of the information representative of
the magnitude of modulated light signals that might have been detected from the
images in-quadrature acquired in the step S1 and potentially further on the basis of the
information representative of the phase of modulated light signals that might have

been detected from the images in-quadrature acquired in the step S1.
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In a particular embodiment, the optical receiver is configured to obtain the
Q-quadrature and I-quadrature images, and perform the quadrature demodulation, on a
regular basis, in order to cope with real-time applications needs.

Said post-processing is defined according to a scenario in which the optical
receiver is used. For example, let’s consider an aircraft that is equipped with such an
optical receiver and that is about to land on a landing track equipped by modulated
(potentially blinking) light sources, placed on both sides thereof, generating
modulated light signals. The optical receiver acquires on a regular basis, e.g. every
second, in-quadrature images as detailed hereinbefore. The optical receiver then
provides to a display device an image in which each pixel position at which a
modulated signal has been detected is marked in a particular way, so as to help
delineating the landing track during landing. Another example is three-dimensional
imaging using a modulated illumination, and where the distance of the objects (third
dimension) is directly retrieved from the phase information of the demodulated signal
at cach pixel. The optical receiver acquires on a regular basis, e.g. every second, in-
quadrature images as detailed hereinbefore. The optical receiver then provides to a
display device an image in which the distance map of each pixel position is retrieved
from the demodulated phase information, so as to provide a three-dimensional
representation of the imaged scene. Another example is full field vibrometry imaging
where vibration modes of the object/scene are displayed after having performed
quadrature demodulation. In this case, object/scene illumination can be continuous.
Temporal modulation of light is produced in this case by vibrating parts of the
objects/scene, at locations and at frequencies depending on spatial vibration modes of
the object/scene. Spatial repartition of the vibration eigenmode at a given frequency is
revealed by a demodulated image obtained using an oscillator O operating at the
corresponding frequency. The frequency evolution of the spatial repartition of the
vibration eigenmodes is successively revealed by scanning the demodulation
frequency over a desired frequency range and acquiring corresponding demodulated
images, thereby providing full-field vibrometry analysis of the object/scene.

Other post-processing can be performed depending on the scenario in which the
optical receiver is used.

Fig. 6 schematically represents a circuitry architecture for executing the

algorithm of Fig. 5.
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According to the shown circuitry architecture, the optical receiver comprises the
following components interconnected by a communications bus 210: a processor,
microprocessor, microcontroller or CPU (Central Processing Unit) 200; a RAM
(Random-Access Memory) 201; a ROM (Read-Only Memory) 202; an SD (Secure
Digital) card reader 203, or an HDD (Hard Disk Drive), or any other device adapted to
read information stored on a storage medium; and a communication interface COM
204. CPU 200 is capable of executing instructions loaded into RAM 201 from ROM
202 or from an external memory, such as an SD card, or from a communication
network to which the optical receiver is connected via the communication interface
COM 204. After the optical receiver has been powered on, CPU 200 is capable of
reading instructions from RAM 201 and executing these instructions. The instructions
form a computer program that causes CPU 200 to perform the steps of the algorithm
described hereinbefore with regard to Fig. 5.

The images in quadrature acquired by the optical receiver are stored in RAM
201, or in an external memory, such as an SD card, or in a memory accessed by the
optical receiver via a communication network to which the optical receiver is
connected via the communication interface COM 204. Further processing, including
quadrature demodulation, is then performed by CPU 200 on the basis of the images in
quadrature thus stored, by executing the steps of the algorithm described hereinbefore
with regard to Fig. 5.

The steps of the algorithm described hereinbefore with regard to Fig. 5 are thus
implemented in software form by execution of a set of instructions or program by a
programmable computing machine, such as a PC (Personal Computer), a DSP (Digital
Signal Processor) or a microcontroller.

In a variant, the steps of the algorithm described hereinbefore with regard to
Fig. 5 are implemented in hardware form by a machine or a dedicated component,
such as an FPGA (Field-Programmable Gate Array) or an ASIC (Application-Specific
Integrated Circuit). In this case, the machine or dedicated component comprises
memory, or is connected to such a memory, in which the images in quadrature
acquired by the optical receiver are stored for further processing, including quadrature
demodulation, by said machine or dedicated component.

In another variant, some steps of the algorithm described hereinbefore with
regard to Fig. 5 are performed in software form by relying on the circuitry architecture

shown in Fig. 6 and the remaining steps of the algorithm described hereinbefore with
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regard to Fig. 5 are performed in hardware form by a machine or a dedicated
component.

Since the optical receiver as described herein acquires the images in quadrature
by relying mostly on optical elements, such optical receiver has potential to be
portable with moderate power requirements. Moreover, since the optical receiver as
described herein acquires the images in quadrature in a single-shot fashion, the optical
receiver is particularly adapted to real-time quadrature demodulation, which is
especially relevant in a scenario in which the optical receiver and/or the light sources

generating the modulated light signals are moving relatively to each other.
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CLAIMS

1. An optical receiver for performing full-field quadrature demodulation of
modulated light signals, the optical receiver including a first polarizing mechanism
(P1) for performing a first polarization operation and a second polarizing mechanism
(P2, P3) for performing second and third polarization operations, a beam-splitting
mechanism (BS1; BS2), an electro-optic modulator (EOM), a quarter-wave retarder
mechanism (W; W*), and at least one camera sensor (C, C’; C”),

wherein the electro-optic modulator (EOM) is placed between the first
polarizing mechanism (P1) and the beam-splitting mechanism (BS1; BS2),

wherein the electro-optic modulator (EOM) has a fast axis oriented at forty-five
degrees with respect to a polarization axis of the first polarizing mechanism (P1), the
quarter-wave retarder mechanism (W; W*) has fast and slow axes which have the
same orientation as the respective ones of the electro-optic modulator (EOM), the
second polarizing mechanism (P2, P3; P2, P'3) is configured to perform the second
polarization operation according to a polarization axis identical to the polarization axis
of the first polarizing mechanism (P1) or orthogonal thereto and to perform the third
polarization operation according to a polarization axis identical to the polarization axis
of the first polarizing mechanism (P1) or orthogonal thereto,

wherein the beam-splitter mechanism (BS1, BS2) separates incident light beam
that is transmitted by the electro-optic modulator (EOM) such that part of said
incident light is transmitted, via the quarter-wave retarder mechanism (W; W), to the
second polarizing mechanism (P2, P3; P2, P*3) for incurring at least one polarization
operation among the second and third polarization operations and then be imaged on
one (C; C”) of the at least one camera sensor so as to obtain a Q-quadrature image,
and another part of said incident light is transmitted to the second polarizing
mechanism (P2, P3; P2, P'3) for incurring at least one polarization operation among
the second and third polarization operations and then be imaged on one (C, C’; C”) of
the at least one camera sensor to obtain an I-quadrature image,

and wherein the optical receiver further includes circuitry configured to
simultaneously acquire the light beams used to obtain the I-quadrature image and the
Q-quadrature image and further configured to perform the full-field quadrature

demodulation on the basis of said I-quadrature and Q-quadrature images.
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2. The optical receiver according to claim 1, wherein the optical receiver further
includes a first converging lens (L1) placed between the first polarizing mechanism
(P1) and the electro-optic modulator (EOM) so as to form an image at the location of
the electro-optic modulator (EOM).

3. The optical receiver according to any one of claims 1 and 2, wherein the
beam-splitting mechanism (BS2) is a polarization-insensitive Fresnel biprism, and
wherein a single camera sensor (C) is used to simultaneously acquire the light beams
used to obtain the Q-quadrature and I-quadrature images, the Q-quadrature image
being formed on one half of the surface of the camera sensor (C) from the light beam
having incurred the second polarization operation after having passed via the quarter-
wave retarder mechanism (W) and the I-quadrature image being formed on the other
half of the surface of the camera sensor (C) from the light beam having incurred the

third polarization operation.

4. The optical receiver according to any one of claims 1 and 2, wherein the
beam-splitting mechanism (BS1) is a cube made from two triangular glass prisms
which are glued together at their bases using a resin layer of polyester, or epoxy, or
urethane-based adhesive, having a thickness adjusted such that, independently of
incident light’s polarization state, half of incident light is reflected and consequently
output via a face of the cube for then incurring the third polarization operation, and the
other half of the incident light is transmitted via another face of the cube for then
passing via the quarter-wave retarder mechanism (W) before incurring the second
polarization operation, and wherein one camera sensor (C) is used to capture the
Q-quadrature image and another camera sensor (C’) is used to capture the I-quadrature

images.

5. The optical receiver according to any one of claims 1 and 2, wherein the
beam-splitting mechanism (BS2) is achieved by a polarization-insensitive Fresnel
biprism and the second polarizing mechanism is achieved by a Wollaston prism, and
wherein a single camera sensor (C) is used to simultaneously acquire the light beams
used to obtain the Q-quadrature and I-quadrature images, wherein a first transitional
image is formed on one quarter (C 1) of the surface of the camera sensor (C) from

light beam having incurred the second polarization after having passed via the quarter-
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wave retarder mechanism (W), a second transitional image is formed on another
quarter (C 2) of the surface of the camera sensor (C) from light beam having incurred
the third polarization operation after having passed via the quarter-wave retarder
mechanism (W), a third transitional image is formed on yet another quarter (C'3) of
the surface of the camera sensor (C) from light beam having incurred the second
polarization operation without having passed via the quarter-wave retarder mechanism
(W) and a fourth transitional image is formed on yet another quarter (C'4) of the
surface of the camera sensor (C) from light beam having incurred the third
polarization operation without having passed via the quarter-wave retarder mechanism
(W),

and wherein the circuitry is further configured to obtain the Q-quadrature image
by subtracting, on a per pixel basis, the second transitional image from the first
transitional image, and to obtain the I-quadrature image by subtracting, on a per pixel

basis, the fourth transitional image from the third transitional image.

6. The optical receiver according to any one of claims 1 to 5, wherein a second
converging lens (L2) is placed between the electro-optic modulator (EOM) and the
beam-splitting mechanism (BS1, BS2) so as to input collimated light into the beam-
splitting mechanism (BS1, BS2).

7. The optical receiver according to any one of claims 1 and 2, wherein a single
camera sensor (C”) is used to simultancously acquire the light beams used to obtain
the Q-quadrature and I-quadrature images, and the beam-splitting mechanism is
achieved by dividing the surface of the camera sensor into adjacent macro-pixels,
which are 2 x 2 blocks of adjacent pixels, and by applying different optical processes
on the pixels of each macro-pixel (MP),

wherein the quarter-wave retarder mechanism is achieved by a quarter-wave
retarder (W) placed on first (Px1) and second (Px2) pixels of each macro-pixel (MP),
the second polarization is achieved by a polarizer (P"2) placed on the first (Px1) and
third (Px3) pixels of each macro-pixel (MP), the third polarization is achieved by a
polarizer (P"3) placed on the second (Px2) and fourth (Px4) pixels of each macro-pixel
(MP),

wherein the circuitry is further configured to form a first transitional image by

gathering the first pixels of all macro-pixels, a second transitional image by gathering
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the second pixels of all macro-pixels, a third transitional image by gathering the third
pixels of all macro-pixels, and a fourth transitional image by gathering the fourth
pixels of all macro-pixels,

and wherein the circuitry is further configured to obtain the Q-quadrature image
by subtracting, on a per pixel basis, the second transitional image from the first
transitional image, and to obtain the I-quadrature image by subtracting, on a per pixel

basis, the fourth transitional image from the third transitional image.

8. The optical receiver according to any one of claims 1 to 7, wherein the
circuitry of the optical receiver is configured to determine, for each pixel position p of
the Q-quadrature and I-quadrature images, information Inf,;(p) representative of a
magnitude of a potential modulated light signal present at said pixel position as

follows:

nf@) = (inte@)” + (nt,))’

wherein Int,(p) represents intensity present at said pixel position p in the Q-
quadrature image and Int;(p) represents intensity present at said pixel position p in

the I-quadrature image.

9. The optical receiver according to claim 8, wherein the circuitry of the optical
receiver is configured to determine, for each pixel position at which said magnitude is

above a predefined threshold, information Inf, (p) representative of a phase ¢ of said

modulated light signal as follows:
Inf,(p) = arctan (IntQ (p)/Int, (p))

10. The optical receiver according to any one of claims 1 to 9, wherein the
electro-optic modulator (EOM) is built from one component among the followings: an
electro-optic crystal, an electro-optic polymer, an electro-optic ceramic, an electro-

optic liquid cell, and a liquid crystal cell.

11. The optical receiver according to any one of claims 1 to 10, wherein the
circuitry of the optical receiver is configured to acquire the Q-quadrature and

I-quadrature images, and perform the quadrature demodulation, on a regular basis.
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