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FREE SPACE OPTICAL COMMUNICATION SYSTEM

FIELD OF THE INVENTION

The present invention relates to the field of optical communication systems in free

space from point to point, especially using a camera system.

BACKGROUND OF THE INVENTION

Currently free space optical communication is realized using a point source as a
transmitter and a single detector receiver. A single detector receiver has a basic operational
limitation that makes its use more difficult in the field, in that the field of view is very
small, and thus mandates accurate alignment of the receiver with the transmitter. A large
angular aperture, typically of at least 5°, would make use of such a system much simpler,
since it would only be necessary for the person receiving the signal to know the
approximate sector in which the transmitting party is situated, instead of the need to
pinpoint their location more accurately. The requirement for the transmitter to accurately
aim at the receiver depends upon the need to maintain covert transmission conditions.

A further requirement for the detector of such a free space optical communication
receiver is that it should have the highest possible signal-to-noise ratio (SNR), which
means that it should have as large an aperture as possible, and the it should have as low a
noise level as possible. The latter requirement can be fulfilled by using a photomultiplier
tube (PMT) detector, which is a large area detector having high sensitivity because of its
internal amplification. However, the cost of a photomultiplier detector is high, and
semiconductor detectors present a much more practical option. Such detectors are generally
small area detectors, and include such detectors as the avalanche photodiode (APD) and the
PIN photodiode. There are trade-offs between the use of these various types of detectors, as
now discussed.

The main limitation of a large area, low noise detector such as a PTM, is the
quantum noise caused by the background radiation. The use of a large numerical aperture

leads to large amounts of collected background radiation and hence high quantum noise.
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Such quantum noise attenuates the SNR of the channel, and neutralizes the “low noise”
advantage of a PMT.

As a numerical example, for a 50mm. entrance aperture PMT with a 10° angular
aperture and a quantum efficiency of 10%, at a bit rate of 4 MB/sec, the effective noise
equivalent power (NEP) is 12.5nW. Such a noise level is similar to the noise of a large PIN
detector and is approximately 100 times greater than the noise of a low noise detector. In
addition to the quantum noise, there are several additional disadvantages of the PMT, such
as its high cost, the low quantum efficiency of a photocathode based detector, and the
gradual degrading of the sensitivity of the detector with use.

On the other hand, a low dark noise semiconductor detector, such as an APD, will
have an entrance aperture of less than 0.5 mm, and generally less than 0.2 mm, and in order
to collect light for such a detector using a 30 mm diameter lens, the field of view (FOV)
will be less than 0.5°. Such a small FOV for a free space optical communication
application, would require precise alignment of the receiver with the transmitter, and is not
therefore suited to tactical needs in the field. The main limitation to realizing a free space
tactical optical communication system is the strong dependence between the sensitivity of
the receiver and the need for precise alignment of the receiver towards the transmitter.
Since a sensitive receiver can only be practically realized using small area detectors, but
this leads to a small angular aperture, making use more problematic.

There therefore exists a need for an optical communication system incorporating a
receiver which overcomes at least some of the disadvantages of prior art systems and
methods, and in particular, which dispenses with the need for the accurate line of sight
alignment required by such prior art systems.

The disclosures of each of the publications mentioned in this section and in other

sections of the specification, are hereby incorporated by reference, each in its entirety.

SUMMARY

The present disclosure describes new exemplary systems for optical point to point
communication in free space using an imaging sensor for encoded laser signal recognition.
The system differs from prior art systems in that the receiver incorporates an image sensor
array, in which each pixel of the sensor array can serve as a separate receiver. Since the

pixel dimensions in such an imaging sensor are so small, the noise level of each pixel is
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also low, as desired. The typical pixel size in such an imaging array may be of the order of
5 x 5u, and for such sized pixels, the typical detection noise ranges from 5 to 30 e per

reading scan. Consequently, on the one hand, use of such a sensitive detector will result in
a highly sensitive receiving channel, typically 100 times more sensitive than other systems
having a large FOV, while on the other hand, since the detector consists of a large number
of pixels, the effective angular aperture is relatively wide, thereby providing a large
aperture and high receiver sensitivity.

However, there is a problem with such use of a large area, high pixel count,
imaging array, since such sensors are not intended for use at the high bit-rates typical of
optical communication links. High pixel rates are indeed achievable, ranging from 40 to
1000 Mpix/sec. But the limited frame rate of such an imaging array, generally in the range
of some tens of frames per second, (though special design systems may achieve a thousand
frames per second), presents a major disadvantage. Since the sensor array needs to image a
full frame at a time, the frame rate may be about six orders of magnitude lower than the
pixel rate.

In order to overcome this limitation, the optical communication systems of the
present disclosure make use of the fact that since the transmitted optical signal is imaged
by a single pixel, or at most by a few pixels, an optical communication signal can be read
out by a single pixel signal, or by signals from a few pixels, out of each frame. Therefore,
in order to increase the optical communication rate, a limited region of interest (ROI) can
be defined in each frame, which includes only a small number of pixels which can
consequently be read out at high speed. This ROI can be defined by scanning the field of
view (FOV), locating any imaged transmission sources in the field, and selecting the
desired source with which communication is to be conducted. Once the system has locked
onto the desired transmission source, it will sample pixels only within the selected ROI of
the detector. The system signal processing program can be adapted to follow movement of
the source in the ROI, such that as the transmitter moves, the ROI of the array will follow
its movements. If the source image is lost, then a new scan can be performed to find it
again and to redefine the ROI on the image array.

Since a conventional CCD or CMOS based imaging array operates by reading out
the pixel data of the entire array column-by-column, such a conventionally constructed
sensor array will be unable to provide significant improvement in the frame rate, since in

order to access all of the pixels in the ROI, it will be necessary to read all of the pixels in
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the columns running through the ROI, and therefore, no increase in the frame rate can be
achieved. In order to achieve a higher frame rate in the optical communication systems of
this disclosure, the imaging arrays may be provided with an amended wiring configuration,
in which the array is divided up into sub-regions of similar size to that of the ROI used, and
all of the pixels of each of those sub-regions having corresponding spatial locations in
those sub-regions are wired serially to form the equivalent of the “column” signal wires in
a conventional imaging array. The pixels in each of those “column” signal wires are read
sequentially, while different “column” signal wires can be read simultaneously. As a result,
all of the pixels in any ROI can be accessed simultaneously, since any pixel in that ROI has
all of its immediate neighbors connected to a different “column” signal wire, all of which
can be read simultaneously. The position of the ROI in the entire pixel matrix, as
determined by the image detected by the array itself, can be used by the array gating
process algorithm to define the sub-region of the matrix whose pixels are to be read out in
parallel, the signals from those pixels defining the ROI signals. By this means, each frame
sweep accesses signals detected by the pixels in the ROI only, and each frame sweep can
therefore be performed more quickly.

As an alternative to this structure, it is possible to use a spot scanning process
across multiple pixels of an elongated strip ROI of the array, in order to increase the
reading speed of the communication information. Since a high frame rate is the most
significant factor in achieving a high bit rate for the optical communication system, any
solution which enables the transmission of more than one bit per frame could significantly
simplify and improve the system. If the detected spot is temporally and spatially spread
across the detector array, such that the spot impinges on successive different pixels at
different times, and if this process is performed during the duration of a single frame, a
significant increase in information transfer rate can be achieved. Reading a strip of spots
within a frame, each of the spots carrying successive bits of the optical information, is
faster than reading that information from successive frames, by a factor related to the
number of spots that are spread onto the single frame.

As another alternative, it is possible to use a spread wavelength technique, in order
to increase the reading speed of the communication information. In this scheme, the field
of view is illuminated by a series of lasers, each having a slightly different wavelength, and
arranged such that all are projected into the field into which it is desired to maintain optical

communication. The field of view is imaged by the input lens of the camera, and is
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spatially spread along a row of pixels by means of a wavelength spreading mechanism,
such as a diffraction grating. All of these pixels in the row can then be read simultaneously
in a single frame, and since each different wavelength source can be modulated to with its
own information stream, the bit rate can be increased in accordance with the number of
sources used.

There is thus provided in accordance with an exemplary implementation of the
devices described in this disclosure, a method of optical communication between a
transmitter source and a receiver, the method comprising:

(1) imaging a region including the transmission source on a two-dimensional pixelated
detector array, successive frames of the array being readable at a first frame reading rate,
(i1) detecting on the array the position of the imaged transmission source,

(ii1) selecting a region of interest on the array, including the position of the imaged
transmission source, the region of interest having a substantially smaller number of pixels
than the pixelated detector array, and

(iv) reading signals only from pixels in the region of interest, at a frame rate faster than the
first frame rate.

Such a method may further comprise the provision of array gate switching,
programmed such that signals from pixels of the array outside of the selected region of
interest are not read. In either of the above two cases, the region of interest may be moved
to track motion of the position of the imaged transmission source on the array.
Furthermore, the signal outputs of each of the pixels within sub-regions of the pixelated
detector array having a predefined area, are wired in separate read lines, such that each of
the pixels of a sub-region can be read simultaneously on separate read lines. In the latter
case, pixels from corresponding positions in different sub-regions of the array should all be
wired to the same read lines, such that all of the pixels of a region of interest can be read
simultaneously, independently of where that region of interest falls on the array.

In any of the above mentioned methods involving sub-regions, every pixel within
any sub-region may have all of its immediate neighbors connected to a different sampling
line. Also, the regions of interest may be selected to be no larger than the sub-regions of
predefined area, and the regions of interest may be selected such that all of their pixels fall

within the size and shape of the sub-regions of predefined area.
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Other implementations of these methods further comprise the step of determining
the analog level of the signals read from pixels in the region of interest, such that
information in grey level coded optical transmissions can be retrieved.

Still other example implementations involve a system for optical communication
comprising:

(1) a receiver adapted to receive optical data from a transmitter source, the receiver
comprising a two-dimensional pixelated detector array, such that an image of the
transmitter source can be obtained on the array, and

(i1) a controller adapted to select a region of interest including pixels defining the position
of the imaged transmission source on the array, the region of interest having a substantially
smaller number of pixels than the pixelated detector array, and to read signals only from
pixels in the region of interest,

wherein the signals only from pixels in the region of interest can be read at a frame rate
faster than the frame rate of a complete frame of the array.

Such a system may further comprise an array gate switch, programmed such that
signals from pixels of the array outside of the selected region of interest are not read. In
either of the above two cases, the controller may be adapted to track motion of the position
of the imaged transmission source on the array, and to shift the region of interest to include
pixels defining the new position of the imaged transmission source.

Furthermore, the pixelated detector array may be wired such that signal outputs of
each of the pixels within sub-regions having a predefined area of the pixelated detector
array, are directed to separate read lines, such that each of the pixels of a sub-region can be
read simultaneously on separate read lines. In the latter case, pixels from corresponding
positions in different sub-regions of the array should all be wired to the same read lines,
such that all of the pixels of a region of interest can be read simultaneously, independently
of where that region of interest falls on the array. Additionally, every pixel within any sub-
region should have all of its immediate neighbors connected to a different sampling line,
and the regions of interest should be selected to be no larger than the sub-regions of
predefined area. Finally, the regions of interest may be selected such that all of their pixels
fall within the size and shape of the sub-regions having a predefined area.

Any of the above described exemplary systems may further comprising a separate
imaging array adapted to detect the position of the transmitter source from an encoded

signal emitted by the transmitter source.
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Yet other implementations perform a method of free space optical communication,
comprising:

(1) modulating an optical beam with information impressed on temporally successive
segments of the beam,

(i1) transmitting the beam through free space to a receiver having a beam scanning device,
such that the temporally successive segments of the signal are deflected at different angles,
(ii1)impinging the deflected temporally successive segments of the signal on successive
pixels of a strip of a detector array, and

(iv) reading all of the successive pixels of the strip of the detector array in a single frame
time, such that optical information on the successive segments of the signal are read
simultaneously.

In such a method, the temporal difference between the first and the last of the
temporally successive segments of the optical signal, should be no longer than the frame
time of the detector array.

Still other example implementations involve a method of free space optical
communication comprising:

(1) impressing optical information onto a plurality of sources of different wavelengths,

(i1) transmitting optical signals of different wavelengths from each of the plurality of
sources through space to a receiver, the receiver being sufficiently remote from the
plurality of sources that light from the signals of different wavelength is combined,

(ii1) dispersing the received light such that optical signals from the plurality of sources of
different wavelengths are spatially separated,

(iv) impinging the spatially separated optical signals on successive pixels of a strip of a
detector array, and

(v) reading all of the successive pixels of the strip of the detector array in a single frame
time, such that the optical information impressed on the sources of different wavelengths
are read simultaneously in the single frame time.

In such a method, the dispersing may be achieved by use of a blazed reflection

grating.
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated more fully from the
following detailed description, taken in conjunction with the drawings in which:

Fig.1 illustrates schematically how the receiver unit of a communication system of
the present application detects a number of transmissions which it may wish to make
contact with;

Figs. 2A-2D illustrate how a region of interest is selected in the detector array of the
receiver unit, and is used to maintain communications contact between the receiver and
transmitter, even though they may be mutually moving;

Fig. 3 is a flow chart showing how the complete optical communication procedure
is performed using the methods and systems of the present disclosure;

Fig. 4 illustrates the structure commonly used in a CMOS detector array, with the
signal readout lines shown;

Fig. 5A illustrates the pixel structure of a conventional readout CMOS array of the
type shown in Fig. 4, while Fig. 5B illustrates the pixel structure of a novel readout CMOS
array, enabling a small region of interest to be read out at a rate significantly faster than that
of the conventional structure shown in Fig. 5A;

Fig. 6 illustrates schematically another method using a specific region of interest on
the detector array, by which the frame rate of the detector camera array may be increased,
using a laterally spread spot scheme;

Fig. 7 illustrates schematically how the spot scanning system of Fig. 6 can be
implemented in practice in the optical communication systems of this disclosure;

Figs. 8-10 illustrate yet a further method by which a scanned spot configuration can
be used for increasing the amount of information which can be received per frame, using
multi-spectral transmission; Fig. 8 shows an array of diode lasers, each having a different
emitted wavelength, Fig. 9 shows how the received light from that array of diode lasers is
dispersed over a length of the imaging array, and Fig. 10 shows schematically how the
spectrally dispersed spot scanning system of Figs. 8 and 9 can be implemented in practice
in the optical communication systems of this disclosure;

Fig. 11 is a block diagram of an exemplary transceiver, structured for

implementation of the optical communication systems of the present disclosure; and



WO 2014/136110 9 PCT/IL2014/050223

Fig. 12 shows how the optical communication systems of the present disclosure
operate in the field, and may be used for line-of-sight and for non-line-of-sight

communications.

DETAILED DESCRIPTION

Reference is now made to Fig. 1, which illustrates schematically a scenario
illustrating the way in which the receiver unit 10 of a communication system of the present
application, surveils the scene in front of it over a large field of view 14, looking for
transmitters whose operators may be attempting to communicate with the receiver. The
transmitters will generally be light sources based on a single emitter laser diode or a laser
diode array, modulated, using the serial communication signal which it is desired to
transmit to the receiver. In the scenario of Fig. 1, several such transmitters 11, 12, 13, have
been located in such a scan, and are imaged on the image sensor array 15 of the video
camera in the receiver 10 as signal spots 11', 12' 13', each of which could cover one or
more pixels of the sensor array. Detection and identification of the transmitter sources can
be performed by means of the coding and detection methods shown in International Patent
Application published as WO 2011/073980 for “Laser Daylight Designation and Pointing”,
having a common applicant with the present application. That system enables a
comparatively weak laser marker signal generated by a transmitter to be detected by the
receiver even though the background illumination arising from the daylight, or from
extraneous light sources, may be substantially stronger than the laser marker signal.
Alternatively, any other seeking and detection system may equally well be used. The sensor
array 15 may provide a real-time display to the receiver operator, either by means of a
miniature display in the receiver, or by means of connection to a computer for
communication and data display, so that the operator can choose which transmission it is
desired to receive and with which to make contact. Since each of the transmission sources
11, 12, 13, may generally originate from different operators, the receiver may make contact
by any means to the transmission sources, such as by telephone or by use of the system
itself, to determine which transmission it is desired to make contact with, and to select that
transmission spot detected on the display of the receiver.

The communications information may be read from only a single pixel or a few

pixels in each frame, which could include millions of pixels, and the communication bit
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rate desired from such a system could be several Mb/sec. Consequently, if a conventional
imaging sensor system were to be used, the frame rate required to read the communications
information from complete frames, even though the information is only on a few pixels of
those frames, would be many orders of magnitude beyond that available from camera
systems currently available. These operate at frame rates of from some tens of frames per
second to thousands of frames per second. However, since the optical signal to be received
falls on a single pixel or a few pixels of the detector array, the present system overcomes
this frame rate limitation by defining a region of interest (ROI) in the sensor array, the
region of interest including a small number of pixels including the detected transmission
spot and its immediately surrounding pixels. If a method is devised for reading only the
pixels in the ROI, which could be tens of pixels rather than millions, then currently
available frame rates would be able to handle the information rates required by the
communications system. The way in which this is electronically achieved is described
hereinbelow.

Reference is now made to Figs. 2A to 2D, which illustrate how the ROI is selected,
and used to maintain communications contact between the receiver and transmitter even
though they may be mutually moving. In Fig. 2A, there is shown on the detector array 15,
two transmission spots 24, 25, which have been detected in the field of view scan. In Fig.
2B, the operator has decided that the transmission source located as image spot 24 is that
with which the operator wishes to communicate, and defines a region of interest 21
containing a predetermined small number of pixels around the spot 24. Once the system is
locked onto this desired transmission source 24, the gated array of the detector (usually
configured as an FPGA) is programmed to sample pixels only in the ROI 21 of the
detector, such that each frame has only to handle information from a small number of
pixels, and can readily accommodate the high information bit-rate optical transmission 26
even at a moderately slow frame rate. The manner in which this is achieved is further
explained in connection with Figs. SA and 5B hereinbelow. The communication link in
operation is shown schematically in Fig. 2C. Reference is now made to Fig. 2D, which
illustrates how the transmission image spot 24 may move to a different position 24', if for
instance the transmission source or the receiver move relative to each other. A signal
processing algorithm can be used for determining when the transmission source spot 24
moves away from the center of the ROI 21, and can move the ROI with movement of the

spot. If the noise level of the imaged spot is insufficient to enable accurate following of the
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movement of the spot within the ROI, and the spot is lost, then a new field of view scan
can be performed in order to find the new position of the imaged spot 24. In Fig. 2D, for
instance, the imaged spot 24 has moved in the sensor array and the system software has
moved the ROI to its new position 22 around the new position 24' of the imaged spot. By
this means the ROI follows the transmitter as it moves.

Reference is now made to Fig. 3, which is a flow chart showing how the complete
optical communication procedure is performed using the methods and systems of the
present disclosure. Starting at step 30, the receiver scans the field of view looking for
transmission signals, preferably by using a seeker camera based on the technology
described in the above mentioned WO 2011/073980 PCT application. In step 31, there is
shown that the seeker camera system has found transmitter signals, and in step 32, the
receiver has locked onto that signal from the transmitter with which it is desired to
establish optical communications, as shown previously in Fig. 2B. In step 33, the region of
interest is defined around the selected transmitter signal spot, according to predetermined
criteria for the size of the region of interest. Steps 34 to 37 then relate to the actual optical
communication process, and could be amended to suit the specific optical communication
protocol used. In the exemplary process now described in these steps, in steps 34 and 35,
the signal received is scanned in order to detect any synchronization signal or coding
indicating that the transmission detected is indeed from the source with which it is intended
to communicate. If no synchronization signal is detected in step 35, the system continues to
scan the ROI until such a synchronization signal is found. Once synchronization has been
verified, in step 36, the receiver can commence to receive serial communications packages.
After each package, in step 37, the system checks that the communication signal still exists
within the predefined region of interest, and if so, searches for a synchronization signal to
enable receipt of a further communication package. If no communication signal can be
found in step 37, that is a sign that contact has been lost with the transmitter, such as could
occur if the transmitter or receiver have substantially moved, and the procedure returns to
step 30, in order to scan the field of view again to find signals from transmitters in the
field, in order to rediscover the position to which the ROI has to be moved to continue
communication.

The description above has outlined how a limited region of interest can be used in

order to enable high bit rate communication to the achieved with the comparatively slow
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frame rate of video cameras. Fig. 4 and Figs. 5A and 5B now illustrate how this is
performed in practice on a CMOS detector array.

Reference is first made to Fig. 4 which illustrates the structure commonly used in
such an array, showing the signal readout lines used in order to read the contents of the
pixels over the whole of the array. Each of the photosensors 40 of each pixel 41 of the array
generates a charge dependent on the illumination falling thereon, and this charge is
accumulated in the pixel capacitor and the voltage on the capacitor is amplified by the pixel
amplifier and can be read out only when the pixel switch is closed. The pixels are arranged
in rows 42 and in columns 43, with each of the pixels discharging its signal into its
associated column signal wire 45 only when the pixel switch is closed. The signals from
each column signal wire 45 are connected to the row signal wire 46 only when the column
select switch associated with that column is closed. Thus, the array is read sequentially,
with each of the pixels in one column being read sequentially, one after the other, before
the pixels in the next column are read, one after the other. The serial signal output is taken
from the row signal wire, 46. Alternative wiring schemes enable columns to be read out in
parallel, but it is clear that in order to read a small region of interest in the array, it is
necessary to read out several pixels in each column, even though the columns may be read
in parallel. It is thus clear that the frame rate is limited by the time taken to read all of the
relevant pixels in each column, whether or not they contain useful communication
information, even if the columns are read in parallel. This procedure is thus unacceptable
for increasing the bit-rates to levels required for optical communication systems.

Reference is now made to Fig. 5A, which illustrates this conventional reading
process schematically. All of the pixels in column 51 are read serially, and all of the pixels
in column 52 are read serially, and likewise for columns 53 and so on. Therefore, even if
all of the columns 51, 52, 53 .... Are read in parallel, even if the array gating is arranged
such that only pixels with charge are read, the time for the read process for the entire array
is limited.

Reference is now made to Fig. 5B, which illustrates the pixel wiring structure and
reading process for an imaging array according to the novel structure described in this
disclosure. In Fig. 5B, two exemplary ROI’s 55, 56, containing 9 pixels are shown. The
pixels of the array are wired such that each pixel in a 9-pixel sub-region is connected to a
separate “column” (which will now be called a sampling or a reading line, since it is not a

true column) and every pixel within any sub-region thus has all of its immediate neighbors
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connected to a different sampling line. Thus, in the ROI 55, when all of the sampling lines
are read in parallel, all of the pixels within the ROI are read in parallel. The array gate
switching is programmed such that there is no need to read any of the other pixels from the
remainder of the array outside of the known ROI, which all feed into that same sampling
line. The same procedure applies wherever the ROI is situated, such as ROI 56, where there
is a different arrangement of “colored” pixels in the ROI from that of ROI 55, but all of the
pixels are connected to the nine different sampling lines, which are read simultaneously.
Thus, in the time required to read a complete frame, all of the pixels in the ROI are read,
without any time being expended on serially reading other pixels having no relation to that
ROL On the other hand, if a region of interest were to be read out using the conventionally
wired array of Fig. 5A, for the 9-pixel example used, it would be necessary to read three
pixels from each column serially in order to cover the ROI, and this would thus be slower
than the frame rate possible in the wiring configuration of Fig. 5B. In practice, each sub-
region may contain significantly more than 9 pixels, such that the frame rate can be
increased accordingly. In any event, any such solution also requires careful design of the
switching parameters, to ensure maximum possible switching speed. Further increase in
frame rate can also be achieved by use of more complex detector structures, but this
solution requires novel semiconductor structures, which may be complex and costly.

A method of further increasing the communication speed is by use of analog
transmission with coded intensity levels, such that the grey levels of the detected signals at
the pixels providing another dimension for the transmitted information. At every frame the
camera will sample the optical signal, and will define the digital word according to the grey
levels detected. By this means it is possible to use the grey level to increase the bit-rate.
However this solution has limited effectiveness, firstly because of changes in intensity due
to atmospheric and other changes, requiring some form of calibration signal to be
transmitted to standardize the transmission level. Furthermore, due to quantum noise and
dark noise level of the signal, only approximately 16 grey levels can be analogically
transmitted, this being equivalent to 4 bits, such that the improvement achieved by use of
analog grey levels is limited. However, lower noise detectors may enable this method to
provide an additional means of increasing the information content of the transmitted
signals.

Reference is now made to Fig. 6, which illustrates schematically another method

using a specific region of interest on the detector array, by which the frame rate of the
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detector camera array may be increased, by use of spot scanning across multiple pixels of
the array. Since a high frame rate is the most significant factor in achieving a high bit rate
for the optical communication system, any solution which enables the transmission of more
than one bit per frame could significantly simplify and improve the system. According to
the method shown in Fig. 6, this can be achieved by temporally spreading the detected spot
spatially across the detector array, such that the spot impinges on successive different
pixels at different times. If this process is performed during the duration of a single frame,
and the spot spreading is performed in a time frame quicker than the frame rate, a
significant increase in information transfer rate can be achieved. Reading a strip of spots
within a frame, each of the spots carrying successive bits of the optical information, is
faster than reading that information from successive frames, by a factor related to the
number of spots that are spread onto the single frame. By this method, 10 or 20 or even
more bits of information, all read in parallel, can be extracted from a single frame. In Fig.
6, there is shown a strip 60 of the detector array with a series of successive pixels 61, 62,
63 ... of the strip 60 of the array, on each of which the received transmission spot is
successively impinged at successive times within the frame exposure time, as indicated by
the arrow 65 beneath the strip. These successive spots are generated by taking the received
transmission signal and spreading it laterally out along the pixels 61, 62, 63 .... at a
scanning speed selected such that each successive bit of the transmitted signal falls on a
successive pixel of the strip-shaped region of interest. Each bit can then be read out by the
pixel on which it has impinged, as shown by the examples of binary information at the
bottom of the drawing. Since the spreading or scanning speed is such that all of the bits are
detected by the successive pixels within a single frame, this method enables the bit rate per
frame to be increased by a factor equal to the number of spots spread out along the pixels
of the strip ROL

Reference is now made to Fig. 7, which illustrates schematically how the spot
scanning system of Fig. 6 can be physically incorporated into the receiver camera of the
optical communication system of this disclosure. The incoming beam 70 of the optical
transmission is made up of a number of sequential information bits, shown schematically in
Fig. 7 as separate dashed and dotted lines 71 and 72. In practice, these lines are co-linear
and their separation is temporal, but they are drawn slightly separated for illustrative
purposes only. The incoming transmission is passed through a deflection optics module 73,

where it is temporally scanned out, and is focused by the lens 74 onto the image sensor
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array 75. The deflection optics module 73 must be capable of scanning the successive spots
along the length of the frame line within a time compatible with the bit rate of the optical
transmission, and also, of course, within the frame rate of the display. As an example, a
reasonable number of spots in a scanned frame line could be 50 - 100, meaning that within
a single frame 50-100 bits can be read. Since each spot may take up more than one pixel,
the scanned frame line should typically include 250 - 500 pixels. For a 5 Mb/sec
transmission rate, the typical 50-100 bits per frame figure means that the required frame
rate is 50-100kiloframes/sec. Such a frame rate cannot be realized by mechanical deflector,
such as a mirror scan, and a non-mechanical optical scanner must be used, such as an
acousto-optical scanner crystal. Such a scanner crystal acts as a grating which diffracts the
optical beam passing through it, and by exciting the acousto-optical scanner at a variable
audio frequency, the diffracted beam can be scanned with change in the exciting frequency.
The deflection rate should be equal to the communication rate. However, because of the
comparatively low velocity of the acoustic wave through the crystal, the transit time can
only be made can comparable with the communication rate if the effective size of the
acousto-optic crystal is of the order of 1 mm. A crystal of this size is difficult to use in such
an optical setup, and though methods are available for increasing the crystal size, the
optical complexity and cost is such that this solution may not be economical to implement
using hardware currently available.

Reference is now made to Figs. 8 - 10, which illustrate yet a further method by
which a scanned spot configuration can be used for increasing the amount of information
which can be received per frame. This method uses multispectral simultaneous signal
transmissions, with a dispersive element such as a diffraction grating in order to spread the
separate spectral transmissions onto successive pixels. The transmitter incorporates several
laser diodes, each having its own specific preselected wavelength. The spectral spacing of
the laser diodes should be such as to try to generate equal spacing of the dispersed spots on
the detector array, such that spots from each successive laser fall on successive pixels of
the array. Each laser diode is modulated with a digital signal, and can be encoded with
different data streams. The larger the number of laser diodes used, the greater the possible
increase in communication rate, since each laser diode transmits a separate wavelength
channel.

Reference is now made to Fig. 8, which illustrates such an array of diode lasers, 80,

, each having a different emitted wavelength and each modulated with a digital
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signal for transmission. The bit length of the data should be no longer than the temporal
frame width, T. The optical signals are transmitted in parallel from the transmitter, and the
transmitted signal information is composed of the binary data bits transmitted
simultaneously by the separate lasers, as shown on the right hand side of the drawing.
During propagation through free space in the region between the transmitter and the
receiver, the separate collimated laser beams diverge somewhat and if the sources are close
enough and the receiver far enough away, the separate laser beams overlap, such that at the
receiver input optics, the beams have combined so that all the wavelength beams, each with
its specific digital information coded on it, now comprise a single optical input beam of
light, incorporating all of the information but naturally “multiplexed” during free space
propagation. In general, these conditions will always be practically fulfilled, because the
source lasers will all be located in close proximity within the transmitter unit.

Reference is now made to Fig. 9, which illustrates schematically how the light spots
90, 91, 92, .... of the dispersed laser beams originating from the separate laser diodes of
Fig. 8 fall on successive pixels of a strip 95 of the detector array. As is observed in Fig. 8,
the wavelengths of the light, as indicated by the shading of the spots, falling on sequentially
located pixels along the strip of the imaging array, correspond to the wavelengths of the
light emitted by the series of the laser diodes 80, 81, 82 ..... of Fig. 8. The bits from each
wavelength laser can then be read out in a single frame by the pixel on which that
wavelength has impinged, as shown by the example of the output binary information 96 at
the bottom of the drawing, where the binary information corresponds to the bit value of
each laser train in the frame window marked at time T in Fig. 8.

Reference is now made to Fig. 10, which illustrates schematically how the
dispersed spot scanning system of Fig. 8 and Fig. 9 can be physically incorporated into
another exemplary receiver camera of the optical communication system of this disclosure.
The incoming beam 100 of the optical transmission is made up of a number of modulated
beams of separate wavelength, shown schematically in Fig. 10 as separate dashed and
dotted lines 101 and 102. In practice, these signals are spatially mixed and co-linear, and
their separation is by wavelength, but they are drawn slightly separated for illustrative
purposes only. The incoming transmission is passed to a diffraction grating 103, which is
preferably a single order blazed reflection grating, such that the diffracted light is reflected
in one direction only. Diffraction from the grating 103 disperses the different wavelengths

of the received light into different directions according to their wavelength. Although the
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wavelengths and dispersion angles are related by a cosine function, and although the
wavelengths of the different lasers may not be appropriately spaced, optical design can be
used, so that the dispersed spots fall linearly along the pixels in the region of interest of the
detector array. The dispersed light is focused by the lens 104 onto the image sensor array
105.

Reference is now made to Fig. 11, which is a block diagram of an exemplary
transceiver, structured for implementation of the optical communication systems and
methods described in this disclosure. The complete communication system involves use of
two functions:

(1) the auto-detection of the points between which the optical communication is to be
conducted, which may be achieved using a coded laser and detection scheme, such as that
described in the above mentioned International Patent Application published as WO
2011/073980; and

(i) the implementation of the optical communication itself between a pair of distant
transceivers.

Each of these functions requires different optical modules, and therefore the
transceiver shown in Fig. 11 comprises two laser modules and two camera modules, one
set for each of the above two functions. The two laser modules should be
(i) a marking laser module that transmits encoded signals for designating the target point,
such as that described in WO 2011/073980, and
(i1) a communication laser module that transmits digital signals for the communication
link. Since the laser modules have a comparatively limited field of view, the two laser
modules should be bore-sighted, and are shown in Fig. 11 in one unit 110.

The two camera modules should be:

(i) a targeting camera module 111 for seeking and automatic detection of the marker laser
signal, and

(i1) a communication camera module 112 utilizing a selective region of interest in its
detector array, as described hereinabove by the various implementations of the present
application. The communication camera may be software bore-sighted with the targeting
camera. Mechanical bore-sighting is not mandated because of the wide field of view of this
camera.

The transceiver also comprises a control unit 113, which could conveniently be a

tablet computer, for connecting and controlling all the various modules and functions. In
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use, the targeting camera transfers the marking signal location when detected, to the control
unit. The control unit analyses the pixel coordinates of the signal location and defines the
relevant region-of-interest of the detector array of the communication camera, including
pixels defining the position of the imaged transmission source on the array. The
communication camera then scans for communication detected on pixels in the relevant
region of interest, and can thus detect the communication laser of the remote transceiver
trying to communicate with this transceiver. The communication camera can then convert
the optical signal to a digital UART communication signal, and can transfer it to the
control unit for display or for sound output. The controller signal processing program is
also adapted to follow motion of the imaged position of the transmission source on the
array, and to move the region of interest should the position of the transmission source
image shift. In addition to the above described communications related elements, additional
modules may also be incorporated into the transceiver of Fig. 11, such as the microphone
114 for inputting speech for transmission by the transceiver, the power supply 115, and an
optional thermal imaging camera 116, for use when operating in the dark.

Reference is now made to Fig. 12, which shows the various steps of how the optical
communication systems of the present disclosure operate in the field, and how they can be
used for line-of-sight (LOS) communication and for non-line-of-sight (NLOS)
communication. In the scenario of Fig. 12, there is shown a local transceiver in the field,
including its targeting module 120 and communication module 121. For the LOS
communication mode, the local transceiver attempts to establish communications with
another transceiver located in the region of the remote houses 123. When the targeting
module of the transceiver detects an encoded laser designating signal from the region of the
house, a region of interest of predetermined size 122, around the location of that source, is
marked on the pixel map of the imaging array, and the communication module is directed
to look 124 for communication signals within that region of interest. When such
communication signals are detected, they can be converted to UART communication
signals 125, and communication with the remote transceiver is established.

In a situation where direct line of sight communication is not possible, such as
when the remote transceiver is behind an obstruction, if a common feature is visible to both
the remote transceiver and the current transceiver, then communications may be established
by reflecting the optical laser link off that common feature. In the scenario shown in Fig.

12, the remote transceiver is designated only by its marker laser 126 and communication
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laser 127, and the commonly visible feature of both the remote transceiver and the current
transceiver is shown as a wall 128, visible to both. The remote transceiver 126, 127, then
directs its laser beams at the wall 128, and the local transceiver 120, 121, can then
communicate with the remote transceiver by means of the laser light reflected from that
wall. By this means NLOS communication can also be established.

There are different requirements of the lasers for the cases of LOS and NLOS
communication. For NLOS communication, because the reflected light from the commonly
visible obstacle may be quite diffuse, a higher power and more collimated laser source is
required. For the LOS communication situation, where there is generally ample laser power
detection and communication, and eye safety too may be a factor in determining the
transmitted laser power level, a lower power, and possibly diffused laser source may be
used. Consequently, for communication systems of the present disclosure, which are
intended to work both in LOS and NLOS situations, four lasers may be required, one pair
for LOS and one pair for NLOS communication, instead of the single pair of lasers for the
system described in Fig. 11.

It is appreciated by persons skilled in the art that the present invention is not limited
by what has been particularly shown and described hereinabove. Rather the scope of the
present invention includes both combinations and subcombinations of various features
described hereinabove as well as variations and modifications thereto which would occur
to a person of skill in the art upon reading the above description and which are not in the

prior art.
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CLAIMS

What is claimed is:

1. A method of optical communication between a transmitter source and a receiver,
said method comprising:

imaging a region including said transmission source on a two-dimensional
pixelated detector array, successive frames of said array being readable at a first frame
reading rate;

detecting on said array the position of said imaged transmission source;

selecting a region of interest on said array, including said position of said
imaged transmission source, said region of interest having a substantially smaller number
of pixels than said pixelated detector array; and

reading signals only from pixels in said region of interest, at a frame rate

faster than said first frame rate.

2. A method according to claim 1, further comprising provision of array gate
switching, programmed such that signals from pixels of said array outside of said selected

region of interest are not read.

3. A method according to either of claim 1 or claim 2, wherein said region of interest

is moved to track motion of said position of said imaged transmission source on said array.

4. A method according to any of the previous claims, wherein the signal outputs of
each of the pixels within sub-regions of said pixelated detector array, having a predefined
area, are wired in separate read lines, such that each of the pixels of a sub-region can be

read simultaneously on separate read lines.

5. A method according to claim 4, wherein pixels from corresponding positions in
different sub-regions of said array are all wired to the same read lines, such that all of the
pixels of a region of interest can be read simultaneously, independently of where that

region of interest falls on said array.
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6. A method according to either of claims 4 or 5, wherein every pixel within any sub-

region has all of its immediate neighbors connected to a different sampling line.

7. A method according to any of claims 4 to 6, wherein said regions of interest are

selected to be no larger than said sub-regions of predefined area.

8. A method according to any of claims 4 to 7, wherein said regions of interest are
selected such that all of their pixels fall within the size and shape of said sub-regions of

predefined area.

9. A method according to any of the previous claims, further comprising the step of
determining the analog level of said signals read from pixels in said region of interest, such

that information in grey level coded optical transmissions can be retrieved.

10. A system for optical communication comprising:

a receiver adapted to receive optical data from a transmitter source, said
receiver comprising a two-dimensional pixelated detector array, such that an image of said
transmitter source can be obtained on said array; and

a controller adapted to select a region of interest including pixels defining
the position of said imaged transmission source on said array, said region of interest having
a substantially smaller number of pixels than said pixelated detector array, and to read
signals only from pixels in said region of interest,

wherein said signals only from pixels in said region of interest can be read at a

frame rate faster than the frame rate of a complete frame of said array.

11. A system according to claim 10, further comprising further comprising an array
gate switch, programmed such that signals from pixels of said array outside of said selected

region of interest are not read.

12. A system according to either of claims 10 and 11, wherein said controller is adapted
to track motion of said position of said imaged transmission source on said array, and to
shift said region of interest to include pixels defining the new position of said imaged

transmission source.
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13. A system according to any claims 10 to 12, wherein said pixelated detector array is
wired such that signal outputs of each of the pixels within sub-regions having a predefined
area of said pixelated detector array, are directed to separate read lines, such that each of

the pixels of a sub-region can be read simultaneously on said separate read lines.

14. A system according to claim 10, wherein pixels from corresponding positions in
different sub-regions of said array are all wired to the same read lines, such that all of the
pixels of a region of interest can be read simultaneously, independently of where that

region of interest falls on said array.

15. A system according to either of claims 13 or 14, wherein every pixel within any

sub-region has all of its immediate neighbors connected to a different sampling line.

16. A system according to any of claims 13 to 15, wherein said regions of interest are

selected to be no larger than said sub-regions of predefined area.

17. A system according to any of claims 13 to 16, wherein said regions of interest are
selected such that all of their pixels fall within the size and shape of said sub-regions

having a predefined area.

18. A system according to any of claims 10 to 17, further comprising a separate
imaging array adapted to detect the position of said transmitter source from an encoded

signal emitted by said transmitter source.

19. A method of free space optical communication, comprising:

modulating an optical beam with information impressed on temporally
successive segments of said beam;

transmitting said beam through free space to a receiver having a beam
scanning device, such that said temporally successive segments of said signal are deflected
at different angles;

impinging said deflected temporally successive segments of said signal on

successive pixels of a strip of a detector array; and
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reading all of said successive pixels of said strip of said detector array in a
single frame time, such that optical information on said successive segments of said signal

are read simultaneously.

20. A method according to claim 19, wherein the temporal difference between the first
and the last of said temporally successive segments of said optical signal, is no longer than

the frame time of said detector array.

21. A method of free space optical communication comprising:

impressing optical information onto a plurality of sources of different
wavelengths;

transmitting optical signals of different wavelengths from each of said
plurality of sources through space to a receiver, said receiver being sufficiently remote
from said plurality of sources that light from said signals of different wavelength is
combined;

dispersing said received light such that optical signals from said plurality of
sources of different wavelengths are spatially separated;

impinging said spatially separated optical signals on successive pixels of a
strip of a detector array; and

reading all of said successive pixels of said strip of said detector array in a
single frame time, such that said optical information impressed on said sources of different

wavelengths are read simultaneously in said single frame time.

22. A method according to claim 20 wherein said dispersing is achieved by use of a

blazed reflection grating.



