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(54) Methods for designing receiver and transmitter modules

(57) The invention provides a method for designing
a receiver module, comprising:
- computing a channel matrix H characterizing a relation-
ship between the transmitted optical signal x and a plu-
rality of detected signalsy, for a transmission system
comprising a receiver module and at least one transmit-
ter, such that: y=Hx+w, wherein w represents noise,
the receivers being arranged regularly around the axis
such that their centers are located at an intersection of
a cylinder and a coaxial cone, and their normal directions

are perpendicular to the cone,
- calculating a parameter as a function of H, and storing
in a data repository the calculated parameter in associ-
ation with an elevation angle,
selecting an elevation angle within the elevation angles
stored in the data repository as a function of the associ-
ated calculated parameters.

The invention also provides a method for designing
a transmitter module.
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Description

Field of the invention

[0001] The invention relates to the technical field of wireless optical communication systems.

Background

[0002] The use of multiple transmitters and receivers of a wireless communication system along with related signal
processing is referred to as Multiple-Input Multiple-Output (MIMO) technology. MIMO can provide two forms of gains:
multiplexing gain and diversity gain by defining multiple channels of transmission of the data stream to transmit.
[0003] Spatial multiplexing gain may be used with high Signal-to-Noise Ratio (SNR). In spatial multiplexing, a data
stream to transmit is split in multiple independent data streams, each transmitted by a transmitter. The data streams are
separated only in the spatial domain, but otherwise occupying the same temporal and frequency resources. A receiver
module comprises multiple receivers. The data streams are combined in the receivers. The receiver module also com-
prises signal processing to separate the data streams.
[0004] Diversity gain, on the other hand, is realized by transmitting identical information separated in the spatial domain.
Each transmitter in a set of different transmitters will transmit a same data stream. Diversity gain improves the robustness
of the transmission in the case where the signal has low Signal-to-Noise Ratio (SNR), for example due to severe
propagation loss, multi-user interference, etc.
[0005] In order to enjoy the benefits of multiple-input-multiple-output (MIMO) system, techniques for reducing corre-
lation between the available multiple channels from a transmitter to a receiver are absolutely essential for achieving
MIMO capacity gains. In indoor, visible light communication (VLC) systems usually uses white light emitting diodes
(LEDs) as transmitters and benefits from a large and unregulated spectrum. Although the optical bandwidth for VLC is
around 400 THz, the low switching speed of white LEDs limits the electrical bandwidth to several MHz only. It is therefore
essential to employ highly spectrum efficient techniques, such as orthogonal frequency division multiplexing (OFDM)
and multiple-input-multiple-output (MIMO) to achieve high data rates. Typically in an indoor illumination system, multiple
LED’s are set up, for example on the ceiling. These LEDs may be used to set up parallel transmission paths in a VLC
system. The challenge for building an effective MIMO system is to reduce the channel correlation between elements of
the MIMO channel matrix such that successful decoding of the parallel channels in the receiver can be done.
[0006] Receiver imaging lens with a detector array is widely used in optical systems but has several disadvantages,
such as the large size of the array and the high complexity of the system. It is not suitable for mounting on small devices
like smartphones.

Summary

[0007] In an embodiment, the invention provides a method for designing a receiver module, the method comprising:

- selecting an integer number higher than 1, and a receiver module dimension,
- selecting an elevation angle,
- computing a SIMO or MIMO channel matrix for a transmission system comprising a receiver module located in a

receiving position and at least one transmitter located in a transmitting position for transmitting an optical signal,
wherein
the receiver module comprises the selected integer number of receivers each having a receiving surface and a field-
of-view, each receiver being adapted for receiving the optical signal,
the receivers of the receiver module being arranged around an axis of the receiver module such that the centers of
the receiving surfaces are located at an intersection of a right circular cylindrical surface whose radius is equal to
the selected receiver module dimension, and a cone surface coaxial with the cylinder surface,
wherein the angle of the cone surface with respect to a plane perpendicular to the axis of the receiver module is
equal to the elevation angle,
wherein the normal direction to the receiving surfaces of the receivers are perpendicular to the cone surface, the
field-of-view of the receivers being oriented outwardly to the cone surface,
wherein the SIMO or MIMO channel matrix H characterizes a relationship between the optical signal x transmitted
by the transmitter and a plurality of detected signals y detected by the receivers such that: 
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wherein w represents random additive white Gaussian noise,
- determining the eigenvalues of the SIMO or MIMO channel matrix H, and,
- calculating a parameter as a function of the eigenvalues, wherein the parameter represents a performance estimate

of a demultiplexed signal obtained from a combination of the received signals, and storing in a data repository the
calculated parameter in association with the elevation angle,
selecting a second elevation angle and iterating the method from the computing step,
selecting an elevation angle within the elevation angles stored in the data repository as a function of the associated
calculated parameters.

[0008] In an embodiment, the invention provides a method for designing a transmitter module, the method comprising:

- selecting an integer number higher than 1, and a transmitter module dimension,
- selecting an elevation angle,
- computing a MISO or MIMO channel matrix for a transmission system comprising a transmitter module located in

a transmitting position and at least one receiver located in a receiving position for receiving an optical signal, wherein
the transmitter module comprises the selected integer number of transmitters each having a transmitting surface
and a lambertian emission order, each transmitter being adapted for transmitting the optical signal,
the transmitters of the transmitter module being arranged around an axis of the transmitter module such that the
centers of the transmitting surfaces are located at an intersection of a right circular cylindrical surface whose radius
is equal to the selected transmitter module dimension, and a cone surface coaxial with the cylinder surface,
wherein the angle of the cone surface with respect to a plane perpendicular to the axis of the transmitter module is
equal to the elevation angle,
wherein the normal direction to the transmitting surfaces of the transmitters are perpendicular to the cone surface,
the emission direction of the transmitters being oriented outwardly to the cone surface,
wherein the MISO or MIMO channel matrix H characterizes a relationship between the optical signal x transmitted
by the transmitter and a plurality of detected signals y detected by the transmitters such that:

y=Hx+w, wherein w represents random additive white Gaussian noise,

- determining the eigenvalues of the MISO or MIMO channel matrix H, and,
- calculating a parameter as a function of the eigenvalues, wherein the parameter represents a performance estimate

of a demultiplexed signal obtained from a combination of the received signals, and storing in a data repository the
calculated parameter in association with the elevation angle,
selecting a second elevation angle and iterating the method from the computing step,
selecting an elevation angle within the elevation angles stored in the data repository as a function of the associated
calculated parameters.

[0009] According to embodiments, such methods can comprise one or more of the steps below.
[0010] In embodiments, the receiver module, respectively the transmitter module, further comprises an additional
receiver,
whose normal direction to the receiving surface, passing through the center of the receiving surface, defines the axis of
the receiver module,
the field-of-view of the first receiver extending in the direction of the oriented axis,
the cylinder surface growing in the opposite direction to the field-of-view of the additional receiver,
the receiving surface of the additional receiver being in the plane perpendicular to the axis of the receiver module,
respectively an additional transmitter,
whose normal direction to the transmitting surface, passing through the center of the transmitting surface, defines the
axis of the transmitter module,
the emission direction of the first transmitter being in the direction of the oriented axis,
the cylinder surface growing in the opposite direction to the emission direction of the additional transmitter,
the transmitting surface of the additional transmitter being in the plane perpendicular to the axis of the transmitter module.
[0011] In embodiments the center of the additional receiver, respectively the additional transmitter, defines the apex
of the cone.
[0012] In embodiments the methods further comprise: selecting a second receiving position, respectively transmitting
position, and iterating the method from the step of computing and storing in a data repository the receiving position,
respectively transmitting position, in association with the calculated parameter.
[0013] In embodiments, the receiver module dimension, respectively the transmitter module dimension, is in the same
order of magnitude as, preferably lower or equal to three times, the diameter of the receiving surface of a receiver,
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respectively the transmitting surface of a transmitter.
[0014] In embodiments the performance estimate is selected in the following list: error parameter, the capacity of the
transmission system, the bit-error-rate, the Q-factor.
[0015] In embodiments the methods further comprise selecting in the data repository the elevation angle which is
associated to the highest performance estimate.
[0016] In embodiments the integer number is higher than 2 and the receivers, respectively the transmitters, which are
arranged around the axis, are arranged regularly.
[0017] In embodiments the modulation of the modulated signal is selected in the following list:

- Pulse amplitude modulated PAM,
- Direct Current DC -biased Orthogonal frequency-division multiplexing OFDM,
- Asymmetrically clipped optical OFDM,
- Flip-OFDM,
- Unipolar OFDM,
- Position modulating OFDM,
- Pulse width modulation PWM with OFDM,
- On-off keying modulation OOK,
- Pulse position modulation PPM,
- Overlapping PPM OPPM,
- Inverted PPM I-PPM,
- Variable pulse-position modulation VPPM,
- Color shift keying CSK, and
- Hadamard coded modulation.

[0018] In embodiments the modulated signal comprises m-ary data, m being a positive integer number higher than 1.
[0019] In embodiments the SIMO, MISO or MIMO channel matrix H is defined by coefficients as follows: 

wherein the matrix is a M x N matrix for a transmission system comprising M transmitters and N receivers, wherein i
denotes the i-th transmitter, wherein i is an integer taking values between 1 and M, and j denotes the j-th receiver,
wherein j is an integer taking values between 1 and N, wherein m is the Lambertian emission order of the transmitters
and k is the field-of-view coefficient of the receivers, and the angles αij, βij and dij are the irradiance angle at transmitter
j with respect to receiver i, the incident angle at receiver i with respect to transmitter j, and the distance between transmitter
j and receiver i, respectively.
[0020] In embodiments the field-of-view of the receivers is comprised between 150° and 200°.
[0021] In embodiments the performance estimate selected is the bit-error rate BER, which is calculated as follows: 

wherein K denotes the number of discrete amplitude values that the modulated signal can have, SNRelec is the average
electrical signal-to-noise ratio per transmit antenna, λl is the l-th eigenvalue of HH*, where H* is the conjugate transpose
of H, and RH is the number of non-zero eigenvalues of H.
[0022] In an embodiment, the optical signal is a visible light optical signal. In another embodiment, the optical signal
is an infrared optical signal.
[0023] In an embodiment, the invention provides a receiver module designed by the method according to claim 1.
[0024] In an embodiment, the invention provides a transmitter module designed by the method according to claim 2.
[0025] In an embodiment the invention provides an optical communication system comprising a receiver module
designed by the method according to claim 1 arranged at a receiving position and a transmitter module designed by the
method according to claim 2 arranged at a transmitting position, the receiving position being separated from the trans-
mitting position by a distance lower than 100 m.
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[0026] Aspects of the invention stem for the observation that a data stream to receive may be split in multiple inde-
pendent data streams to receive by orienting in different direction the normal vectors of multiple PDs, all mounted on
the same location, without spatial separation.
[0027] Thanks to this feature, the proposed receiver is suitable for mounting on small devices like smartphones and
is easy to use.
[0028] Thanks to this feature, no imaging lens is required for the receiver module.
[0029] Aspects of the invention are based on the idea of proposing a VLC MIMO system using an angle oriented (AO)
receiver module comprising multiple photodetectors (PDs) whose normal vectors are pointing towards different directions
of optimized orientation. As a result, the incident angles from the same light emitting diode (LED) are different for different
PDs at the receiver module and hence the channel correlation is significantly reduced.
[0030] Aspects of the invention are based on the idea of using angle diversity for the photodetectors (PDs) to achieve
highly uncorrelated VLC MIMO channels.
[0031] Aspects of the invention are based on the idea of proposing a receiver module, which is a special case of angle
diversity receivers and which has the property that the normal vectors of PDs are pointing to different directions.
[0032] Aspects of the invention stem for the observation that such a receiver module enable to reduce channel cor-
relation without any requirement of imaging devices or spatial separation between the PDs. So, parallel data transmissions
through MIMO channels can be achieved.
[0033] Aspects of the invention are based on the idea of proposing a receiver module which is small in size and suitable
for handheld devices such as smartphones.

Brief description of the drawings

[0034] These and other aspects of the invention will be apparent from and elucidated with reference to the embodiments
described hereinafter, by way of example, with reference to the drawings.

Figure 1 is a schematic representation of the relative orientation of a LED and a photodetector.
Figure 2 is a schematic representation of a coordinate system.
Figure 3 is a schematic representation of a receiver module comprising 5 photodetectors whose normal vectors are
represented.
Figure 4 is a top view of Figure 3.
Figure 5 is a schematic representation of the top view of a room in which several locations for a receiver module
are tested with respect to the locations of 4 LEDs fixed on the ceiling.
Figure 6 is a graph showing the simulation curves and analytical curves of the bit-error-rate (BER) as a function of
the electrical signal-to-noise-ratio (SNRelec) for an embodiment of the invention compared to two other technologies,
which are for the first other technology a receiver device in which the receivers are spatially separated, and for the
second technology a receiver module using a link-blockage technology.
Figure 7 is a graph showing the required SNRelec for achieving a BER of 10-4 for a transmission, as a function of
the horizontal orientation of the receivers for the three different technologies, located at the center of the room.

Detailed description of the embodiments

[0035] In an embodiment, the invention comprises a method for designing a particular design of an optical wireless
transmission system allowing an efficient transmission. In an embodiment, the optical wireless transmission system
comprises a receiver device, or module, which comprises a plurality of receivers, for example 5, whose normal vectors
are oriented in order to have an optimized angle-diversity. The optimization is performed by a method comprising the
simulation of the system for different orientations, the calculation of transmission performance estimation, for example
the bit-error rate, for each simulated orientation. The method further comprises the selection of the orientation providing
the best transmission performance.

• Firstly, a model for calculating a BER for a MIMO system will be described.
• Secondly, an efficient receiver module design will be described. The model firstly described will be used to improve

the module design.
• Finally, the efficiency of the selected receiver module design will be discussed and compared to other technologies.

[0036] Firstly, a model allowing calculating a BER for a Multiple-Input Multiple-Output (MIMO) wireless optical trans-
mission system will be described. For example, the system performs an optical transmission from the ceiling of a room
to a mobile phone in the room.
[0037] An optical signal is transmitted from a transmitter device to a receiver device, which is unipolar K-PAM (pulse
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amplitude modulation) modulated, where K denotes for the modulation size.
[0038] The transmitter device comprises a number M of white LED transmitters and the receiver device comprises a
number N of Photodetectors (PDs), for example photodiodes. The system comprising the transmitter device and the
receiver device is referred to as a MxN MIMO system. The PDs use direct detection, and the signals processed are real
and positive.
[0039] With reference to Figures 1 to 4, the method to calculate the bit-error-rate of such a system is described.
[0040] The noise in the detector is modeled as Additive White Gaussian Noise (AWGN) and is added to the signal in
the electrical domain. Only direct line-of-sight (LOS) is assumed, i.e. an optical connection between a LED and a PD is
considered as a straight line.
[0041] At first, the binary data is modulated in the electrical domain by a baseband unipolar K-PAM, where the jth

modulated signal is denoted by xj. The modulated transmit signal is parsed into a vector of length M, denoted by x = [x1,
x2, ..., xM]T. Then xj is sent to a digital to analog converter to form xj(t), which is then represented as light intensity and
transmitted by LED j. In the receiver device, the received signal from PD i is sent to the analog to digital converter to
generate yi such that the received vector y = [y1, y2, ..., yN]T is formed.
[0042] The transmit signal waveform x(t) from a LED for sending a message m can be represented as x(t) = Sm·p(t),
for m=0, ..., K-1, where p(t) is a pulse of duration T and the signal amplitude Sm takes discrete values of Sm=m, for
m=0, ..., K-1.

[0043] The energy of signal x(t) is equal to  where τp is the energy in p(t). The

average energy of the PAM signal is given by 

[0044] Then the average energy per bit can be expressed as 

[0045] When the Gray coding is employed, the minimum Euclidean distance between a pair of signal points, dmin, can
be calculated as 

[0046] The geometrical relationship between a jth LED 1 and a ith PD 2 of the system will now be described with
reference to Figure 1 in order to introduce a model enabling the calculation of the received vector y as a function of the
transmit signal x.
[0047] The overall system can be written, with respect to the MIMO channel matrix model, as: y = H x + w, where w
= [w1, w2, ..., wN]T denotes a vector of independent and identically distributed AWGN random variables with

 and H is the M x N channel matrix given by: 

where A is the area of the PDs, m is the Lambertian emission order, which is a constant parameter, which is given by
m = -ln(2)/ In(cos(Φ1/2)), where Φ1/2 is the halfpower angle of the LED; and k is the field-of-view (FOV) coefficient of the
PDs. Here, the angles αij, βij and dij are respectively the irradiance angle at LED 1 with respect to PD 2, the incident
angle at PD 2 with respect to LED 1, and the distance between LED 1 and PD 2, as depicted on Figure 1.
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[0048] The three vectors Tj, Vij and U; are respectively the normal vector of the LED 1 in the direction of irradiance,
the vector from the LED 1 to the PD 2, and the normal vector of the PD 2. The vectors may be used to find αij and βij by
vector dot product.
[0049] To successfully receive the transmit signal, correlation between the elements of channel matrix H needs to be
low. High correlation between the wireless channel links may cause the channel matrix to be non-invertible and hence
should be avoided in a MIMO system.
The BER of the 1th parallel AWGN channel employing unipolar PAM is given by: 

where  and λ1 is the 1th eigenvalue of HH*.

with λ1≤λ2≥... ≥λN.

The theoretical BER of the MIMO system may be calculated by considering the multiplexed channels as parallel AWGN
channels and get the average BER across the channels using dmin and BER1 as 

where  is the average electrical signal-to-noise ratio (SNR) per transmitter, λ1 is the 1-th eigenvalue

of HH* (where H* is the conjugate transpose of H), and RH is the number of non-zero eigenvalues of H.
[0050] Further details about the model and calculations may be found in J. G. Proakis, Digital Communications, 5th
ed. McGraw-Hill, 2008.
[0051] Secondly, the model above described is used in the following to determine an optimized configuration for a
receiver module comprising multiple receivers, in order to have a good transmission performance.
[0052] According to an embodiment of the invention, the particular design of such a receiver module will be described.
The coordinate system represented with reference to Figure 2 will be used to show the orientation of the normal vectors
of the receivers of the receiver module. The normal vector of a receiver is the vector which is perpendicular to the
receiving surface and which passes through the center of the receiving surface of the receiver. The same applies to a
transmitter. The locations and the orientation of the LEDs and PDs are specified by the normal vectors represented in
[x, y, z, ϕ, θ] format, where (x, y, z) are the Cartesian coordinates of the originating position of a vector. θ in the range
of [0,π] is the angle from the positive z-axis, referred to as the elevation angle. ϕ in the range of [0, 2π] is the angle from
the positive x-axis referred to as the azimuth angle. The normal vector Ui of the ith PD of the transmission system is

specified by the following coordinates:  as represented on Figure 2.

[0053] A receiver module design will now be proposed with reference to Figure 3. The orientation of the normal vector
of a PD of the receiver module varies with respect to the orientation of the normal vector of another PD of the receiver
module. Therefore, the incident angle βij of an optical signal transmitted between the LED 1 to the PD 2 is different from
the incident angles on the other PDs. Therefore, the channel gains from a given LED, for example LED 1, to the different
angle-oriented PDs are different. The dimension of the receiver module is small. Therefore, the distance between each
PD of the receiver module and a given transmitter is approximately the same. Thanks to the varying angle-oriented
feature, such a design allows the receiver module to act as a multiple-output module even if the PDs are located in the
same narrow area.
[0054] The design of the receiver module comprising N PDs is selected as follows:

- The N PDs are placed in close proximity of one another. Hence, the receiver module remains small in size. The Nth

PD is placed at the middle of the other PDs.
- The elevation angles of all PDs are equal to θ which is a parameter to be determined thanks to simulations and
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calculations of associated BER.
- The azimuth angle of a ith PD is equal to 

- The normal vector of the Nth PD has an elevation angle and an azimuth angle equal to zero.

[0055] With reference to Figure 3, an example of a receiver module with N = 5 is shown for the sake of illustration.
[0056] Following the above rules, the receiver module is represented as a pyramid 16. The pyramid has an equilateral
(N-1)-gon base 15 where a PD 7 is mounted on each triangle face 14, except the base 15. The Nth PD 4 is located at
the center and faces upwards, i.e. the PD’s normal 9 is perpendicular to the horizontal plane. The respective normal
vectors 10, 11, 12 and 13 of the respective PDs 5, 6, 7 and 8 in the receiver module are therefore pointing to different
directions.
[0057] With reference to Figure 4, the projected placement of PDs 4 to 8 in Figure 3 is represented on a horizontal plane.
[0058] In practical use, the receiver module may be rotated horizontally around its vertical axis by an angle ϕH in the
range of [0, 2π] so that the resulting azimuth angle of the ith PD for 1≤i≤N-1 will be equal to (ϕiPD + ϕH), as depicted in
Figure 4. The angle ϕH is referred to as the horizontal rotation of the receiver module in the coordinate system of Figure 2.
[0059] In embodiments, ϕH may be randomly determined or specifically calculated to optimize a receiver performance
metric with respect to the locations of the transmitters.
[0060] As explained above with reference to Figures 3 and 4, the design of the receiver module is mainly determined
by some parameters, which are:

- the number N of the PDs which are comprised in the receiver module, which fixes an incremental azimuth angle
between the normal vectors of two adjacent PDs of the module. The incremental azimuth angle is equal to 2π/(N-1),

- the elevation angle, which is optimized by performing simulations of the BER of a transmission system having fixed
locations for the transmitters and a fixed number N of the PDs of the receiver module, for different values of this
elevation angle, by selecting the elevation angle which minimizes the BER.

- the dimension of the receiver module, which is the radius of the circle 17 represented on Figure 4.
- the horizontal rotation ϕH of the receiver module in the room, with respect to the locations of the transmitters fixed

on the ceiling.

[0061] For the sake of clarity, an example of optimization of the design of such a MIMO system is given below.
[0062] The receiver module is designed thanks to the above rules.
[0063] The transmission system is set up in a room 18 of 5m length x 5m width x 2.5 m height as depicted on Figure
5. The transmitters are LEDs. The receivers are PDs. The number M of LEDs is equal to 4 and the number N of PD in
the receiver module is equal to 5. The four LEDs 19 are placed on the ceiling of the room in a square array, as depicted
by the crosses. The center of the array is located at the center of the room, i.e., 2.5m, 2.5m. The location of a PD in the
room will be denoted in the following by the coordinate couple (x,y). For example, the location of the center of the room
is denoted (2.5, 2.5). All LEDs are simply oriented downwards, i.e. towards the ground. For comparison and analysis,
five locations for the receiver module 20 are considered with coordinates (0.5, 0.5), (1.0, 1.0), (2.5, 1.0), (2.0, 1.5) and
(2.5, 2.5). The locations are depicted by a circle. Due to the symmetry, these positions provide good insights for a large
area.
[0064] Series of BER simulations are performed for each location of the receiver module corresponding to the coor-
dinates (0.5, 0.5), (1.0, 1.0), (2.5, 1.0), (2.0, 1.5) and (2.5, 2.5).
[0065] For each single location, series of BER simulations are performed to determine the optimal horizontal rotation
ϕHopt of the receiver module, which is the horizontal rotation ϕH for which the required SNRelec for achieving a pre-
defined BER is minimized.
[0066] For each single location, series of BER simulations are performed to determine the optimal elevation angle θopt
of the receiver module, which is the elevation angle θ for which the required SNRelec for achieving a pre-defined BER
is minimized.
[0067] The results of these simulations are summed up in Table 1 as follows:
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[0068] For small elevation angles, the correlation in the channel matrix is high due to the lack of spatial separation
between the PDs so that the performance is bad. The performance improves steadily until a certain elevation angle is
reached. Increasing the angle beyond this angle generally deteriorates the BER performance due to the decrease of
received power on the PDs. At the optimal elevation angle θopt, the reduction of the received power due to angle inclination
is compensated by the gain of small channel correlation.
[0069] For the sake of comparison, the efficiency of an optical MIMO system designed thanks to the invention is
compared to the efficiency of two other technologies for optical MIMO system. The simulations are performed in an
identical room, with an identical signal modulation, which is 4-PAM modulation.
[0070] The designs compared are respectively called Link Blockage (LB) and Spatial Separated (SS) designs. LB is
a technology using non-imaging receivers. Induced LB receiver considers using an opaque boundary to block a particular
link from an LED to a PD. SS consists in designing a receiver module comprising a plurality of receivers which are
spatially separated from each other. For example, the receivers may be separated from each other by a distance equal
to 20 cm. For the sake of simplicity, the receiver module above designed will be denoted AO Rx for Angle Oriented
Receiver in the following.
[0071] The BER performance of the receiver module depicted on Figure 3, LB and SS receivers is compared. The
AO Rx is designed with an elevation angle fixed to θ = 75 degree and a horizontal rotation ϕH = 45 degree. The values
for the elevation angle and horizontal rotation are selected in table 1 for the design of the receiver module in order to
give the best BER performance around the center of the room and also give good performance at the other locations.
[0072] In the SS receiver, four PDs are placed as a 2x2 square array with each side equal to 20 cm. The 5th PD is
placed at the center of the array. Compared to the receiver module denoted AO Rx for Angle Oriented receiver, the
normal vectors of all the PDs of LB and SS receivers are always pointing upwards, i.e. simply towards the ceiling.
[0073] For the LB receiver, the link between the ith LED and the (5-i)th PD is blocked such that the (i, 5-i) coefficient
of the MIMO channel matrix denoted hi,(5-i) is equal to zero, where 1≤i≤4. However, such a requirement of link blockage
is artificial and may not be easily implementable.
[0074] Figure 6 shows the performance comparison of AO, LB and SS receivers respectively denoted AO Rx, LB Rx
and SS Rx at positions (0.5, 0.5) and (2.5, 2.5). The AO Rx has the configuration above tested, with N=5. The BER is
represented as a function of SNRelec in dB. Simulation curves have been represented by lines and analytical curves by
markers. SS Rx has much poorer BER performance compared to the other receivers in both positions due to the higher
channel correlation, as depicted by the triangle markers. The proposed AO Rx has the best BER performance. For a
BER of 10-4, the SNRelec improvement by the AO Rx compared to LB Rx is around 4 dB at both location, (0.5, 0.5) and
(2.5, 2.5), respectively, as depicted by the square and round markers. The received power in the LB receiver is reduced
due to blocking so that AO receiver performs better.
[0075] With reference to Figure 7, the required SNRelec for achieving a BER of the transmission equal to 10-4 at the
center of the room, i.e. at coordinate (2.5 , 2.5) is simulated and plotted as a function of the horizontal orientation angle
ϕH of the AO Rx, while keeping the elevation angle θ of the AO Rx the same, i.e., θ = 75 degree. At the center of the
room, the horizontal rotation for AO Rx is symmetric for every 45 degree, due to the geometry of the receiver module.
Therefore, it is sufficient to consider only 0≤ϕH≤90 degree.
[0076] The required SNRelec for achieving a BER of the transmission equal to 10-4 at the center of the room is also
plotted for the LB Rx and SS Rx. The required SNRelec of the AO Rx changes for different ϕH, whereas the variation in
the required SNRelec for LB Rx and SS Rx is very small.
[0077] When the AO Rx is horizontally rotated, the incident angles of each channel on the receiving surfaces of the
PDs are changed. When ϕH = 0 degree, the PDs of AO receiver do not point to the direction of any LED. This causes
the received power significantly smaller compared to that when ϕH = 45 degree, where each PD points towards a
particular LED. On the other hand, the horizontal rotation does not change the incident angles of PDs in LB receiver
because the distances between the PDs and LEDs are much larger than the spatial separation among PDs in the LB
Rx. The similar argument applies to the SS Rx.

TABLE 1: Optimum orientation angles for achieving a BER equal to 10-4 at the five positions in the room.

Position θopt
 SNRelec

(0.5, 0.5) 70° 40° 132 dB

(1.0, 1,0) 70° 40° 127 dB

(2.5, 1.0) 70° 40° 122 dB

(2.0, 1.5) 75° 45° 118 dB

(2.5, 2.5) 75° 45° 110 dB
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[0078] The AO Rx designed according to an embodiment of the present invention performs much better than a com-
pared SS Rx for all values of ϕH. The AO Rx also performs better for up to 4dB than the LB Rx for ϕH in the range of
(23, 67) degrees. Additionally, compared to the LB Rx, the AO Rx does not need to be re-calibrated from time to time
when ϕH is changed.
[0079] As an alternative, the Nth PD, which is placed at the middle of the other PDs in the receiver module design
above described, is removed.
[0080] The methods described hereinabove may be executed through the use of dedicated hardware as well as
hardware capable of executing software in association with appropriate software. When provided by a processor, the
corresponding functions may be provided by a single dedicated processor, by a single shared processor, or by a plurality
of individual processors, some of which may be shared. Moreover, explicit use of the term "processor" or "controller"
should not be construed to refer exclusively to hardware capable of executing software, and may implicitly include,
without limitation, digital signal processor (DSP) hardware, network processor, application specific integrated circuit
(ASIC), field programmable gate array (FPGA), read-only memory (ROM) for storing software, random access memory
(RAM), and non-volatile storage. Other hardware, conventional and/or custom, may also be included.
[0081] The invention is not limited to the described embodiments. The appended claims are to be construed as
embodying all modification and alternative constructions that may be occurred to one skilled in the art, which fairly fall
within the basic teaching here, set forth.
[0082] The use of the verb "to comprise" or "to include" and its conjugations does not exclude the presence of elements
or steps other than those stated in a claim. Furthermore, the use of the article "a" or "an" preceding an element or step
does not exclude the presence of a plurality of such elements or steps.
[0083] In the claims, any reference signs placed between parentheses shall not be construed as limiting the scope of
the claims.

Claims

1. A method for designing a receiver module, the method comprising:

- selecting an integer number higher than 1, and a receiver module dimension (17),
- selecting an elevation angle (θPD),
- computing a SIMO or MIMO channel matrix for a transmission system comprising a receiver module (2, 3)
located in a receiving position (20) and at least one transmitter (1) located in a transmitting position (19) for
transmitting an optical signal, wherein
the receiver module (2, 3) comprises the selected integer number of receivers each having a receiving surface
and a field-of-view, each receiver being adapted for receiving the optical signal,
the receivers (4 to 8) of the receiver module being arranged around an axis of the receiver module such that
the centers of the receiving surfaces are located at an intersection of a right circular cylindrical surface whose
radius is equal to the selected receiver module dimension (17), and a cone surface coaxial with the cylinder
surface,
wherein the angle of the cone surface with respect to a plane perpendicular to the axis of the receiver module
is equal to the elevation angle,
wherein the normal direction to the receiving surfaces of the receivers are perpendicular to the cone surface,
the field-of-view of the receivers being oriented outwardly to the cone surface,
wherein the SIMO or MIMO channel matrix H characterizes a relationship between the optical signal x transmitted
by the transmitter and a plurality of detected signals y detected by the receivers such that: 

wherein w represents random additive white Gaussian noise,
- determining the eigenvalues of the SIMO or MIMO channel matrix H, and,
- calculating a parameter as a function of the eigenvalues, wherein the parameter represents a performance
estimate of a demultiplexed signal obtained from a combination of the received signals, and storing in a data
repository the calculated parameter in association with the elevation angle,
selecting a second elevation angle (θPD) and iterating the method from the computing step,
selecting an elevation angle (θPD) within the elevation angles stored in the data repository as a function of the
associated calculated parameters.
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2. A method for designing a transmitter module, the method comprising:

- selecting an integer number higher than 1, and a transmitter module dimension,
- selecting an elevation angle,
- computing a MISO or MIMO channel matrix for a transmission system comprising a transmitter module located
in a transmitting position and at least one receiver located in a receiving position for receiving an optical signal,
wherein
the transmitter module comprises the selected integer number of transmitters each having a transmitting surface
and a lambertian emission order, each transmitter being adapted for transmitting the optical signal,
the transmitters of the transmitter module being arranged around an axis of the transmitter module such that
the centers of the transmitting surfaces are located at an intersection of a right circular cylindrical surface whose
radius is equal to the selected transmitter module dimension, and a cone surface coaxial with the cylinder surface,
wherein the angle of the cone surface with respect to a plane perpendicular to the axis of the transmitter module
is equal to the elevation angle,
wherein the normal direction to the transmitting surfaces of the transmitters are perpendicular to the cone
surface, the emission direction of the transmitters being oriented outwardly to the cone surface,
wherein the MISO or MIMO channel matrix H characterizes a relationship between the optical signal x transmitted
by the transmitter and a plurality of detected signals y detected by the transmitters such that: 

- determining the eigenvalues of the MISO or MIMO channel matrix H, and,
- calculating a parameter as a function of the eigenvalues, wherein the parameter represents a performance
estimate of a demultiplexed signal obtained from a combination of the received signals, and storing in a data
repository the calculated parameter in association with the elevation angle,
selecting a second elevation angle and iterating the method from the computing step,
selecting an elevation angle within the elevation angles stored in the data repository as a function of the asso-
ciated calculated parameters.

3. The method according to claim 1, respectively 2, wherein the receiver module, respectively the transmitter module,
further comprises an additional receiver,
whose normal direction to the receiving surface, passing through the center of the receiving surface, defines the
axis of the receiver module,
the field-of-view of the first receiver extending in the direction of the oriented axis, the cylinder surface growing in
the opposite direction to the field-of-view of the additional receiver,
the receiving surface of the additional receiver being in the plane perpendicular to the axis of the receiver module,
respectively an additional transmitter,
whose normal direction to the transmitting surface, passing through the center of the transmitting surface, defines
the axis of the transmitter module,
the emission direction of the first transmitter being in the direction of the oriented axis,
the cylinder surface growing in the opposite direction to the emission direction of the additional transmitter,
the transmitting surface of the additional transmitter being in the plane perpendicular to the axis of the transmitter
module

4. The method according to claim 1, respectively 2, in which the center of the additional receiver (4), respectively the
additional transmitter, defines the apex of the cone.

5. The method according to claim 1, respectively 2, further comprising: selecting a second receiving position (20),
respectively transmitting position (19), and iterating the method from the step of computing and storing in a data
repository the receiving position, respectively transmitting position, in association with the calculated parameter.

6. The method according to claim 1, respectively claim 2, wherein the integer number is higher than 2 and the receivers,
respectively the transmitters, which are arranged around the axis, are arranged regularly.

7. The method according to claim 1, respectively claim 2, wherein the receiver module dimension (17), respectively
the transmitter module dimension, is lower or equal to three times, the diameter of the receiving surface of a receiver,
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respectively the transmitting surface of a transmitter.

8. The method according to claim 1 to 7, wherein the performance estimate is selected in the following list: error
parameter, the capacity of the transmission system, the bit-error-rate, the Q-factor.

9. The method according to claim 1 to 8, further comprising: selecting in the data repository the elevation angle (θPD)
which is associated to the highest performance estimate.

10. The method according to claim 1 to 9, wherein the SIMO, MISO or MIMO channel matrix H is defined by coefficients
as follows: 

wherein the matrix is a M x N matrix for a transmission system comprising M transmitters and N receivers, wherein
i denotes the i-th transmitter, wherein i is an integer taking values between 1 and M, and j denotes the j-th receiver,
wherein j is an integer taking values between 1 and N, wherein m is the Lambertian emission order of the transmitters
and k is the field-of-view coefficient of the receivers, and the angles αij, βij and dij are the irradiance angle at transmitter
j with respect to receiver i, the incident angle at receiver i with respect to transmitter j, and the distance between
transmitter j and receiver i, respectively.

11. The method according to claim 1, wherein the field-of-view of the receivers (4 to 8) is comprised between 150° and
200°.

12. The method according to claim 1 to 11, wherein the performance estimate selected is the bit-error rate BER, which
is calculated as follows: 

wherein K denotes the number of discrete amplitude values that the modulated signal can have, SNRelec is the
average electrical signal-to-noise ratio per transmit antenna, λl is the l-th eigenvalue of HH*, where H* is the conjugate
transpose of H, and RH is the number of non-zero eigenvalues of H.

13. A receiver module (2, 3) designed by the method according to claim 1.

14. A transmitter module (1) designed by the method according to claim 2.

15. An optical communication system comprising a receiver module (2, 3) designed by the method according to claim
1 arranged at a receiving position (20) and a transmitter module (1) designed by the method according to claim 2
arranged at a transmitting position (19), the receiving position being separated from the transmitting position by a
distance lower than 100 m.



EP 3 010 165 A1

13



EP 3 010 165 A1

14



EP 3 010 165 A1

15

5

10

15

20

25

30

35

40

45

50

55



EP 3 010 165 A1

16

5

10

15

20

25

30

35

40

45

50

55



EP 3 010 165 A1

17

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Non-patent literature cited in the description

• J. G. PROAKIS. Digital Communications. Mc-
Graw-Hill, 2008 [0050]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

