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ABSTRACT In this paper, the performance of a wide field of view VLC receiver that includes a silicon
photomultiplier (SiPM) is reported. In particular, a receiver field of view of £45° and On-Off keying data
rates of 1.8 Gbps are demonstrated in 500 lux of ambient light. These results are achieved by combining
optical absorption filters with a 6 mm by 6 mm SiPM. By absorbing ambient light between 450 nm and
750 nm these filters ensure that the SiPM is not saturated and reduces the transmitter power needed to support
the required data rate. Unlike other optical filters the performance of absorption filters is not sensitive to
angle of incidence. Consequently, the FOV is explained by a combination of the changes to the receiver’s
projected area, the path length of light in the filters and reflections from the filter surfaces. In addition,
the results of the calculations, described by the IEC 62471:2006 safety standard, needed to determine the
eye safety of a transmitter are reported. These calculations and the resulting irradiance levels available in a
representative office scenario are used to show that data rates of more than 1 Gbps could be achieved with
eye safe transmitters.

INDEX TERMS Visible light communications, silicon photomultiplier, optical wireless communications,

colour glass absorptive filters, optical receivers, eye safe transmitters.

I. INTRODUCTION

In the future Visible Light Communications (VLC) may
complement existing Wi-Fi systems in some situations. The
capacity of any future VLC channels will be determined by
a combination of the channel’s bandwidth and the signal
to noise ratio (SNR) at the receiver’s output. In most VLC
systems, inexpensive photodiodes are the preferred photode-
tectors, however, the output noise from receivers that con-
tain photodiodes is dominated by electronic noise in various
components. The impact of this noise can be reduced by
using an avalanche photodiode (APD) which uses avalanche
multiplication to amplify the photocurrent. However, the
avalanche process also generates excess noise that limits the
best achievable SNR. Despite these limitations, the SNR and
bandwidth of VLC systems are still good enough to support
high-speed VLC WDM systems. For example, 15.73 Gbps
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has been achieved at a distance of 1.6 m by using four
different wavelengths [1]. Alternatively, a system employing
beam steered, WDM and laser diodes could transmit 35 Gbps
over a distance of 4 m [2]. Finally, WDM and polarization
multiplexing have been combined to transmit 40.665 Gbps
over 2 m [3]. However, all these VLC systems focused on the
transmitter design to achieve higher SNR while their receivers
provided a limited field of view (FOV).

Wide FOV receivers that support data rates of less than
1 Mbps have been described previously [4], [5]. However,
designing a receiver with a wide FOV and the sensitivity
and bandwidth required to support significantly higher data
rates is a major challenge in the VLC systems. One way to
increase the sensitivity of a receiver is to operate an APD
above its breakdown voltage and placing it in series with a
quenching device. As its name suggests the resulting single
photon avalanche diode (SPAD) can detect single photons.
However, after each photon is detected a SPAD requires
several nanoseconds (known as the recovery or dead time)
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to recharge so that another photon can be detected. The
problems associated with this recovery time can be reduced
by creating arrays of SPADs, generally referred to as Silicon
photomultipliers (SiPMs). In addition, to reducing the impact
of the recovery time another advantage of using SiPMs is
that they can be significantly larger than other photodetectors
with a similar bandwidth. These relatively large areas and
the ability to detect single photons significantly reduces the
irradiance needed by a VLC receiver. Consequently, when
irradiance is used as the figure of merit a receiver that includes
a SiPM is two orders of magnitude [6] better than a current
state of the art optoelectronic integrated circuit containing
an avalanche photodiode [7]. The lower irradiances required
when a SiPM is used suggests that it may be possible to
reduce the transmitter power so that high data rates can
be achieved over a large coverage area with an eye safe
transmitter.

Previously, the performance of SiPM receivers has been
predicted [8]-[12] or determined experimentally [13]-[21].
The experimental results include transmitting 400 Mbps at a
bit error rate (BER) of 1.8 x 1073 to a custom-made 2.8 mm
by 2.6 mm SiPM with an irradiance of 1.4 mWm 2 [17].
More recently, a commercially available 3 mm by 3 mm
SiPM was used to achieve a data rate of 1 Gbps with a
BER of 1073 at the same receiver irradiance [6]. However,
the sensitivity of SiPMs to ambient light means that these
results were obtained using narrow band-pass optical filters,
which limit the Field of View (FOV) of the receiver [6], [19].
Subsequently, a data rate of 1 Gbps has been have been
achieved in 500 lux of ambient light without these band-pass
filters. However, without the filters this requires irradiances
as high as 55.7 mWm™? to achieve 1 Gbps [20].

In this paper, the eye safe transmitter powers for wave-
lengths between 400 nm to 750 nm, calculated using the
methods described in the IEC 62471:2006 (photobiological
safety of lamps and lamp systems) standard [22], are reported.
In particular, the powers of transmitters that are not a photo-
biological hazard and are therefore classified as Risk Group 0
(exempt) are presented. The advantages of transmitting data
using a wavelength of 405 nm are then highlighted. The
irradiance at the receiver available from a set of the safest
possible, exempt, transmitters in a typical office scenario is
then determined for the first time. The irradiances in different
parts of a representative office when these safe transmitter
power limits are used are then calculated. To allow receivers
containing SiPMs to support high data rates at these irra-
diances optical filters are required to reduce the amount of
ambient light reaching the SiPM. Then, to avoid restricting
the FoV of the receiver, different combinations of colour glass
filters are considered. The irradiances from the transmitter
required to support different data rates when the best filter
combination and a large SiPM are used, are then determined.
Finally, a method of predicting the FoV of a receiver that
employs absorption filters is described and the data rates
that can be supported in a representative office scenario are
predicted.
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FIGURE 1. Irradiance as a function of different horizontal coverage with a
receiver position at desk and when it is held by a user whilest standing
considering 45° and 60° lambertian emitter.

The paper is organised as follows. Section II contains a
description of an office scenario, a summary of the results of
eye safety calculation at 405 nm and the irradiances available
at some key locations in this office from eye safe 405 nm
transmitters. The selection of the SiPM used in the receiver
is then discussed in section III. This is followed in section IV
by a description of the selection of the color glass filters used
to reject ambient light. Section V then contains the results of
experiments to determine the relationship between the irradi-
ance from the transmitter at the receiver and the achievable
data rate. The relationship between the angle of incidence
of light from the transmitter and the fraction of this light
reaching the SiPM is then explained in section VI. The results
of the previous two sections are then used in section VII
to predict the coverage in the office available from an eye
safe 405 nm transmitter. Finally, conclusions are summarised
in Section VIIIL.

Il. AN EXAMPLE OFFICE SCENARIO

The IEEE802.11bb task group on light communications pro-
vides details of different representative scenarios for VLC
systems [23]. One of these scenarios, the enterprise scenario,
envisages a 3 m high office with an area of 6 m by 6 m
whose ceiling contains 9 access points (AP) arranged, in three
rows, and separated from their nearest neighbours by 2.5 m.
These locations mean that the maximum horizontal distance
between a receiver and a vertical line from the centre of an AP
is 1.77 m. Then the distance between an AP and a receiver
(Rx) and the angle of incidence of light on a horizontal
receiver both depend upon this horizontal distance and the
height of the receiver from the floor. If the receiver is in a
mobile phone next to the users ear it could be 1.7 m from
the floor. However, when next to a user’s ear any wireless
link will only be required to support audio communications.
In contrast, if a user is holding the device whilst standing,
the receiver may be 1.3 m from the floor and a higher data
rate may be required. At this height, the maximum distance
between the closest AP and the Rx is 2.45 m and the angle
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of incidence is 46°. Alternatively, if the receiver is located on
the surface of a 0.85 m high desk then the maximum distance
between the closest AP and the Rx is 2.78 m and the angle
of the incidence is 39°. These results suggest that a receiver
should have a field of view of at least £45°.

In addition to their relative position the irradiance at a
receiver will depend upon the profile of the beam from the
transmitter. Assuming that the beam profile can be repre-
sented by a Lambertian function then [24]:

et )= () [ oo
Irradiance (d, ) = [ — cos™ (D) @))
d? 2

where P is the transmitter’s output power, ® is the angle
between a line normal to the transmitter (Tx) and the
line between the Tx and receiver (Rx) and d is the total
distance between the Tx and the Rx. In addition if, 6y, is
the angle from the vertical at which the transmitters power is
half the maximum power then m = In(2)/ In(cos 01 2).

The transmitters in VLC systems must be eye safe and ide-
ally they should be in the safest possible risk group, which is
Risk Group 0 (exempt). VLC transmitters may be required to
irradiate an occupied space for long periods and the most rel-
evant safety standard to evaluate these transmitters is the IEC
62471:2006 (photobiological safety of lamps and lamp sys-
tems) standard. Consulting this standard (Appendix) leads to
the conclusion that, if the transmitter’s dominant wavelength
is 405 nm and 0}/, = 45°, the maximum allowed power in the
safest (exempt) risk group is 329 mW. However, transmitters
emit a band of wavelengths and the results in Appendix A
show that the maximum allowed power is sensitive to wave-
length, with a minimum allowed power at 440 nm. If the
spectrum of light from a particular transmitter is known the
results in Appendix A could be used to determine the maxi-
mum allowed power for the particular transmitter. However,
without this information it will be safer to restrict the power
to the minimum allowed maximum power, which is 65.8 mW
when 0y, = 45° and 98.7 mW, when 6}, = 60°. In addition
to ensuring that the transmitter is exempt using these powers
in calculations will underestimate the achievable data rates.

The irradiances at different horizontal distances between
the Tx and the Rx from a 65.8 mW transmitter when
0172 = 45° or a 98.7 mW transmitter when 61, = 60°, has
been calculated using

Irradiance(d, @, ¥) = < P ) [m +

1
7 = i| cos™ (®) cos(yr)

(@)

where ¥ is the angle of incidence with respect to the receiver
axis. The results are shown in Fig 1 show that at the verti-
cal heights of interest and the maximum horizontal distance
the irradiance at the receiver is between 1 mWm™2 and
2 mWm™2.

lIl. SELECTION OF A SIPM
Previously, OOK data rates of up to 2.4 Gbps [6] and
3.45 Gbps [19] have been reported in 500 lux of ambient
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TABLE 1. Key parameters obtained from the manufactures data sheet for
a j-series 60035 with an overvoltage of 5V [25].

Parameter 60035
Number of Microcells 22292
Microcells active area diameter
35
((pm))
Fill factor (%) 75
Recovery Time constant (ns) 50
Photon Detection Efficiency (PDE)
at 405 nm 0.5(@6V)
Dark Count Rate (MHz) 5.5 (@ 6V)
Fast output pulse width (ns) 3

light when a 3 mm by 3 mm SiPM was used in the VLC
receiver. The maximum photon detection efficiency of these
SiPM occurs at 420 nm and in the range of wavelengths close
to this maximum there is less ambient light at shorter wave-
lengths. These results were therefore obtained when data was
transmitted by modulating the output from a laser diode with
a central wavelength of 405 nm. However, the receiver used to
support these data rates also included an optical filter with a
10 nm wide pass-band centred at 405 nm [19]. Unfortunately,
the use of this optical filter restricts the field of view of the
receiver to significantly less than +45°. The receiver’s field
of view can be increased by removing this filter. However,
this exposes the SiPM to significantly more ambient light.
Consequently, the irradiance from the 405 nm transmitter
needed to support OOK data rates between 100 Mbps and
1 Gbps increases by a factor of 60. As a result, without a
filter in 500 lux of ambient light, a 3 mm by 3 mm SiPM
receiver could support a maximum data rate of 100 Mbps at
the maximum irradiance in Fig. 1. A method of significantly
reducing the impact of ambient light on the receiver is there-
fore required which allows the receiver to retain a wide field
of view.

The impact of additional ambient light on the receiver’s
performance can be understood by considering the opera-
tion of a SiPM. A SiPM is an array of SPADs, known as
microcells. When a photon creates an electron-hole pair in
the active region of a microcell it can initiate an avalanche
process which creates an output pulse. If these pulses are
counted the result is a system that can detect individual
photons. SiPMs therefore offer the opportunity to create VLC
receivers whose performance is limited by Poisson noise,
which is also known as shot noise. If the OOK bit error
rate (BER) of a receiver is determined by Poisson noise then
it can be calculated using

1 K (ng +1np)* o Iy
_ 3 —(np+ng) b _.—n
BER = 2[k§ 0 g xe b +k§ e b1 (3)
= =nr

where nyp is the number of detected photons per bit when
a zero is being transmitted, ng is the additional number of
detected photons per bit when a one is transmitted and nr is
the decision threshold. The relationship between ng and np
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FIGURE 2. The number of additional counts per bit (ns) needed to
distinguish a logic one from a logical zero when the number of counts per
bit (np) varies.

for a representative BER of 1073 is shown in Fig 2. The
results in this figure show that ng increases more slowly
than ny,. Without the previously used optical filter in ambient
light, ny will be dominated by ambient light photons. This
means that ny will be proportional to the area of the SiPM.
However, maintaining the BER will require a smaller increase
in ng. Consequently, increasing the area of the SiPM will
reduce the irradiance from the transmitter needed to support
a particular OOK data rate.

When selecting a SiPM for a VLC receiver SiPMs manu-
factured by ON-Semiconductor have been preferred because
they have fast output pulses that increase the OOK data rate at
which the SiPM causes inter-symbol interference [25]. Based
upon the results in Fig. 3, experiments have been performed
with the largest ON-Semiconductor SiPM, which is a J series
60035 SiPM, whose parameters are listed in Table 1. The
full-width at half maximum of the fast output of this SiPM,
is 3 ns, which corresponds to an exponential time constant (7)
of 1.36 ns. The 3 dB bandwidth created by an exponential
decay with a decay time t is

f3ag = 1/(277) “

which means that the bandwidth of the fast output pulses of
this SiPM is 116 MHz.

In addition to determining the background count rate a
potentially more significant impact of ambient light on a
SiPM is that it might saturate the SiPM’s response. SiPM
saturation arises because each avalanche event has to be
quenched. The SiPMs manufactured by ON-Semiconductor
employ a passive quenching mechanism to reduce the bias
voltage across the microcell to less than its breakdown volt-
age. This halts the avalanche event but the quenched micro-
cell must then be recharged and during this recovery time
the microcell’s photon detection efficiency (PDE) is reduced.
At high photon fluxes the average time between photons
arriving at a microcell can be shorter than the recovery
time. Consequently, at high photon fluxes the probability that
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FIGURE 4. White LED spectrum from the 8W philips IBRS 10461 domestic
lighting bulb used as background illumination.

a photon will be detected reduces until the rate at which
photons are detected saturates.

The charge needed to recharge the capacitance of
each microcell is provided by the voltage source that
biases the microcells above their breakdown voltage. Since all
the microcells are identical the current required to maintain
the SiPM bias voltage is proportional to the rate at which pho-
tons are detected. Consequently, measuring this ‘bias current’
when the SiPM is irradiated with varying amounts of light is
a convenient way of observing saturation [6].

The bias current required by a 60035 SiPM has been mea-
sured as the irradiance from a 405 nm laser diode was varied
using a polariser placed in front of the laser diode. The results
in Fig. 3 show the expected linear response at low irradiances
followed by a non-linear response and eventually saturation.
A comparison of the expected irradiance values in Fig 1 and
these results shows that the irradiance from the transmitter
alone forces this SiPM to operate in the non-linear response
region between 1 mWm~2 and 11 mWm™2. More impor-
tantly, exposing the SiPM to 500 lux of the ambient light
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TABLE 2. SiPM bias currents with different combinations of filters.

Filters on the receiver with GG420 on the wLED Bias Current
No Filter 72.0 mA
One BG3 filter 55.4 mA
Two BG3 filters 48.8 mA
Two BG3 filters and a BG39 filter 35.5mA
Two BGS3 filters, a BG39 filter and a Hoya B370 14.3 mA
filter

from a 8W Philips IBRS 10461 saturated the bias current. The
SiPM must therefore be protected from ambient light using
optical filters.

IV. FILTER SELECTION

The impact of using different filters to reduce the amount
of ambient light reaching the SiPM has been assessed by
measuring the SiPM bias current. Unlike the interference
filters used previously with SiPMs in VLC receivers absorp-
tion filters have a wide FoV. The spectrum of light from a
warm white LED in Fig 4 shows that filters are required to
absorb wavelengths from as close to 405 nm as possible to
wavelengths longer than 750 nm. Unfortunately, none of the
available filters are ideal for this application and so different
combinations of absorption filters have been considered.

In addition to protecting the SiPM from ambient light
any filter should have the minimum possible impact on the
light reaching the SiPM from the transmitter. One way that
this can be achieved, without having a significant impact
on the ambient light, is to place a GG420 filter in front of
the white LED to block wavelengths shorter than 420 2front
of the IBRS 10461 the SiPM bias current is 72 mA. The
results in Fig. 3 show that under these conditions the SiPM
is saturated.
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FIGURE 5. The frequency response of the VLC link.

A Schott glass BG3 filter, which transmits 76% of the
incident 405 nm light and less than 10% of light between
490 nm and 690 nm, reduces the bias current from 72 mA
to 55.4 mA. Adding a second BG3 filter then reduces this
again to 48.8 mA, which is equivalent to an irradiance from
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FIGURE 6. Schematic of the experimental setup used to perform data
transmission using SiPM and color glass filters. The distance between the
transmitter and receiver was 35 cm.

the 405 nm transmitter of 10 mWm™2. The spectrum of
the ambient light transmitted through these filters showed
significant components at wavelengths shorter than 470 nm
and longer than 700 nm. A BG39 filter, which transmits 87%
of the light at 405 nm whilst transmitting less than 10% of the
light at wavelengths longer than 660 nm, was therefore added
to the two BG3 filters. This reduced the SiPM bias current to
35.5 mA. The only ambient light transmitted through these
three filters was at wavelengths shorter than 470 nm. A Hoya
B370 filter, whose transmission is less than 15% of the light
between 450 nm and 700 nm was therefore added to the other
filters which reduced the bias current to 14.3 mA. Although,
this filter only transmits 67% of any light at 405 nm its use
means that the SiPM is operating in its linear region.

V. DATA TRANSMISSION EXPERIMENTS
Experiments to determine the performance of a receiver that
incorporates a 60035 SiPM in the presence of filtered ambient
light have been performed using the set up shown in Fig. 6.
The laser diode used in these experiments was a Thorlabs
L405P20 with a peak wavelength of 405 nm. This laser diode
was biased at 35.5 mA using a laser driver and a bias-T
((ZFBT-4R2GW+) was used to add a modulating signal to
this DC bias. This signal was itself generated by a 10 GHz
Tektronix Arbitrary Waveform Generator (AWG) and ampli-
fied by a6 GHz (FMAM3269, 10 MHz to 1 GHz) amplifier to
produce a 1.7 V peak-to-peak signal. The resulting modulated
light from the laser diode was coupled to an optical fiber
through a wire grid polarizer and a collimator. A lens and a
diffuser were then used at the other end of fiber to create a
uniformly illuminated area in which the receiver was placed.
During experiments the polarizer in the setup was used to vary
the irradiance across this area.

The receiver used in the experiments consisted of a SiPM,
enclosed in a box so that the SiPM was only exposed to
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FIGURE 7. Eye diagrams with the best combination of filters under
500 lux of ambient light (top) 200 Mbps with a BER of 10~3 without
DFE (bottom) 1 Gbps with a BER of 10~3 with DFE.

light entering via an aperture and any filters placed over
the aperture. A bias voltage of 28 V was applied to the
SiPM and its fast output was connected to a ZFL-1000LN-+
1 GHz amplifier whose output was captured by a Tektronix
MSO64 oscilloscope (4 GHz, 25 GS/s).

Before data transmission experiments were performed the
frequency response of the VLC link was measured by replac-
ing the AWG and oscilloscope in this experimental set-up
with a HP-8712 network analyser. The results in Fig. 5
show that the link’s frequency response approximates a single
pole response, with a 3 dB bandwidth of 85 MHz, up to
150 MHz and then deviates from this behaviour. The response
was more accurately modelled using the product of two
single pole responses, with 3 dB frequencies of 116 MHz
and 150 MHz. As explained earlier, the pole at 116 MHz
was created by the 3 ns fast output pulses and was there-
fore expected. The origins of the second pole are unknown.
However, the two poles mean that the VLC link has a 3 dB
frequency of 85 MHz. Since this is smaller than the expected
3 dB frequency, the unexplained 150 MHz pole, means that
the results obtained in these experiments will under-estimate
the performance of the SiPM receiver.

154230

The OOK data rate that can be transmitted across this VLC
link has been determined using the AWG to generate a pseu-
dorandom binary sequence (PRBS) OOK signal. To accom-
modate the 10 MHz high pass response of the ZFL-1000H+
amplifier 8b10b encoding was used. The resulting receiver
output signal was sampled at a rate of 6.25 samples per bit and
then post-processed in MATLAB®). In particular, to reduce
noise in the signal it was low-pass filtered using a 6" order
Butterworth filter with a bandwidth of 0.7 times the data rate.
The resulting analog signal was then synchronized with the
transmitted signal and sampled at the middle of each bit.
When needed DFE was applied to this down sampled signal.
Finally, the threshold used to distinguish between transmitted
ones and zeros was optimised to minimise the bit error rate
when 10 different sequences of 2> pseudo-random bits were
transmitted across the link. To replicate conditions that might
be encountered when the receiver is used in an indoor down-
link the receiver was also illuminated by 500 lux from the
warm white LED (6W+ 8W Philips IBRS 10461), whose
spectrum is shown in Fig. 4. The results in Table 2 show that
adding a HoyaB370 filter to two BG3 filters and a BG39 filter
at the receiver reduced the impact of ambient light on the
receiver. However, it also has a significant impact on the
amount of 405 nm light reaching the receiver. The impact
of this filter on the receiver’s performance was therefore
determined by measuring the irradiance required to transmit
1 Gbps with a BER of 1073 to the receiver. With DFE but
without the HoyaB370 filter the average irradiance from the
transmitter at the receiver needed to support 1 Gbps was
2.8 mWm™2. In contrast, although the HoyaB370 filter only
transmits 67% of the light at 405 nm, when this filter was
added to the receiver, the same data rate and BER required an
irradiance at the receiver of only 1.83 mWm™2. The Hoya
filter therefore reduces the irradiance from the transmitter
required to support 1 Gbps and it is therefore part of the best
combination of filters.

The performance of a receiver containing a 60035 and
the best combination of filters has been investigated in more
detail. The OOK data rates with a BER of 10~2 that could
be transmitted at different average irradiances from the trans-
mitter at the front of the receiver filters in the presence
of 500 lux of ambient light are shown in Fig 8. The results
in this figure clearly show that without DFE this receiver
has a maximum data rate of approximately 400 Mbps, which
is approximately four times the bandwidth of the SiPM.
However, with DFE the maximum data rate increases to
1.8 Gbps.

A BER of 1073 is smaller, and hence more difficult to
achieve, than the BER of 3.8 x 10~3 which is often used
to characterise the performance of VLC systems [1], [19].
Some users may prefer to avoid using a GG420 filter on the
ambient light sources. The performance of the receiver has
therefore been determined at a BER of 3.8 x 1073 with the
GG420 in place and with it removed. As shown in Fig §,
removing the GG420 filter and accepting a BER of 3.8 x 103
coincidentally leads to results that are very similar to the
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results obtained with the filter in place and a BER of 1073,
This filter can therefore be removed if this higher BER is
acceptable. Alternatively, the results in Fig 8 also show that
retaining this filter and accepting the higher BER leads to an
increase in the data rates that can be supported at lower irra-
diances. For example, at approximately 1.4 mWm™2 placing
the GG420 filter over the WLED increases the data rate that
can be transmitted from 600 Mbps to 1 Gbps.

VI. IMPACT OF CHANGING ANGLE OF INCIDENCE

The motivation for using absorption filters is to avoid restrict-
ing the field of view of the receiver. Experiments have there-
fore been performed with light from the 405 nm transmitter
reaching a SiPM covered by two BG3 filters, a HoyaB370 and
a BG39 at an angle of incidence of 45°. The experimental
results obtained in this orientation and when the angle of
incidence is zero degrees, are shown in Fig 9. The results in
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as lines.

this figure show that, as expected, each data rate requires the
same irradiance from the transmitter on the receiver surface
and hence the same SiPM bias current.

The relationship between the irradiance from the trans-
mitter reaching the front of the receiver’s filters and the
irradiance on the SiPM surface will depend upon the angle
of incidence. The irradiance of 405 nm light reaching the
SiPM with the best combination of filters has therefore been
measured at different angles of incidence. In these experi-
ments the receiver was placed on a Melles Griot rotational
stage and aligned to the transmitter when the angle of rotation
was zero degrees. The polariser was then adjusted so that
the irradiance falling on the receiver, 0.21 me_2, was low
enough to ensure that the SiPM bias current was proportional
to the irradiance on the SiPM’s surface. The receiver was
then rotated to change the angle of incidence of the light and
the SiPM bias current at each position was measured using a
Keithley 195 digital multi-meter. In order to confirm that the
receiver was accurately aligned to the transmitter the angle of
incidence was varied in both directions. A small asymmetry
in the measured bias currents showed that the orientation of
the SiPM within the receiver created a misalignment of 1.5°
between the angle of rotation and the angle of incidence. Once
this is taken into account the measured SiPM bias currents,
shown in Fig. 10 had the expected dependence on the modulus
of the angle of incidence. Three phenomena contribute to the
reduction in the 405 nm irradiance reaching the SiPM, and
hence the SiPM bias current, observed in Fig. 10. The first of
these is the effective area of the SiPM, A.¢r, which at an angle
of incidence bjy, is given by

Actt = A.cos(Binc) (5)

where A is the area of the SiPM.

The second phenomenon contributing to the reduction in
SiPM bias current is the increase in the path length through
the absorption filters. If the effective attenuation coefficient
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of the filters at 405 nm is « then the transmission coefficient is
T (6inc) = exp(—at/cos(6r)) (6)

where t is the thickness of the filter and Snell’s Law means
that cos(0) is

05 (0) = /1 — (rSin(Bine)/Mrier)? ™)

where ng;- and ngye, are the refractive index of air and the
filter respectively. The final phenomenon which contributes
to the reduction in SiPM bias current is reflections from the
surfaces of the filters and the SiPM itself. The impact of these
reflections on the light transmitted through each surface can
be calculated using the Fresnel equations [26].

The experimental data and the angle dependence arising
from the changes in the effective area of the SiPM are both
shown in Fig. 10. The results in this figure shows that the
irradiance on the SiPM is more sensitive to angle than the
effective area. The impact of a combination of the effective
area and the extra path length in the filters has been calculated
by multiplying (5) by (6). The impact of (6) depends upon the
value of at, which can be calculated using

at = — In(T (0)) ®)

where T(0) is the transmission coefficient of the combination
of filters at 405 nm when the angle of incidence is zero.
The measured transmission coefficient of the combined filters
at this wavelength is 0.31 and hence at = 1.2. The results
in Fig 10 show that with this parameter the combination
of the extra path length and the effective area explains the
angle dependence of the SiPM bias current at smaller angles.
However, it slightly under estimates the angle dependence
at angles larger than approximately 40°. At larger angles
reflections from the surfaces of the filters and encapsulation
of the SiPM, increase. The impact of these reflections has
been estimated by assuming that the refractive index of the
filters and the encapsulation is 1.5. The results in Fig. 10 show
that the three phenomena explain the angle dependence of the
observed data.

VIl. COVERAGE WITH 60035 SIPM
Equations (5) to (8) have been used to predict the irradiance
reaching the SiPM through the best filter combination from a
Lambertian transmitter on two horizontal planes in the enter-
prise scenario. With a 3 m high ceiling, one of these horizontal
planes, representing the surface of a desk, is 2.15 m below
the ceiling. Whilst the other plane, represents the possible
locations of a hand held device.

The results in Fig 11 shows the predicted data rates for
a Lambertian transmitter with a beam divergence of either
+45° or £60° when a GG420 filter is not used. In each
case the transmitter power is assumed to be a conservative
estimate of the maximum power allowed from an exempt
(Risk Group 0) transmitter. The results in Fig. 11 are shown
to a maximum horizontal distance of 2 m, which corresponds
to a spacing between transmitters of 2.8 m. Consequently, this
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FIGURE 11. Predicted data rates from a single transmitter with a BER of
3.8 x 103 as a function of horizontal distance. These results were
obtained using conservative estimates of the maximum powers from an
exempt transmitter, 65.8mW and 98.7mW for beam divergences of +45°
and +60° respectively.

figure can be used to estimate the minimum achievable data
rate for different distances between transmitters. For exam-
ple, if the transmitters are spaced by 2.5 m in two directions
as in section II, the maximum horizontal distance between
the transmitter and the receiver is 1.77 m. If the transmitters
beam divergence is +45° the minimum achievable data rates
are approximately 800 Mbps on a desk and 600 Mbps for a
hand held device. However, if the divergence from the trans-
mitter is £60° the corresponding data rates are 1.15 Gbps
and 1.1 Gbps. Alternatively, if a GG420 filter is placed over
the WLED the minimum data rates for a £45° transmitter
increased to 1.15 Gbps and 1.0 Gbps on the two planes
and 1.4 Gbps on both planes with a transmitter divergence
of £60°.

VIil. CONCLUSION
To provide the required quality of service all parts of an occu-
pied space, for example an office, need to be illuminated by
one or more VLC transmitters. Consequently, the risk group
of VLC potential transmitters has been determined using the
IEC 62471:2006 (photobiological safety of lamps and lamp
systems) international standard. The results for extended
light sources show that wavelengths near 400 nm are less
hazardous than slightly longer wavelengths. Furthermore,
if the beam from the transmitter is Lambertian, conservative
estimates of the maximum power allowed at 405 nm in the
lowest risk group are 98.7 mW (6,2 = 60°) and 65.8 mW
(0172 = 45°). When used in a representative office scenario
described in section II this latter power would lead to irradi-
ances between 11 mWm™2 and 1 mWm™2. In addition, this
scenario suggests that any receiver should have a field of view
of at least +45°.

An advantage of using SiPMs is that they can detect
individual photons. The Poisson statistics that determine the
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performance of the resulting photon counting receiver mean
that the number of detected photons from the transmitter
required to support a particular data rate depends upon the
number of ambient light photons detected by the SiPM.
However, using a larger SiPM will reduce the required irra-
diance from the transmitter needed to support a particular
data rate. The transmitter irradiance required to support a
particular data rate can be reduced further by using filters to
protect the SiPM from ambient light.

A second benefit of using optical filters in conjunction
with a SiPM occurs because SiPMs have an unavoidable non-
linear relationship between the irradiance falling on them and
their output. To reduce the required transmitter irradiance,
without severely limiting the receiver’s field of view, absorp-
tion filters have been used as part of a VLC receiver.

The combination of absorption filters used in the receiver
were selected based on their transmission probability at
405 nm and their impact upon the SiPM’s bias current
in ambient light. Subsequently, results of data experiments
showed that, as predicted from Poisson statistics, even filters
that attenuate the transmitter’s wavelengths can improve the
performance of the receiver. Other results showed that with
the best combination of filters, a large SiPM and DFE it is
possible to achieve a data rate of 1.8 Gbps in 500 lux of
ambient light.

Results have been presented with angles of incidence of
0° and 45° that confirm that the data rate that can be supported
by a SiPM depends upon the irradiance of light from the
transmitter reaching the SiPM surface. In addition, the irra-
diance from the transmitter reaching the SiPM at different
angles of incidence has been explained in terms of a com-
bination of projected area, increased absorption in the filters
and reflections from the filter surfaces. These results and
the measured data rates under different conditions have been
combined to predict the data rate that can be supported in
an example office scenario. These results show that in this
scenario it will be possible to support OOK data rates of more
than 1 Gbps with low power 405 nm transmitters. The fact
that these transmitters only use 20% of the maximum power
allowed in the safest, exempt, risk group will reassure users.
In addition, the combination of low transmitter power and
high sensitivity receiver will make transmission secure.

The spectrum of white LEDs and the safety limits suggest
that, in the future, despite the reduction in the PDE of these
SiPMs, operation at wavelengths around 750 nm should be
investigated. However, the performance of VLC links in this
wavelength range will critically depend upon the availability
of absorption filters. In addition, methods of improving the
performance of SiPM receivers by reducing their recovery
time would be beneficial at all wavelengths.

APPENDIX A

EYE SAFETY CALCULATIONS

The ubiquity of broadband electrically powered light
sources, means that they are implicitly assumed to be safe.
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However, depending upon their optical power and the distri-
bution of this power across different wavelengths these light
sources may cause damage to the eye or the skin.

Any down-link transmitters could be required to operate
for long periods and, when in use, a group of them should
ensure that an occupied space is fully covered. Since these
characteristics are shared by luminaires (light fittings) the
most relevant safety standard to apply to VLC transmitters
is the IEC 62471:2006 (photobiological safety of lamps and
lamp systems) standard. This International Standard specifies
the exposure limits, reference measurement techniques and a
classification scheme for the evaluation of hazards from all
incoherent broadband optical sources in the wavelength range
between 200 nm and 3000 nm.

The standard results in a classification of a broad band
optical source into one of four different risk groups. Even
a momentary or brief exposure to light from a source in
risk group 3 (high-risk) may pose a hazard. This definition
means that users shouldn’t be exposed to any source in this
group. A source is risk group 2 (moderate-risk) does not
pose a hazard because it will initiate an aversion response.
Although, this means that these sources will not cause dam-
age the aversion response will make them unpopular with
users. Risk group 1 (low-risk) do not pose a hazard because
normal behaviour will limit exposure. This may be an accept-
able categorisation for a VLC transmitter. However, potential
users are more likely to accept a VLC system that is not a
photobiological hazard, and is therefore classified as Risk
Group 0 (exempt).

The light from a VLC transmitter will be modulated so
rapidly that the relevant section of the standard is the one
related to continuous wave lamps. Within this section the
classification of a source is based upon seven potential haz-
ards. However, only three of these hazards are relevant to
wavelengths between 400 nm and 750 nm. Two of these
hazards, blue light and retinal thermal, are related to dam-
age to the retina and their hazard classification is therefore
based upon radiance calculations. The blue light small source
hazard arises from potential damage to the retina. However,
a small source subtends an angle of less than 0.011 rad at the
eye. In this work, only sources that subtends angles greater
than 0.011 rads are considered and therefore, the only relevant
hazards are the blue light and retinal thermal hazards.

For each hazard, the standard provides the exposure lim-
its (EL) defined as the ‘“level of exposure to the eye or
skin that is not expected to result in adverse biological
effects” [22]. The standard specifies that, for sources other
than general lighting sources, the hazard should be evaluated
at a distance of 20 cm from the source. Then, since sources
can emit a relatively broad band of wavelengths, their risk
group for a particular hazard is determined by summing the
contributions of each wavelength to that hazard and compar-
ing this to a limit. The overall risk group for the source is
then the highest risk group determined from the individual
hazards.
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FIGURE 12. Eye safe irradiances at a distance of 20 cm from the
transmitter as a function of wavelength calculated using B() and R(})
from [22].

For the blue hazard (Ly) following inequality must be true
for a source to be exempt.

700 2
Ly =) LiB () Ak <100 W/m?/st  (AD)

where L, is spectral radiance and B (1) is blue light hazard
weighting function. Similarly, for the retinal thermal hazard
(LRr) the inequality for a source to be exempt is

14

Lr = 238

where R (1) is retinal thermal weighting function and « is
the angular subtense of the source in radians. Assuming that
the source has a diameter of 2 cm then « is 0.1 radians at a
distance of 20 cm. This means that the condition for an LED
to be exempt

00
, LiR (1) A < 28000/ W/m%/sr (A2)

1400 2
Lr =Y LiR () Ak < 280000 W/m’ /st (A3)

The band of wavelengths emitted by most VLC trans-
mitters is relatively small compared to the range between
400 nm and 750 nm. The maximum allowed power from an
exempt source that has a peak emission wavelength A can be
estimated by assuming that all the power is at this wavelength.
Then

B (A) Ly(max) = 100 Wm2sr™! (A4)
and
R (1) Ly (max) = 280000 Wm 2sr~! (A5)

Once a maximum allowed radiance value has been deter-
mined a solid angle field of view for the eye is required
so that the maximum irradiance can be calculated. For the
long exposure times associated with the exempt risk group
eye movements mean that the angular extent of the field of
view, y, is at least 100 mrad for blue hazard and 11 mrad for
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retinal thermal hazard. The solid angle field of view I' for
blue hazard is then

IF=ny?/4=785x10"3 (A6)
while for retinal thermal hazard the solid angle FoV is
I =ny?/4=95x%x107> (A7)

These two fields of view at the eye mean that A4
becomes

B (1) L;(max) = 0.785 Wm > (A8)
and A5 becomes
R (1) Ly (max) = 26.72 Wm™2 (A9)

The maximum allowed irradiances at 20 cm from the
transmitter calculated using A8 and A9 and the values of
R(}) and B(A) are shown in Fig. 12. These results show
that at wavelengths less than 520 nm the allowed irradiance
is limited by the blue hazard. Furthermore, the maximum
allowed irradiance increases from 0.98 Wm~2 at 415 nm to
7.8 Wm~2 at 400 nm. This is because B()) decreases from
0.8 at 415 nm to 0.1 at 400 nm.

The maximum allowed irradiances are determined 20 cm
from the light source. Consequently, a beam profile is
required to convert the maximum irradiances into a maxi-
mum allowed power. If the a beam can be represented by a
Lambertian profile then [24]:

P m+ 1 m
L=<d—2>|: o ]cos (D)

where @ is the angle between transmitter (Tx) and
receiver (Rx), P is the transmitted power, d is distance
between the light source and the eye, m = In(2)/ In(cos 61,2)
and 0y is the transmitter half angle at which the power is
half the maximum power [24]. If the beam has a half-angle

(A10)
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of 45° then m = 2, whilst if the beam has a half angle of 60°
then m = 1. The maximum irradiance occurs when ® = 0,
and then the maximum power Py is

277d’Linax
Prmax = o (AL1)

Equations A8-A1l1 together with the values of B(\) and
R(X) have been used to calculate the maximum power at each
wavelength allowed by the blue and retinal thermal hazards.
The results for wavelengths between 400 nm and 750 nm for
these two hazards are shown in Figure 13.

The maximum allowed power for both beams shown
in Figure 13 increases from 415 nm to 400 nm. Furthermore,
this increase is larger than the decrease in the photon detection
efficiency of a J series SiPM. The wavelength dependence of
the maximum allowed power therefore adds to the advantage
of using a wavelength shorter than 420 nm. The central
wavelength of laser diodes which could be used as a trans-
mitter means that the maximum allowed power at 405 nm is
particularly interesting. For a half angle of 45° the maximum
allowed power at 405 nm is 329 mW, whilst the limit for a half
angle of 60° is 494 mW. However, the value of B(A) changes
rapidly around 405 nm. Hence, a more conservative estimate,
which simplifies the power calculation, and saves power in
a deployed system, would be to use the minimum allowed
maximum transmitter power for this hazard. This occurs at
a wavelength of 440 nm and is 65.8 mW for a half angle of
45° or 98.7 mW for a half angle of 60°.
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