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ABSTRACT Wireless indoor infrared transmission systems
are affected by noise and interference induced by natural and
artificial ambient light. While the shot noise induced on the
receiver photodiode by steady ambient light has been
extensively described and included in system models, the
interference produced by artificial light has only been
mentioned as a source of degradation and quite simple
descriptions have been presented.

This paper presents a characterisation (through extensive
measurements) of the interference produced by artificial light
and proposes a simple model to describe it. These
measurements show that artificial light can introduce
significant in-band components for systems operating at bit
rates up to several Mbit/s. Therefore it is essential to include it
as part of the optical wireless indoor channel.

The measurements show that fluorescent lamps driven by solid
state ballasts produce the wider band interfering signals, and
are then expected to be the more important source of
degradation in optical wireless systems.””

Introduction

Wireless indoor infrared transmissions systems have been
widely considered as part of a panoply of communication
systems, the most important being the wireless LANs [1, 2].

The performance of wireless infrared systems is limited by
several aspects, the most important being: the speed limitations
of the optoelectronic devices (LEDs and PIN photodiodes); the
significant high path loss which leads to the use of
considerably high optical power levels; multi-path dispersion;
the receiver noise; the shot noise induced by natural and
artificial light on the receiving photodiode and the interference
induced by artificial light. Most of these aspects have been
considered in the performance analysis of wireless infrared
systems and, in particular, spatial distributions for the average
shot noise levels within rooms have been presented recently
[10]. However, the interference induced by artificial
illuminating devices, despite of being referred by several
authors [1, 2, 4], has not been included in the system models. It
is usually assumed that this kind of interference imposes some
amount of optical power penalty but this has not been
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explicitly included in the system performance calculations. In
practical implementations, this interfering signal is usually
filtered out using electrical high-pass filters and no penalty is
assigned to this signal processing operation.

In this paper the interference induced by artificial light is
characterised through extensive measurements and a simple
model to describe it is proposed. Techniques to estimate the
model parameters and some typical values are also presented.
The new model can be used to estimate the optical power
penalty induced by this type of interference in optical wireless
communication systems. This model will allow the
performance re-evaluation of the several modulation methods
being proposed for optical wireless systems [2,3-6] and based
on those results new techniques may have to be studied.

Section A of this paper presents the experimental results.
These were grouped accordingly to their major characteristics
to produce classes of typical ambient light sources.

Section B proposes a simple model to describe both the steady
ambient light levels and the interfering signals, suitable to be
used to estimate the penalties induced in transmission systems.
The conclusions are presented in section C.

A. Ambient Light Characterisation

Natural and artificial light sources produce a certain amount of
background optical power density or irradiance that impairs
the optical receivers performance. The effects of this
background irradiance manifests in two distinct forms: as shot
noise induced on the receiver photodiode by the steady
background irradiance and as interference induced by the
variations in time of the same irradiance. The relationship
between these two components is described in section B.

For the characterisation of both the noise and interference
produced by ambient light, several light sources have been
considered: sun light, incandescent lamps with tungsten
filament, fluorescent lamps driven by conventional ballasts and
fluorescent lamps geared by electronic ballasts. While the
background irradiance produced by sun light can be
considered steady with slow intensity variations in time, most
of them due to shadowing, artificial light exhibit large and fast
intensity variations in time which produces an interfering
signal on the infrared receiver. This way, both types of light
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sources (natural and artificial) contribute to the generation of
shot noise on the receiver photodiode while only the artificial
light sources generate interference.

The experimental results presented in this section represent
average values obtained from measurements over six
incandescent lamps, nine fluorescent lamps, two of them with
incorporated electronic ballasts, two conventional ballasts and
three other electronic ballasts. The devices population was
chosen from the most used types of artificial light sources and
its extent was determined by the availability of real different

types.

Al. Shot noise

The steady background irradiance produced by natural and
artificial light sources is usually characterised by the d.c.
current it induces on the receiver photodiode since the
resulting shot noise power is directly proportional to that
current [9]. This current is usually referred as the background
current (Ig) [1]. This parameter can be easily included in the
system models to account for the shot noise produced by the
background light.

This background irradiance was measured for several typical
ambient light conditions and the corresponding background
current values (Ig) are presented in table 1. This experiment
was performed by measuring the current induced on a 0.85 cm?
silicon PIN photodiode. Two types of measurements were
performed: without any kind of optical filter and using a long-
pass absorption optical filter with cut-off wavelength at 800
nm. The measurements were performed for several ambient
light conditions from which those in table 1 are the most
representative. The sun light measurements were performed on
a very shiny day; the values presented for incandescent light
correspond to the irradiance produced by a 60 W lamp placed
1 meter away from the photodiode; the fluorescent light
measurements were performed within a well illuminated room
(8x36W lamps in a 5x6m room) with the photodiode pointing
to the ceiling and under one pair of lamps, placed 2.2 m away.
The background current produced by conventional fluorescent
lamps and those driven by electronic ballasts is similar: the
advantages of electronic driven lamps are mainly the lower
electrical power consumption, shorter start-up time, longer
life-time and flicker free operation.

Without With optical | Optical filter
optical filter filter reduction
Direct sun light 5100 uA 1000 uA 5.1
Indirect sun light 740 uUA 190 uA 3.9
Incandescent light 84 UA 56 UA 1.5
Fluorescent light 40 UA 2 UA 20

Table 1. Background current (IB) for several illumination conditions.

While similar results have already been presented [4], they are
presented here again for two distinct reasons:

a) these values can be used latter for system performance
calculations;

b) it will be shown that there is a close relationship between
the steady ambient light level produced by artificial light
sources and the corresponding interference amplitude.

From table 1 it is clear that sun light produces the higher levels
of background current and it is therefore the major source of
shot noise on the receiver photodiode. Table 1 also shows that,
in a well naturally illuminated room, the background current
can be as high as 5 mA under direct sun light while for a well
artificial illuminated room it should not be higher than a few
tens of WA. This is a very important aspect to consider on
system design since optical receivers should be able to deal
with a wide range of steady background light levels.

Another important conclusion arising from table 1 is that
optical filtering greatly reduces the background current. The
higher gains are achieved for fluorescent light while the lower
gains are for incandescent light. This is due to the differences
in the optical spectrum of each light source [1, 5].

Much higher levels of attenuation on the Ig current can be
achieved if interference optical filters are used. However, the
current high cost of these devices makes its use on low-cost
systems prohibitive.

AZ2. Interference

Today illuminating devices make use of a large number of
different light sources such as incandescent lamps with
tungsten filaments, halogen and mercury lamps, fluorescent
lamps with different emitting colour (optical spectra) and,
more recently, fluorescent lamps geared by electronics ballasts.
Each of these light sources present particular characteristics,
advantages and drawbacks in terms of their capabilities to
illuminate a particular site.

A large number of those light sources have been tested in
terms of the interference each one of them induces in wireless
infrared systems, and it was found that they can be grouped
into three categories or classes accordingly to their effects:

a) incandescent lamps (including halogen lamps);

b) fluorescent lamps equipped with conventional ballasts;

¢) fluorescent lamps equipped with electronic ballasts.

The results presented in this section latter on, will show that
the characteristics of the interference produced by each of this
category of light sources are very similar.

A2.1. Measurement setup

In order to measure the interfering signal produced by each of
the light sources, a differential optical receiver was used [11].
The receiver presents a flat frequency response between 10 Hz
and about 3 MHz and a transimpedance gain of 1.1 Mohm.
Two silicon PIN photodiodes with 1.7 cm? of total active area,
peak responsivity at 900 nm and 0.6 of responsivity were used.
Since this is the most commonly used type of photodiode for
wireless infrared applications, the achieved results can be
considered to be of general applicability.
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The interference measurements were performed both in the
time and frequency domains, using a fast sampling rate digital
storage oscilloscope capable of transient acquisition and a
spectrum analyser with operating range from 1 Hz to 500 MHz
and high frequency resolution.

All  measurements were performed with the
photodiode pointing directly to the lamp.

receiver

A2.2. Incandescent lamps

Six different types of incandescent lamps were tested and they
all presented similar characteristics in terms of the produced
interference. Halogen lamps were also tested leading to similar
results, except that, for the same electrical power, they produce
more intense irradiation levels that conventional incandescent
lamps. The electrical spectrum of the interfering signal
produced by a 60W incandescent lamp with tungsten filament
is shown in Eigure 1. No optical filters have been used.
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Figure 1. Typical interference spectrum of an incandescent lamp.
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This interfering signal produced by incandescent lamps is an
almost perfect sinusoid with a frequency of 100 Hz'. In
addition to the 100 Hz sinusoid, only the first harmonics (up to
2 kHz) carry a significant amount of energy, and for
frequencies higher than 800 Hz all components are more than
60 dB below the fundamental.

The same measurements were also performed using an optical
filter and it was found that the interference amplitude is
reduced by a factor of 1.5 (on average). This is about the same
reduction achieved on the Iz current with the same optical
filter. A comparison between the interference amplitude (peak-
to-peak) and the background current (Ig) produced by the same
light source shows that Ig is about 8.7 times higher than the
interference amplitude.

A2.3. Fluorescent lamps

For the characterisation of the interference produced by
fluorescent lamps, seven different types of fluorescent lamps
equipped with conventional ballasts were tested. This group,
picked from the large number of lamps available on the
market, includes lamps of different electrical power, optical
spectra (colour), different shapes and equipped with integrated
ballasts (compact lamps) and external ballast.

Lt should be noted that the mains power supply frequency is 50 Hz.

Despite the large number of different fluorescent lamps
available, the interference they produce do not exhibit
significant differences. However, the uniformity of the
incandescent lamps is not present. The time waveforms and
spectra are quite similar for all the types of lamps. Those of a
36W tubular lamp are shown in figure 2.
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Figure 2. Fluorescent lamp interference: a) time waveform; b) spectrum.

The interference produced by a fluorescent lamp is a kind of
distorted sinusoid. Compared to that of an incandescent lamp,
its spectrum is much broader, extending up to 20 kHz or more.
For frequencies higher than 5 kHz, the interference Power
Spectral Density (PSD) is more than 50 dB bellow the 100 Hz
component. The higher frequency components result from the
“spikes” that can be observed in figure 2a and are very
different from lamp to lamp. Another important characteristic
of the fluorescent light interference is the existence of a
component at 50Hz and at even harmonics of that frequency
(50Hz, 150Hz, 250Hz, ...). This is in contrast with the
incandescent light interference whose components are all
harmonics of the 100 Hz fundamental. For the lower portion of
the spectrum, there are also an envelope for the even
harmonics and another for the odd harmonics of 50Hz.

For fluorescent lamps the interfering signal amplitude was
found to be from 2 to 6 times lower than Iz when no optical
filter is used. When the long-pass optical filter was used,
surprising results were observed: the reduction achieved was
found to vary from 11 to 20 times for Iz and from 4.7 to 8.9 for
the interference amplitude. These results show that the steady
irradiance and the time varying irradiance produced by
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fluorescent lamps have different optical spectra: the long-pass
optical filter is more efficient in reducing Iz than for the
interference. With the optical filter, Iz approaches the time
average value of the interference.

The above results have been obtained after thermal
stabilisation of both the lamp and the ballast. Measurements on
the Ig current were performed during the warm-up period and
the results show that from the turn-on instant until the end of
thermal stabilisation, Iz increases about 25%. Thermal
stabilisation occurs after about 5 minutes.

In addition to the effect described above, fluorescent lamps
produce very strong transient interference signals when turned-
on, but those are very difficult to characterise because they last
for a few seconds, are very dependent from the lamp
temperature and type of ballast and starter used. Moreover, its
effect on the performance of wireless optical transmission
systems may be neglected since transients last for only a few
seconds.

A2.4. Fluorescent lamps geared by electronic ballasts

In the past few years, some lamp manufacturers introduced a
new type of ballasts known as electronic ballasts. These
devices adopt the same concept used in switching power
supplies leading to a higher efficiency of the lamp-ballast
assembly. This way less electrical power is required to produce
the same levels of luminance, among other advantages. The
switching frequency used to drive the lamps is not the same for
all manufacturers but in the lamps we tested, we found that
frequency to be in the 20-40 kHz range.

We measured the interference produced by several fluorescent
lamps equipped with five different electronic ballasts and some
unexpected results were obtained: the interference spectrum
exhibits components at the switching frequency and at
harmonics of that frequency, but also at low frequencies like
conventional fluorescent lamps. One example of the interfering
signal and spectrum produced by these kind of illuminating
solutions is shown in figure 3.
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Figure 3. Spectrum of the interference produced by a fluorescent lamp geared
by an electronic ballast.

Clearly, the spectrum shown in figure 3 have two distinct
regions: the low frequency region where the interference is
similar to that of a conventional fluorescent lamp and the high

frequency region whose responsibility is the switching circuit
of the electronic ballast. Other lamps have been also tested
leading to similar results, except for the switching frequency
and that for some lamps the high frequency interference
component is stronger that the low frequency component.
Other measurements were performed, revealing that the
amplitude of the interference produced by the same lamp when
geared by an electronic ballast is lower than when it is geared
by a conventional ballast (3 to 4 times lower). The Ig current
resulting from the two configurations is similar.

There are also some drift on these parameters during the
warm-up period as for conventional lamps: Iz increases from
15 to 30% and the interference amplitude decreases to less that
50% of its initial value.

B. Interference model

The interfering signals described in section A result in an
optical power penalty in the infrared wireless transmission
systems [11]. In order to estimate that penalty, a model of the
interference is required. To estimate the systems performance,
both analytical or simulation approaches may be adopted, and
the interference model should be included in the channel
model.

The background optical power that impinges on the receiver
photodiode can be described by:

Popt(t) = F)B + Pinten‘ (t) (1)
where Pg is the steady background optical power and Py (1)
is the time varying component. At the receiver photodiode, the
collected optical power is converted into a current. As the
result of the conversion process, the effects of this background
irradiance manifest in two distinct forms: as shot noise with
power proportional to the average photodiode current and as
interference following the variations on the optical power. The
photodiode output current can then be described by:

id (t) = IB + iinterf (t) +inoise (t) (2)

If the bandwidth limitations of the photodiode are neglected
(this approximation is valid within the frequency range of the
interference), each of the components described in (2) can be

related to the collected optical power (1) by simple
expressions [9]:

I, =R[P, (3a)

iiniert (t) = R, (1) (3b)
(iPwoe) =210 0" 5 (t) (B (30)

with g (t) = 1y +ipen (1) and where ® is the photodiode

responsivity, q is the electronic charge and B is the bandwidth.
It must be noted that I’g(t) was used in (3c) instead of Iz since
the “average” photodiode current may also be considered to
vary in time. Since the interference amplitude and Iy are of the
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same order of magnitude, the shot noise may not be considered
as an stationary random process.

The interference produced by the artificial light sources
described above is a deterministic signal. For incandescent
lamps and fluorescent lamps geared by conventional ballasts,
the interfering signal is periodic with a period of 10 ms and 20
ms, respectively. For fluorescent lamps geared by electronic
ballasts, the interfering signal is the sum of two distinct
components: one similar to that produced by conventional
fluorescent sources and another, also deterministic and
periodic, generated by the high frequency switching circuits.

B.1. Incandescent lamps

The amplitude and phase of the 100Hz component and its
harmonics were measured for six lamps and the average values
(and 95% confidence intervals) were calculated. The results
are shown in figure 4. These values are normalised to the
magnitude of the 100Hz component.
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Figure 4. Average magnitude of the 100 Hz component and its harmonics.

The interfering signal can be described by a Fourier series as:

(2070000 + @) (4)

iincand (t) = E ml
1 i=1

where aj and ¢ are the relative amplitude and phase of each
harmonic of 100 Hz, F; is the optical filter attenuation factor
and A, is the constant that relates the interference amplitude
with Ig. For this class, typical values for a; and ¢ and can be
easily identified, since most of the lamps produce very similar
interference (see table 2). A, takes a value of about 8.7 for

most of the lamps, while F; depends on the used optical filter
(1.5 for our filter).

i 1 2 3 4 5 6 7 8 9 10
a; 10 | 1.72 |1 150|551 ]285| 437|817 | 1.28 | 8.30 | 6.00
x1072 | x1072 [ 107 | x10°® | x10™ | x10™* [ 107 | x10 | x10™*
a 0.00 | 1.30 |-1.28 |-2.98 | 1.07 (-1.08 | 1.34 |-1.37| 2.09 | -1.80

Table 2. Average parameter values for incandescent light interference.

B.2. Fluorescent lamps
The interference produced by different fluorescent lamps is
very similar up to 2 kHz, but for higher frequencies each lamp

produces a different interfering signal. For this reason, this
paper will present a simple model only for frequencies up to 2
kHz. For higher frequencies, the proposed model does not
apply.

The interfering signal can be described by:

ifluor (t) E Imz

D [b Ros(20r1006-50) T+ ) (5

+C, IIlos(Z Grii00 M + qq)]

where b; and ¢; the amplitude and phase of the even harmonics

of 50 Hz, and ¢; and ¢ are the amplitude and phase of the odd

harmonics. F, is the optical filter attenuation factor and A, is

the constant that relates the interference amplitude with Ig.
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Figure 5. Average amplitude of each interference component.

For fluorescent lamps the parameters values may vary from
lamp to lamp, a little more than for incandescent lamps.
However, typical values representative of this class can be
proposed. On average A, takes the value of 1.2 (with filter) and
F, takes values between 4.7 to 8.9 for our optical filter. Figure
5 shows average values for the amplitude of even and odd
harmonics of the 50 Hz fundamental taken from measurements
on five lamps. Logarithmic approximations (using regression
methods) to those values and 95% confidence intervals are
also shown.

The amplitude parameters in (5) can then be estimated from:
-13.10h(1000-50) +27.1
b, :10[ %J 1<i<20 (62)
[ 20.8[I]1(100E)+92.%]

¢, =10 1<i<20 (6b)

The phase values ¢; and ¢ are also very consistent up to 2
kHz. Typical values are presented in table 3.

"o lal'|lsdlal'ldlal'léd|a
1465|000 6|598 570 |11 1.26 | 6.00 | 16| 5.49 | 3.69
2 | 2.86 | 0.08 | 7 | 2.38 | 2.07 | 12| 1.29 | 6.17 | 17| 4.45 | 1.86
3 [543 | 6.00 | 8 | 435 | 3.44 | 13| 1.28 | 5.69 | 18| 3.24 | 1.38
4390 531]9|587 | 501 |14] 063|537 |19] 2.07 | 5.01
5 [2.00 | 227 |10 0.70 | 6.01 | 15| 6.06 | 4.00 | 20| 0.87 | 4.88

Table 3. Typical values for the phase parameters.
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B.3. Fluorescent lamps geared by electronic ballasts

For fluorescent lamps geared by electronic high-frequency
ballasts, two components have to be modelled. Using an
approach similar to that described above for conventional
fluorescent lamps the interfering signal can be described by:

foect (£) = o (1) +ihigh(t) ()

where

iIow (t) =

| 20
3 5% Dzl:[b [os(2{L00-50)T+4) (g

+¢, [Bos(2 Gr00 WE + )]

describes the low frequency component, and

. I n3
high (t) = E IB}\ ildj EOS(Z DT[fhigh O+ ‘91) ©)
3 Yy =

describes the interference produced by the switching circuit of
the electronic ballast.

For the low frequency component, the typical parameter values
previously estimated for conventional fluorescent lamps may
also be used in (8). For the interfering signal corresponding to
the spectrum in figure 3, F3 is about 3, As=5.9 and A,=2.1. For
the high frequency component, the parameters values fugn, d;
and 4 are highly dependent on the type of electronic ballast.
The switching frequency used by one manufacturer can be very
different from that used by another one. Also the PSD
produced by different ballasts may be very different. Again
referring to figure 3 as an example, the parameter values in
table 4 represent a typical case.

i | d@B) | gad) | i | di@B) | 4(rad)
-22.2 509 | 12| -39.3 355
0.00 000 | 14| -427| 415
115 237 | 16 | -464 1.64
-30.0 586 | 18 | -48.1 | 451
-33.9 204 | 20| 531 355
10| -353 275 | 22| 549 1.78

OO~ [IN|-

Table 4. Typical values for the high frequency component.

C. Conclusions

This paper presented a characterisation of the noise and
interference that natural and artificial light sources induce in
wireless indoor optical communication systems. For the
artificial light sources, three distinct classes of interfering
devices showing similar characteristics have been identified:

Class 1: Incandescent lamps that produce narrow band
interfering signals but that are very strong and very difficult to
reduce by optical filtering since their optical spectra is very
broad and extents to the infrared region. However, since the
interference they produce is narrow band, electrical high-pass
filter may be used to reduce its effects in transmission systems.
Class 2: Fluorescent lamps driven by conventional ballasts that
also produce very strong interference with spectra extending
up to several kHz. Optical filters provide much better results

but higher reduction factors are achieved for the steady
background current (Ig) than for the interference amplitude.
Class 3: Fluorescent lamps geared by electronic ballasts that
produce lower amplitude interference but whose spectra is
very broad, extending to more that 1IMHz.

In order to evaluate the effects of the noise and interference
induced by ambient light, a simple model to describe it was
proposed and some examples of the parameters values were
supplied.

It was found that interference produced by fluorescent lamps
geared by electronic ballast is wider band and therefore it is
expected to be the more important source of degradation in
optical wireless communication systems.

The presented results suggest that a performance re-evaluation
of the modulation and encoding schemes being used for optical
wireless systems is required.
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