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Abstract: Optical transmission systems are mainly
impaired by the shot noise induced by ambient
light, the transmitted optical power limitations
(high path losses), the channel bandwidth
limitations owing to multipath dispersion and the
interference produced by artificial light sources.
Several modulation and encoding schemes have
been proposed for this channel and their
performance has been studied and presented by
several authors while neglecting the effects of the
artificial light interference. The work reported
extends the previous analysis by taking into
account the optical power penalty induced by
artificial  light interference. An  analytical
approach is used to estimate this. In practical
systems, the effect of the interference is usually
mitigated using electrical highpass filters. In the
paper the combined effect of interference and
highpass filter is evaluated. The presented results
show that the interference produced by
fluorescent lamps driven by electronic ballasts
induce high power penalties in OOK and L-PPM
systems, even when electrical highpass filtering is
used, for data rates up to 10 Mbit/s. For the
interference produced by incandescent lamps and
fluorescent lamps driven by conventional ballasts,
the power penalty induced in OOK systems can
be effectively reduced using highpass filtering,
while PPM is very tolerant to that interference
even without any highpass filtering. The major
conclusion is that artificial light interference have
to he considered both in system design and
performance evaluation.

1 Introduction

Wireless indoor infrared (IR) transmission systems
have been used in many applications in the past few
years, ranging from simple remote controllers for home
appliances to more complex wireless local area
networks. The performance of IR transmission systems
is impaired by several aspects such as the speed
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limitations of the optoelectronic devices (LEDs and
PIN photodiodes), the high path loss that leads to the
requirement for transmission of high optical power
levels, the multipath dispersion, the receiver noise, the
shot noise induced by the background ambient light
and the interference induced by the artificial light
sources. From those, multipath dispersion and the
background ambient light are the most important
sources of degradation.

Multipath dispersion, resulting from multiple reflec-
tions of the optical signal on the walls, floor, ceiling
and other objects, determines the channel bandwidth as
it induces a power penalty on the system performance
driven by intersymbol interference (ISI). Typically, its
effects are observed for data rates higher than
10Mbit/s [1, 2].

The effects of the background ambient light are
observed at all data rates and manifest into two
different forms: as shot noise produced in the receiver
photodiode, with power proportional to the optical
power impinging the photodiode, and as interference
produced by the time variations on the intensity of the
optical power produced by the artificial light sources.
Both the shot noise and the interference produced by
the ambient light have been characterised through
experimental measurements [3, 4], and it was found
that solar light is the most important source of shot
noise and that the interference produced by artificial
light has different characteristics, intensity and
bandwidth, depending on the type of lamp that
produces it. In [3], the sources of interference were
grouped into three classes: incandescent lamps,
fluorescent lamps driven by conventional ballasts and
fluorescent lamps driven by electronic ballasts, and it
was found that, for this last class, the interference
spectrum may extend up to 1 MHz.

One of the major technical choices for an IR system
is the modulation and/or encoding method. Several
schemes have been proposed, some by its simplicity,
such as OOK-NRZ and Manchester encoding, and
others by its spectral efficiency (N-QPSK, N-BPSK, L-
PAM) or by its power efficiency (L-PPM) [1, 5-9]. The
performance analysis of these schemes has usually been
simplified by reducing the IR channel to an optical
additive white Gaussian noise channel (AWGN). These
analyses have been extended in [1], where the effects of
multipath dispersion were also taken into account.
There is, however, evidence that the interference
produced by artificial light induces significant power
penalties in IR systems [10, 11].

Artificial light interference is usually mitigated by
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resorting to electrical highpass filtering (HPF), which
reduces the effects of the interference but do also
introduce some amount of intersymbol interference
(ISI). The penalty due to the ISI introduced by HPF
have already been evaluated but the penalty induced by
the interference itself has not been considered [12, 13].

2 System model

A schematic diagram for an optical wireless
transmission system is depicted in Fig. 1. We use three
modulation schemes in this paper: OOK-NRZ, L-PPM
and BPSK.. For each modulation method, one or more
information bits @; are modulated into a symbol and
transmitted to the channel. The channel input X;,(¢) is
then used to drive the optical source. At the receiver,
the received signal X, (7) (transmitted signal plus noise
and interference) is filtered, detected and demodulated
to produce an estimate @ of the original information
bits.

In L-PPM, each word of k bits is mapped into one of
L = 2% symbols and transmitted to the channel. An L-
PPM symbol has the form of a pulse transmitted in one
of L consecutive time slots with duration T, = kT,/L.
Detection of L-PPM symbols requires the estimation of
the slot where the pulse was most probably
transmitted.

Two detection techniques are considered: threshold
detection (TH) and maximum-a-posterior (MAP) or
maximum likelihood (ML) detection. The advantage of
the TH detector is a lower implementation complexity
compared to the MAP detector. In a TH detector, the
signal at the filter output is sampled at every L slot and
each sample is compared with a threshold. If only one
pulse is detected within the L slots, the slot where the
pulse is detected is assumed to be the slot where the
pulse was transmitted. In the case where more than one
pulse is detected, one of those positions may be
assumed to be the right one or a position may he
assigned at random. In the case where no pulses are
detected, one position is assigned at random. In a
MAP detector, the signal at the filter output is sampled
at every L slot, and the one with the larger sample is
assumed to be the right slot. This can be shown to be
the optimum detection method for PPM in an AWGN
channel [14].

The optical signal transmitted to the channel is pro-
duced by modulating the intensity of an optical source,
which can be one or more light emitting diodes (LEDs)
or laser diodes (LDs). Since channel propagation losses
are very high, with values that may be well in excess of
80dB for a typical room [2], arrays of emitting devices
are usually used. For low to moderate data rate sys-
tems (up to 10Mbit/s), LEDs are a good choice since
they are cheaper and require less complex driver cir-
cuits than 1.Ds. For higher data rates, LDs may have
to he used since LEDs present large rise and fall times,
not compatible with the short pulses required for high

data rates. In practical systems, the total amount of
transmitted optical power and number of emitting
devices is limited by cost, size and power consumption
considerations and also by the maximum safety levels
that are allowed by international standards [15].

In this paper we assume that there are no bandwidth
limitations imposed by the optical emitter and that, for
OOK and L-PPM, rectangular pulses are transmitted
to the channel

2
Xenlt) = {..Pa-ur )
0
for OOK, where P,,, 1s the average transmitted optical
power and T}, is the bit period, and
T 1 < ] L‘s
Xan(t) = {LPM 0<t<1?

0 Jotherwise

)ity

Jotherwise

for L-PPM, where 7, is the slot period. As the
transmitted signal propagates through the channel it is
attenuated and dispersion is introduced by the multiple
reflections on the walls, ceiling, floor and other
surrounding objects, where T} is the bit duration. In
this paper we do not include the effects of multipath
dispersion in the performance analysis to evaluate the
effects of the interference alone.

At the receiver, the transmitted signal is added to the
irradiance produced by the ambient light producing, at
the photodetector output, a current given by

Kout(t) = Xin(t) + Xinters(t) + L5 + nft) (3)

where X, (1) is the interference produced by the art-
ficial light (with zero mean), I is the DC photocurrent
due to the ambient light (natural and artificial), and
n(r) is the shot noise produced at the photodiode.

When there is no artificial light, the shot noise is a
stationary process. Neglecting the photodetector dark
current and assuming that 7 is much larger than the
signal current X;,(7), the shot noise power spectral den-
sity is given by:

No=gq-Ip (4)

When there is artifical light, the shot noise is non-sta-
tionary and its mean square value at the filter output is
given by:

n2t) =q- ./jc { X inters(8) + Ip} - hi(t —7) -d7

where A1) is the receiver impulse response, including
bias circuit, frontend and receiving filter. However,
since TB is usually much larger than Xj,.,(7) due to
natural ambient light, we have assumed the shot noise
to be stationary.

For a well designed receiver front-end, the shot noise
generated by the bipolar transistor or FET and the
thermal noise are very small compared to the photode-
tector shot noise and can usually be neglected.

We have characterised the interference produced by
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Fig.1 Transmission system reference model
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the artificial light [3]. The interference was classified
into three classes according to the type of source that
produces it: incandescent lamps; fluorescent lamps
driven by conventional ballasts and fluorescent lamps
driven by electronic ballasts. For each of these classes a
model for the interference was proposed and typical
values for the model parameters were derived from
statistical characterisation of the interference. The
major conclusion of that work was that the interference
is a periodic and deterministic signal and that the
bandwidth of its power spectrum may vary from a few
hundreds of Hertz for incandescent lamps to ~I MHz
for fluorescent lamps driven by electronic ballasts.

For OOK-NRZ and L-PPM we assume the use of a
matched filter for the rectangular transmitted pulse,
assuming a flat power spectral density for the shot
noise, i.e. an integrate-and-dump filter. Although not
optimum, the same filter is also used in the presence of
interference, with and without an highpass filter to
block the interference.

3 Channel without interference

In this Section, the performance of NRZ-OOK, L-
PPM and BPSK is calculated for a channel without
interference but where background shot noise exists
owing to natural ambient light.

3.1 OOK-NRZ

For NRZ-OOK, assuming equal probabilities for the
‘0’ and ‘I’ transmitted symbols and that the threshold
is set to its optimum value (half the expected filter out-
put at the sampling time), the probability of error P, is
given by

1 P, RNT,

o

= 5
Vv2No )
where P, is the average transmitted power, N, is the
noise power spectral density, 7} is the bit period and R
1s the photodetector responsivity.

3.2 L-PPM
For the TH detector the optimum threshold level that
minimises the bit error rate (BER) is a function of the
received signal-to-noise ratio (SNR). In practical
systems SNR may be difficult to measure, in which
case the threshold level is very difficult to set to its
optimum level. A reasonable approach is to set the
threshold level to a fixed percentage of the signal
amplitude. In this case, that percentage must he chosen
during the system design phase. The value to choose
may he optimised to minimise the BER at low or high
values of the SNR. In this paper we assume that the
threshold level is half signal amplitude at the sampling
time, which approaches the optimum value for high
values of the SNR. For low values of the SNR, the
BER obtained with this threshold level is always higher
than the BER obtained with the optimum threshold.

For the threshold detector, the BER relates to the
symbol error rate (SER) by

gk—l
P.’JUJH—Z lpns (6)

where Py is the symbol error probability, given by

11;51—(19;4» P2+Z Pg“) (l_)
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where P, is the probability of detection of the pulse at
the right position, P, is the probability that zero pulses
are detected and P, is the probability that n pulses are
detected, including the right one:

=(1—-Pn)(1 - Py~ (8a)
Py =Py (1-Fy)" ! (8b)

Pa,n,=(i:1)(1 Po) Pl (1= Pio)" ™" (80)

where Py, is the probability that the right pulse is not
detected and Py, is the probability that a pulse is
detected in a slot where no pulse was transmitted.
Assuming that the threshold level is half the expected
filter output Py; = Py and are given by

LPyur RV,
2Np
where T, is the slot period. For high values of the
signal-to-noise ratio P, and P;, became very small,

Py is dominated by Py and the bit error rate can be
approximated by

1 .
For = Pio = ;ETJ"C ( (9)

2&' 1
FeprrTH = 55— (1 =lit= Pm)L) (10)
For the MAP detector, the probability of error (bit
error rate) is given by

f)kl

Fepprm_mar = gp—— (I=Fease) (11)

where P, is the probability of correct detection of a
symbol [14]

e L1
Fosc=— - /tx;) (—a? [ ( + Erf(l(s ))N dr
& (12
with
R (13)

(5,
where vy, = LP,, RT, is the expected value of the filter
output at the sampling time given that a pulse was
transmitted and a op2 = Ny T, is the noise variance also
at the sampling time.

3.3 BPSK
For BPSK with coherent detection, the probability of
error is given by [14]

(14)

Paor RVT
Feppsi = Eff (—"-;\—b)

Results are presented in Section 5 for the relative per-
formance of each of these methods.

4  Channel with artificial light interference

In this Section, the penalty induced by artificial light
interference is calculated. The analysis is developed
independendy of the type of source that generates the
interference. First, the optical power penalty induced
by the interference is calculated for the case where no
highpass filtering is used, through analytical analysis.
Then, the combined effect of the interference and high-
pass filtering is estimated by simulation. Results are
presented in Section 5 for the three types of sources.
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4.1 System without highpass filtering

One of the properties of the interference produwd by
artificial light sources, for all three classes, is that the
interfering signal is periodic and deterministic [3]. The
properties of the artificial light interference, as
described in Section 2, are used in the derivation of
closed form expressions for the probability of error in
OOK-NRZ and L-PPM systems. For systems using
carrier based modulation methods such as BPSK, one
can always use a carrier frequency far away I'rom the
interference band, thus avoiding the interference signal.
This operation may require the use of very high fre-
quency carriers, at which the channel path loss is
higher than at lower frequencies [1]. In this sense, the
artificial light interference also affects the performance
of carrier based modulation methods.

Assuming an integrate-and-dump receiver filter is
used, the energy of the interference within the period of
a pulse is

ELT

’Ui(t):fX‘mp,ﬂr‘f(T)d-T (15)

t
where T'is the period of the transmitted pulse.

4.1.1 OOK-NRZ: Since the received signal is now
corrupted by the interfering signal, one can estimate
the probability of error by calculating P, for each value
of the interfering signal and averaging over all values
of that interference

Pe,00x = (Pe(:(t)))atl values of v (1) (16)
Using the fact that the interfering signal is periodic, the
probability of error can be estimated by calculating
P, 0ok over the period of the interference and averag-
ing over that period:

to+T, oo Yih
Peoox=3 [ | Py [ Polwwi(t))dotPy [ pi(vu(@)do | ae
o ek —oo

(17)
where Py and P, are the probabilities of the ‘0’ and ‘1’
symbols, T; is the period of the interference and
Po(vvi(#)) and p(v,v{r)) are the probability density
functions of the signal amplitude at the sampling
instant, corruptcd by the interference v,(1), given that a
‘0’ or a ‘1’ was transmitted:

= \/%a_ exp (—%)—“) (18a)

P (v,v;) = \/2_:“7 exp (—%) (18b)

where vy is the expected filter output at the samplmg
instant, given that ‘I’ was transmitted and v; 18 the
value of the interference at the mmplmg time.
Assuming Py = P = 1/2 and v, = vy/2, eqn. 17 takes
the form

o (v, vi)

tot+ T

'_i L. o (BRI =)
ﬂﬂ”“x./LEﬁﬁ_7ﬁ?’“
to

e (R

4.1.2 L-PPM: For L-PPM, the same approach can he
used to derive the expression for the probability of

(19)
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error. As described in Section 3, two methods may he
used to detect PPM signals. In this Section those two
methods are also considered.

We define the interference in one PPM symbol by the
vector V() where each element is the value of the inter-
ference at the sampling time for each one of the L con-
secutive time slots:

)= {V4{8), 00 6-+T2) vs (42T ..., vilt+ L= T}
(20)

with v(f) given by eqn. 15 with 7 = T,. For the TH

detector, using the same approach as for OOK, we

have

to+ T3

/ Piys(V(t))dt (21)

tq

The exact expression for P ,4(V(1)) is very complex and

takes a lot of computation time to evaluate. Fortu-

nately, an upper bound can be determined if we con-

sider as correct symbols those where only the right

pulse is detected (as in eqn. 10):

L

<1—E21— o (Vi) ]:[1 Py (V)
k=1 =
k

(22)

phala]

AR T = i
e, PPM_TH BRI ] T

Pwg(V(

where V, is the k element of vector V and
it GRS
HMVU—~{1+Ef<—%———iH (23a)

il
vy — 2V,
V,)=cEpf | Z—2Y4
Pio (V) gElf( T )

In Section 5 the results obtained using this upper
bound are compared to the results obtained through
simulation. For the MAP detector, the BER is given by

(23b)

k-1 to+T;
P, pey_map = w_ill 7 / Posa(V(t))dt
T .éu
(24)
with
1 +00 T b
Pesc(V =fz / pi() | ] /:Do.j(y)d?} da:
k=1 =1 %
iFk
(25)

where p; .(x) is the probability density function of the
filter output at the sampling time given that a pulse
was transmitted in that slot

1 —(z—v, — Vi)? -
o ( 507 (26)

and py(y) is the probability density function of the
filter output at the sampling time given that no pulse
was transmitted in that slot

s & A2
m@_ﬁ;aﬁ(gfj @)

Substituting eqns. 26 and 27 in eqn. 25 we have

; oo
Pese(V(H) = ﬁ Z f exp (—uw?)
k:lfoo
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pLe(z) =




(28)
Ly
X H 5(1 +Erf [lbk,j(-w)]) dw
i=1
g#k
with @ (w) a set of functions defined as
V-V
iy ) = L2V -V |y

V2o,

4.2 System with highpass filtering

Electrical highpass filtering is usually employed to miti-
gate the effects of the artificial light interference. Since
the interference amplitude may be much higher than
the signal amplitude, practical systems may have to
resort to highpass filtering to avoid saturation of the
input stages of the optical receiver, even if the penalty
induced by the interference is small. Highpass filtering
solves or attenuates the problems described, but also
introduces some intersymbol interference. The filter
cut-off frequency is a compromise between the attenua-
tion of the interference and the amount of ISI that is
introduced.

Depending on the modulation method and type of
interference we have used a first order or second order
Butterworth highpass filter. In practical systems, this
type of filter can he implemented by tuning the AC
coupling between successive analogue stages of the
receiver, without the need to increase the hardware
complexity. In the work reported in this paper, we have
used simulation to estimate the combined effects of
interference and ISI. All simulations were performed
using the software package SPW [16] (Signal Processing
Worksystem).

5 Results

The performance of wireless infrared (ransmission
systems is very dependent on the channel
characteristics. For each particular room, type, number
and position of the illuminating devices, existence or
not of natural ambient light, position of the receiver
and data rate, the performance of the transmission
system will be different. For these reasons we have
selected four typical cases of ambient light, with and
without interference, to estimate the performance of
the transmission systems. The shot noise and
interference levels were derived from a statistical
characterisation of the ambient light [3]. The four cases
of ambient light considered in this work are the
following:
Case 1: No interference: natural (solar) light only (I,
=200uA)
Case 2: Incandescent interference: natural light plus an
incandescent 60 W lamp placed 1 m away from
the receiver, e.g. a desktop light ({5 = 56uA)

Case 3: Fluorescent interference: natural light in a
room also illuminated with fluorescent lamps
(8 times 36W in a 5 x 6m room), geared by
conventional ballasts, with the receiver placed
under one of the pairs of lamps, 2.2m high ({5
= 2uA)

Case 4: Electronic ballast fluorescent interference:
similar to case 3, but with fluorescent lamps
geared by electronic ballasts (Ig; = 2uA)

As described in [3], the [, values are sufficient to
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characterise both the shot noise and interference levels.
The interference waveform X (f) for each type of
interference was obtained using the model proposed in
[3]. In that model, the interfering sources were
organised into three classes and a model for each class
was derived through statistical characterisation of the
model parameters. Using these values the results
presented in this Section are also a measure of the
performance of the transmission systems operating
under typical ambient light noise and interference
conditions.

5.1 Channel without interference (case 1)

In Fig. 2, the BER against the received optical power is
plotted for OOK-NRZ, BPSK and L-PPM with MAP
detection for L = 4, 8 and 16. For this channel, the per-
formance of 2-PPM is equal to that of OOK. A curve
for 16-PPM with TH detection is also shown. In all the
results the power requirements were normalised to the
power required for OOK-NRZ at BER = 107 in a
channel limited by shot noise only.

1e-00r

le-01F~.

1e-02
i le-03r
o

le-04

1e-05r

le-06 f AEVED

-10 -8 -6 -4 -2 0 2 4

i i normalised power requirements

Fig.2 Performance of different modulation methods in channel limited

only by shot noise
OOK-NRZ

- BPSK-coherent
16-PPM, TH

Clearly, L-PPM is the most power efficient modula-
tion method. For the shot noise limited channel, the
relative performance of each technique is independent
of the bit rate since no bandwidth limitations were con-
sidered in this paper. Also, for the same reason, the
carrier frequency used for BPSK is irrelevant for its
performance. For 16-PPM, the TH detector requires
about 1.5dB more optical power than the MAP detec-
tor for the same BER. For other orders of PPM the
difference between the two methods is very similar.

5.2 Channel with incandescent interference
(case 2)

Fig. 3 shows the performance of OOK and 16-PPM
systems at 1 Mbit/s, operating under incandescent inter-
ference without electrical highpass filtering (HPF). The
lines represent calculated values and simulation results
are represented by dots.

For OOK, the penalty is very large, being around
24dB. For 16-PPM with TH detection the behaviour is
similar, with a penalty of about 16dB. On the contrary,
for 16-PPM with MAP detection the power penalty is
very small, being about 1.5dB. This is explained by the
fact that for this data rate the interference values at
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sampling time in the successive slots within a symbol
are very similar, ie. the elements of vector V(7)
(eqn. 20) are all very similar. Since in a MAP detector
a symbol is detected by taking the slot with the larger
sample, an interference that adds the same value (or
very similar value) to all slots does not affect the
performance. The 1.5dB penalty shown in Fig. 3 is
mostly due to the additional shot noise introduced by
the incandescent light (I = 200+56uA). Note that
there is a very good agreement between the simulation
results and the calculated results, showing that for L-
PPM with TH detection the upper bound considered in
eqn. 22 provides a good estimate of the system
performance.
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Fig.3 Performance with incandescent light interference without highpass
filtering .
——— 16-PPM (MAP) without interference
—t— 16-PPM (MAP) simulated. with interference
16-PPM (TH) without interference
OQOK-NRZ without interference
-0 16-PPM (TH) simulated. with interference
4 QOK-NRZ simulated, with interference
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Fig.4 Penalty induced by incandescent interference in OOK systems
against nterference amplitide

OOK without interference

interference amplitude

""""" OOK with interference

In Fig. 4, we compare the penalty induced in an
OOK system without HPF with the interference
amplitude, calculated as 10 log;p(max[[y(1)[}/10-)
~Pper = 10 5 for all values of ¢ over one period of
the interference. The main conclusion is that for high
values of the interference amplitude, as in case 1, the
power Tequirements are approximately given by the
interference amplitude, as defined.

In Fig. 5, results are presented for systems at 1 Mbit/
s using HPF. The values between parentheses represent
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the filter cut-off frequency and are approximately the
values that provide the best performance, i.e. the values
for which the BER is lower.

le-00p
le-01f
le-02}-
o
w le-03r
[is}
le-04+

1e-05r

-10 5 10

L normalised power requirements s
Fig.5 Performance with mcandescent light interference with highpass fil-
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16-PPM, TH, no interference
16-PPM, TH, with filter (6kHz)

For OOK and 16-PPM with TH detection, HPF
effectively reduces the penalty induced by the interfer-
ence. For 16-PPM with MAP detection, the use of
HPFE does not provide significant improvements over
the system without filtering since the penalty without
filtering is already very small and, as stated previously,
mostly owing to the additional shot noise.

For systems operating at different data rates the pen-
alties induced by artificial light interference are also
different. This is shown in Fig. 6, where the penalty
induced by incandescent interference is plotted as a
function of the data rate. For OOK and 16-PPM with
TH detection without HPF, the power requirements
are almost constant for all data rates, from which
results a penalty that decreases linearly with the data
rate. These large penalties are considerably reduced by
resorting to HPF, but for low data rates the penalty is
still very large. For 16-PPM with MAP detection, the
penalty is very small for data rates higher that 1 Mbit/s,
even without HPF, and for low data rates (100kbit/s)
the penalty can also be made very small by resorting to
HPF.

penalty, dB

sl
DEL—. = oo R By g ==h
0 1 10 100

data rate, Mbit/s
QOK, no filter

Fig.ﬁ Power penalty against data rate for incandescent light interference
_+

QOK, with filter

[~ — 16-PPM, MAP, no filter
— —x — - 16-PPM, MAP, with filter
— - A — 16-PPM, TH, no filter
— . x—- 16-PPM, TH, with filter
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5.3 Channel with fluorescent interference
(case 3)

The effects of the interference produced by fluorescent
lamps driven by conventional ballasts are very similar
to those produced by incandescent interference, as
shown in Fig. 7 for systems of | Mbit/s. Using HPF.
the penalties induced in OOK and PPM systems with
TH detection can be made very small, while for L-PPM
with MAP detection the penalty is small even without
HPF. The major difference is that the penalty induced
by the additional shot noise is almost negligible since
fluorescent light produces much lower average irradi-
ance levels than incandescent light.
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5.4 Channel with interference produced by
fluorescent lamps driven by electronic
ballasts (case 4)

In a channel with fluorescent lamps driven by
electronic ballasts, the performance of the transmission
systems is strongly degraded, as shown in Fig. 8 for
OOK, 4-PPM and 16-PPM systems operating at
1 Mbit/s.
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As for the other types of interference, the penalty
induced in OOK systems without HPF is very large.
However, for this type of interference, HPF does not
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provide significant improvements in reducing the pen-
alty, making OOK not a practical solution for 1 Mbit/s
systems, unless different techniques are used to mitigate
the effects of the interference. For L-PPM with TH
detection (not shown in Fig. 8), HPF provides better
results but, for this case, a penalty in excess of 12dB
still remains after HPF.

For L-PPM with MAP detection, the performance
with or without HPF is also strongly affected by this
type of interference. HPF provides some improve-
ments, but penalties of about 8.9dB (the lower value)
are found even for 16-PPM, which is shown to be the
better solution.

In Fig. 9 the power requirements for OOK, 4-PPM
and 16-PPM (MAP), with and without HPF are shown
as a function of the data rate. For OOK without HPF,
as for the other types of interference, the power
requirements are the same for all data rates up to
100Mbit/s. This effect results from the dependency of
the power requirements on the interference amplitude,
as shown in Fig. 4 for the incandescent interference.
Also for OOK, the use of HPF provides none or small
improvements for data rates up to 10Mbit/s. For data
rates higher than 10Mbit/s, some of the penalty is
recovered, which makes higher data rate systems more
power efficient than lower data rate systems.
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With both 4-PPM and 16-PPM, the penalty for low
data rates (100kbit/s) is very large and HPF does not
provide any improvement. As the data rate increases,
HPF becomes more efficient and at 10Mbit/s the
penalty is already very small. For higher data rates the
penalty becomes quite small, even without HPF. The
result of this behaviour is that systems operating at
data rates around 10Mbit/s are the most power
efficient, for the same modulation scheme. For 10Mbit/
s, the use of 4-PPM requires only 0.6 dB more power
than a system operating at 1 Mbit/s using 16-PPM. This
result is relevant considering that 4-PPM is less
sensitive to multipath dispersion than 16-PPM [1].

5.5 Discussion

The results presented suggest that if a system is to
operate under artificial light interference several aspects
have to be considered during the system design. If the
interference produced by fluorescent lamps driven by
electronic ballasts is not present, then any modulation
method can be used, provided that highpass filtering is
used. In this case, the power efficiency of L-PPM
becomes even higher compared to that of OOK,
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making L-PPM a good solution. This conclusion is
valid for all the data rates considered in this paper. If
however the system has to operate under the
interference produced by fluorescent lamps driven by
electronic ballasts, the results show that OOK is not a
practical solution unless a different technique is used to
combat the interference. In this case the best solution,
in terms of power efficiency, seems to be to design the
system to operate at a data rate around 10Mbit/s and
adopt a 4 or 16-PPM modulation scheme depending on
the amount of intersymbol interference introduced by
multipath dispersion.

6 Conclusions

The performance of wircless infrared transmission
systems operating under artificial light noise and
interference was evaluated for systems using OOK-
NRZ, L-PPM and BPSK modulation schemes, with
and without electrical highpass filtering. The three
types of artificial light interference were considered and
results were presented for typical ambient light
conditions derived from a statistical characterisation of
the channel.

The major conclusion is that artificial light
interference has to be considered in the evaluation of
the system performance and in system design. For the
interference produced by incandescent lamps and
fluorescent lamps driven by conventional ballasts, small
penalties are induced in L-PPM systems with MAP
detection even without highpass filtering, while for
OOK systems the large penalty induced by these types
of interference can be effectively mitigated by resorting
to electrical highpass filtering. The interference
produced by fluorescent lamps driven by electronic
ballasts induces severe power penalties in both OOK
and L-PPM systems. For L-PPM, significant
reductions on that penalty can he achieved by resorting
to electrical highpass filters, while for OOK highpass
filtering shows very little efficiency.

We have also observed that, as expected, the effects
of the interference are more important for systems
operating at low data rates. For OOK without high-
pass filtering the optical power required for a given
BER is almost independent of the bit rate within the
range of interest.
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