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ABSTRACT

The performance of wireless infrared transmission systems for indoor use is severely impaired
by the noise and interference induced by natural and artificial ambient light.

In order to combat the effects of ambient light on the system performance, both optical
filtering and electrical filtering is usually adopted. However, even when resorting to these
techniques, the optical power penalty imposed by the interference may be very large. In
particular, the interference produced by fluorescent lamps driven by electronic ballasts
imposes very large optical power penalties on systems operating at data rates up to a few
tens of Mbps.

In this paper, a different technique to overcome the penalty induced by artificial light
interference is analysed. This technique explores the different optical spectra of the
transmitted signal and the artificial light and the characteristics of optical filtering to cancel
the interfering signal. Some aspects of its implementation are also discussed.

The results obtained with this approach are shown to be much better than those obtained
through electrical high-pass filtering."”

1. Introduction

Optica free gpace transmission systems are being proposed and used in avariety of wireless
communication sysems, from smple remote control systems for home appliances, to wireless loca
area networks [2,3,6,7].

The performance of wirdess infrared links isimpaired by severd aspects [2-6]. From those,
multipath dispersion is an important factor of degradation for data rates above 10 Mbps [3,15]. The
other mgor imparment for indoor sysems results from ambient light, and affects tranamission
systems operating at al datarates[2,10,13,14].

The average opticd power that impinges the photodetector, due to natural and artificid
ambient light, induces very high leves of shot noise that limits the performance of the transmisson
systems [10]. In addition, artificid light sources produce a time varying irradiance, resulting in an
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optica signd that interferes with the tranamitted sgna [11,13,14]. This interfering Sgnd is periodic
and deterministic [11].

The effects of ambient light have been combated by resorting to both opticd filtering [2,12]
and dectricd filtering [13,14]. The use of optica filters reduces the amount of undesirable optica
power that reaches the photodetector. The optical filter can be of the long-pass or band-pass type
(interference filters). Interference optical filters are more efficient but they are very expensive which
makes it difficult to use them in practicad systems. Optica filters are efficient on the reduction of both
the shot noise power and the interference produced by artificid lighting.

Since the power spectrum of the interference produced by artificid light sources is
concentrated at low frequencies [11], dectricd high-pass filters can be used to reduce the power
pendty on transmisson systems. The choice of the filter cut-of frequency is a compromise between
the reduction on the interference that can be achieved and the amount of intersymbol interference
(19) that is introduced. The effectiveness of dectrica high-pass filters depends on the data rate and
on the type of interference thet is present.

The optical power pendty induced by the artificid light interference dso depends on the
type of modulation being used. In [13,14] it is shown that, for OOK-NRZ systems, the interference
produced by incandescent lamps and fluorescent lamps driven by conventional bdlasts can be
effectivdly mitigated by combining optica filtering with dectricd high-pass filtering. For L-PPM
systems, the pendty induced by these two types of interference is consgderably smdl if a Maximum-
A-Pogeriori (MAP) detector is used. However, the interference produced by fluorescent lamps
geared by solid date bdlasts induce very large power pendties even when eectrica high-pass
filtering is used, both on OOK-NRZ and L-PPM systems.

In this paper, a different technique to combat the effects of the atificid light interference is
andysed. A smilar solution was briefly suggested by Barry [1], but no analysis was provided to
support the benefits of the technique. This technique explores the potentidities of opticd filtering and
the fact that the tranamitted sgnd and the artificid light interference have different optical spectra, to
cance the interference.

The basic concept of the cancelling technique is presented in section 2. In section 3, some
agpects of the implementation of this technique are discussed. Some results are presented in section
4. Section 5 presents the mgjor conclusions.

2. Interference cancellation
In figure 1, the typicd optica spectra of the optical sources involved in indoor wireess

infrared transmisson systems are shown [2,12]. The respongvity curve of a typicd dlicon PIN
photodiode and the wave ength response of two opticd filters are dso shown.
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Figure 1. Typical optical spectra of optical sour ces.

Since the optical spectra of solar and artificid ambient light and the spectrum of the
transmitted signa overlap in some extent, shot noise and interference are induced. The shot noise
power is proportiond to the optical power impinging on the photodetector and is one of the maor
agpects that limits the systlem performance. Additiondly, artificid ambient light produces interference
due to the time varidions on its intendgty. The characteridtics of the interference (intengty and
bandwidth) depends on the type of artificia light that produces it [11]. This interference induces a
power pendty that in some cases may be very large. In particular, the penaty induced by the
interference produced by fluorescent lamps driven by eectronic balagts is very large for systems
operating up to 10 Mbps[13].

The use of opticd filters, as those depicted in figure 1, reduces the amount of ambient light
that reaches the photodetector, thus reducing the undesirable effects. The net gain obtained by the
use of an opticd filter depends on its efficiency in atenuating the ambient light while keeping intact
the tranamitted signd. Clearly, interference (band-pass) opticd filters are more efficient in that
operation, provided that the transmitted sgnd is not to attenuated as well. The efficiency of the
optical filter does aso depend on the type of ambient light that is present. In [11], it is shown that the
attenuation provided by a long-pass opticd filter is different for each type of ambient light source.
Moreover, for fluorescent lamps, the attenuation achieved on the average optica power is different
from the attenuation achieved on the interference amplitude.

The use of adifferential receiver to cancd the interference was suggested by Barry [1]. That
technique explores the optica filtering capabilities to cancd the interference produced by atificia
light sources. In this paper, an andlyss of a dightly different gpproach to reduce the effects of
atificid light interference is performed. Consider the optical receiver depicted in figure 2.

H (1)

—_— D1
Optical filter Front-end va(t)
o vt
_ D2
Front-end vz (t) | A

Figure 2. Optical receiver using optical filtering.
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The concept of the interference cancellation is based on the fact that the transmitted sgnd
and the interference have a different optical spectra. In figure 2, the upper front-end receives the
trangmitted signd and some amount of artificia light interference, as in a conventiond receiver. The
lower front-end receives the tranamitted sgna as well but the interference amplitude is much larger
since no opticd filter is used. The results is that the interference to Sgnd ratio is much higher a the
output of the lower front-end than a the upper front-end. If the output of the lower front-end is
attenuated 0 that the amplitude of the interference received by the two stages is equa and the two
outputs are subtracted, the interference is totdly cancdled while the transmitted signd is only
partidly atenuated. This technique is now analysed.

Theirradiance at the recelver site can be described as;
H(t) = Hs(t) + H|(t) + Ha + Hn (1)

where Hq(t) is the irradiance produced by the transmitted signd, Hi(t) is the time varying irradiance
produced by the artificia light sources (with zero mean), H, is the average irradiance produced by
atifiad lighting and H, isthe irradiance produced by solar light. Since the transmission coefficient of
the opticd filter for the irradiance produced by fluorescent lamps has different values for the average
irradiance and for its time varying component [11], we have consdered the two components
separately.

The current in the photodetector D1 is then given by:

:[H ><T R+ Hi(t)XTilXR '+Ha xTal)R ”+Hn xTnl>R II']x'o* +i”1(t)

=gy (1) i1a(t) + Doy + 1oy +i(t) =iy (1) +, (0 + 1y +i, (1)

where A, is the photodetector active area, Tq, Tii, Ta € Ty aethe transmission coefficients of the
opticd filter for the tranamitted Sgnd, time varying artificid light, average atificd light and solar light,
respectively, and R, R’, R’ and R’’’ represent the photodetector responsivity also for each
irradiance component. Since the transmitted signd and each type of ambient light have different
optical pectra, the transmission coefficient of the optical filter and the photodetector responsivity
adso have different vaues for each type of irradiance. In (2), ix(t) is due to the transmitted signd,
ii1(t) is the interfering Sgnd, |, is the totd d.c. current due to ambient light and iny(t) is the shot
noise due to the average d.c. photocurrent, with double side power spectral density N; given by:

2

= q>(<isl(t)> tley Bnl) q >(| pa T lga Tl Bnl) » g, (©)

since (igy(t)) isusudly very small.

Congder now the lower stage shown in figure 2 where the receiver is Smilar to the upper
one but without the opticd filter. In this case, the photodetector current is given by:

(£) =[Ho(£) R +Hi(£)R "+H, R "+H R A +i,(t)

. , : (4)
ISZ(t) I ( ) Ba2 + IBnZ Z(t) - ISZ(t) + Ii2(t) + IBZ + In2(t)

with
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N, » gX g, 5)

At the output of each front-end in figure 2, v (t) and ve(t) is ascaled replica of ig(t) and
igo(t), respectively, if the recaiver noise is neglected, as it is often the case, and assuming a linear
front-end.

We note that the interfering dgnd is determinigtic. If now we multiply vg(t) by the
trangmisson coefficient of the filter for the interference sgnd, Av=T;;, and subtract the result from
Vai(t), we have, after dropping the d.c. components:.

Vo (t) = le(t) - de(t) XMy = Hs(t) R >(T51 - T|1) XA + Vm(t) - Vnz(t) Ty :Vs(t) T Vy (t) (6)
and the interference is cancelled, provided that Ti;! Te;. Asdescribed in [11], for along-pass optica
filter Ty»1 and T;; may vary between 0.01 (for fluorescent light) and 0.67 (for incandescent light).

Equation (6) shows that the artificid light interference can be cancelled. However there is
gtill apriceto pay: the amplitude of v«(t), A«, is decreased and the noise power, N;, iSincreased:

T,

A=A ™
sl

N, =N, + 77 R, ©

We define the sgnd to noiseratio SNR as:

AXT,

2xXN,

NR=

(9)

such that a variation of 1 dB in the SNR corresponds to the same variation on the optical power
requirements.
At the output of receiver 1, the SNRis

>
3

\R = TT (10)

and after the cancellation operation, the SNRis

T.-T
Ay X (T,
sl

SNR = 8
AR F T Ty ©

We define the pendty due to the cancellation operation, over a system operating without
interference (with opticd filtering), as.
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©)

In practical systems the optica filter is chosen so that none or smal atenuation on the
transmitted signd is inserted by the opticd filter (Ty»1). Equation (9) shows that the more efficient
the opticd filter in the attenuation of the artificid light interference, i.e,, the lower the value of T, the
smaller isthe pendty due to the cancellation operation.

We note tha this technique is gpplicable to any type of atificid light interference,
incandescent light and fluorescent light with and without eectronic balasts, or any combination of
them. In the last case, Ti; is the overdl tranamisson coefficient of the optica filter for the tota
irradiance produced by the artificia light sources.

3. Implementation aspects

The cancdlation technique described above, requires the estimation of the transmisson
coefficent of the optica filter for the artificid light, Ti;, S0 that the gain of the amplifier, Av, can be
adjusted.

From equations (2) and (4) it is clear that Ti;=ii1(t)/iiz(t). Since dl dasses of interference
have a strong spectral component at double of the frequency of the mains power supply (50 or 60
Hz) [11], agood estimate of T;; can be obtained by calculating the ratio vy, (t)/Va,' (t), where vy’ (t)
and v’ (t) are low-pass filtered versions of Vg (t) and vg(t), respectively (figure 3a). The cut-off
frequency of the low-pass filters should be set to afew hundred Hz so that the interference-to-noise
ratio be as high as possible.

Alternaively, a control sub-system with feedback can be used to minimise the amplitude of
a low-pass filtered verson of the totd received sgnd through the dynamic adjustment of the
amplifier gan Av (figure 3b).

Both approaches should be able to provide good estimates of T;;, even for low vaues of the
interference-to-noiseratio or interference-to-ggnd ratio.

Va (t)
+ wi(t)
vayt) | Low-pass [ va'(t)
filter X - vat) | p
Xy T
vd2(1) Low-pass | ve' (t)f, Amplitude || Low-pass
filter detector filter
a) b)

Figure 3. Estimation of Av.

It is known that the ambient light conditions in a particular environment are not congant in
time, and very different conditions may be found aong the period of a single day. A very common
gtuation is the one where the ambient light is only natura during the day and artificid a night. In this
case, when the ambient light is only naturd there is no interference. The implementation of the
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technique described in this paper should cope with this stuation. A smple solution to this problem is
to detect the presence of interference, again through the estimation of the amplitude of a low-pass
filtered verson of the received signal (Vaa(t) or vg(t)). If that amplitude is lower than a pre-defined
leve, then the value of Av should be et to zero so that no unnecessary noise is added to the sgndl.

In section 2 we have consdered two photodetectors, D1 and D2 in figure 2, with smilar
characterigtics such as active area and respongivity. We rote that different photodetectors can be
used for D1 and D2. In the case of different photodetectors, the expression for the power pendty
presented in section 2 (equation 9), should be changed to take into account the different
characterigtics of the two photodetectors.

In order to improve the system performance, the shot noise introduced by the second
photodetector can aso be reduced by using a second optica filter in D2. This second filter should
not tranamit the sgnd while trangmitting the interference.

4. Results

In [13,14] the power pendty induced by artificid light interference was estimated with and
without dectrical high-pass filtering, and the results show that for the interference produced by
fluorescent lamps driven by eectronic balasts the penaty can be very large.

In this section we compare the pendty induced by artificid lighting when high-passfiltering is
used with the pendty obtained by using the cancellation technique described in section 2.

We consider here a case where 15,,=200 MA, lgx=2 MA, Ty=1, T;1=1/4.7, T,=20 and
T1=3.9, asin [13] and where the transmission coefficients of the opticd filter are those reported in
[11]. Inthis case we have:

lgn1=lpn2/ Tra=780 MA
|Ba1:| BaZ/T 31:40 mA

N,=3.24" 102 A%Hz
N,=1.31" 10% A%Hz

In Table 1 the pendties induced by artificid light interference produced by fluorescent lamps
driven by eectronic ballasts on a system operating a 1 Mbps, and using the same opticd filter asthe
one considered in this paper, are presented [13]. In Table 1, the pendlties obtained through the use
of the cancdlation technique are comprared to the pendties obtained when eectrical high-pass
filtering is used to combet the interference.

OOK-NRZ 16-PPM, MAP | 16-PPM,TH
Without high- passfiltering 17.3dB 13.0dB -
With high+ pass filtering 17.1dB 8.9dB 10.0dB
Using cancdlation 1.8dB 1.8dB 1.8dB

Table 1. Power penalty induced by fluorescent lampsdriven by eectronic ballasts.

These results show that the cancdlation technique is much more efficient than smple high-
pass filtering in combating the interference. For systems operating at lower data rates, the advantage

of this gpproach is even higher, since the power pendties with high-pass filtering are higher.
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Equation (9), dso shows that the penalty due to the cancdllation technique depends on the
shot noise levels with and without opticdl filtering. We have performed the cdculation of the pendty
for two other ambient light conditions corresponding to 1g,,=20 MA and 1g,,=2000 MA, and we
found the pendity to be:

IBn2:20 mA Penalty:198 dB
182=2000 mMA Pendty=1.75 dB

showing that the pendty is admost insengtive to the naturd ambient light levels

In the first pendty cadculaion we have consdered a high vadue for Ti; (T;1=1/4.7). We have
repested the pendty caculations for alower value of T;;=1/8 [11], and we found the penalty to be
much lower:

Ti=1/8 Penalty=0.85 dB

as anticipated in section 2.
5. Conclusions

Ambient artificid light produces interference that induces a power pendty in indoor optica
wireless transmisson systems. For data rates higher than 1 Mbps, the interference produced by
incandescent lamps and fluorescent lamps driven by conventiond balasts can be effectively
mitigated by resorting to a combination of opticd filtering and eectricd high-passfiltering. However,
the interference produced by fluorescent lamps driven by eectronic bdlasts induces very large
power pendties, even when dectrical high-passfiltering is used.

A technique to reduce the effects of artificid light interference through the cancdlation of the
interfering sgna was described. This technique is gpplicable to dl types of artificid light interference
and is effective for systems operating at awide range of data rates.

The results show that this technique is much more effective than dectrical high-passfiltering
in mitigating the effects of artificid light interference.
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