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ABSTRACT

We describe the advantages and disadvantages of non-directed infrared communications, outline the technical
challenges to achieving speeds near 100Mb ⁄ s, and summarize design strategies to counter them. We also describe
preliminary tests of an experimental 50-Mb⁄ s link.
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Design of Non-Directed Infrared Links for High-Speed Wireless Networks

Infrared communications is well-suited to wireless networking for portable computers, a concept that was first
proposed over 15 years ago by IBM researchers,1 and has recently become a commercial reality; several companies
now offer wireless infrared modems,2 with data rates of 1 to 4Mb ⁄ s and ranges of 10 to 15m. Although such rates are
sufficient for many modest applications such as voice, the data rate requirements of future wireless networks will be
significantly larger, perhaps 100Mb ⁄ s or higher. In this paper we describe the advantages and disadvantages of the
non-directed infrared medium, outline the technical challenges to achieving speeds near 100Mb ⁄ s, and summarize
design strategies to counter them. We also describe preliminary tests of an experimental 50-Mb⁄ s link.

As a medium for short-range wireless communications, infrared radiation enjoys several advantages over radio.3

The primary advantage is a virtually unlimited, unregulated bandwidth. In addition, like visible light, infrared radiation
does not pass through walls or other opaque barriers, so that an infrared signal is confined to the room in which it orig-
inates. This makes infrared a secure medium, preventing casual eavesdropping. More importantly, it allows neigh-
boring rooms to use independent infrared links without interference. Finally, unlike radio, infrared links using intensity
modulation and direct detection do not suffer from multipath fading, because the detector surface typically spans thou-
sands of wavelengths, providing an inherent spatial diversity.

Infrared has some drawbacks as well. Although multipath propagation obviates the need for a strict line-of-sight
path between the transmitter and receiver, an infrared link is still susceptible to severe shadowing; an infrared receiver
cannot be carried in a shirt pocket, for example. Also, infrared links have a limited range, because the noise from
ambient light is high, and also because the square-law nature of a direct-detection receiver doubles the effective path
loss (in dB) when compared to a linear detector.

The dominant source of noise in a non-directed link is background light, which is typically a combination of fluo-
rescent light, sunlight, and incandescent light. The background light can be quite intense, especially near windows,
with a power that often exceeds the desired signal power by 25dB or more, even after optical filtering. The back-
ground light induces a high-intensity shot-noise in the photodetector which will dominate over the electronic thermal
noise in a well-designed preamplifier.

The best way to mitigate background light is through the use of a narrow-linewidth optical transmitter and a
narrow-band, wide-field-of-view, optical filter. At first glance, thin-film optical filters may seem inappropriate for
wide-field-of-view applications, since their performance is a strong function of angle of incidence. However, by
depositing a thin-film filter with bandwidth∆λ onto the surface of a hemispherical lens of refractive indexn and radius
R, and by placing the lens concentrically upon a circular photodetector of radiusr, we can confine the angles of inci-
dence to the range (0,∆θ), where the angle spread is∆θ = sin–1(nr ⁄ R). By increasingR, the angle spread can be
made arbitrarily small, resulting in a narrow-band filter with an arbitrarily wide field of view.4 The purpose of the
hemispherical lens is to provide optical gain; the gainG of a hemispherical lens with indexn is approximatelyn2 for
all angles of incidence. Assuming a full field of view, the electrical signal-to-noise ratio is proportional toG ⁄ ∆λ.

Non-directed infrared links rely upon multiple optical paths between transmitter and receiver to provide reliable
communication in the presence of shadowing. As the speed of transmission increases to 10 Mb⁄ s and beyond, the
intersymbol interference caused by this multipath dispersion can be devastating. Unlike dispersion in single-mode
fiber-optic communications systems, the dispersion in a non-directed infrared link is a linear phenomenon. Experi-
mental measurements have shown that the effects of multipath dispersion in typical office environments can be mod-
eled as a low-pass filter with 3-dB bandwidth in the tens of MHz.5

The linear nature of the multipath dispersion allows the use of conventional equalization methods to counter the
resulting intersymbol interference, such as linear or decision-feedback equalization, provided that a linear pulse-ampli-
tude modulation scheme, such as on-off keying, is used. OOK offers a good compromise between bandwidth effi-
ciency and power efficiency. To make efficient use of average optical power, however, it is beneficial to use
modulation schemes having low duty cycles, such as pulse-position modulation. PPM achieves its high power effi-
ciency at the expense of an increased bandwidth requirement, which makes PPM more susceptible to ISI than OOK. A
simple and effective equalization method for PPM results from viewing PPM as a block code and employing block
decision-feedback equalization.4 Multisubcarrier modulation is another alternative that may find use in some applica-
tions, despite its poor power efficiency, because it can achieve high bit rates without equalization, and because it is
amenable to multiplexing for multiple users.3
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We close by summarizing the results of an experimental demonstration of a 50-Mb⁄ s diffuse infrared link.6 A
block diagram of the prototype receiver is shown in Fig.1. To ensure eye safety, the transmitter passes the outputs of
eight laser diodes through a plexiglass diffuser, which is then directed towards the ceiling. When directly modulated
with a 50-Mb⁄ s OOK waveform, the source emits an average optical power of 475 mW at a wavelength of 806nm.
The receiver uses a hemispherical thin-film optical filter, a high-index hemispherical lens, and 1-cm2 siliconp-i-n pho-
todiode. The hemispherical design of the filter results in a wide field of view of 70˚ (half-angle), despite a narrow pass-
band of∆λ = 30nm. An analog decision-feedback equalizer, consisting of a four-tap baud-spaced forward transversal
filter and a four-tap half-baud-spaced feedback transversal filter, is used to mitigate ISI. A high-pass electrical filter is
used to reject low-frequency interference from fluorescent lights; this results in baseline wander, which is corrected
using quantized feedback.

Fig. 2 illustrates the effectiveness of the DFE in mitigating ISI. The shadowed data were obtained with a 1.7-m tall
person standing 30cm from the receiver, along the line-of-sight path between transmitter and receiver. The data was
taken in a 8.4m × 6.3m × 3.9m room. In this experiment, the DFE provided a 2.5-dB improvement with shadowing,
and a 2.75-dB improvement without shadowing. Furthermore, with DFE, the shadowed system suffers a penalty of
only 0.25dB relative to the unshadowed system. The impact of background light is illustrated in Fig. 3. All of the mea-
surements in Fig. 3 were performed without shadowing, and with the DFE. Fluorescent lights introduced a penalty of
only 0.1dB, while direct sky light introduced a penalty of 1.5dB.
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