S o N A wireless at the speed of light

OPTICAL WIRELEES

OPTICAL WIRELESS: LOW-COST, BROADBAND, OPTICAL ACCESS

by
David A. Rockwell G. Stephen Mecherle
Director, Advanced Technology Chief Technology Officer
fSONA Communications Cor poration fSONA Communications Cor poration
drockwell @fsona.com smecherle@fsona.com

INTRODUCTION

The globd telecommunications network has seen massive expanson over the last few years, catalyzed
by the tedlecommunications deregulation of 1996. First came the tremendous growth of the long-haul,
wide-area network (WAN), followed by a more recent emphasis on metropolitan area networks
(MANSs). Meanwhile, loca area networks (LANS) and gigabit ethernet ports are being deployed with a
comparable growth rate. In order for this tremendous capacity to be exploited, and for the users to be
able to utilize the broad array of new services becoming available, network designers must provide a
flexible and cogt-effective means for the users to access the telecommunications network. Presently,
however, most loca loop connections are limited to 1.5 Mbps (aT1 line). Asaconsequence, thereisa
grong need for a high-bandwidth bridge (the “last mile’ or “first mile’) between the LANs and the
MANSs or WANS.

Optica wireless systems represent one of the most promising approaches for addressing the emerging
broadband access market and its “last mile’ bottleneck. These robust systems, which establish
communication links by transmitting laser beams directly through the atmosphere, have matured to the
point that mass-produced models are now available. Optica wirdess systems offer many features,
principd among them being low dart-up and operaiond costs, rapid deployment, and high fiber-like
bandwidths. Avallable systems offer capacities in the range of 100 Mbps to 2.5 Gbps, and
demondtration systems report data rates as high as 160 Ghps.
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This article first congders the attributes of an ided broadband access system, and then discusses how
optical access systems score very high on this list of attributes. Next we quantify the costs associated
with these systems, and show that optica wirdess offers a significantly lower cost per bit-per-second
than that of al established access gpproaches. Engineering maturity is examined next, and we find that
optica wirdless systems have developed 1o the point that carrier-class gpplications are possible. We
close with a brief summary of recent fidd-test results, which prove that excdlent “red-world”
performance can be achieved with a properly designed system.

BROADBAND ACCESS: IDEAL ATTRIBUTES

In order to establish a metric for assessing the attractiveness of optical wireless, this section reviews the
idedl attributes of a generic broadband access approach. One of the mogt sgnificant atributes is cog,
which includes the following dements

low ingtalation cost as well as cost per bit/second associated with each subscriber,
low firg-in cogt (i.e. the cost of launching access service for the first few subscribers)

The ideal broadband access approach should aso offer rapid deployment, so carriers can begin
generaing revenue as quickly as possble. Another important attribute is the capability to provide ahigh
capacity to each subscriber, thereby enabling multiple services to be utilized. Moreover, this capacity
should be easly scaable, not only in overdl bandwidth, but aso in the total number of subscribers that
can use the access equipment. The ideal access approach should be available a high percentage of the
time (up to 99.999% availability), and able to propagate data over relatively long distances.

Each broadband- access approach offers a “zone of advantage,” that is, each gpproach offers a more-
optima performance for certain specific applications and deployment drategies. However, no single
gpproach provides al of the attributes listed above. For example, athough dedicated fibers offer
massive capacity, they are expensive, and carriers miss many months of potentid subscriber revenues
while waiting for fibers to be deployed. Fiber-based passive optica networks (PONS) represent a
highly atractive gpproach, due to the relatively low cost per subscriber. However, the inherent high
capacity of fibers is shared among a number of users, thereby reducing the capacity per user, and the
deployment times can 4ill be quite long, depending on the location of any particular subscriber. Radio
frequency (RF) fixed wireless systems are a credible access option, but they are limited in data rete,
require FCC licenaing, are subject to rain fading, and are costly relative to other access schemes.



The logica consequence of this Situation is that one must select an gpproach that best meets the needs
of a specific deployment. Opticad wirdess represents an approach with wide and broadly based
gpplications appeal because of its many features. Optica wirdess complements both RF and wirdine
networks, providing fiber-like capacity at data rates up to 1 Gbps and more with a cost per bpsthat is
among the lowest available, a ~ $ 4 / Mbps / month. Given that no spectrum license is required, the
sart-up costs are sgnificantly lower than for RF wirdess. Optica wirdess systems can be rapidly
deployed; once a suitable line of sght is identified, a point-to-point link can typicaly be ingaled and
brought to operationa status in approximately one hour or less. Well engineered optica wireless links,
which properly account for the statistica occurrence of fog, can achieve an availability of 99.9 %, or
even full carrier-class availability of 99.999 % if one ingdls a (lower capacity) RF link or DSL back-up.
Finaly, optical wirdess sysems are * network-friendly” in that they can be:

engineered to be protocol-independent,

implemented in cdlular or mesh architectures as well as point-to-point links,

sent from roof-top to roof-top or through office windows,

desgned to be compatible with common monitoring protocols to ensure the highest leve of
successful implementation, and

redeployed to a different subscriber location if desred, for example, if an existing subscriber no
longer requires an optica wireless connection due to receiving a direct fiber-optic connection.

Given these attributes, it is clear then why optical wirdess systems are being implemented in a broad
range of gpplications and markets, including loca exchange carriers, |SPs, network service integrators,
and businesses ranging in size from smal 1SPs to mgor carriers and ILECs. Market-analys's sudies
predict hedthy growth of optica wirdess systems, with annua growth rates in the range of 80 to 90 %
and projected total globa sales of morethan $ 2 B in 2005.

COosT

Because cost is such an important factor in the broadband access market segment, a cost comparison
of optica wirdess and a number of established broadband access technologies is summarized in Table
1. Thefind figure of merit defined for this comparison is (cost / Mbps/ month), and optical wirdess, a
$ 4 / Mbps / month, is haf as expensve as the next-lowest-cogt dternative. The most expensive
technologies cost more than 80 times as much as opticd wirdess. This cost advantage arises from the
combination of high, fiber-like data rates and a low implementation cost. These cost advantages are so
compdling that the individua numbers in Table 1 can vary somewhat without affecting the concluson
that optica wirdess is the lowest-cost access approach. An even more compelling case for optica

wirel ess cost- effectiveness applies for higher data rates of 622 Mbps and up.



ENGINEERING MATURITY
The engineering maturity of optica wirdess is often underestimated, due to a misunderstanding of how
long such sysems have been under deveopment.  Hidoricaly, opticd wirdess was firg

Table 1. Cost comparison among established broadband access technologies and optical wireless. The
monthly costs for the RF and optical systems correspond to full depreciation of the equipment costs

over three years.

Access Speed | Equipment | Costper | Monthly Cost/MbpsMo
Medium (Mbps) Cost Mbps Cost &)
® ® ®
Did-Up 0.056 -- -- 20 357
Sadlite (DBS) 0.4 -- -- 50 125
Cable Modem 15 -- -- 50 33
DS (min) 0.144 -- -- 49 340
DSL (max) 8 -- -- 1200 150
T-1 1.54 -- -- 300 195
T-3 45 -- -- 3000 67
RF
Median price, 6 vendors 155 45,000 290 1250 8
Optical Wirdless
SONAbeam 155° 155 20,000 130 555 4

& This product operates at 155 Mbps at distances up to 2 km, depending on fog conditions.

demondtrated by Alexander Graham Bell in the late nineteenth century (prior to his demongration of the
telephone!). Neverthdess, essentidly al of the engineering of these systems was done over the past 40
years or S0, mostly for defense gpplications. By addressing the principa engineering chalenges, this
aerogpace/defense activity established a strong foundation upon which today’s commercid optical
wireless systems are based.

Fird, such systems can be designed to be eye-safe, which means that they pose no danger to people
who might happen to encounter the communications beam. Laser eye safety is classfied by bte



International Electrotechnicad Commission (IEC), which is the international sandards body for dl fields
of dectrotechnology. While the IEC is an advisory agency, its guideines are adopted by the regulatory
agencies in most of the world's countries. A laser tranamitter that is completely safe when viewed by
the unaided eye is designated IEC Class IM. Inthe U.S,, laser eye safety is controlled by the Center
for Devices and Radiologica Hedth (CDRH), a divison of the Food and Drug Adminigration (FDA).
Currently, the CDRH isin the process of adopting the safety classfications of the IEC.

Note, however, that the eyesafe limits vary with wavelength. The optica wireless hardware currently on
the market can be classified into two broad categories — systems that operate at a wavel ength near 800
nm and those that operate near 1550 nm. Laser beams at 800 nm are near-infrared and therefore
invisble, yet like visble wavelengths, the light passes through the cornea and lens and is focused onto a
tiny oot on the retina This is schematicdly illustrated in Figure 1 (a), which gpplies for visble and
near-infrared wave engths in the range of 400 to 1400 nm. The collimated light beam entering the eye in
this retina-hazard wavelength region is concentrated by a factor of 100,000 times when it strikes the
retina. Because the retina has no pain sensors, and the invisible light does not induce a blink reflex, at
800 nm the retina could be permanently damaged by some commercialy available optica-wirdess
products before the victim is aware that hazardous illumination has occurred. In contrast, Figure 1 (b)
schematically shows that laser beams at wavel engths greater than 1400 nm are absorbed by the cornea
and lens, and do not focus onto the retina. Because of these biophysical properties of the eye,
wavelengths > 1400 nm are dlowed gpproximately 50 times grester intengities than wavelengths near
800 nm. Thisfact can be exploited by specifying a wavelength in the 1550 nm range, where the factor
of fifty additiond laser power dlows the system to propagate over longer distances and/or support
higher data rates.

Second, as is well known from common experience, fog substantialy attenuates visible radiation, and it
has a amilar affect on the near-infrared waveengths that are employed in optical wireless systems.
Note that the effect of fog on opticd wirdess radiation is entirely anadogous to the atenuation — and
fades — suffered by RF wirdess systems due to rainfal. Similar to the case of rain atenuation with RF
wireless, fog atenuation is not a “show-stopper” for optica wireless, because the optica link can be
engineered such that, for a large fraction of the time, an acceptable power will be received even in the
presence of heavy fog. This important dement of link engineering begins with the collection of fog-
datistics data, which show what percentage of the time the fog attenuation will be greater than a certain
vadue. Then, the fog datigtics for the subscriber’s location are used to determine how much fog
atenuation (in dB/km) must be accommodated to guarantee a given vaue of availability (e.g. 99.9 %).
Next, the link design cdculations are consulted to determine how much link margin is dlocated to fog
atenuation. Findly, the maximum link length is calculated according to the smple equation



_ Link Margin (dB)
Length (km) = Fog Attenuation (dB/km)

When this smple andysis is applied to actua deployments, locations having frequent and heavy fog will
have shorter dlowable links for a given availability. Alternaively, ardativey fog-free Ste might be able
to accommodeate link lengths of several km using identica optica wireless equipment.

Optica wirdless-based communication systems can be enhanced to yield even greater availabilities. In
particular, by including a RF wirdess link or DSL as a back-up, one can offer availabilities of 99.999%.

Another example where practica engineering yidds a rdiable, low-cost optica wireless approach isthe
ability to mantain sufficently accurate pointing stability without invoking the cost, complexity, and
reliability issues associated with the use of an active pointing-stabilization approach. This preferred |ow-
cog, fixed-pointed approach is schematicaly shown in Figure 2, where we see that the transmitted
beam is broadened sgnificantly beyond its near-perfect minimum beam divergence angle, and the
recaeiver fidd of view is broadened to a comparable extent. The broadening of the transmitted and
recelved fields of view leads to large pointing/dignment tolerances and a very low probability of building
moation being of sufficient magnitude to take the link down. Well engineered hardware explaits this
gpproach of designing for loose alignment tolerances; therefore, it is possible to perform initia aignment
of the transceivers at opposite ends of the link during ingtdlation and then leave them unattended for
many years of relidble sarvice. Note that this gpproach is facilitated for systems operating at
wavelengths >1400 nm, because the higher dlowable eyesafe powers at such waveengths dlow the
trangmitted beam to be sgnificantly broadened spatidly while ill maintaining an adequate intengity at
the receiver.

Other features of optica wireless sysems that have accrued from the long engineering history include:

systems have been designed to dlow smple, rapid inddlations, in an hour or less, assuming a
suitable line of Sght has dready been identified;
scaability to multiple types of architectures, protocols, and higher data throughputs.

FIELD-TEST RESULTS

The fina proof of the viability of any broadband access gpproach, including optical wirdess, is the
successful conclusion of rigorous fidd-tests. In this context it is gppropriate to summarize some recent
results that were achieved for a 750 meter link rear Vancouver, B.C., Canada; this link was operated



24 hours per day, 7 days per week, for atotal of 30 days (or 43,200 minutes) late last year. Weather
conditions varied widdly during the tests, and included periods of steedy drizzle, heavy driving rain, and
multiple occasions of moderate fog. The only time the link dropped out was a 20 minute period when
fog reduced the vighility to ~ 50 meters.  These results, then, demondrate a totd link availability of
99.95 % through all weather conditions.

The best results were recorded during October, 2000, when not a single bit or packet error was
observed over measurement periods of 24 hours, for atotal of 11 terabits and a BER of <10, More-
typical resultswere a BER of 10° to 10™ with occasiona power trandents of typicaly ~ 0.1 to 5 msec,
and 5 such eventsin 24 hours.

CONCLUSION

Optical wireless represents ameature, reliable approach for broadband access. Such systems have been
engineered to provide robust performance that is highly competitive with other access approaches,
offering high capacity, excellent availability of 99.9 % (99.999 % with an RF wirdess or DSL back-up),
lowest cost per bps, and rapid deployment in ~ 1 hour. These systems are compatible with a wide
range of applications and markets, and they are sufficiently flexible as to be easly implemented using a
variety of different architectures. Because of these features, market projections indicate heathy growth
for optical wirdess sdes. This market potentid will be met with well engineered systems, designed for
high-volume manufacturing, thet are available immediately.
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Figure 1. Laser eye safety standards vary with wavelength, due to the fact that shorter wavelengths from 400 to 1400 nm are
transmitted through the cornea and lens of the eye to be focused into a high-intengty spot on the retina, while waveengths > 1400
nm are absorbed in the cornea and lens prior to being focused. This difference alows much greater incident intensities for
wavelengths > 1400 nm without risking eye damage.
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Figure 2. Schematic diagram of a fixed-pointed optica-wireless sysem showing how the pointing / dignment tolerance can be
increased by broadening the transmitted beam sgnificantly beyond its near-perfect minimum beam divergence angle, and
broadening the receiver fied of view to acomparable extent.



