8. B K FEEANT (FSO)

Free-space optical communication involves the use of optical links across the space
between two points, either within the Earth's atmosphere, or in outer space. Figure 1
shows a generic free-space optics system with a transmitted and received optical antenna
to send and receive an optical beam. The transmitted optical antenna composites of
optical components, usually lens and tracking mechanics, to direct the beam toward the
receiver. The received antenna has lens to focus the received beam to an optical receiver.
The optical links usually use laser light, although low-data-rate communication over short
distances is possible using light-emitting diodes (LEDs). Infrared Data Association
(IrDA) in most laptop/palmtop computer is a very simple form of free-space optical
communications using LEDs. For longer distances, a pair of telescopes is used at each
end as the antenna, with a laser and photo-sensors mounted in each telescope. In some
special case, the optical antenna may be some diffuse optics such that the light beam fills
up the whole space to enable the receiver to obtain a signal in arbitrary orientation. Some
modern museums use LED array to send narrated information to headphones.

Free-space optical communications has a number of applications:

as a last (or first) mile telecommunications link

as a LAN link between buildings

as a LAN link within a room using diffusive optic

for communications between spacecraft, including elements of a satellite
constellation

e for interstellar communication

In terrestrial applications, the limiting factors are the attenuation of the beam by: beam
divergence, atmospheric absorption, rain (severe rain may have up to 100 dB/km
attenuation), fog, snow, and scintillation.

For space applications, none of these defects applies, and free-space optical
communications is potentially usable at interstellar distances.

In this chapter, free-space optics (FSO) is discussed mainly for the application as a
terrestrial communication link similar to Fig. 1 to serve as either the last mile or LAN
link. Usually, for reason explained later, wavelengths of 850nm (short) and 1550nm
(long) are used for FSO. The link installation and operation do not bring any legal
obstacles because the wavelengths fall within the infrared spectral band. Currently, no
license or certificate is required. But wireless optical technology must conform to
international standards of eye safety for lasers.

The FSO technology is interesting for a number of reasons:
1. Without license regulation by any government organizations.

2. With the wavelength from 850nm to 1500nm, FSO does not pollute the
environment with electromagnetic energy radiation on radio frequencies.



3. FSO are designed to be eye-safe even at the transmitting aperture. All FSO
systems transmit optical power conforming to the respective international
standards for eye safety.

4. With a narrow beam angle of several milliradians, it is very hard to jam or tap the
FSO.

5. The bandwidth of FSO is mainly limited the transmitter and receiver. Using the
same transmitter and receiver as high-speed fiber systems, the FSO technology is
then a natural complement of modern broadband fiber networks.

Free-space optical communication can trace its root to ancient China when high towers
were built to use smog to signal the occurrence of important events, mostly for military
purposes. Of course, flag signal has been used by the shipping industry until recently. In
the late nineteenth century, Alexander Graham Bell expanded on this simple form of
optical communications with his "photo-phone” which modulated sunlight for
communications. Despite this advancement, the photo-phone took a back seat to Bell's
other technology that evolved into the current wire line telephone system.

Shortly after the invention of laser is the 50’s, laser beam was proposed for free-space
optical communications. With the invention of optical fiber, only the military and the
NASA is interested in free-space optical communication for inter-satellite or space
communication proposes.

In the early 1990s, several companies began to experiment with the idea of bringing free
space optical technology to the private sector. These companies sought to address the
growing need for higher bandwidth connectivity by providing solutions and networking
capabilities not available from the traditional telecommunication carriers. Initial
applications were enterprises connecting two buildings LANS across a right-of-way.

The infrared version of the wireless LAN standard has been available since the initial
release of the IEEE 802.11 standard in 1997. However, there are no known vendors that
sell products compliant with 802.11 IR. Of course, there are many advance researches on
diffuse infrared to fill the whole indoor room with infrared radiation such that non-light-
of-signal (LOS) receivers can be used as LAN link in the room. Currently, several
companies market proprietary IR LAN products. For example, JVC of Japan has a
infrared wireless LAN called VIPSLAN for 100 Mb/s. There are also products to extend
IrDA for LAN traffics, for example, HP NetBeamIR or similar Clarinet EthIR.

In recent years, some service providers consider wireless technologies such as microwave
and free space optics. These early-adopter carriers were instrumental in the evolution of
carrier-class free space optical networking. Today free space optics equipment is being
deployed for a wide variety of applications including fiber extension, fiber backup, and
for disaster recovery.

8.1 Loss of the FSO in Atmosphere



While fiber-optic cable and FSO technology share many of the same attributes, they face
different challenges due to the way they transmit information. Optical fiber is a very
stable media with minimal outside disturbances, except from wayward construction
backhoes or gnawing rodents. FSO technology is subject to its own potential outside
disturbances in the atmosphere. Optical wireless networks based on FSO technology must
be designed to combat changes in the atmosphere, which can affect FSO system
performance capacity. As a line-of-sight technology, the interconnecting points of FSO
must be free from physical obstruction.

In the FSO system of Fig. 1, in order to transmit any information, network traffic is first
converted into pulses of invisible light representing 1’s and 0’s with the presence or
absence of pulses. Transmitter projects the carefully aimed light pulses into the air toward
the receiver. A receiver at the other end of the link collects the light using lenses and/or
mirrors. Received signal converted back into fiber or copper and connected to the
network. For duplex link, the reverse traffic converses the same way but in reverse
direction.

In general, the link equation for a FSO system is actually very simple, very similar to the
corresponding equation in microwave system. The amount of received power is equal to

Pr = Py — R exp(—aR) (1)
(A@r)

where Py is the transmitted power, Ag is the area of the receiver, A® is the beam
divergence in radian, r is the distance between transmitter and receiver, and o is the
average atmospheric attenuation coefficient. The amount of received power is
proportional to the amount of power transmitted and the area of the collection aperture,
and inversely proportional to the square of the beam divergence and the square of the link
range. The received power is decreased due to the absorption/attenuation in the
atmosphere.

Figure 2 shows the loss due to beam divergence. For a FSO of with a range of 1 km, the
diameter of the light beam is about 1 m for a very narrow beam of 1 milliradian. When a
laser beam of a very small diameter is diverged to 1 m, there is a large loss due to the
beam divergence, except if the collection aperture has a diameter larger than 1 meter.

The performance of a FSO link can be improved by controlling the transmit power,
receive aperture size, beam divergence, and the link range. The atmospheric attenuation
coefficient cannot be controlled for the outdoor environment. Figure 3 shows many
environment factors in the free space that will give optical loss. The major loss factor is
almost all due the water in the atmosphere, mostly the fog or similar phenomena.

The primary challenge to FSO-based communications is fog. Comparatively speaking,
rain and snow have little effect on FSO technology, but fog is different. Fog is vapor
composed of water droplets, which are only a few hundred microns in diameter but can
modify light characteristics or completely hinder the passage of light through a



combination of absorption, scattering, and reflection. Fog can be extremely thick, with
attenuation values of 350 dB/km or more. The primary answer to counter fog when
deploying FSO-based optical wireless products is through a network design that shortens
FSO link distances and adds network redundancies. FSO installations in extremely foggy
cities such as San Francisco have successfully achieved carrier-class reliability.

Water absorption occurs when suspended water molecules in the terrestrial atmosphere
extinguish photons. This causes a decrease in the power density (attenuation) of the FSO
beam and directly affects the availability of a system. Absorption is mostly due to water
vapor in the air. Absorption occurs more readily at some wavelengths than others. The
top panel of Fig. 4 shows the amount of absorption due to water in the atmosphere. Some
wavelengths propagate very poorly due to water absorption, particularly near 1.3 to 1.4
micron. The second panel of Fig. 4 from the top shows absorption due to oxygen and
carbon dioxide, which are relatively narrow lines and can be easily avoided. Even in a
very clear weather with visibility of more than 16 km, Figure 5 shows the attenuation
coefficient of the air. The comparison of Figs. 4 and 5 shows that air vapor is the major
source of absorption in the air.

Figure 5 shows several transmission windows that are nearly transparent with an
attenuation coefficient of less than 0.2 dB/km within the 0.8 to 1.6 micron wavelength
range. These windows are located around specific center wavelengths, with the majority
of FSO systems designed to operate in the windows of 780-850 nm and 1520-1600 nm.
The wavelength range of 1520-1600 nm is especially interested due to its coincidence
with the dense wavelength-division-multiplexed (DWDM) wavelengths for terrestrial
fiber communication systems. These wavelengths are compatible with erbium-doped
fiber amplifier (EDFA) technology, which is important for high-power (>500 mW) and
high-data rate (>2.5 Gbit/s) systems. In additional, will be shown later, 50-65 times as
much power can be transmitted at 1520-1600 nm than can be transmitted at 780-850 nm
for the same eye safety classification, owing to the low transmission of the human eye at
these wavelengths.

However, the major limitation for FSO is still fog due to scattering. Scattering is caused
when the light collides with the scatterer. The physical size of the scatterer determines the
type of scattering. When the scatterer is smaller than the wavelength, this is known as
Rayleigh scattering with very small loss coefficient. When the scatterer is of comparable
size to the wavelength, this is known as Mie scattering. When the scatterer is much larger
than the wavelength, this is known as non-selective scattering. Unlike absorption, there is
no loss of energy in scattering, only a directional redistribution of energy to other angles
that may have significant reduction in beam intensity for longer distances. Figure 4 also
shows the scattering effects due to fog for a visibility range of 200 m, typical of an
advection fog. The third panel of Fig. 4 shows the effects of Mie scattering by water
droplets in the fog. Clearly scattering in fog is the dominant loss mechanism and is
basically independent of wavelength. The bottom panel shows the combined effects of
absorption and scattering. Converted to attenuation coefficient, the bottom panel of Fig. 4
is also shown in Fig. 6. In additional to the visibility of 200 m, Figure 6 also shows the
attenuation coefficient with a visibility of 500 m. In the low loss window around 800 and



1550 nm, compared Fig. 6 with Fig. 5, the scattering loss in fog is much larger than the
absorption loss of water.

Rain has a drop size larger than fog and the wavelength of light. Even in heavy rain, the
absorption loss of water normally gives an attenuation loss of about 10 dB/km around
800 and 1500 nm, significant less than the scattering loss of fog in Fig. 6. While
extremely heaving rain can bring a link down, it only occurs if one cannot see through the
rain. However, low clouds may accompany either rain or snow. If the clouds are very low
to hinder the laser beam, the effects are very similar to fog. Rain may also bring a water
sheet on the window that may deflect part of the laser beam.

Snow usually has a droplet size between fog and rain. The scattering and absorption loss
of snow is between fog and rain. Very heave snow may cause ice build up in the window
the block the whole laser beam.

In desert area, sand storm may also bring a link down. Other than some cities like Beijing
(or Peking), sand storm rarely occurs in most urban core.

To reduce the requirement on the dynamic range of the receiver, the slow time-varying
link loss due to weather condition is usually compensated by transmitter power control.
Depending on the receiver sensitivity and other parameters of the link equation of Eq. (1),
the attenuation coefficient as a function of link range can be provided as in Fig. 7 by
assuming maximum transmitter power. With the attenuation coefficient like Fig. 7, the
link availability may be calculated.

Generation of link availability versus link range requires several pieces of data to be
analyzed. Data from weather service archives, commercial meteorology instruments, and
FSO statistics — combined with the system link margin or “allowable attenuation” curve
of Fig. 7- can be used to generate plots like Fig. 8. It describes the frequency with which
attenuation events whose magnitude is greater than or equal to the value shown were
measured. To use the chart below, choose a given availability, say 99.9% (as shown by
the 'range’ curve); move horizontally to the desired city (Tokyo in this example); then
move vertically to the link budget equation; and finally move horizontally to the
maximum link range (in the case of Tokyo, it is about 350 m). It is interesting to note that
Tokyo is qualitatively in the top 10% of cities for clarity of the atmosphere and San
Diego is in the bottom 10%. Therefore, for most deployments, the maximum range will
fall somewhere in between these two cities, certainly less than 500 m in most cases.

The refractive index of the air changes with temperature. Heated air rising from the earth
surface or man-made devices (like heating ducts) creates temperature variations among
the air. The index variation cause the atmosphere to act like a collection of many prisms
and lenses that deflect the light beam into and out of the transmit path. Related to the
wind speed, the time scale of the fluctuation is about the time to move a volume of air the
size of the beam across the beam path. This type of fluctuation is called scintillation. For
weak fluctuation, the distribution of the received intensities is close to a log-normal
distribution. For strong scintillation, the distribution tends to be more exponential. The



fluctuations in signal amplitude also leads to "image dancing™ at the FSO-based receiver
end. Called "Refractive turbulence,” this causes two primary effects on optical beams:

Beam Wander: Beam wander is caused by turbulent eddies that are larger
than the beam.

Beam Spreading: Beam spreading — long-term and short-term — is the
spread of an optical beam as it propagates through the atmosphere.

For large diameter astronomic telescope, adaptive optic is used to compensate for
scintillation. In FSO, the beam wander can be compensated using active tracking.
Usually, scintillation and fog are two mutually exclusive events. Air movement is
difficult and no scintillation in foggy weather. In clean weather with low loss, the penalty
from scintillation is limited due to low link loss. In practice, FSO designed for fog is able
to combat scintillation.

In additional, flying birds or construction cranes can temporarily block a single-beam
FSO system, but this tends to cause only short interruptions, and transmissions are easily
and automatically resumed. If the FSO transmitter and receiver are installed behind a
glass window, the loss of the window also depends on wavelength. Figure 9 shows the
window loss as a function of wavelength. Usually, a tinted window gives larger loss and
is not recommended for FSO systems. Window loss includes two major loss components:
one due to reflection from the air-glass interface and another due to the glass absorption.
Reflection from the window may cause eye safety concern.

Nature light sources like the sun and moon and man-made light sources like fluorescent
light induce noise into the received light. Optical filter can be used to reduce the effect of
sunlight or fluorescent light. The movement of the sun is very predictable for the year and
direct point to the sun should be avoided.

8.2 Transmitter and Receiver Alignment

When beam with small divergence of Fig. 2 is used, one of the key challenges with FSO
systems is maintaining transceiver alignment. The highly directional and narrow beams
of light must impose upon the receive aperture of the transceiver at the opposite end of
the link. A typical FSO transceiver transmits one or more beams of light, each of which is
5-8 cm in diameter at the transmitter and typically spreads to roughly 1-5 m in diameter
at a range of 1 km. When both the transmitter and receiver use the same optical
components like that in Fig. 2, the field of view (FOV) of a FSO receiver has the same
“cone of acceptance” the same as the cone of light projected by the transmitter. Like Fig.
1, both the transmitted beam of light and the receive FOV cone encompass the
transceiver at the opposite end of the link.

Despite our perceptions to the contrary, buildings are, in fact, constantly in motion. Table
1 show the factors to cause the movement of the building due to thermal expansion, wind
sway, and vibration. Because of the narrowness of the transmitted beam and the
receiver’s FOV, building sway can affect a FSO transceiver’s alignment and interrupt



communication. In most circumstances, angular motion (azimuth and elevation), as
opposed to linear motion, poses the greatest challenge for transceiver alignment.

From Table 1, building movement can usually be assigned to one of three classes: low,
moderate, and high frequency. Low-frequency motion is defined as motion with periods
from minutes to months and is dominated by daily and seasonal temperature variations.
Moderate-frequency motion has periods of seconds and includes wind-induced building
motion. High-frequency motion has periods of less than 1 s and is generally referred to as
vibration, which includes motion induced by large machinery (e.g., large fans), as well as
human activity (e.g., walking, shutting doors).

Building movement can be solved by two techniques. The most promising is the usage of
active tracking to compensate of beam dancing due to building movement, even due to
scintillation. The second method uses a wide divergence beam such that both transmitter
and receiver have large FOV even during very strong movement. However, the second
method gives very large loss as from Eq. (1). Figure 10 shows the beam must have a
diverging angle larger than 10 milliradian in some of the case. To improve the link
performance, active tracking may be a more promising technique.

To determine the speed of the active tracking system, Figure 11 presents power spectral
density plots of vibration for several buildings, including two rooftop mounts (surface of
roof), two tall office buildings (floor mount), and a small wood-frame building (floor
mount). The curves show the large variability in vibration from building to building. In
addition, the magnitude of vibration due to occupant activity (e.g., walking, shutting
doors) will vary greatly over time within the same building. It is interesting to note that
almost all the integrated motion is due to frequency content below 10 Hz. Measurements
show that peak angular base motion due to vibration above 1 Hz should rarely exceed 1
milliradian and in many environments will rarely approach half this value. However,
mounting hardware must be carefully designed (and installed) so that the mount does not
amplify the base motion that the FSO terminal experiences.

From Fig. 2, assume a beam divergence of about 1 milliradian, the active tracking system
may have a feedback loop speed of about 50 Hz to compensate for building movement up
to the speed of 10 to 20 Hz. Active tracking with a speed of 10 to 20 ms is easy to
implement.

8.3 Laser Safety

The primary safety concern of FSO is the potential exposure of the eye or skin to the
beam. High-power laser beams can cause injury to skin, but risks of injury to the eye are
more significant because of the eye’s ability to focus light and thereby concentrate optical
energy. In general, any laser that is considered to be “eye-safe” is also considered to be
“skin-safe.” Figure 12 shows the structure of human eye. Like sunlight, laser light arrives
in parallel rays, the eye focuses the arrival light to a point on the retina, the layer of cells
that responds to light. Just as staring at the Sun can damage vision, exposure to a laser
beam of sufficient power can cause eye injury. Eye injury is usually caused by long time



exposure of light to the retina to make it to loss its ability to respond to light. Much larger
intensity is required to damage of the surface and the cornea of the eye than the retina.

Figure 13 shows the response of our eye to light in different wavelength (or color) and
the transmission coefficient of the light through our eye. While our eye is response to the
wavelength from about 400 to 700 nm, the light from the wavelength between about 400
to 1400 nm are focused by the eye onto the retina. Other wavelengths tend to be absorbed
by the front part of the eye (the cornea, see Fig. 12) before the energy is focused and
concentrated. If light is absorbed before retina, the retina does not expose to light and will
not be damaged. The absorption of the eye varies with wavelength (see Fig. 13). The
absorption coefficient of the cornea is much higher for longer wavelengths (>1400 pnm)
than for shorter wavelengths. As such, damage from visible radiation of sunlight is more
likely than from longer wavelengths located in the infrared spectrum. Eye response also
differs within the range that penetrates the eye (400-1400 nm) because the eye has a
natural aversion response, which makes it turn away from a bright visible light. Invisible
to eye, wavelengths longer than 700 nm do not trigger an aversion response. Although
infrared light can damage the surface of the eye, the damage threshold is higher than that
for light with shorter wavelength.

Many countries have developed or adopted laser safety standards. These safety standards
generally fall into two categories: those that address the safety of laser equipment and
those that focus on the safe use of lasers. In addition, some entities have the authority to
create legal standards, while others set laser safety standards and establish guidelines that
are not enforceable by law. In general, laser safety standards include provisions for
automatic or manual safety controls; warning labels and signs; training for operation,
maintenance, and service; and use of protective equipment. A list of the principal laser
safety standards organizations is:

e Center for Devices and Radiological Health (CDRH). CDRH is an agency within
the United States (U.S.) Food and Drug Administration (FDA). CDRH establishes
regulatory standards for lasers and laser equipment that are enforceable by law
(21 CFR 1040).

e International Electrotechnical Commission (IEC). IEC publishes international
standards related to all electrical equipment, including lasers and laser equipment
(IEC60825-1) and the standard special for FSO (IEC60825-12). These standards
are not automatically enforceable by law, and the decision to adopt and enforce
IEC standards is at the discretion of individual countries.

e American National Standards Institute (ANSI). ANSI is a U.S. organization that
publishes standards for laser use (ANSI Z136.1). ANSI standards are not
enforceable by law but do form the basis for the U.S. Occupational Safety and
Health Administration (OSHA) legal standards, as well as comparable legal
standards that have been adopted by various state regulatory agencies.

e FEuropean Committee for Electrotechnical Standardization (CENELEC).
CENELEC is an organization that establishes electrotechnical standards based on
recommendations made by 19 European member nations. CENELEC standards
are not directly enforceable by law but, as with IEC standards, are often integrated
into the legal requirements developed by individual countries.



e Laser Institute of America (LIA). LIA is an organization that promotes the safe
use of lasers, provides laser safety information, and sponsors laser conferences,
symposia, publications, and training courses.

Over the years, the above organizations have developed a mechanism for classifying
lasers according to their type and power. Although the specific criteria vary slightly,
these classifications have generally been divided into four groups, Class 1 through Class
4, with Class 1 being the least powerful and Class 4 being the most powerful. However,
the fact that all of these organizations had adopted slightly different standards and
classification schemes was somewhat overwhelming for companies wishing to do
business in the global marketplace. To help remedy this situation, IEC, CDRH, and ANSI
are in the process of harmonizing their classification methods and product requirements.
On 27 May 2001, CDRH issued Laser Notice 50 that officially allows products that
comply with IEC60825-1, Amendment 2, to be introduced into the United States. This
notice is a first step in a process that is expected to result in the CDRH amending its own
regulations to be consistent with the new IEC standards.

Under the new IEC standard, specific laser classes were identified, and each class
assigned specific labeling and warning instructions as shown in Table 2. IEC standard
defines and specifies three unrestricted, restricted, and controlled of location types. The
document outlines installation compliance requirements based on the level of emitted
power, defines specific hazardous zones in front of the transmit aperture that must be
cleared for eye-safe viewing, and restricts the installation of certain high-power laser
systems in areas that are easily accessible to the public. Within the new classification
scheme, Class 1 and Class 1M systems are considered to be eye-safe for viewing at a
close distance without (Class 1M) or even with (Class 1) an optical instrument such as
binoculars. FSO system mostly uses either Class 1 and Class 1M laser light sources.
Class 2 and Class 2M are equivalent for Class 1 and Class 1M but only cover the visible
wavelength. Due to aversion response, Class 2 and Class 2M allow larger power than
Class 1 and Class 1M. As no commercial FSO system uses visible laser, these two classes
of laser is not further discussed here.

IEC also provides IEC60825-12 (in addition to the IEC60825-1, Amendment 2) to cover
FSO system classification and usage. Figures 14 and 15 illustrate the different location
types related to FSO application for either commercial structure or residential area.
IEC6082-12 defines inaccessible space that is equivalent to controlled space.

At this point, it is important to mention that the laser classification (e.g., Class 1, Class
1M, Class 3B) and not the transmission wavelength itself determine the laser
classification standard. In other words, there is no wavelength that is either inherently
eye-safe or inherently dangerous to the eye. It is fundamentally possible to design an eye-
safe laser system that operates at any given wavelength; output power levels (and not the
wavelength itself) determine the laser classification. It also is important to understand
that the new regulation addresses the power density in front of the transmit aperture
rather than the absolute power created by a laser diode inside the equipment. For
example, the laser diode inside the FSO equipment can actually be Class 3B even though



the system itself is considered to be a Class 1 or 1M laser product if the light is launched
from a large-diameter lens that spreads out the radiation over a large area before it enters
the space in front of the aperture. The new regulation also states that a Class 1M laser
system operating at 1550 nm is allowed to transmit approximately 55 times more power
than a system operating in the shorter IR wavelength range, such as 850 nm, when both
have the same size aperture lens. Indeed, it is possible to increase the lens aperture size to
allow higher laser power emission at a shorter wavelength. Another method of
maintaining a Class 1 or 1M laser safety classification is to use multiple large
transmission apertures.

Table 3 presents permissible power levels according to the IEC standard (IEC60825-1,
Amendment 2) for Class 1 and 1M laser systems for both the 850- and 1550-nm
wavelengths. Due to eye absorption, Table 3 shows that laser at the wavelength around
1550-nm allowed larger power than that in 850 nm. Class 1 lasers are safe under
reasonably foreseeable operating conditions, including the use of optical instruments for
intra-beam viewing. Class 1 systems can be installed in any location without restriction.

Class 1M laser systems operate in the wavelength range from 302.5 to 4000 nm, which is
safe under reasonably foreseeable conditions but may be hazardous if the user employs
optical instruments within some portion of the beam path. As a result, Class 1M systems
should only be installed in locations where the unsafe use of optical aids can be
prevented.

Figure 17 illustrates some examples of external location types. In IEC60825-12, both
Class 1 and Class 1M can be installed in both unrestricted and restricted area. In the
installation in restricted area has no condition for both classes. However, the installation
of Class 1M in unrestricted area must satisfy certain conditions. For example, the
collimated beam of Class 1M must be less than 2 meter within an unrestricted area (see
Fig. 17) and no reflection back to the unrestricted area with light larger than Class 1.

Figure and Table Captions (In the order of accompany PowerPoint
slide):

Fig. 1 The functional block diagram of a 300-pin transponder

Fig. 2 The beam divergence of an optical beam

Fig. 3 The environment loss due to fog, window, obstructions, scintillation, etc.

Fig. 4 Various sources of atmospheric due to absorption by air and fog scattering, the fog
visibility is 200 m and the measured range is also 200 m in advection fog.

Fig. 5 The atmospheric attenuation coefficient as a function of wavelength without fog
and with a visibility larger than 16 km

Fig. 6 The atmospheric attenuation coefficient as a function of wavelength for a fog
visibility of 200 and 500 m

Fig. 7 The maximum attenuation coefficient as a function of link range

Fig. 8 The calculation of service availability due to weather effects

Fig. 9 Window loss as a function of wavelength

Table 1 Different types of building movement



Fig. 10 The problem of building movement for FSO

Fig. 11 The power spectral density of building movement

Fig. 12 The structure of the eye with cornea at the front and retina at the back

Fig. 13 Response/absorption of the human eye at various wavelengths. The solid line is
photopic eye response and the dashed line is the total absorption across near-infrared
wavelengths

Table 2 Different laser hazard levels in different location types.

Fig. 14 An illustration of different location types in a commercial structure

Fig. 15 An illustration of different location types in a residential area

Table 3 IEC 60825-1, Amendment 2 Laser Power Levels

Fig. 16 Example of external location types

Fig. 17 Class 1M FSO transmitter near the edge of unrestricted location



