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2.1.3 The Maximum Data Rate of a Channel

As early as 1924, an AT&T engineer, Henry Nyquist, realized that even a per-
fect channel has a finite transmission capacity. He derived an equation expressing
the maximum data rate for a finite-bandwidth noiseless channel. In 1948, Claude
Shannon carried Nyquist’s work further and extended it to the case of a channel
subject to random (that is, thermodynamic) noise (Shannon, 1948). This paper is
the most important paper in all of information theory. We will just briefly sum-
marize their now classical results here.

Nyquist proved that if an arbitrary signal has been run through a low-pass fil-
ter of bandwidth B, the filtered signal can be completely reconstructed by making
only 2B (exact) samples per second. Sampling the line faster than 2B times per
second is pointless because the higher-frequency components that such sampling
could recover have already been filtered out. If the signal consists of V discrete
levels, Nyquist’s theorem states:

maximum data rate = 2B log, V bits/sec (2-2)

For example, a noiseless 3-kHz channel cannot transmit binary (i.e., two-level)
signals at a rate exceeding 6000 bps.

So far we have considered only noiseless channels. If random noise is pres-
ent, the situation deteriorates rapidly. And there is always random (thermal) noise
present due to the motion of the molecules in the system. The amount of thermal
noise present is measured by the ratio of the signal power to the noise power, call-
ed the SNR (Signal-to-Noise Ratio). If we denote the signal power by S and the
noise power by N, the signal-to-noise ratio is S/N. Usually, the ratio is expressed
on a log scale as the quantity 10 log;y S/N because it can vary over a tremendous
range. The units of this log scale are called decibels (dB), with “deci’” meaning
10 and “bel” chosen to honor Alexander Graham Bell, who invented the tele-
phone. An S/N ratio of 10 is 10 dB, a ratio of 100 is 20 dB, a ratio of 1000 is 30
dB, and so on. The manufacturers of stereo amplifiers often characterize the
bandwidth (frequency range) over which their products are linear by giving the 3-
dB frequency on each end. These are the points at which the amplification factor
has been approximately halved (because 10 log;;0.5 = =3).

Shannon’s major result is that the maximum data rate or capacity of a noisy
channel whose bandwidth is B Hz and whose signal-to-noise ratio is S/N, is given
by:

maximum number of bits/sec = B log, (1 + S/N) (2-3)

This tells us the best capacities that real channels can have. For example, ADSL
(Asymmetric Digital Subscriber Line), which provides Internet access over nor-
mal telephone lines, uses a bandwidth of around 1 MHz. The SNR depends
strongly on the distance of the home from the telephone exchange, and an SNR of
around 40 dB for short lines of 1 to 2 km is very good. With these characteristics,
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the channel can never transmit much more than 13 Mbps, no matter how many or
how few signal levels are used and no matter how often or how infrequently sam-
ples are taken. In practice, ADSL is specified up to 12 Mbps, though users often
see lower rates. This data rate is actually very good, with over 60 years of com-
munications techniques having greatly reduced the gap between the Shannon ca-
pacity and the capacity of real systems.

Shannon’s result was derived from information-theory arguments and applies
to any channel subject to thermal noise. Counterexamples should be treated in the
same category as perpetual motion machines. For ADSL to exceed 13 Mbps, it
must either improve the SNR (for example by inserting digital repeaters in the
lines closer to the customers) or use more bandwidth, as is done with the evolu-
tion to ASDL2+.

2.2 GUIDED TRANSMISSION MEDIA

The purpose of the physical layer is to transport bits from one machine to an-
other. Various physical media can be used for the actual transmission. Each one
has its own niche in terms of bandwidth, delay, cost, and ease of installation and
maintenance. Media are roughly grouped into guided media, such as copper wire
and fiber optics, and unguided media, such as terrestrial wireless, satellite, and
lasers through the air. We will look at guided media in this section, and unguided
media in the next sections.

2.2.1 Magnetic Media

One of the most common ways to transport data from one computer to another
is to write them onto magnetic tape or removable media (e.g., recordable DVDs),
physically transport the tape or disks to the destination machine, and read them
back in again. Although this method is not as sophisticated as using a geosyn-
chronous communication satellite, it is often more cost effective, especially for
applications in which high bandwidth or cost per bit transported is the key factor.

A simple calculation will make this point clear. An industry-standard Ultrium
tape can hold 800 gigabytes. A box 60 x 60 X 60 cm can hold about 1000 of these
tapes, for a total capacity of 800 terabytes, or 6400 terabits (6.4 petabits). A box
of tapes can be delivered anywhere in the United States in 24 hours by Federal
Express and other companies. The effective bandwidth of this transmission is
6400 terabits/86,400 sec, or a bit over 70 Gbps. If the destination is only an hour
away by road, the bandwidth is increased to over 1700 Gbps. No computer net-
work can even approach this. Of course, networks are getting faster, but tape den-
sities are increasing, too.

If we now look at cost, we get a similar picture. The cost of an Ultrium tape
is around $40 when bought in bulk. A tape can be reused at least 10 times, so the



96 THE PHYSICAL LAYER CHAP. 2

tape cost is maybe $4000 per box per usage. Add to this another $1000 for ship-
ping (probably much less), and we have a cost of roughly $5000 to ship 800 TB.
This amounts to shipping a gigabyte for a little over half a cent. No network can
beat that. The moral of the story is:

Never underestimate the bandwidth of a station wagon full of tapes
hurtling down the highway.

2.2.2 Twisted Pairs

Although the bandwidth characteristics of magnetic tape are excellent, the de-
lay characteristics are poor. Transmission time is measured in minutes or hours,
not milliseconds. For many applications an online connection is needed. One of
the oldest and still most common transmission media is twisted pair. A twisted
pair consists of two insulated copper wires, typically about 1 mm thick. The wires
are twisted together in a helical form, just like a DNA molecule. Twisting is done
because two parallel wires constitute a fine antenna. When the wires are twisted,
the waves from different twists cancel out, so the wire radiates less effectively. A
signal is usually carried as the difference in voltage between the two wires in the
pair. This provides better immunity to external noise because the noise tends to
affect both wires the same, leaving the differential unchanged.

The most common application of the twisted pair is the telephone system.
Nearly all telephones are connected to the telephone company (telco) office by a
twisted pair. Both telephone calls and ADSL Internet access run over these lines.
Twisted pairs can run several kilometers without amplification, but for longer dis-
tances the signal becomes too attenuated and repeaters are needed. When many
twisted pairs run in parallel for a substantial distance, such as all the wires coming
from an apartment building to the telephone company office, they are bundled to-
gether and encased in a protective sheath. The pairs in these bundles would inter-
fere with one another if it were not for the twisting. In parts of the world where
telephone lines run on poles above ground, it is common to see bundles several
centimeters in diameter.

Twisted pairs can be used for transmitting either analog or digital information.
The bandwidth depends on the thickness of the wire and the distance traveled, but
several megabits/sec can be achieved for a few kilometers in many cases. Due to
their adequate performance and low cost, twisted pairs are widely used and are
likely to remain so for years to come.

Twisted-pair cabling comes in several varieties. The garden variety deployed
in many office buildings is called Category S cabling, or “Cat 5.” A category 5
twisted pair consists of two insulated wires gently twisted together. Four such
pairs are typically grouped in a plastic sheath to protect the wires and keep them
together. This arrangement is shown in Fig. 2-3.

Different LAN standards may use the twisted pairs differently. For example,
100-Mbps Ethernet uses two (out of the four) pairs, one pair for each direction.
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Figure 2-3. Category 5 UTP cable with four twisted pairs.

To reach higher speeds, 1-Gbps Ethernet uses all four pairs in both directions si-
multaneously; this requires the receiver to factor out the signal that is transmitted
locally.

Some general terminology is now in order. Links that can be used in both di-
rections at the same time, like a two-lane road, are called full-duplex links. In
contrast, links that can be used in either direction, but only one way at a time, like
a single-track railroad line. are called half-duplex links. A third category con-
sists of links that allow traffic in only one direction, like a one-way street. They
are called simplex links.

Returning to twisted pair, Cat 5 replaced earlier Category 3 cables with a
similar cable that uses the same connector, but has more twists per meter. More
twists result in less crosstalk and a better-quality signal over longer distances,
making the cables more suitable for high-speed computer communication, espe-
cially 100-Mbps and 1-Gbps Ethernet LANS.

New wiring is more likely to be Category 6 or even Category 7. These
categories has more stringent specifications to handle signals with greater band-
widths. Some cables in Category 6 and above are rated for signals of 500 MHz
and can support the 10-Gbps links that will soon be deployed.

Through Category 6, these wiring types are referred to as UTP (Unshielded
Twisted Pair) as they consist simply of wires and insulators. In contrast to these,
Category 7 cables have shielding on the individual twisted pairs, as well as around
the entire cable (but inside the plastic protective sheath). Shielding reduces the
susceptibility to external interference and crosstalk with other nearby cables to
meet demanding performance specifications. The cables are reminiscent of the
high-quality, but bulky and expensive shielded twisted pair cables that IBM intro-
duced in the early 1980s, but which did not prove popular outside of IBM in-
stallations. Evidently, it is time to try again.

2.2.3 Coaxial Cable

Another common transmission medium is the coaxial cable (known to its
many friends as just “coax’ and pronounced “co-ax’’). It has better shielding and
greater bandwidth than unshielded twisted pairs, so it can span longer distances at
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higher speeds. Two kinds of coaxial cable are widely used. One kind, 50-ohm
cable, is commonly used when it is intended for digital transmission from the
start. The other kind, 75-ohm cable, is commonly used for analog transmission
and cable television. This distinction is based on historical, rather than technical,
factors (e.g., early dipole antennas had an impedance of 300 ohms, and it was
easy to use existing 4:1 impedance-matching transformers). Starting in the mid-
1990s, cable TV operators began to provide Internet access over cable, which has
made 75-ohm cable more important for data communication.

A coaxial cable consists of a stiff copper wire as the core, surrounded by an
insulating material. The insulator is encased by a cylindrical conductor, often as a
closely woven braided mesh. The outer conductor is covered in a protective plas-
tic sheath. A cutaway view of a coaxial cable is shown in Fig. 2-4.

Copper Insulating Braided Protective
core material outer plastic
\ conductor covering
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Figure 2-4. A coaxial cable.

The construction and shielding of the coaxial cable give it a good combination
of high bandwidth and excellent noise immunity. The bandwidth possible de-
pends on the cable quality and length. Modern cables have a bandwidth of up to a
few GHz. Coaxial cables used to be widely used within the telephone system for
long-distance lines but have now largely been replaced by fiber optics on long-
haul routes. Coax is still widely used for cable television and metropolitan area
networks, however.

2.2.4 Power Lines

The telephone and cable television networks are not the only sources of wir-
ing that can be reused for data communication. There is a yet more common kind
of wiring: electrical power lines. Power lines deliver electrical power to houses,
and electrical wiring within houses distributes the power to electrical outlets.

The use of power lines for data communication is an old idea. Power lines
have been used by electricity companies for low-rate communication such as re-
mote metering for many years, as well in the home to control devices (e.g., the
X10 standard). In recent years there has been renewed interest in high-rate com-
munication over these lines, both inside the home as a LAN and outside the home
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for broadband Internet access. We will concentrate on the most common scenario:
using electrical wires inside the home.

The convenience of using power lines for networking should be clear. Simply
plug a TV and a receiver into the wall, which you must do anyway because they
need power, and they can send and receive movies over the electrical wiring. This
configuration is shown in Fig. 2-5. There is no other plug or radio. The data sig-
nal is superimposed on the low-frequency power signal (on the active or “hot”
wire) as both signals use the wiring at the same time.

Electric cable \ — Data signal
WA

\ Power signal

Figure 2-5. A network that uses household electrical wiring.

The difficulty with using household electrical wiring for a network is that it
was designed to distribute power signals. This task is quite different than distri-
buting data signals, at which household wiring does a horrible job. Electrical sig-
nals are sent at 50-60 Hz and the wiring attenuates the much higher frequency
(MHz) signals needed for high-rate data communication. The electrical properties
of the wiring vary from one house to the next and change as appliances are turned
on and off, which causes data signals to bounce around the wiring. Transient cur-
rents when appliances switch on and off create electrical noise over a wide range
of frequencies. And without the careful twisting of twisted pairs, electrical wiring
acts as a fine antenna, picking up external signals and radiating signals of its own.
This behavior means that to meet regulatory requirements, the data signal must
exclude licensed frequencies such as the amateur radio bands.

Despite these difficulties, it is practical to send at least 100 Mbps over typical
household electrical wiring by using communication schemes that resist impaired
frequencies and bursts of errors. Many products use various proprietary standards
for power-line networking, so international standards are actively under develop-
ment.

2.2.5 Fiber Optics

Many people in the computer industry take enormous pride in how fast com-
puter technology is improving as it follows Moore’s law, which predicts a dou-
bling of the number of transistors per chip roughly every two years (Schaller,
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1997). The original (1981) IBM PC ran at a clock speed of 4.77 MHz. Twenty-
eight years later, PCs could run a four-core CPU at 3 GHz. This increase is a gain
of a factor of around 2500, or 16 per decade. Impressive.

In the same period, wide area communication links went from 45 Mbps (a T3
line in the telephone system) to 100 Gbps (a modern long distance line). This
gain is similarly impressive, more than a factor of 2000 and close to 16 per
decade, while at the same time the error rate went from 107 per bit to almost
zero. Furthermore, single CPUs are beginning to approach physical limits, which
is why it is now the number of CPUs that is being increased per chip. In contrast,
the achievable bandwidth with fiber technology is in excess of 50,000 Gbps (50
Tbps) and we are nowhere near reaching these limits. The current practical limit
of around 100 Gbps is due to our inability to convert between electrical and opti-
cal signals any faster. To build higher-capacity links, many channels are simply
carried in parallel over a single fiber.

In this section we will study fiber optics to learn how that transmission tech-
nology works. In the ongoing race between computing and communication, com-
munication may yet win because of fiber optic networks. The implication of this
would be essentially infinite bandwidth and a new conventional wisdom that com-
puters are hopelessly slow so that networks should try to avoid computation at all
costs, no matter how much bandwidth that wastes. This change will take a while
to sink in to a generation of computer scientists and engineers taught to think in
terms of the low Shannon limits imposed by copper.

Of course, this scenario does not tell the whole story because it does not in-
clude cost. The cost to install fiber over the last mile to reach consumers and
bypass the low bandwidth of wires and limited availability of spectrum is tremen-
dous. It also costs more energy to move bits than to compute. We may always
have islands of inequities where either computation or communication is essen-
tially free. For example, at the edge of the Internet we throw computation and
storage at the problem of compressing and caching content, all to make better use
of Internet access links. Within the Internet, we may do the reverse, with com-
panies such as Google moving huge amounts of data across the network to where
it is cheaper to store or compute on it.

Fiber optics are used for long-haul transmission in network backbones, high-
speed LANSs (although so far, copper has always managed catch up eventually),
and high-speed Internet access such as FttH (Fiber to the Home). An optical
transmission system has three key components: the light source, the transmission
medium, and the detector. Conventionally, a pulse of light indicates a 1 bit and
the absence of light indicates a O bit. The transmission medium is an ultra-thin
fiber of glass. The detector generates an electrical pulse when light falls on it. By
attaching a light source to one end of an optical fiber and a detector to the other,
we have a unidirectional data transmission system that accepts an electrical sig-
nal, converts and transmits it by light pulses, and then reconverts the output to an
electrical signal at the receiving end.
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This transmission system would leak light and be useless in practice were it
not for an interesting principle of physics. When a light ray passes from one
medium to another—for example, from fused silica to air—the ray is refracted
(bent) at the silica/air boundary, as shown in Fig. 2-6(a). Here we see a light ray
incident on the boundary at an angle o; emerging at an angle ;. The amount of
refraction depends on the properties of the two media (in particular, their indices
of refraction). For angles of incidence above a certain critical value, the light is
refracted back into the silica; none of it escapes into the air. Thus, a light ray
incident at or above the critical angle is trapped inside the fiber, as shown in
Fig. 2-6(b), and can propagate for many kilometers with virtually no loss.

Air
Air/silica Total internal
boundary B1 B2 |_§ / reflection.
A A AX )
# /\/\/\/
Oy Ol O3
Silica Light source

(a) (b)

Figure 2-6. (a) Three examples of a light ray from inside a silica fiber imping-
ing on the air/silica boundary at different angles. (b) Light trapped by total inter-
nal reflection.

The sketch of Fig. 2-6(b) shows only one trapped ray, but since any light ray
incident on the boundary above the critical angle will be reflected internally,
many different rays will be bouncing around at different angles. Each ray is said
to have a different mode, so a fiber having this property is called a multimode
fiber.

However, if the fiber’s diameter is reduced to a few wavelengths of light the
fiber acts like a wave guide and the light can propagate only in a straight line,
without bouncing, yielding a single-mode fiber. Single-mode fibers are more ex-
pensive but are widely used for longer distances. Currently available single-mode
fibers can transmit data at 100 Gbps for 100 km without amplification. Even
higher data rates have been achieved in the laboratory for shorter distances.

Transmission of Light Through Fiber

Optical fibers are made of glass, which, in turn, is made from sand, an inex-
pensive raw material available in unlimited amounts. Glassmaking was known to
the ancient Egyptians, but their glass had to be no more than 1 mm thick or the
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light could not shine through. Glass transparent enough to be useful for windows
was developed during the Renaissance. The glass used for modern optical fibers
is so transparent that if the oceans were full of it instead of water, the seabed
would be as visible from the surface as the ground is from an airplane on a clear
day.

The attenuation of light through glass depends on the wavelength of the light
(as well as on some physical properties of the glass). It is defined as the ratio of
input to output signal power. For the kind of glass used in fibers, the attenuation
is shown in Fig. 2-7 in units of decibels per linear kilometer of fiber. For exam-
ple, a factor of two loss of signal power gives an attenuation of 10 log;y 2 =3 dB.
The figure shows the near-infrared part of the spectrum, which is what is used in
practice. Visible light has slightly shorter wavelengths, from 0.4 to 0.7 microns.
(1 micron is 1076 meters.) The true metric purist would refer to these wave-
lengths as 400 nm to 700 nm, but we will stick with traditional usage.
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Figure 2-7. Attenuation of light through fiber in the infrared region.

Three wavelength bands are most commonly used at present for optical com-
munication. They are centered at 0.85, 1.30, and 1.55 microns, respectively. All
three bands are 25,000 to 30,000 GHz wide. The 0.85-micron band was used first.
It has higher attenuation and so is used for shorter distances, but at that wave-
length the lasers and electronics could be made from the same material (gallium
arsenide). The last two bands have good attenuation properties (less than 5% loss
per kilometer). The 1.55-micron band is now widely used with erbium-doped
amplifiers that work directly in the optical domain.
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Light pulses sent down a fiber spread out in length as they propagate. This
spreading is called chromatic dispersion. The amount of it is wavelength depen-
dent. One way to keep these spread-out pulses from overlapping is to increase the
distance between them, but this can be done only by reducing the signaling rate.
Fortunately, it has been discovered that making the pulses in a special shape relat-
ed to the reciprocal of the hyperbolic cosine causes nearly all the dispersion ef-
fects cancel out, so it is possible to send pulses for thousands of kilometers with-
out appreciable shape distortion. These pulses are called solitons. A considerable
amount of research is going on to take solitons out of the lab and into the field.

Fiber Cables

Fiber optic cables are similar to coax, except without the braid. Figure 2-8(a)
shows a single fiber viewed from the side. At the center is the glass core through
which the light propagates. In multimode fibers, the core is typically 50 microns
in diameter, about the thickness of a human hair. In single-mode fibers, the core
is 8 to 10 microns.

Sheath < Jacket
gasﬁ

Cladding Jacket
(glass) (plastic) Core Cladding
(a)

Figure 2-8. (a) Side view of a single fiber. (b) End view of a sheath with three fibers.

The core is surrounded by a glass cladding with a lower index of refraction
than the core, to keep all the light in the core. Next comes a thin plastic jacket to
protect the cladding. Fibers are typically grouped in bundles, protected by an
outer sheath. Figure 2-8(b) shows a sheath with three fibers.

Terrestrial fiber sheaths are normally laid in the ground within a meter of the
surface, where they are occasionally subject to attacks by backhoes or gophers.
Near the shore, transoceanic fiber sheaths are buried in trenches by a kind of
seaplow. In deep water, they just lie on the bottom, where they can be snagged by
fishing trawlers or attacked by giant squid.

Fibers can be connected in three different ways. First, they can terminate in
connectors and be plugged into fiber sockets. Connectors lose about 10 to 20% of
the light, but they make it easy to reconfigure systems.

Second, they can be spliced mechanically. Mechanical splices just lay the
two carefully cut ends next to each other in a special sleeve and clamp them in
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place. Alignment can be improved by passing light through the junction and then
making small adjustments to maximize the signal. Mechanical splices take train-
ed personnel about 5 minutes and result in a 10% light loss.

Third, two pieces of fiber can be fused (melted) to form a solid connection. A
fusion splice is almost as good as a single drawn fiber, but even here, a small
amount of attenuation occurs.

For all three kinds of splices, reflections can occur at the point of the splice,
and the reflected energy can interfere with the signal.

Two kinds of light sources are typically used to do the signaling. These are
LEDs (Light Emitting Diodes) and semiconductor lasers. They have different
properties, as shown in Fig. 2-9. They can be tuned in wavelength by inserting
Fabry-Perot or Mach-Zehnder interferometers between the source and the fiber.
Fabry-Perot interferometers are simple resonant cavities consisting of two parallel
mirrors. The light is incident perpendicular to the mirrors. The length of the cav-
ity selects out those wavelengths that fit inside an integral number of times.
Mach-Zehnder interferometers separate the light into two beams. The two beams
travel slightly different distances. They are recombined at the end and are in
phase for only certain wavelengths.

Item LED Semiconductor laser
Data rate Low High
Fiber type Multi-mode | Multi-mode or single-mode
Distance Short Long
Lifetime Long life Short life
Temperature sensitivity Minor Substantial
Cost Low cost Expensive

Figure 2-9. A comparison of semiconductor diodes and LEDs as light sources.

The receiving end of an optical fiber consists of a photodiode, which gives off
an electrical pulse when struck by light. The response time of photodiodes, which
convert the signal from the optical to the electrical domain, limits data rates to
about 100 Gbps. Thermal noise is also an issue, so a pulse of light must carry
enough energy to be detected. By making the pulses powerful enough, the error
rate can be made arbitrarily small.

Comparison of Fiber Optics and Copper Wire

It is instructive to compare fiber to copper. Fiber has many advantages. To
start with, it can handle much higher bandwidths than copper. This alone would
require its use in high-end networks. Due to the low attenuation, repeaters are
needed only about every 50 km on long lines, versus about every 5 km for copper,
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resulting in a big cost saving. Fiber also has the advantage of not being affected
by power surges, electromagnetic interference, or power failures. Nor is it affect-
ed by corrosive chemicals in the air, important for harsh factory environments.

Oddly enough, telephone companies like fiber for a different reason: it is thin
and lightweight. Many existing cable ducts are completely full, so there is no
room to add new capacity. Removing all the copper and replacing it with fiber
empties the ducts, and the copper has excellent resale value to copper refiners
who see it as very high-grade ore. Also, fiber is much lighter than copper. One
thousand twisted pairs 1 km long weigh 8000 kg. Two fibers have more capacity
and weigh only 100 kg, which reduces the need for expensive mechanical support
systems that must be maintained. For new routes, fiber wins hands down due to
its much lower installation cost. Finally, fibers do not leak light and are difficult
to tap. These properties give fiber good security against potential wiretappers.

On the downside, fiber is a less familiar technology requiring skills not all en-
gineers have, and fibers can be damaged easily by being bent too much. Since op-
tical transmission is inherently unidirectional, two-way communication requires
either two fibers or two frequency bands on one fiber. Finally, fiber interfaces
cost more than electrical interfaces. Nevertheless, the future of all fixed data
communication over more than short distances is clearly with fiber. For a dis-
cussion of all aspects of fiber optics and their networks, see Hecht (2005).

2.3 WIRELESS TRANSMISSION

Our age has given rise to information junkies: people who need to be online
all the time. For these mobile users, twisted pair, coax, and fiber optics are of no
use. They need to get their “hits” of data for their laptop, notebook, shirt pocket,
palmtop, or wristwatch computers without being tethered to the terrestrial com-
munication infrastructure. For these users, wireless communication is the answer.

In the following sections, we will look at wireless communication in general.
It has many other important applications besides providing connectivity to users
who want to surf the Web from the beach. Wireless has advantages for even fixed
devices in some circumstances. For example, if running a fiber to a building is
difficult due to the terrain (mountains, jungles, swamps, etc.), wireless may be
better. It is noteworthy that modern wireless digital communication began in the
Hawaiian Islands, where large chunks of Pacific Ocean separated the users from
their computer center and the telephone system was inadequate.

2.3.1 The Electromagnetic Spectrum
When electrons move, they create electromagnetic waves that can propagate

through space (even in a vacuum). These waves were predicted by the British
physicist James Clerk Maxwell in 1865 and first observed by the German
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physicist Heinrich Hertz in 1887. The number of oscillations per second of a
wave is called its frequency, f, and is measured in Hz (in honor of Heinrich
Hertz). The distance between two consecutive maxima (or minima) is called the
wavelength, which is universally designated by the Greek letter A (lambda).

When an antenna of the appropriate size is attached to an electrical circuit, the
electromagnetic waves can be broadcast efficiently and received by a receiver
some distance away. All wireless communication is based on this principle.

In a vacuum, all electromagnetic waves travel at the same speed, no matter
what their frequency. This speed, usually called the speed of light, c, is approxi-
mately 3 X 10® m/sec, or about 1 foot (30 cm) per nanosecond. (A case could be
made for redefining the foot as the distance light travels in a vacuum in 1 nsec
rather than basing it on the shoe size of some long-dead king.) In copper or fiber
the speed slows to about 2/3 of this value and becomes slightly frequency depen-
dent. The speed of light is the ultimate speed limit. No object or signal can ever
move faster than it.

The fundamental relation between f, A, and ¢ (in a vacuum) is

A =c (2-4)

Since c is a constant, if we know f, we can find A, and vice versa. As a rule of
thumb, when A is in meters and f is in MHz, Af = 300. For example, 100-MHz
waves are about 3 meters long, 1000-MHz waves are 0.3 meters long, and 0.1-
meter waves have a frequency of 3000 MHz.

The electromagnetic spectrum is shown in Fig. 2-10. The radio, microwave,
infrared, and visible light portions of the spectrum can all be used for transmitting
information by modulating the amplitude, frequency, or phase of the waves.
Ultraviolet light, X-rays, and gamma rays would be even better, due to their high-
er frequencies, but they are hard to produce and modulate, do not propagate well
through buildings, and are dangerous to living things. The bands listed at the bot-
tom of Fig. 2-10 are the official ITU (International Telecommunication Union)
names and are based on the wavelengths, so the LF band goes from 1 km to 10 km
(approximately 30 kHz to 300 kHz). The terms LF, MF, and HF refer to Low,
Medium, and High Frequency, respectively. Clearly, when the names were as-
signed nobody expected to go above 10 MHz, so the higher bands were later
named the Very, Ultra, Super, Extremely, and Tremendously High Frequency
bands. Beyond that there are no names, but Incredibly, Astonishingly, and Prodi-
giously High Frequency (IHF, AHF, and PHF) would sound nice.

We know from Shannon [Eq. (2-3)] that the amount of information that a sig-
nal such as an electromagnetic wave can carry depends on the received power and
is proportional to its bandwidth. From Fig. 2-10 it should now be obvious why
networking people like fiber optics so much. Many GHz of bandwidth are avail-
able to tap for data transmission in the microwave band, and even more in fiber
because it is further to the right in our logarithmic scale. As an example, consider
the 1.30-micron band of Fig. 2-7, which has a width of 0.17 microns. If we use
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Figure 2-10. The electromagnetic spectrum and its uses for communication.

Eq. (2-4) to find the start and end frequencies from the start and end wavelengths,
we find the frequency range to be about 30,000 GHz. With a reasonable signal-
to-noise ratio of 10 dB, this is 300 Tbps.

Most transmissions use a relatively narrow frequency band (i.e., Af/f < 1).
They concentrate their signals in this narrow band to use the spectrum efficiently
and obtain reasonable data rates by transmitting with enough power. However, in
some cases, a wider band is used, with three variations. In frequency hopping
spread spectrum, the transmitter hops from frequency to frequency hundreds of
times per second. It is popular for military communication because it makes
transmissions hard to detect and next to impossible to jam. It also offers good
resistance to multipath fading and narrowband interference because the receiver
will not be stuck on an impaired frequency for long enough to shut down commu-
nication. This robustness makes it useful for crowded parts of the spectrum, such
as the ISM bands we will describe shortly. This technique is used commercially,
for example, in Bluetooth and older versions of 802.11.

As a curious footnote, the technique was coinvented by the Austrian-born sex
goddess Hedy Lamarr, the first woman to appear nude in a motion picture (the
1933 Czech film Extase). Her first husband was an armaments manufacturer who
told her how easy it was to block the radio signals then used to control torpedoes.
When she discovered that he was selling weapons to Hitler, she was horrified, dis-
guised herself as a maid to escape him, and fled to Hollywood to continue her
career as a movie actress. In her spare time, she invented frequency hopping to
help the Allied war effort. Her scheme used 88 frequencies, the number of keys
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(and frequencies) on the piano. For their invention, she and her friend, the mu-
sical composer George Antheil, received U.S. patent 2,292,387. However, they
were unable to convince the U.S. Navy that their invention had any practical use
and never received any royalties. Only years after the patent expired did it be-
come popular.

A second form of spread spectrum, direct sequence spread spectrum, uses a
code sequence to spread the data signal over a wider frequency band. It is widely
used commercially as a spectrally efficient way to let multiple signals share the
same frequency band. These signals can be given different codes, a method called
CDMA (Code Division Multiple Access) that we will return to later in this chap-
ter. This method is shown in contrast with frequency hopping in Fig. 2-11. It
forms the basis of 3G mobile phone networks and is also used in GPS (Global
Positioning System). Even without different codes, direct sequence spread spec-
trum, like frequency hopping spread spectrum, can tolerate narrowband inter-
ference and multipath fading because only a fraction of the desired signal is lost.
It is used in this role in older 802.11b wireless LANs. For a fascinating and de-
tailed history of spread spectrum communication, see Scholtz (1982).
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Figure 2-11. Spread spectrum and ultra-wideband (UWB) communication.

A third method of communication with a wider band is UWB (Ultra-
WideBand) communication. UWB sends a series of rapid pulses, varying their
positions to communicate information. The rapid transitions lead to a signal that
is spread thinly over a very wide frequency band. UWB is defined as signals that
have a bandwidth of at least 500 MHz or at least 20% of the center frequency of
their frequency band. UWB is also shown in Fig. 2-11. With this much band-
width, UWB has the potential to communicate at high rates. Because it is spread
across a wide band of frequencies, it can tolerate a substantial amount of relative-
ly strong interference from other narrowband signals. Just as importantly, since
UWB has very little energy at any given frequency when used for short-range
transmission, it does not cause harmful interference to those other narrowband
radio signals. It is said to underlay the other signals. This peaceful coexistence
has led to its application in wireless PANs that run at up to 1 Gbps, although com-
mercial success has been mixed. It can also be used for imaging through solid ob-
jects (ground, walls, and bodies) or as part of precise location systems.
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We will now discuss how the various parts of the electromagnetic spectrum of
Fig. 2-11 are used, starting with radio. We will assume that all transmissions use
a narrow frequency band unless otherwise stated.

2.3.2 Radio Transmission

Radio frequency (RF) waves are easy to generate, can travel long distances,
and can penetrate buildings easily, so they are widely used for communication,
both indoors and outdoors. Radio waves also are omnidirectional, meaning that
they travel in all directions from the source, so the transmitter and receiver do not
have to be carefully aligned physically.

Sometimes omnidirectional radio is good, but sometimes it is bad. In the
1970s, General Motors decided to equip all its new Cadillacs with computer-con-
trolled antilock brakes. When the driver stepped on the brake pedal, the computer
pulsed the brakes on and off instead of locking them on hard. One fine day an
Ohio Highway Patrolman began using his new mobile radio to call headquarters,
and suddenly the Cadillac next to him began behaving like a bucking bronco.
When the officer pulled the car over, the driver claimed that he had done nothing
and that the car had gone crazy.

Eventually, a pattern began to emerge: Cadillacs would sometimes go berserk,
but only on major highways in Ohio and then only when the Highway Patrol was
watching. For a long, long time General Motors could not understand why Cadil-
lacs worked fine in all the other states and also on minor roads in Ohio. Only
after much searching did they discover that the Cadillac’s wiring made a fine an-
tenna for the frequency used by the Ohio Highway Patrol’s new radio system.

The properties of radio waves are frequency dependent. At low frequencies,
radio waves pass through obstacles well, but the power falls off sharply with dis-
tance from the source—at least as fast as 1/72 in air—as the signal energy is
spread more thinly over a larger surface. This attenuation is called path loss. At
high frequencies, radio waves tend to travel in straight lines and bounce off obsta-
cles. Path loss still reduces power, though the received signal can depend strongly
on reflections as well. High-frequency radio waves are also absorbed by rain and
other obstacles to a larger extent than are low-frequency ones. At all frequencies,
radio waves are subject to interference from motors and other electrical equip-
ment.

It is interesting to compare the attenuation of radio waves to that of signals in
guided media. With fiber, coax and twisted pair, the signal drops by the same
fraction per unit distance, for example 20 dB per 100m for twisted pair. With
radio, the signal drops by the same fraction as the distance doubles, for example 6
dB per doubling in free space. This behavior means that radio waves can travel
long distances, and interference between users is a problem. For this reason, all
governments tightly regulate the use of radio transmitters, with few notable ex-
ceptions, which are discussed later in this chapter.
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In the VLF, LF, and MF bands, radio waves follow the ground, as illustrated
in Fig. 2-12(a). These waves can be detected for perhaps 1000 km at the lower
frequencies, less at the higher ones. AM radio broadcasting uses the MF band,
which is why the ground waves from Boston AM radio stations cannot be heard
easily in New York. Radio waves in these bands pass through buildings easily,
which is why portable radios work indoors. The main problem with using these
bands for data communication is their low bandwidth [see Eq. (2-4)].

Ground __--osphere T~
wave e }9f\”'— TR -y
-~ -7 N g
R
-7 AN S N

Earth's surface

(b)

Earth's surface

(@)

Figure 2-12. (a) In the VLF, LF, and MF bands, radio waves follow the curva-
ture of the earth. (b) In the HF band, they bounce off the ionosphere.

In the HF and VHF bands, the ground waves tend to be absorbed by the earth.
However, the waves that reach the ionosphere, a layer of charged particles cir-
cling the earth at a height of 100 to 500 km, are refracted by it and sent back to
earth, as shown in Fig. 2-12(b). Under certain atmospheric conditions, the signals
can bounce several times. Amateur radio operators (hams) use these bands to talk
long distance. The military also communicate in the HF and VHF bands.

2.3.3 Microwave Transmission

Above 100 MHz, the waves travel in nearly straight lines and can therefore be
narrowly focused. Concentrating all the energy into a small beam by means of a
parabolic antenna (like the familiar satellite TV dish) gives a much higher signal-
to-noise ratio, but the transmitting and receiving antennas must be accurately
aligned with each other. In addition, this directionality allows multiple trans-
mitters lined up in a row to communicate with multiple receivers in a row without
interference, provided some minimum spacing rules are observed. Before fiber
optics, for decades these microwaves formed the heart of the long-distance tele-
phone transmission system. In fact, MCI, one of AT&T’s first competitors after it
was deregulated, built its entire system with microwave communications passing
between towers tens of kilometers apart. Even the company’s name reflected this
(MCI stood for Microwave Communications, Inc.). MCI has since gone over to
fiber and through a long series of corporate mergers and bankruptcies in the
telecommunications shuffle has become part of Verizon.
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Microwaves travel in a straight line, so if the towers are too far apart, the
earth will get in the way (think about a Seattle-to-Amsterdam link). Thus, re-
peaters are needed periodically. The higher the towers are, the farther apart they
can be. The distance between repeaters goes up very roughly with the square root
of the tower height. For 100-meter-high towers, repeaters can be 80 km apart.

Unlike radio waves at lower frequencies, microwaves do not pass through
buildings well. In addition, even though the beam may be well focused at the
transmitter, there is still some divergence in space. Some waves may be refracted
off low-lying atmospheric layers and may take slightly longer to arrive than the
direct waves. The delayed waves may arrive out of phase with the direct wave
and thus cancel the signal. This effect is called multipath fading and is often a
serious problem. It is weather and frequency dependent. Some operators keep
10% of their channels idle as spares to switch on when multipath fading tem-
porarily wipes out some frequency band.

The demand for more and more spectrum drives operators to yet higher fre-
quencies. Bands up to 10 GHz are now in routine use, but at about 4 GHz a new
problem sets in: absorption by water. These waves are only a few centimeters
long and are absorbed by rain. This effect would be fine if one were planning to
build a huge outdoor microwave oven for roasting passing birds, but for communi-
cation it is a severe problem. As with multipath fading, the only solution is to
shut off links that are being rained on and route around them.

In summary, microwave communication is so widely used for long-distance
telephone communication, mobile phones, television distribution, and other pur-
poses that a severe shortage of spectrum has developed. It has several key advan-
tages over fiber. The main one is that no right of way is needed to lay down
cables. By buying a small plot of ground every 50 km and putting a microwave
tower on it, one can bypass the telephone system entirely. This is how MCI man-
aged to get started as a new long-distance telephone company so quickly. (Sprint,
another early competitor to the deregulated AT&T, went a completely different
route: it was formed by the Southern Pacific Railroad, which already owned a
large amount of right of way and just buried fiber next to the tracks.)

Microwave is also relatively inexpensive. Putting up two simple towers
(which can be just big poles with four guy wires) and putting antennas on each
one may be cheaper than burying 50 km of fiber through a congested urban area
or up over a mountain, and it may also be cheaper than leasing the telephone com-
pany’s fiber, especially if the telephone company has not yet even fully paid for
the copper it ripped out when it put in the fiber.

The Politics of the Electromagnetic Spectrum
To prevent total chaos, there are national and international agreements about

who gets to use which frequencies. Since everyone wants a higher data rate,
everyone wants more spectrum. National governments allocate spectrum for AM
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by cameras (that sense light) and displays (that emit light using LEDs and other
technology). Data communication can be layered on top of these displays by en-
coding information in the pattern at which LEDs turn on and off that is below the
threshold of human perception. Communicating with visible light in this way is
inherently safe and creates a low-speed network in the immediate vicinity of the
display. This could enable all sorts of fanciful ubiquitous computing scenarios.
The flashing lights on emergency vehicles might alert nearby traffic lights and
vehicles to help clear a path. Informational signs might broadcast maps. Even fes-
tive lights might broadcast songs that are synchronized with their display.

2.4 COMMUNICATION SATELLITES

In the 1950s and early 1960s, people tried to set up communication systems
by bouncing signals off metallized weather balloons. Unfortunately, the received
signals were too weak to be of any practical use. Then the U.S. Navy noticed a
kind of permanent weather balloon in the sky—the moon—and built an opera-
tional system for ship-to-shore communication by bouncing signals off it.

Further progress in the celestial communication field had to wait until the first
communication satellite was launched. The key difference between an artificial
satellite and a real one is that the artificial one can amplify the signals before
sending them back, turning a strange curiosity into a powerful communication
system.

Communication satellites have some interesting properties that make them
attractive for many applications. In its simplest form, a communication satellite
can be thought of as a big microwave repeater in the sky. It contains several
transponders, each of which listens to some portion of the spectrum, amplifies
the incoming signal, and then rebroadcasts it at another frequency to avoid inter-
ference with the incoming signal. This mode of operation is known as a bent
pipe. Digital processing can be added to separately manipulate or redirect data
streams in the overall band, or digital information can even be received by the sat-
ellite and rebroadcast. Regenerating signals in this way improves performance
compared to a bent pipe because the satellite does not amplify noise in the upward
signal. The downward beams can be broad, covering a substantial fraction of the
earth’s surface, or narrow, covering an area only hundreds of kilometers in diame-
ter.

According to Kepler’s law, the orbital period of a satellite varies as the radius
of the orbit to the 3/2 power. The higher the satellite, the longer the period. Near
the surface of the earth, the period is about 90 minutes. Consequently, low-orbit
satellites pass out of view fairly quickly, so many of them are needed to provide
continuous coverage and ground antennas must track them. At an altitude of
about 35,800 km, the period is 24 hours. At an altitude of 384,000 km, the period
is about one month, as anyone who has observed the moon regularly can testify.
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A satellite’s period is important, but it is not the only issue in determining
where to place it. Another issue is the presence of the Van Allen belts, layers of
highly charged particles trapped by the earth’s magnetic field. Any satellite flying
within them would be destroyed fairly quickly by the particles. These factors lead
to three regions in which satellites can be placed safely. These regions and some
of their properties are illustrated in Fig. 2-15. Below we will briefly describe the
satellites that inhabit each of these regions.

Altitude (km) Type Latency (ms) Sats needed
£ -
35,000 GEO 270 3
30,000
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20,000 —
Upper Van Allen belt
15,000 —
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Figure 2-15. Communication satellites and some of their properties, including
altitude above the earth, round-trip delay time, and number of satellites needed
for global coverage.

2.4.1 Geostationary Satellites

In 1945, the science fiction writer Arthur C. Clarke calculated that a satellite
at an altitude of 35,800 km in a circular equatorial orbit would appear to remain
motionless in the sky, so it would not need to be tracked (Clarke, 1945). He went
on to describe a complete communication system that used these (manned) geo-
stationary satellites, including the orbits, solar panels, radio frequencies, and
launch procedures. Unfortunately, he concluded that satellites were impractical
due to the impossibility of putting power-hungry, fragile vacuum tube amplifiers
into orbit, so he never pursued this idea further, although he wrote some science
fiction stories about it.

The invention of the transistor changed all that, and the first artificial commu-
nication satellite, Telstar, was launched in July 1962. Since then, communication
satellites have become a multibillion dollar business and the only aspect of outer
space that has become highly profitable. These high-flying satellites are often
called GEO (Geostationary Earth Orbit) satellites.
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With current technology, it is unwise to have geostationary satellites spaced
much closer than 2 degrees in the 360-degree equatorial plane, to avoid inter-
ference. With a spacing of 2 degrees, there can only be 360/2 = 180 of these sat-
ellites in the sky at once. However, each transponder can use multiple frequen-
cies and polarizations to increase the available bandwidth.

To prevent total chaos in the sky, orbit slot allocation is done by ITU. This
process is highly political, with countries barely out of the stone age demanding
“their” orbit slots (for the purpose of leasing them to the highest bidder). Other
countries, however, maintain that national property rights do not extend up to the
moon and that no country has a legal right to the orbit slots above its territory. To
add to the fight, commercial telecommunication is not the only application. Tele-
vision broadcasters, governments, and the military also want a piece of the orbit-
ing pie.

Modern satellites can be quite large, weighing over 5000 kg and consuming
several kilowatts of electric power produced by the solar panels. The effects of
solar, lunar, and planetary gravity tend to move them away from their assigned
orbit slots and orientations, an effect countered by on-board rocket motors. This
fine-tuning activity is called station keeping. However, when the fuel for the
motors has been exhausted (typically after about 10 years) the satellite drifts and
tumbles helplessly, so it has to be turned off. Eventually, the orbit decays and the
satellite reenters the atmosphere and burns up (or very rarely crashes to earth).

Orbit slots are not the only bone of contention. Frequencies are an issue, too,
because the downlink transmissions interfere with existing microwave users.
Consequently, ITU has allocated certain frequency bands to satellite users. The
main ones are listed in Fig. 2-16. The C band was the first to be designated for
commercial satellite traffic. Two frequency ranges are assigned in it, the lower
one for downlink traffic (from the satellite) and the upper one for uplink traffic (to
the satellite). To allow traffic to go both ways at the same time, two channels are
required. These channels are already overcrowded because they are also used by
the common carriers for terrestrial microwave links. The L and S bands were
added by international agreement in 2000. However, they are narrow and also
crowded.

Band Downlink | Uplink | Bandwidth Problems

L 1.5GHz | 1.6 GHz 15 MHz | Low bandwidth; crowded
S 1.9GHz | 2.2 GHz 70 MHz | Low bandwidth; crowded
C 4.0GHz | 6.0GHz 500 MHz | Terrestrial interference
Ku 11 GHz 14 GHz 500 MHz | Rain

Ka 20 GHz | 30 GHz | 3500 MHz | Rain, equipment cost

Figure 2-16. The principal satellite bands.
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The next-highest band available to commercial telecommunication carriers is
the Ku (K under) band. This band is not (yet) congested, and at its higher fre-
quencies, satellites can be spaced as close as 1 degree. However, another problem
exists: rain. Water absorbs these short microwaves well. Fortunately, heavy
storms are usually localized, so using several widely separated ground stations in-
stead of just one circumvents the problem, but at the price of extra antennas, extra
cables, and extra electronics to enable rapid switching between stations. Band-
width has also been allocated in the Ka (K above) band for commercial satellite
traffic, but the equipment needed to use it is expensive. In addition to these com-
mercial bands, many government and military bands also exist.

A modern satellite has around 40 transponders, most often with a 36-MHz
bandwidth. Usually, each transponder operates as a bent pipe, but recent satellites
have some on-board processing capacity, allowing more sophisticated operation.
In the earliest satellites, the division of the transponders into channels was static:
the bandwidth was simply split up into fixed frequency bands. Nowadays, each
transponder beam is divided into time slots, with various users taking turns. We
will study these two techniques (frequency division multiplexing and time divis-
ion multiplexing) in detail later in this chapter.

The first geostationary satellites had a single spatial beam that illuminated
about 1/3 of the earth’s surface, called its footprint. With the enormous decline
in the price, size, and power requirements of microelectronics, a much more
sophisticated broadcasting strategy has become possible. Each satellite is
equipped with multiple antennas and multiple transponders. Each downward
beam can be focused on a small geographical area, so multiple upward and down-
ward transmissions can take place simultaneously. Typically, these so-called spot
beams are elliptically shaped, and can be as small as a few hundred km in diame-
ter. A communication satellite for the United States typically has one wide beam
for the contiguous 48 states, plus spot beams for Alaska and Hawaii.

A recent development in the communication satellite world is the develop-
ment of low-cost microstations, sometimes called VSATs (Very Small Aperture
Terminals) (Abramson, 2000). These tiny terminals have 1-meter or smaller an-
tennas (versus 10 m for a standard GEO antenna) and can put out about 1 watt of
power. The uplink is generally good for up to 1 Mbps, but the downlink is often
up to several megabits/sec. Direct broadcast satellite television uses this technol-
ogy for one-way transmission.

In many VSAT systems, the microstations do not have enough power to com-
municate directly with one another (via the satellite, of course). Instead, a special
ground station, the hub, with a large, high-gain antenna is needed to relay traffic
between VSATS, as shown in Fig. 2-17. In this mode of operation, either the
sender or the receiver has a large antenna and a powerful amplifier. The trade-off
is a longer delay in return for having cheaper end-user stations.

VSATs have great potential in rural areas. It is not widely appreciated, but
over half the world’s population lives more than hour’s walk from the nearest
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Figure 2-17. VSATSs using a hub.

telephone. Stringing telephone wires to thousands of small villages is far beyond
the budgets of most Third World governments, but installing 1-meter VSAT
dishes powered by solar cells is often feasible. VSATSs provide the technology
that will wire the world.

Communication satellites have several properties that are radically different
from terrestrial point-to-point links. To begin with, even though signals to and
from a satellite travel at the speed of light (nearly 300,000 km/sec), the long
round-trip distance introduces a substantial delay for GEO satellites. Depending
on the distance between the user and the ground station and the elevation of the
satellite above the horizon, the end-to-end transit time is between 250 and 300
msec. A typical value is 270 msec (540 msec for a VSAT system with a hub).

For comparison purposes, terrestrial microwave links have a propagation
delay of roughly 3 psec/km, and coaxial cable or fiber optic links have a delay of
approximately 5 usec/km. The latter are slower than the former because electro-
magnetic signals travel faster in air than in solid materials.

Another important property of satellites is that they are inherently broadcast
media. It does not cost more to send a message to thousands of stations within a
transponder’s footprint than it does to send to one. For some applications, this
property is very useful. For example, one could imagine a satellite broadcasting
popular Web pages to the caches of a large number of computers spread over a
wide area. Even when broadcasting can be simulated with point-to-point lines,
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satellite broadcasting may be much cheaper. On the other hand, from a privacy
point of view, satellites are a complete disaster: everybody can hear everything.
Encryption is essential when security is required.

Satellites also have the property that the cost of transmitting a message is in-
dependent of the distance traversed. A call across the ocean costs no more to ser-
vice than a call across the street. Satellites also have excellent error rates and can
be deployed almost instantly, a major consideration for disaster response and mili-
tary communication.

2.4.2 Medium-Earth Orbit Satellites

At much lower altitudes, between the two Van Allen belts, we find the MEO
(Medium-Earth Orbit) satellites. As viewed from the earth, these drift slowly in
longitude, taking something like 6 hours to circle the earth. Accordingly, they
must be tracked as they move through the sky. Because they are lower than the
GEOs, they have a smaller footprint on the ground and require less powerful
transmitters to reach them. Currently they are used for navigation systems rather
than telecommunications, so we will not examine them further here. The constel-
lation of roughly 30 GPS (Global Positioning System) satellites orbiting at about
20,200 km are examples of MEO satellites.

2.4.3 Low-Earth Orbit Satellites

Moving down in altitude, we come to the LEO (Low-Earth Orbit) satellites.
Due to their rapid motion, large numbers of them are needed for a complete sys-
tem. On the other hand, because the satellites are so close to the earth, the ground
stations do not need much power, and the round-trip delay is only a few millisec-
onds. The launch cost is substantially cheaper too. In this section we will exam-
ine two examples of satellite constellations for voice service, Iridium and Glo-
balstar.

For the first 30 years of the satellite era, low-orbit satellites were rarely used
because they zip into and out of view so quickly. In 1990, Motorola broke new
ground by filing an application with the FCC asking for permission to launch 77
low-orbit satellites for the Iridium project (element 77 is iridium). The plan was
later revised to use only 66 satellites, so the project should have been renamed
Dysprosium (element 66), but that probably sounded too much like a disease. The
idea was that as soon as one satellite went out of view, another would replace it.
This proposal set off a feeding frenzy among other communication companies.
All of a sudden, everyone wanted to launch a chain of low-orbit satellites.

After seven years of cobbling together partners and financing, communication
service began in November 1998. Unfortunately, the commercial demand for
large, heavy satellite telephones was negligible because the mobile phone network
had grown in a spectacular way since 1990. As a consequence, Iridium was not
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profitable and was forced into bankruptcy in August 1999 in one of the most spec-
tacular corporate fiascos in history. The satellites and other assets (worth $5 bil-
lion) were later purchased by an investor for $25 million at a kind of extraterres-
trial garage sale. Other satellite business ventures promptly followed suit.

The Iridium service restarted in March 2001 and has been growing ever since.
It provides voice, data, paging, fax, and navigation service everywhere on land,
air, and sea, via hand-held devices that communicate directly with the Iridium sat-
ellites. Customers include the maritime, aviation, and oil exploration industries,
as well as people traveling in parts of the world lacking a telecom infrastructure
(e.g., deserts, mountains, the South Pole, and some Third World countries).

The Iridium satellites are positioned at an altitude of 750 km, in circular polar
orbits. They are arranged in north-south necklaces, with one satellite every 32
degrees of latitude, as shown in Fig. 2-18. Each satellite has a maximum of 48
cells (spot beams) and a capacity of 3840 channels, some of which are used for
paging and navigation, while others are used for data and voice.

Each satellite has
four neighbors

Figure 2-18. The Iridium satellites form six necklaces around the earth.

With six satellite necklaces the entire earth is covered, as suggested by
Fig. 2-18. An interesting property of Iridium is that communication between dis-
tant customers takes place in space, as shown in Fig. 2-19(a). Here we see a call-
er at the North Pole contacting a satellite directly overhead. Each satellite has four
neighbors with which it can communicate, two in the same necklace (shown) and
two in adjacent necklaces (not shown). The satellites relay the call across this
grid until it is finally sent down to the callee at the South Pole.

An alternative design to Iridium is Globalstar. It is based on 48 LEO satel-
lites but uses a different switching scheme than that of Iridium. Whereas Iridium
relays calls from satellite to satellite, which requires sophisticated switching
equipment in the satellites, Globalstar uses a traditional bent-pipe design. The
call originating at the North Pole in Fig. 2-19(b) is sent back to earth and picked



SEC. 24 COMMUNICATION SATELLITES 123

Satellite switches Bent-pipe

in space e satellite

%%/

(@) (b)

Figure 2-19. (a) Relaying in space. (b) Relaying on the ground.

up by the large ground station at Santa’s Workshop. The call is then routed via a
terrestrial network to the ground station nearest the callee and delivered by a
bent-pipe connection as shown. The advantage of this scheme is that it puts much
of the complexity on the ground, where it is easier to manage. Also, the use of
large ground station antennas that can put out a powerful signal and receive a
weak one means that lower-powered telephones can be used. After all, the tele-
phone puts out only a few milliwatts of power, so the signal that gets back to the
ground station is fairly weak, even after having been amplified by the satellite.

Satellites continue to be launched at a rate of around 20 per year, including
ever-larger satellites that now weigh over 5000 kilograms. But there are also very
small satellites for the more budget-conscious organization. To make space re-
search more accessible, academics from Cal Poly and Stanford got together in
1999 to define a standard for miniature satellites and an associated launcher that
would greatly lower launch costs (Nugent et al., 2008). CubeSats are satellites in
units of 10 cm X 10 cm X 10 cm cubes, each weighing no more than 1 kilogram,
that can be launched for as little as $40,000 each. The launcher flies as a sec-
ondary payload on commercial space missions. It is basically a tube that takes up
to three units of cubesats and uses springs to release them into orbit. Roughly 20
cubesats have launched so far, with many more in the works. Most of them com-
municate with ground stations on the UHF and VHF bands.

2.4.4 Satellites Versus Fiber

A comparison between satellite communication and terrestrial communication
is instructive. As recently as 25 years ago, a case could be made that the future of
communication lay with communication satellites. After all, the telephone system
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then concatenated. In each group, some input patterns can be mapped to balanced
output patterns that have the same number of Os and 1s. For example, “001” is
mapped to “1001,” which is balanced. But there are not enough combinations for
all output patterns to be balanced. For these cases, each input pattern is mapped
to two output patterns. One will have an extra 1 and the alternate will have an
extra 0. For example, “000” is mapped to both “1011” and its complement
“0100.” As input bits are mapped to output bits, the encoder remembers the
disparity from the previous symbol. The disparity is the total number of Os or 1s
by which the signal is out of balance. The encoder then selects either an output
pattern or its alternate to reduce the disparity. With 8B/10B, the disparity will be
at most 2 bits. Thus, the signal will never be far from balanced. There will also
never be more than five consecutive 1s or 0s, to help with clock recovery.

2.5.2 Passband Transmission

Often, we want to use a range of frequencies that does not start at zero to send
information across a channel. For wireless channels, it is not practical to send
very low frequency signals because the size of the antenna needs to be a fraction
of the signal wavelength, which becomes large. In any case, regulatory con-
straints and the need to avoid interference usually dictate the choice of frequen-
cies. Even for wires, placing a signal in a given frequency band is useful to let
different kinds of signals coexist on the channel. This kind of transmission is call-
ed passband transmission because an arbitrary band of frequencies is used to pass
the signal.

Fortunately, our fundamental results from earlier in the chapter are all in
terms of bandwidth, or the width of the frequency band. The absolute frequency
values do not matter for capacity. This means that we can take a baseband signal
that occupies O to B Hz and shift it up to occupy a passband of S to S+B Hz with-
out changing the amount of information that it can carry, even though the signal
will look different. To process a signal at the receiver, we can shift it back down
to baseband, where it is more convenient to detect symbols.

Digital modulation is accomplished with passband transmission by regulating
or modulating a carrier signal that sits in the passband. We can modulate the am-
plitude, frequency, or phase of the carrier signal. Each of these methods has a cor-
responding name. In ASK (Amplitude Shift Keying), two different amplitudes
are used to represent 0 and 1. An example with a nonzero and a zero level is
shown in Fig. 2-22(b). More than two levels can be used to represent more symb-
ols. Similarly, with FSK (Frequency Shift Keying), two or more different tones
are used. The example in Fig. 2-21(c) uses just two frequencies. In the simplest
form of PSK (Phase Shift Keying), the carrier wave is systematically shifted O or
180 degrees at each symbol period. Because there are two phases, it is called
BPSK (Binary Phase Shift Keying). “Binary’ here refers to the two symbols,
not that the symbols represent 2 bits. An example is shown in Fig. 2-22(c). A



SEC. 2.5 DIGITAL MODULATION AND MULTIPLEXING 131

better scheme that uses the channel bandwidth more efficiently is to use four
shifts, e.g., 45, 135, 225, or 315 degrees, to transmit 2 bits of information per sym-
bol. This version is called QPSK (Quadrature Phase Shift Keying).

Figure 2-22. (a) A binary signal. (b) Amplitude shift keying. (c) Frequency
shift keying. (d) Phase shift keying.

(d)

We can combine these schemes and use more levels to transmit more bits per
symbol. Only one of frequency and phase can be modulated at a time because
they are related, with frequency being the rate of change of phase over time.
Usually, amplitude and phase are modulated in combination. Three examples are
shown in Fig. 2-23. In each example, the points give the legal amplitude and
phase combinations of each symbol. In Fig. 2-23(a), we see equidistant dots at
45, 135, 225, and 315 degrees. The phase of a dot is indicated by the angle a line
from it to the origin makes with the positive x-axis. The amplitude of a dot is the
distance from the origin. This figure is a representation of QPSK.

This kind of diagram is called a constellation diagram. In Fig. 2-23(b) we
see a modulation scheme with a denser constellation. Sixteen combinations of
amplitudes and phase are used, so the modulation scheme can be used to transmit
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Figure 2-23. (a) QPSK. (b) QAM-16. (c) QAM-64.

4 bits per symbol. It is called QAM-16, where QAM stands for Quadrature Am-
plitude Modulation. Figure 2-23(c) is a still denser modulation scheme with 64
different combinations, so 6 bits can be transmitted per symbol. It is called
QAM-64. Even higher-order QAMs are used too. As you might suspect from
these constellations, it is easier to build electronics to produce symbols as a com-
bination of values on each axis than as a combination of amplitude and phase
values. That is why the patterns look like squares rather than concentric circles.

The constellations we have seen so far do not show how bits are assigned to
symbols. When making the assignment, an important consideration is that a small
burst of noise at the receiver not lead to many bit errors. This might happen if we
assigned consecutive bit values to adjacent symbols. With QAM-16, for example,
if one symbol stood for 0111 and the neighboring symbol stood for 1000, if the re-
ceiver mistakenly picks the adjacent symbol it will cause all of the bits to be
wrong. A better solution is to map bits to symbols so that adjacent symbols differ
in only 1 bit position. This mapping is called a Gray code. Fig. 2-24 shows a
QAM-16 constellation that has been Gray coded. Now if the receiver decodes the
symbol in error, it will make only a single bit error in the expected case that the
decoded symbol is close to the transmitted symbol.

2.5.3 Frequency Division Multiplexing

The modulation schemes we have seen let us send one signal to convey bits
along a wired or wireless link. However, economies of scale play an important
role in how we use networks. It costs essentially the same amount of money to in-
stall and maintain a high-bandwidth transmission line as a low-bandwidth line be-
tween two different offices (i.e., the costs come from having to dig the trench and
not from what kind of cable or fiber goes into it). Consequently, multiplexing
schemes have been developed to share lines among many signals.
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Figure 2-24. Gray-coded QAM-16.

FDM (Frequency Division Multiplexing) takes advantage of passband trans-
mission to share a channel. It divides the spectrum into frequency bands, with
each user having exclusive possession of some band in which to send their signal.
AM radio broadcasting illustrates FDM. The allocated spectrum is about 1 MHz,
roughly 500 to 1500 kHz. Different frequencies are allocated to different logical
channels (stations), each operating in a portion of the spectrum, with the
interchannel separation great enough to prevent interference.

For a more detailed example, in Fig. 2-25 we show three voice-grade tele-
phone channels multiplexed using FDM. Filters limit the usable bandwidth to
about 3100 Hz per voice-grade channel. When many channels are multiplexed to-
gether, 4000 Hz is allocated per channel. The excess is called a guard band. It
keeps the channels well separated. First the voice channels are raised in frequen-
cy, each by a different amount. Then they can be combined because no two chan-
nels now occupy the same portion of the spectrum. Notice that even though there
are gaps between the channels thanks to the guard bands, there is some overlap
between adjacent channels. The overlap is there because real filters do not have
ideal sharp edges. This means that a strong spike at the edge of one channel will
be felt in the adjacent one as nonthermal noise.

This scheme has been used to multiplex calls in the telephone system for
many years, but multiplexing in time is now preferred instead. However, FDM
continues to be used in telephone networks, as well as cellular, terrestrial wireless,
and satellite networks at a higher level of granularity.

When sending digital data, it is possible to divide the spectrum efficiently
without using guard bands. In OFDM (Orthogonal Frequency Division Multi-
plexing), the channel bandwidth is divided into many subcarriers that indepen-
dently send data (e.g., with QAM). The subcarriers are packed tightly together in
the frequency domain. Thus, signals from each subcarrier extend into adjacent
ones. However, as seen in Fig. 2-26, the frequency response of each subcarrier is
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Figure 2-25. Frequency division multiplexing. (a) The original bandwidths.
(b) The bandwidths raised in frequency. (c) The multiplexed channel.

designed so that it is zero at the center of the adjacent subcarriers. The subcarriers
can therefore be sampled at their center frequencies without interference from
their neighbors. To make this work, a guard time is needed to repeat a portion of
the symbol signals in time so that they have the desired frequency response.
However, this overhead is much less than is needed for many guard bands.

Power

Separation ’/— One OFDM subcarrier(shaded)
Af
T Frequency
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Figure 2-26. Orthogonal frequency division multiplexing (OFDM).

The idea of OFDM has been around for a long time, but it is only in the last
decade that it has been widely adopted, following the realization that it is possible
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to implement OFDM efficiently in terms of a Fourier transform of digital data
over all subcarriers (instead of separately modulating each subcarrier). OFDM is
used in 802.11, cable networks and power line networking, and is planned for
fourth-generation cellular systems. Usually, one high-rate stream of digital infor-
mation is split into many low-rate streams that are transmitted on the subcarriers
in parallel. This division is valuable because degradations of the channel are easi-
er to cope with at the subcarrier level; some subcarriers may be very degraded and
excluded in favor of subcarriers that are received well.

2.5.4 Time Division Multiplexing

An alternative to FDM is TDM (Time Division Multiplexing). Here, the
users take turns (in a round-robin fashion), each one periodically getting the entire
bandwidth for a little burst of time. An example of three streams being multi-
plexed with TDM is shown in Fig. 2-27. Bits from each input stream are taken in
a fixed time slot and output to the aggregate stream. This stream runs at the sum
rate of the individual streams. For this to work, the streams must be synchronized
in time. Small intervals of guard time analogous to a frequency guard band may
be added to accommodate small timing variations.

1 | —
Round-robin
multiplexer
3 | — N Guard time

Figure 2-27. Time Division Multiplexing (TDM).

TDM is used widely as part of the telephone and cellular networks. To avoid
one point of confusion, let us be clear that it is quite different from the alternative
STDM (Statistical Time Division Multiplexing). The prefix “statistical’’ is
added to indicate that the individual streams contribute to the multiplexed stream
not on a fixed schedule, but according to the statistics of their demand. STDM is
packet switching by another name.

2.5.5 Code Division Multiplexing

There is a third kind of multiplexing that works in a completely different way
than FDM and TDM. CDM (Code Division Multiplexing) is a form of spread
spectrum communication in which a narrowband signal is spread out over a
wider frequency band. This can make it more tolerant of interference, as well as
allowing multiple signals from different users to share the same frequency band.
Because code division multiplexing is mostly used for the latter purpose it is com-
monly called CDMA (Code Division Multiple Access).



