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Introduction to Wireless
Communication Systems

he ability to communicate with people on

the move has evolved remarkably since Guglielmo Marconi first demonstratedradio's ability to
provide continuous contact with ships sailing the English chan nel. That wis in 1897, and since
then new wireless communications methods and services have been enthusiastically adopted by
people throughout the world. Particularly during the past ten years, the mobile radio
communications indus try has grown by orders of magnitude, fueled by digital and RF circuit
fabrica tion improvements, new large-scale circuit integration, and other miniaturization
technologies which make portable radio equipment smaller, cheaper, and more reliable.
Digital switching techniques have facilitated thelarge scale deployment of affordable,
easy-to-use radio communication networks. These trends will continue at an even greater pace
during the next decade.

1.1 Evolution of Mobile Radio Communications

A brief history of the evolution of mobile communications throughout theworld is useful in
order to appreciate the enormous impact that cellular radioand personal communication
services (PCS) will have on all of us over the next several decades. It is also useful for a
newcomer to the cellular radio field tounderstand the tremendous impact that government
regulatory agencies andservice competitors wield in the evolution of new wireless systems,

: . o . : . ... cal
services, andtechnologies. While it is not the intent of this text to deal with the techno-politi

aspects of cellular radio and personal communications, techno-politics )
are afimdamental driver

in the evolution of new technology and services, since radiospectrum usage is controlled by
governments, not by service providers, equip ment manufacturers, entrepreneurs, or
researchers. Progressive involvement in
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technology development is vital for a government if it hopes to keep its own coun

try competitive in the rapidly changing field of wireless personal communica
tions.



Wireless communications is enjoying its fastest growth period in history, due to
enabling technologies which permit wide spread deployment. Historically. growth in the

led closel
mobile communications field has come slowly, and has been cou pled closely to

technological improvements. The ability to provide wireless com S
munications to an

entire population was not even conceived until Bell Laboratories developed the
cellular concept in the 1960s and 1970s [NobG?2], [Mac79], [You791. With the
development of highly reliable, miniature, solid-stateradio frequency hardware in the
1970s, the wireless communications era was born. The recent exponential growth in
cellular radio and personal communica tion systems throughout the world is directly
attributable to new technologies of the 1970s, which are mature today. The future growth
of consumer-based mobileand portable communication systems will be tied more closely
to radio spectrumallocations and regulatory decisions which affect or support new or
extended ser vices, as well as to consumer needs and technology advances in the signal
pro cessing, access, and network areas.

The following market penetration data show how wireless communications in the
consumer sector has grown in popularity. Figure 1.1 illustrates howmobile
telephony has penetrated our daily lives compared with other popular inventions of
the 20th century. Figure 1.1 is a bit misleading since the curvelabeled "mobile
telephone" does not include nontelephone mobile radio applica tions, such as paging,
amateur radio, dispatch, citizens band (CB), public service, cordless phones, or
terrestrial microwave radio systems. In fact, in late 1990, licensed noncellular radio
systems in the U.S. had over 12 million users, morethan twice the U.S. cellular user
population at that time [FCCO1I. Figure 1.1shows that the first 35 years of mobile
telephone saw little market penetrationdue to high cost and the technological
challenges involved, but how, in the past decade, cellular telephone has been accepted
by consumers at rates comparableto the television, and the video cassette recorder.

In 1934, 194 municipal police radio systems and 58 state police stations
hadadopted amplitude modulation (AM) mobile communication systems for
publicsafety in the U.S. It was estimated that 5000 radios were installed in mobiles
inthe mid 1930s, and vehicle ignition noise was a major problem for these
earlymobile users [Nob62}. In 1935, Edwin Armstrong demonstrated frequency
lation (FM) for the first time, and since the late 1930s, FM has been the
primarymodulation technique used for mobile communication systems throughout
theworld. World War II accelerated the improvements of the world's
manufacturingand miniaturization capabilities, and these capabilities were put to
use in largeone-way and two-way consumer radio and television systems following
the war.

The number of U.S. mobile users climbed from several thousand in 1940 to
Evolution of Mobile Radio Communications 3 100
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Figure 1.1
illustrating the growth of mobile telephony as compared to other popular inventions of this cen tury.

86,000 by 1948, 695,000 by 1958, and about 1.4 million users in 1962 [Nob62]. The
vast majority of mobile users in the 1960s were not connected to the publicswitched
telephone network (PSTN), and thus were not able to directly dial tele phone numbers
from their vehicles. With the boom in CB radio and cordless appliances such as
garage door openers and telephones, the number of users of mobile and portable radio in
1995 was about 100 million, or 37% of the U.S. pop ulation. Research in 1991 estimated
between 25 and 40 million cordless tele phones were in use in the U.S., and by the
turn of the century this is certain todouble [Rap9lc]. The number of cellular telephone
users grew from 25,000 in1984 to about 16 million in 1994, and since then, wireless
services have beenexperiencing customer growth rates well in excess of 50% per year. By
the end of 1997, there will be nearly 50 million U.S. cellular users. In the first couple
of decades of the 21st century, there will be an equal number of wireless and con
ventional wire]ine customers throughout the world!
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1.2 Mobile Radiotelephone in the U.S.

In 1946, the first public mobile telephone service was introduced in twenty five
major American cities. Each system used a single, high-powered transmitter and large
tower in order to cover distances of over 50 km in a particular market. The early FM
push-to-talk telephone systems of the late 1940s used 120 kHz of RI' bandwidth in a
half-duplex mode (only one person on the telephone call couldtalk at a time), even
though the actual telephone-grade speech occupies only 3kHz of baseband spectrum.
The large RF bandwidth was used because of the dif ficulty in mass-producing tight
RF filters and low-noise, front-end receiver amplifiers. In 1950, the FCC doubled the
number of mobile telephone channelsper market, but with no new spectrum allocation.
Improved technology enabledthe channel bandwidth to be cut in half to 60 kHz. By
the mid 1960s, the FMbandwidth of voice transmissions was cut to 30 kHz. Thus, there
was only a fac tor of 4 increase in spectrum efficiency due to technology advances from
WW II tothe mid 1960s. Also in the 1950s and 1960s, automatic channel trunking
wasintroduced and implemented under the label IMTS (Improved Mobile
TelephoneService). With IMTS, telephone companies began offering full duplex,



auto-dial, auto-trunking phone systems [CalS8J. However, IMTS quickly became
saturatedin major markets. By 1976, the Bell Mobile Phone set-vice for the New York

Citymarket (a market of about 10,000,000 people) had only twelve channels
andcould serve only 543 paying customers. There was a waiting list of over
3,700people [Cal88], and service was poor due to call blocking and usage over the
fewchannels. IMTS is still in use in the U.S., but is very spectrally inefficient
whencompared to todays U.S. cellular system.

During the 1950s and 1960s, AT&T Bell Laboratories and other telecom
munications companies throughout the world developed the theory and tech
niques of cellular radiotelephony — the concept of breaking a coverage

(market) into small cells, each of which reuse portions of the spectrum
zone

increase spectrum usage at the expense of greater system

infrastructure[Mac79]. The basic idea of cellular radio spectrum allocation is
similar to that
used by the FCC when it allocates television stations or radio stations with dif ferent
channels in a region of the country, and then reallocates those same chan nels to different
stations in a completely different part of the country Channels are only reused when
there is sufficient distance between the transmitters toprevent interference. However,
cellular relies on reusing the same channels within the same market or service area.
AT&T proposed the concept of a cellular mobile system to the FCC in 1968, although
technology was not available toimplement cellular telephony until the late 1970s. In
1983, the FCC finally allo cated 666 duplex channels (40 MHz of spectrum in the 800
MHz band, eachchannel having a one-way bandwidth of 30 k }jz for a total spectrum
occupancy of 60 kHz for each duplex channel) for the U.S. Advanced Mobile Phone
System(AMPS) [ You79]. According to FCC rules, each city (called a market) was only
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allowed to have two cellular radio system providers, thus providing a duopolywithin
each market which would assure some level of competition. As describedin Chapters 2
and 10, the radio channels were split equally between the two car riers. AMPS was the
first U.S. cellular telephane system, and was deployed inlate 1983 by Ameritech in
Chicago, IL [Bou9l]. In 1989, the FCC granted anadditional 166 channels (10 MHz) to
U.S. cellular service providers to accommo date the rapid growth and demand. Figure
1.2 illustrates the spectrum currentlyallocated for U.S. cellular telephone use. Cellular
radio systems operate in aninterference-limited environment and rely on judicious
frequency reuse plans
(which are a function of the market-specific propagation characteristics) and fre quency
division multiple access (FDMA) to maximize capacity. These concepts will be covered
in detail in subsequent chapters of this text.
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Figure 1.2

Frequency spectrum allocation for the U.S. cellular radio service. Identically labeled
channels in the two bands form a forward and reverse channel pair used for duplex
communication between the base station and mobile. Note that the fonvard and reverse
channels in each pair are separated by 45 MHz.

In late 1991, the first U.S. Digital Cellular (USDC) system hardware
was installed in major U.S. cities. The USDC standard (Electronic
Industry Associa tion Interim Standard 18-54) allows cellular
operators to replace gracefully some single-user analog channels with
digital channels which .support three users inthe same 30 kHz
bandwidth [EIA9OJ. In this way, US. carriers can graduallyphase
out AMPS as more users accept digital phones. As discussed in
Chapters 8 and 10, the capacity improvement offered by USDC is three
times that of AMPS, because digital modulation (it/4 differential
quadrature phase shift keying), speech coding, and time division
multiple access (TDMA) are used in place of analog FM and FDMA.
Given the rate of digital signal processing advancements,
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speech coding technology will increase the capacity to six users per channel
inthe same 30 kHz bandwidth within a few years.

A cellular system based on code division multiple access (CDMA) has
beendeveloped by Qualcomm, Inc. and standardized by the Thlecommunications
Industry Association (TIA) as an Interim Standard (15-95). This system supports a
variable number of users in 1.25 MHz wide channels using direct sequencespread
spectrum. While the analog AMPS system requires that the signal be at least 18 dB
above the co-channel interference to provide acceptable call quality. CDMA systems can
operate at much larger interference levels because of their inherent interference
resistance properties. The ability of CDMA to operate witha much smaller
signal-to-noise ratio than conventional narrowband FM tech niques allows CDMA
systems to use the same set of frequencies in every cell, which provides a large
improvement in capacity [Gil911. Unlike other digital Ce!- lular systems, the Qualcomm
system uses a variable rate vocoder with voiceactivity detection which considerably
reduces the required data rate and also thebattery drain by the mobile transmitter.

In the early 1990s, a new specialized mobile radio service (SMR) was devel oped to
compete with U.S. cellular radio carriers. By purchasing small groups of radio system



licenses from a large number of independent private radio serviceproviders throughout
the country, Nextel and Motorola have formed an extendedSMR (E-SMR) network in the
800 MHz band that could provide capacity and ser vices similar to cellular. Using
Motorola's integrated radio system (MITtS), SMRintegrates voice dispatch, cellular
phone service, messaging, and data transmis sion,capabilities on the same network
[Fi195].

New Personal Communication Service (PCS) licenses in the 1800/1900MHz band
were auctioned by the U.S. Government to wireless providers in early1995, and these
promise to spawn new wireless services that will complement, as well as compete with,
cellular and SMR. One of the stipulations of the PCSlicense is that a majority of the
coverage area be operational before the year 2000. Thus, there is pressure on PCS
licensees to "build-out" each market. As many as five PCS licenses are allocated for each
major U.S. city (see Chapter 10).

1.3 Mobile Radio Systems Around the World

Many mobile radio standards have been developed for wireless systems
throughout the world, and more standards are likely to emerge. Table 1.1through
Table 1.3 lists the most common paging, cordless, cellular, and personal communications
standards used in North America, Europe, and Japan. The dif ferences between the basic
types of wireless systems are described in Section 1.5, and are covered in detail in Chapter

10.

The world's most common paging standard is the Post Office Code StandardAdvisory Group
(POCSAG) [CC186]j5an82]. POCSAG was developed by British Post Office in the late
1970s and supports binary frequency shift keying (FSK)

Mobile Radio Systems Around the World

T.ble 1.1 Major Mobile Radio Standards In North America Frequency

Standard Type Year of Multiple Modula Channel
Introduction Band
Access Bandwidth
Lion

AMPS Cellular 1983 FDMA 824-894 MHz FM 30 kHz NAME'S Cellular 1992 FDMA 824-894

MHz FM 10 kHz

USDC Cellular 1991 TDMA 824-894 MHz n14- DQPSK
30 kHz 824-894 MHz GMSK 30 kHz
CDPD Cellular 1993 FRi
Packet
15-95 Cellular/
1993 CDMA 824-894 MHz
QPSK/
1.25 MHz

PCS 1:8-2.0 GHz
BPSK



GSC Paging 1970's Simplex Several FSK 12.5 kHz POCSAG Paging 1970's Simplex Several FSK

12.5 kHz FLEX Paging 1993 Simplex Several 4-FSK 15 kHz

DCS GMSK 200 k}{z
PCS 1994 TDMA 1.85-1.99
1900 GHz
(GSM)
PACS Cordless!
ir/4-
1994 TDMA/ 300 kHz
1.85-1.99
PCS FDMA GE-ft DQPSK
25 kHz

MEItS SMR/PCS 1994 TDMA Several 16-
QAM

signaling at 512 bps, 1200 bps, and 2400 bps. New paging systems, such as FLEX
and ERMES, provide up to 6400 bps transmissions by using 4-level modu lation and are
currently being deployed throughout the world.

The CT2 and Digital European Cordless Telephone (DECT) standards
developed in Europe are the two most popular cordless telephone standards
throughout Europe and Asia. The CT2 system makes use of microcells whichcover

nas mounted on

small distances, usually less than 100 m, using base stations with anten

street lights or on sides of buildings. The CT2 system uses bat ,
tery efficient frequency

shift keying along with a 32 kbps adaptive differential pulse code modulation (ADPCM)
speech coder for high quality voice transmis sion. Handoffs between base stations are not

it is intended .
supported in CT2, as LIS Hende to provide short range access to the PSTN. The

DECT system accommodates
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Standard Type Year of Intro Frequency
Multiple Modula Channel
duction ton
Access
Band
Bandwidth

E-TACS Cellular 1985 FDMA 900 MHz FM 25 kHz NMT-450 Cellular 1981 FDMA 450-470 MHz
FM 25 kHz NMT-900 Cellular 1986 FDMA 890-960 MHz FM 12.5 kHz GSM Cellular
1990 TDMA 890-960 MHz GMSK 200 kHz
/PCS

C-450 Cellular 1985 FDMA 450-465 MHz FM 20 kHz/ 10kHz
ERMES Paging 1993 FDMA Several 4-FSK 25 kHz CT2 Cordless 1989 FDMA 864-868 MHz

GFSK 100 kHz DECT Cordless 1993 TDMA 1880-1900
GFSK 1.728 MHz

MHz

Cordless GMSK 200 kHz



DCS MHz
1993 TDMA 17 10-1880

/PCS Table 1.3 Major Mobile Radio
1800 Standards in Japan
Multiple Modula
Standard Type Year of
Introduction Frequency Channel
Access tion

Band
Bandwidth

JTACS Cellular 1988 FDMA 860-925 MHz FM 25 kHz

PDC Cellular 1993 TDMA 810-1501 MHz irJ4- 25 kHz
DQPSK

NAfl Cellular 1979 FDMA 400/800 MHz FM 25 kHz NTACS Cellular 1993 FDMA 843-925 MHz

FM 12.5 kHz Nfl Paging 1979 FDMA 280 MHz FSK 12.5 kHz NEC Paging 1979 FDMA Several

FSK 10 kHz
PHS Cordless 1993 TDMA 1895-1907 jtJ4- 300kHz

MHz DQPSK

data and voice transmissions for office and business users. In the US., the
PACSstandard, developed by Bellcore and Motorola, is likely to he used inside
officebuildings as a wireless voice and data telephone system or radio local
loop. ThePersonal Handyphone System (PHS) standard supports indoor and
local loopapplications in Japan. Local loop concepts are explained in Chapter 9.

The world's first cellular system was implemented by the Nippon Telephone and

Telegraph company (Nfl) in Japan. The system, deployed in 1979, uses 600FM duplex

channels (25 kHz for each one-way link) in the 800 MHz band. InEurOpe’ the Nordic

Mobile Telephone system (NMT 450) was developed in 1981 for the 450 MHz band

and uses 25 kHz channels. The European Total Access Cellular System (ETACS)

was deployed in 1985 and is virtually identical
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to the U.S. KMPS system, except that the smaller bandwidth channels result inaslight
degradation of signal-to-noise ratio (SNR) and coverage range. In Ger many, a
cellular standard called C-450 was introduced in 1985. The first genera tion European
cellular systems are generally incompatible with one another

because of the different frequencies and communication protocols used.
Thesesystems are now being replaced by the Pan European digital cellular
standardGSM (Global System for Mobile) which was first deployed in 1990 in a new
900MHz band which all of Europe dedicated for cellular telephone service [Mal891.

As discussed in Chapter 10, the GSM standard is gaining worldwide acceptanceas the
first universal digital cellular system with modern network featuresextended to
each mobile user, and is a strong contender for PCS services abovel800 MHz
throughout the world. In Japan, the Pacific Digital Cellular (PDC)

standard provides digital cellular coverage using a system similar to

NorthAmerica's USDC.



1.4 Examples of Mobile Radio Systems

e . : ... _SyS .
Most people are familiar with a number of mobile radio communication ¥ tems used in

everyday life. Garage door openers, remote controllers for homeentertainment
equipment, cordless telephones, hand-held walkie-talkies, pagers (also called paging
receivers or "beepers"), and cellular telephones are all exam ples of mobile radio

per

communication systems. However, the cost, complexity, formance, and types of

services offered by each of these mobile systems arey,qy different.

The term mobile has historically been used to classify any radio terminal that
to

could be moved during operation. More recently, the term mobile is used  describe a

radio terminal that is attached to a high speed mobile platform (e.g. acellular telephone in

a fast moving vehicl& whereas the term portable describes a radio terminal that can be

hand-held and used by someone at walking speed(e'g' a walkie-talkie or cordless

telephone inside o ) )
P a home). The term subscriber is often used to describe a mobile.or

bl nication systems, each user pays a
portable \yger because in most mobile commu

user's communication

subscription fee to
p use the system, and each

device 1s called

a subscriber unit. In general, the collective .
group of users in a

wireless system are called users or mobiles, eyen thoughmany of the users may

actually use portable terminals. The mobiles communi ¢ate to fixed base stations which

are connected t0 4 commercial power source and? fixed backbone network. Table 1,4 lists
definitions of terms used to describe ele ments of wireless communication systems.

Mobile radio transmission systems ) )
Y may be classified as simplex, half g,5jex or

direction. Paging
full-duplex. In simplex systems, communication is possible in only one

systems, in which ) )
Y messages are received but not acknowledged, are simplex systems.

Half-duplex radio systems allow two-way communication, but use the same radio

channel for both ¢-3nsmission and reception. This
10 Ch. 1 « Introduction to Wireless Communication Systems Table 1.4 Wireless Communications System

Deilnitlons

Base Station A fixed station in a mobile radio system used for radio communica tion with
mobile stations. Base stations are located at the center or on the edge of a coverage region
and consist of radio channels and

transmitter and receiver antennas mounted on a tower.



Control Channel Radio channels used for transmission of call setup, call request, call
initiation, and other beacon or control purposes.

Forward Channel Radio channel used for transmission of information from the
basestation to the mobile.

Full Duplex Communication systems which allow simultaneous two-way commu Systems

nication. Transmission and reception is typically on two different channels (FDD)
although new cordlessfPCS systems are using TDD.

Half Duplex Communication systems which allow two-way communication bySystems

using the same radio channel for both transmission and reception. At any given time,
the user can only either transmit or receive infor

mation.
Handofi The process of transferring a mobile station from one channel or base station
to another.
Mobile Station A station in the cellular radio service intended for use while

Mmotion at unspecified locations. Mobile stations may be

hand-heldpersonal units (portables) or installed in vehicles
(mobiles).

Mobile Switching Switching center which coordinates the routing of calls in a large Center
service area. In a cellular radio system, the MSC connects the cellu- ]ar base stations and the
mobiles to the PSTN. An MSC is also called

a mobile telephone switching office (MTSO).
Page A brief message which is broadcast over the entire service area, usu ally in a
simulcast fashion by many base stations at the same time.

Reverse Channel Radio channel used for transmission of infonnation from the mobile to base
station.

Roamer A mobile station which operates in a service area (market) other than that
from which service has been subscribed.

Simplex Systems Communication systems which provide only one-way communica
tion.
Subscriber A user who pays subscription charges for using a mobile commui ica tions
system.
Transceiver A device capable of simultaneously transmitting and receiving radio signals.

means that at any given time, a user can only transmit or receive information.
Constraints like "push-to-talk" and "release-to-listen" are fundamental features of
half-duplex systems. Full duplex systems, on the other hand, allow simulta neous radio
transmission and reception between a subscriber and a base station, by providing two

simultaneous but separate chaimels (frequency division duplex,
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or FDD) or adjacent time slots on a single radio channel (time division duplex, or TDD)

for communication to and from the user.
Frequency division duplexing (FDD) provides simultaneous radio transmis sion

channels for the subscriber and the base station, so that they both may con stantly
one another. At the
base

transmit while simultaneously receiving signals from



) ) . are used to accommodatethe two
station, separate transmit and receive' antennas

separate channels. At the subscriber unit, however, . .
a single antenna is;¢ed for

a device_, .4

both transmission to and reception from the base station, and

a duplexer is used inside the subscriber unit to enable the
same antennagg pe

used for simultaneous transmission and reception. To facilitate FDD, it is
necessary to separate the transmit and receive frequencies by about 5% of

thenominal RF frequency, so that the duplexer can provide sufficient isolation
whilebeing inexpensively manufactured.

sepa

In FDD, a pair of simplex channels with a fixed and known frequency ration is

used

used to define a specific radio channel in the system. The channel to convey

) .. channel, while the
traffic to the mobile user from a base station is called the forward

channel used to carry traffic from, the mobile user to abase . .
station is called the reverse

channel. In the U.S. AMPS standard, the reyersechannel has a frequency which is

channel, Full duplex

exactly 45 MHz lower than that of the forward
mobile radio systems provide

f th bilities of th
many of the capabilities of the . 4

duplex

telephone, with the added convenience of mobility. Full

and

half-duplex systems use transceivers for radio communication. FDD "

exclusively in analog mobile radio systems and

used

1s described in

. Ti division duplexi TDD
more detail iNChapter 8. ime division duplexing ( ) uses

single radio channel in time,

the fact that it is possible
to share a

so that a portion of the time 1s used

. from the
to transmit



base station to the mobile, and the remaining time . . from the mobile
1s used to transmit

to the base station. If the data transmission . .
rate in the channel is much greater than the

bursts and provide
end-user's data rate, it is possible {4 store information

the appearance of frill duplex operation

to a user, even

any instant of

though ) : .
there are not two simultaneous radio transmissions at

time. TDD.

is only possible with digital transmission formats and digital

modulation, )
and 1s

2

o o : . us
very sensitive to timing. It is for this reason that TDD has only recently been

and only for indoor or small coverage

area wireless applications where the physical
dist d thus the radi tion time del
istances (and thus the radio propagation time delay) are much smaller than the many

kilometers used in conventional cellular (¢]ephone systems.

1.4.1 Paging Systems

Paging systems are communication systems that send brief messages to asubscriber.

Depending on the type of service, the :
message may be either apymeric message, an

alphanumeric message, or a voice message. Paging systems are typically used to noti& a
subscriber of the need to call a particular telephone
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number or travel to a known location to receive further instructions. In
modernpaging systems, news headlines, stock quotations, and faxes may be sent. A
mes sage is sent to a paging subscriber via the paging system access number (usuallya
toll-free telephone number) with a telephone keypad or modem. The
issuedmessage is called a page. The paging system then transmits the page
throughout
the service area using base stations which broadcast the page on a radio carrier. Paging
systems vary widely in their complexity and coverage area. Whilesimple paging
systems may cover a limited range of 2 km to 5 km, or may evenbe confined to within
individual buildings, wide area paging systems can provideworldwide coverage. Though
paging receivers are simple and inexpensive, thetransmission system required is quite
sophisticated. Wide area paging systems consist of a network of telephone lines,
many base station transmitters, andlarge radio towers that simultaneously broadcast a
page from each base station(this is called simulcasting). Simulcast transmitters may be



located within thesame service area or in different cities or countries. Paging systems are
designedto provide reliable communication to subscribers wherever they are; whether
inside a building, driving on a highway, or flying in an airplane. This necessi tates
large transmitter powers (on the order of kilowatts) and low data rates (acouple of
thousand bits per second) for maximum coverage from each base sta tion. Figure 1.3
shows a diagram of a wide area paging system.

Cityl
Landline link

PSTN t

City 2

City N I

Figure 1.3

Landline link Satellite link

Diagram of a wide area paging system. The paging control center dispatches pages received from the PSTN
throughout several cities at the same time.
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Example 1.1
Paging systems are designed to provide ultra-reliable coverage, even
inside, .. . g . .
buildings. Buildings can attenuate radio signals by 20 or 30 dB, making

. . . . . . ) son,
thechoice of base station locations difficult for the paging companies. For this rea

ing t itt lly located on tall buildings in th: terof a .
paging transmitters are usually located on tall buildings in the center o ac1ty, and

simulcasting is used in conjunction with additional base stations located on the
perimeter of the city to flood the entire area. Small RF band widths are used to



maximize the signal-to-noise ratio at each paging receiver, so low data rates (6400 bps
or less) are used.

1.4.2 Cordless Telephone Systems

Cordless telephone systems are full duplex communication systems that use
radio to connect a portable handset to a dedicated base station, which is thenconnected
to a dedicated telephone line with a specific telephone number on thepublic switched
telephone network (PSTN). In first generation cordless tele phone systems
(manufactured in the 1980s), the portable unit communicatesonly to the dedicated
base unit and only over distances of a few tens of meters. Early cordless telephones
operate solely as extension telephones to a transceiver connected to a subscriber line on
the PSTN and are primarily for in-home use.

Second generation cordless telephones have recently been introduced whichallow
subscribers to use their handsets at many outdoor locations within urbancenters such
as London or Hong Kong. Modem cordless telephones are some times combined
with paging receivers so that a subscriber may first be pagedand then respond to the
page using the cordless telephone. Cordless telephonesystems provide the user
with limited range and mobility, as it is usually not
possible to maintain a call if the user travels outside the range of the base sta
tion. Typical second generation base stations provide coverage ranges up to a

fewhundred meters. Figure 1.4 illustrates a cordless telephone system.
Fixed

link Port
Public Switched Telephone (Base
Network (PSTN) Station)
wireless
Figure 1.4

Cordless Handset Diagram of a cordless telephone system.
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1.4.3 Cellular Telephone Systems

A cellular telephone system provides a wireless connection to the PSTN for any

user location within the radio range of the system. Cellular systems accom modate a
large number of users over a large geographic area, within a limitedfrequency
spectrum. Cellular radio systems provide high quality service that isoften comparable
to that of the landline telephone systems. High capacity isachieved by limiting the
coverage of each base station transmitter to a small geo graphic area called a cell so
that the same radio channels may be reused byanother base station located some
distance away. A sophisticated switching tech nique called a handoff enables a call to
proceed uninterrupted when the user moves from one cell to another.

Figure 1.5 shows a basic cellular system which consists of mobile stations, base
stations and a mobile switching center (MSC). The Mobile Switching Center is
sometimes called a mobile telephone switching office (MTSO), since it is responsible
for connecting all mobiles to the PSTN in a cellular system. Eachmobile communicates



via radio with one of the base stations and may be handed off to any number of base
stations throughout the duration of a call. The mobilestation contains a transceiver, an
antenna, and control circuitry, and may bemounted in a vehicle or used as a portable
hand-held unit, The base stations con sist of several transmitters and receivers which
simultaneously handle full duplex communications and generally have towers which
support several trans mitting and receiving antennas. The base station serves as a bridge
between all mobile users in the cell and connects the simultaneous mobile calls via
telephonelines or microwave links to the MSC. The MSC coordinates the activities of all
of the base stations and connects the entire cellular system to the PSTN. A typical MSC
handles 100,000 cellular subscribers arid 5,000 simultaneous conversations at a time, and
accommodates all billing and system maintenance functions, as well. In large cities,
several MSCs are used by a single carrier.

Communication between the base station and the mobiles is defined by astandard
common air interface (CM) that specifies four different channels. Thechannels used for
voice transmission from the base station to mobiles are calledforward voice channels
(PVC) and the channels used for voice transmission frommobiles to the base station are
called reverse voice channels (RVC). The twochannels responsible for initiating
mobile calls are the forward control channels
(FCC) and reverse control channels (RCC). Control channels are often calledsetup
channels because they are only involved in setting up a call and moving it to an
unused voice channel. Control channels transmit and receive data mes sages that
carry call initiation and service requests, and are monitored bymobiles when
they do not have a call in progress. Forward control channels alsoserve as beacons
which continually broadcast all of the traffic requests for all mobiles in the system.

As described in Chapter 10, supervisory and data mes
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Figure 1.5
An illustration of a cellular system. The towers represent base stations which provide radio access between

mobile users and the Mobile Switching Center (MSC).

sages are sent in a number of ways to facilitate automatic channel changes



andhandoft instructions for the mobiles before and during a call.

Example 1.2
Cellular systems rely on the frequency reuse concept, which requires that the forward
control channels (FCCs) in neighboring cells be different. By defining a relatively small
number of FCCs as part of the common air interface, cellular phones can be
manufactured by many companies which can rapidly scan all of the possible FCCs to
determine the strongest channel at any time. Once find ing the strongest signal the
cellular phone receiver stays "camped" to the par ticular FCC. By broadcasting the
same setup data on all FCCs at the same time, the MSC is able to signal all
subscribers within the cellular system andcan be certain that any mobile will be
signaled when it receives a call via the PSTNI

1.4.3.1 How a Cellular Telephone Call is Made

When a cellular phone is turned on, but is not yet engaged in a call, it first scans
the group of forward control channels to determine the one with the stron gest signal,
and then monitors that control channel until the signal drops belowa usable level. At
this point it again scans the control channels in search of thestrongest base station
signal. For each cellular system described in Table 1.1through Table 1.3, the
control channels are defined and standardized over theentire geographic area covered
and typically make up about 5% of the total num
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her of channels available in the system (the other 95% are dedicated to voice anddata

traffic for the end-users). Since the control channels are standardized andare identical
throughout different markets within the country or continent, every phone, scans
the same channels while idle. When a telephone call is placedto a mobile user, the MSC
dispatches the request to all base stations in the cellu lar system. The mobile
identification number (MIN), which is the subscriber'stelephone number, is then
broadcast as a paging message over all of the forwardcontrol channels throughout the
cellular system. The mobile receives the pagingmessage sent by the base station which
it monitors, and responds by identifyingitself over the reverse control channel. The
base station relays the acknowledg ment sent by the mobile and informs the MSC of the
handshake. Then, the MSCinstructs the base station to move the call to an unused voice
channel within thecell (typically, between ten to sixty voice channels and just one
control channel are used in each cell's base station). At this point the base station
signals themobile to change frequencies to an unused forward and reverse voice
channel pair, at which point another data message (called an alert) is transmitted
over the forward voice channel to instruct the mobile telephone to ring,
therebyinstructing the mobile user to answer the phone. Figure 1.6 shows the
sequenceof events involved with connecting a call to a mobile user in a cellular
telephonesystem. All of these events occur within a few seconds and are not noticeable
bythe user.

Once a call is in progress, the MSC adjusts the transmitted power of
themobile and changes the channel of the mobile unit and base stations in
order tomaintain call quality as the subscriber moves in and out of range of
each basestation. This is called a handoff Special control signaling is applied to



the voicechannels so that the mobile unit may be controlled by the base
station and theMSC while a call is in progress.

When a mobile originates a call, a call initiation request is sent on thereverse
control channel. With this request the mobile unit transmits its tele phone number
(MIN), electronic serial number (ESN), and the telephone number of the called party. The
mobile also transmits a station class mark (SCM) whichindicates what the maximum
transmitter power level is for the particular user. The cell base station receives this data
and sends it to the MSC. The MSC vali dates the request, makes connection to the
called party through the PSTN, andinstructs the base station and mobile user to move
to an unused forward andreverse voice channel pair to allow the conversation to begin.
Figure 1.7 shows the sequence of events involved with connecting a call which is
initiated by amobile user in a cellular system.

All cellular systems provide a service called roaming. This allows subscrib ers to operate
in service areas other than the one from which service is sub scribed. When a mobile
enters a city or geographic area that is different from its home service area, it is

registered as a roamer in the new service area. This is
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accomplished over the FCC, since each roamer is camped on to a FCC at all times.
Every several minutes, the MSC issues a global command over each FCCin the system,
asking for all mobiles which are previously unregistered to report their MIN and ESN
over the RCC. New unregistered mobiles in the system peri odically report back their
subscriber information upon receiving the registrationrequest, and the MSC then uses
the MIN/ESN data to request billing statusfrom the home location register (HLR) for
each roaming mobile. If a particular roamer has roaming authorization for billing
purposes, the MSC registers thesubscriber as a valid roamer. Once registered,
roaming mobiles are allowed toreceive and place calls from that area, and billing is
routed automatically to thesubscriber's home service provider. The networking
concepts used to implement roaming are covered in Chapter 9.

1.4.4 Comparlson of Common Mobile Radio Systems

Table 1.5 and Table 1.6 illustrate the types of service, level of infrastruc ture, cost,
and complexity required for the subscriber segment and base stationsegment of each
of the five mobile or portable radio systems discussed earlier inthis chapter. For
comparison purposes, common household wireless remotedevices are shown in the
table. It is important to note that each of the five mobileradio systems given in Table 1.5
and Table 1.6 use a fixed base station, and for
good reason. Virtually all mobile radio communication systems strive to connect a
moving terminal to a fixed distribution system of some sort and attempt to lookinvisible
to the distribution system. For example, the receiver in the garage door opener converts

. . : . . . L the switching center of
the received signal into a simple binary signal which is sent to 8

th tor. Cordless teleph
© £4Tase MOLOL: T-OCIess LEICPIONES | se fixed base sta tions so they may be plugged

into the telephone line supplied by Ehe phone ., pany — the radio link between the
cordless phone base station and the portablehandset'is designed to behave identically



to the coiled cord connecting a tradi jona] wired telephone handset to the telephone

carriage.
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Mobile Communication Systems — Mobile Station

Service Coverage Complexity Hardware Functionality
Required structure Carrier
Infra Frequency
Range Cost

TV Low Low Low Low Infra-red Transmitter Remote
Control

Garage Low Low Low Low <100 MHz Transmitter Door
Opener

Paging High High Low Low <1 GHz Receiver System
Cordless Low Low Moderate Low <100 MHz Transceiver Phone

Cellular High High High Moderate ci GHz Transceiver Phone

Table 1.6 Comparlson of Mobile Communication Systems — Base Station

Service Coverage Required Complexity Hardware Carrier Functionality Range Infra- Cost Frequency

structure



TV Low Low Low Low Infra-red Receiver Remote
Control

Garage Low Low Low Low <100 MHz Receiver Door
Opener

Paging High High High High <1 GHz Transmitter System
Cordless Low Low Low Moderate ¢ 100 MHz Transceiver Phone
Cellular High High High High < 1 GHz Transceiver Phone

1.5 Trends in Cellular Radio and Personal Communications Since 1989, there has been
enormous activity throughout the world todevelop personal wireless systems that
combine the network intelligence of todays PSTN with modern digital signal
processing and RF technology. The con cept, called Personal Communication Services
(PCS), originated in the UnitedKingdom when three companies were given
spectrum in the 1800 MHz todevelop Personal Communication Networks (PCN)
throughout Great BritainjRap9lc]. PCN was seen by the U.K. as a means of
improving its international competitiveness in the wireless field while developing new

wireless systems and
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services for citizens. Presently, field trials are being conducted
throughout theworld to determine the suitability of various
modulation; multiple-access, andnetworking techniques for future
PCN and PCS systems.

The terms PCN and PCS are often used interchangeably. PCN
refers to awireless networking concept where any user can make or
receive calls, no matter Where they are, using a light-weight,
personalized communicator. PCS refers tonew wireless systems that
incorporate more network features and are more per sonalized than
existing cellular radio systems, but which do not embody all of the
concepts of an ideal PCN.

Indoor wireless networking products are steadily emerging and
promise tobecome a major part of the telecommunications
infrastructure within the 'iext decade. An international standards
body, IEEE 802.11, is developing standards for wireless access
between computers inside buildings. The European Telecom
munications Standard Institute (ETSI) is also developing the 20
Mbps HIPER LAN standard for indoor wireless networks. Recent
products such as Motorola's 18 GHz Altair WIN (wireless
information network) modem and AT&T's (for merly NCR)
waveLAN computer modem have been available as wireless ether
net connections since 1990 and are beginning to penetrate the
business world[Tuc931. Before the end of the 20th century
products will allow users to linktheir phone with their computer
within an office environment, as well as ina public setting, such as
an airport or train station.

A worldwide standard, the Future Public Land Mobile Telephone



System(FPLMTS) — renamed International Mobile Telecommunication
2000 (IMT-2000) in mid-1995 — is being formulated by the
International Telecommunications Union (ITU) which is the
standards body for the United Nations, with headquar ters in Geneva,
Switzerland. The technical group TG 8/1 standards task group is
within the ITU's Radiocommunications Sector (ITU-R). ITU-R
was formerlyknown as the Consultative Committee for
International Radiocommunications (CCIR). TG 811 is considering
how future PCNs should evolve and how world wide frequency
coordination might be implemented to allow subscriber units towork

a third generation
anywhere in the world. FPLMTS (now IMT-2000) is &

ot versal, multi-function, globally compatible digital mobile

radio system that would integrate paging, cordless, and cellular
systems, as well as low earth orbit (LEO) satellites, into one
universal mobile system. A total of 230 MHz in fre quency bands
1885 MHz to 2025 MHz and 2110 MHz to 2200 MHz has been tar
geted by the ITU's 1992 World Administrative Radio Conference

(WARC). The types of modulation, speech coding, and multiple

access schemes to be used inIMT-2000 are yet to be decided.

Worldwide standards are also required for emerging LEO satellite

comml pication systems that are in the design and prototyping

stage. Due to the ver . . .
8 ylarge areas on earth which are illuminated

by satellite ¢ransmitters, satellite based cellular systems will never
approach the capacities provided by land-based
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microcellular systems. However, satellite mobile systems offer tremendous prom ise for
paging, data collection, and emergency communications, as well as for glo bal roaming
before IMT-2000 is deployed. In early 1990, the aerospace industrydemonstrated the
first successful launch of a small satellite on a rocket from ajet
aircraft. This launch technique is more than an order of magnitude less expen
sive than conventional ground-based launches and can be deployed quickly sug

gesting that a network of LEOs could be rapidly deployed for

wirelesscommunications around the globe. Already, several companies have
proposedsystems and service concepts for worldwide paging, cellular telephone,
and emer gency navigation and notification [IEE91].

In emerging nations, where existing telephone service is almost nonexist ent,
fixed cellular telephone systems are being installed at a rapid rate. This isdue to the
fact that developing nations are finding it is quicker and more afford able to install
cellular telephone systems for fixed home use, rather than install
wires in neighborhoods which have not yet received telephone connections to
thePSTN.



The world is now in the early stages of a major telecommunications revolu tion
that will provide ubiquitous communication access to citizens, wherever they are
{KucQlJ, tGoo9l I, [1TU941. This new field requires engineers who candesign and
develop new wireless systems, make meaningful comparisons of com peting systemes,
and understand the engineering trade-offs that must be made inany system. Such
understanding can only be achieved by mastering the funda mental technical concepts
of wireless personal communications. These conceptsare the subject of the remaining
chapters of this text.

1-6 Problems

1.1 Why do paging systems need to provide low data rates? How does a low
datarate lead to better coverage?

1.2 Qualitatively describe how the power supply requirements differ betweenmobile
and portable cellular phones, as well as the difference between pocket pagers and
cordless phones. How does coverage range impact battery life in amobile radio
system?

1.3 In simulcasting paging systems, there usually is one dominant signal arrivingat the
paging receiver. In most, but not all cases, the dominant signal arrives from the
transmitter closest to the paging receiver. Explain how the FM cap ture effect could
help reception of the paging receiver. Could the FM captureeffect help cellular radio
systems? Explain how.

1.4 Where would walkie-talkies fit in Tables 1.5 and 1.6? Carefully describe
thesimilarities and differences between walkie-talkies and cordless telephones. Why
would consumers expect a much higher grade of service for a cordless telephone
system?

1.5 Assume a 1 Amp-hour battery is used on a cellular telephone (often called
acellular subscriber unit). Also assume that the cellular telephone draws 35 mAin idle
mode and 250 mA during a call. How long would the phone work (i.e. what is the

battery life) if the user leaves the phone on continually and has
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one 3-minute call every day? every 6 hours? every hour? What is the
maximumtalk time available on the cellular phone in this example?

1.6 Assume a CT?2 subscriber unit has the same size battery as the phone in Prob lem 1.5,
but the paging receiver draws 5 mA in idle mode and the transceiver draws 80 mA
during a call. Recompute the CT2 battery life for the call rates given in Problem 1.5.
Recompute the maximum talk time for the CT2 handset.

1.7 Why would one expect the CT2 handset in Problem 1.6 to have a smaller bat

tery drain during transmission than a cellular telephone?

1.8 Why is FM, rather than AM, used in most mobile radio systems today? List as many
reasons as you can think of, and justify your responses. Consider issues such as
fidelity, power consumption, and noise.

1.9 List the factors that led to the development of (a) the GSM system for Europe, and (b) the
U.S. digital cellular system. Compare and contrast the importance for both efforts to (i)
maintain compatibility with existing cellular phones. (ii) obtain spectral efficiency. (iii)
obtain new radio spectrum.

1.10 Assume that a GSM, an IS-95, and a U.S. digital cellular base station transmit the
same power over the same distance. Which system will provide the best SNR at a
mobile receiver? What is the SNR improvement over the other twosystems? Assume
a perfect receiver with only thermal noise present in each of the three systems.

1.11 Discuss the similarities and differences between a conventional cellular radiosystem



and a space-based (satellite) cellular radio system. What are the advan tages and
disadvantages of each system? Which system could support a larger number of users
for a given frequency allocation? Why? How would this impact the cost of service for
each subscriber?

1.12 Assume that wireless communication standards can be classified as
belongingto one of the following four groups:

High power, wide area systems (cellular)

Low power, local area systems (cordless telephone and PCS)

Low data rate, wide area systems (mobile data)

High data rate, local area systems (wireless LANs)
Classify each of the wireless standards described in Tables 1.1 - 1.3 using these four
groups. Justify your answers. Note that some standards may fit into more than one
group.

1.13 Discuss the importance of regional and international standards organizations such as
ITU-R, ETSI, and WARC. What competitive advantages are there inusing different
wireless standards in different parts of the world? What disad vantages arise when
different standards and different frequencies are used indifferent parts of the world?

1.14 Based on the proliferation of wireless standards throughout the world, discuss how
likely it is for IMT-2000 to be adopted. Provide a detailed explanation, along with

probable scenarios of services, spectrum allocations, and cost.
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CHAPT ER,

Des;
The Cellular Concept — System -

Fundamentals

he design objective of early mobile radio
systems was to achieve a large coverage area by using a single, high
poweredtransmitter with an antenna mounted on a tall tower While this
approachachieved very good coverage, it also meant that it was impossible to
reuse thosesame frequencies throughout the system, since any attempts to
achieve fre quency reuse would result in interference. For example, the Bell
mobile systemin New York City in the 1970s could only support a maximum of
twelve simulta neous calls over a thousand square miles [Cal88]. Faced with
the fact that gov ernment regulatory agencies could not make spectrum
allocations in proportionto the increasing demand for mobile services, it



became imperative to restruc ture the radio telephone system to achieve high
capacity with limited radio spec
ti-urn, while at the same time covering very large areas.

2.1 Introduction

The cellular concept was a major breakthrough in solving the problem of spectral

: . : ... alimited
congestion and user capacity. It offered very high capacity in spectnnn

. . . : cept 1s a system
allocation without any major technological changes. The cellular con €€P y

level idea which calls for replacing a single, high power traits titter (large cell) with

many low power transmitters (small cells), eachproviding coverage to only a small
portion of the service area. Each base stationis allocated a portion of the total number of

SYS tem, and nearby base stations are assigned
channels available to the entire ’ y &

different f channel
Heretit STOTps O Channets so that all the available channels are assigned to a relatively

small number of neighbor ing base stations. Neighboring base stations are assigned

different groups of channels so that the interference between base stations (and the

mobile users
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under their control) is minimized. By systematically spacing base
stations andtheir channel groups throughout a market, the
available channels are distrib uted throughout the geographic
region and may be reused as many times as nec essary, so long as
the interference between co-channel stations is kept
belowacceptable levels.

As the demand for service increases (i.e., as more channels are
neededwithin a particular market), the number of base stations
may be increased(along with a corresponding decrease in
transmitter power to avoid added inter ference), thereby providing
additional radio capacity with no additional increasein radio
spectrum. This fundamental principle is the foundation for all

wireless communication systems, since it enables a fixed
modem

number of channels to ) .
serve an arbitrarily large number of

subscribers by reusing the channelsthroughout the coverage
region. Furthermore, the cellular concept allows everypiece of
subscriber equipment within a country or continent to be
manufacturedwith the same set of channels, so that any mobile may
be used anywhere withinthe region.



2.2 Frequency Reuse

Cellular radio systems rely on an intelligent allocation and reuse of
chan nels throughout a coverage region [Oet83]. Each cellular base
station is allocateda group of radio channels to be used within a small
geographic area called a cell. Base stations in adjacent cells are
assigned channel groups which contain com pletely different
channels than neighboring cells. The base station antennas
aredesigned to achieve the desired coverage within the particular
cell. By limitingthe coverage area to within the boundaries of a cell,
the same group of channelsmay be used to cover different cells that
are separated from one another by dis tances large enough to keep
interference levels within tolerable limits. Thedesign process of
selecting and allocating channel groups for all of the cellular base
stations within a system is called frequency reuse or frequency
planning[Mac79].

Figure 2.1 illustrates the concept of cellular frequency reuse, where
cells labeled with the same letter use the same group of
channels. The frequencyreuse plan is overlaid upon a map to
indicate where different frequency channels are used. The hexagonal
cell shape shown in .Figure 2.1 is conceptual and is asimplistic
model of the radio coverage for each base station, but it has been u.ni
versally adopted since the hexagon permits easy and manageable

. cellular system. The actual radio coverage of a cell is
analysis of a

known as the footprint and. )
p is determined from field measurements

or propagation prediction models. Although the real footprint
1s amorphous in nature, a regular cell shape isneeded for
systematic system design and adaptation for future growth. While it
might seem natural to choose a circle to represent the coverage
area of a basestation, adjacent circles can not be overlaid upon a

map without leaving gaps or
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Figure 2.1
lllustration of the cellular frequency reuse concept. Cells with the same letter use the same set of

frequencies. A cell cluster is outlined in bold and replicated over the coverage area. In this example, the
cluster size, N, is equal to seven, and the frequency reuse factor is 1/7 since each cell contains one-seventh

of the total number of available channels.

creating overlapping regions. Thus, when considering geometric shapes whichcover
an entire region without overlap and with equal area, there are three sen sible
choices: a square; an equilateral triangle; and a hexagon. A cell must bedesigned to
serve the weakest mobiles within the footprint, and these are typi cally located at the
edge of the cell. For a given distance between the center of apolygon and its farthest
perimeter points, the hexagon has the largest area of thethree. Thus, by using the
hexagon geometr3¢ the fewest number of cells can cover

a geographic region, and the hexagon closely approximates a circular
radiationpattern which would occur for an omni-directional base station
antenna and freespace propagation. Of course, the actual cellular footprint is
determined by thecontour in which a given transmitter serves the mobiles
successfully.

When using hexagons to model coverage areas, base station transmitters are
depicted as either being in the center of the cell (center-excited cells) or onthree of the
six cell vertices (edge-excited cells). Normally, omni-directional antennas are used in
center-excited cells and sectored directional antennas areused in corner-excited cells.
Practical considerations usually do not allow basestations to be placed exactly as they
appear in the hexagonal layout. Most sys tem designs permit a base station to be
positioned up to one-fourth the cell radius away from the ideal location.
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'Ib understand the frequency reuse concept, consider a cellular systemwhich has a
total of S duplex channels available for use. If each cell is allocateda group of k
channels (k ¢S), and if the S channels are divided among N cells into unique and



disjoint channel groups which each have the same number of channels, the total
number of available radio channels can be expressed as

S =KN 2.1
The N cells which collectively use the complete set of available frequencies is
called a cluster. If a cluster is replicated M times within the system, the total number of
duplex channels, C, can be used as a measure of capacity and is given

C = MKN =MS (2.2)

As seen from equation (2.2), the capacity of a cellular system is directly pro portional
to the number of times a cluster is replicated in a fixed service area. The factor N is
called the cluster size and is typically equal to 4, 7, or 12. If thecluster size N is reduced
while the cell size is kept constant, more clusters arerequired to cover a given area and
hence more capacity (a larger value of C) is achieved. A large cluster size indicates that
the ratio between the cell radius andthe distance between co-channel cells is large.
Conversely, a small cluster sizeindicates that co-channel cells are located much closer
together. The value for Nis a function of how much interference a mobile or base station
can tolerate whilemaintaining a sufficient quality of communications. From a design
viewpoint, the smallest possible value of N is desirable in order to maximize capacity over
a given coverage area (i.e.. to maximize C in equation (2.2)). The frequency reuse factor
of a cellular system is given by I /N, since each cell within a cluster is only assigned
IT'N of the total available channels in the system.

Due to the fact that the hexagonal geometry of Figure 2.1 has exactly
sixequidistant neighbors and that the lines joining the centers of any cell and eachof
its neighbors are separated by multiples of 60 degrees, there are only certaincluster
sizes and cell layouts which are possible [Mac79]. In order to tessellate —
to connect without gaps between adjacent cells — the geometry of hexagons is such that
the number of cells per cluster, N, can only have values which satisfyequation (2.3).

N=12+1j+j2 (2.3)
where 1 and j are non-negative integers. 'Ib find the nearest co-channel neigh bors of
a particular cell, one must do the following: (1) move i cells along anychain of

hexagons and then (2) turn 60 degrees counter-clockwise and y,qye / cells. This is
illustrated in Figure 2.2 for i = *and I = 2 (example, N = 19).

Example 2.1
If a total of 33 MHz of bandwidth is allocated to a particular FDD cellular tele

phone system which uses two 25 kHz simplex channels to provide full duplex
Frequency Reuse 29



Figure 2.2
Method of locating co-channel cells in a cellular system. In this example, N = 19 (i.e.,i = 3,) = 2). [Adapted

from [OetS3I © IEEE).

voice and control channels, compute the number of channels available per cell if a system
uses (a) 4-cell reuse, (b) 7-cell reuse (c) 12-cell reuse. If 1 MHz of the allocated spectrum
is dedicated to control channels, determine an equitable distribution of control
channels and voice channels in each cell for each of the three systems.

Solution to Example 2.1
Given:

Thtal bandwidth =33 MHz
Channel bandwidth = 25 k}{z x 2 simplex channels = 50 kHz/duplex channel Thtal

available channels = 33,000/50 = 660 channels

(a) For N=4,

total number of channels available per cell = 660/4 165 channels.
(b)ForN=7,

total number of channels available per cell = 660/7 95 channels.
(c) For N =12,

total number of channels available per cell =660/12 t 55 channels.

A 1 MHz spectrum for control channels implies that there ,.. 1000/50 = 20 control
trol and voi
channels out of the 660 channels available. 'ft evenly distribute the comtrot and volee

h Is, simply allocate th . .
CHAnNEs, SimpLy afocate 1€ ame number of channels in each cell wherever possible.

Here, the 660 channels must be evenly distributed to each cell within the cluster. In
practice, only the 640 voice channels would be allocated, since the control channels are

as 1 per cell.
allocated separately
and 160 voice channels per cell. In practice, however, each cell only needs a single control

(a) For N = " we can have 5 control channels

channel (the control
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than the voice channels). Thus, one.ontro] channel and 160 voice channels would be

assigned to each cell. (b) For N = 7, 4 cells with 3 control channels and 92 voice

channels, 2 cells with 3 control channels and 90 voice channels, and 1 cell with 2
control chan nels and 92 voice channels could be allocated. In practice, however, each
cell would have one control channel, four cells-4vould have 91 voice channels, andthree

cells would have 92 voice channels.

(¢) For N = 12 we can have 8 cells with 2 control channels and 53 voice chan

nels, and 4 cells with 1 control channel and 54 voice channels each. In
anactual system, each cell would have 1 control channel, 8 cells would have
53voice channels, and 4 cells would have 54 voice channels.

2.3 Channel Assignment Strategies

For efficient utilization of the radio spectrum, a frequency reuse schemethat
1s consistent with the objectives of increasing capacity and
minimizinginterference is required. A variety of channel assignment strategies
have beendeveloped to achieve these objectives. Channel assignment strategies
can beclassified as either fixed or dynamic. The choice of channel assignment
strategyimpacts the performance of the system, particularly as to how calls are
managedwhen a mobile user is handed off from one cell to another [Thk911,

[LiC93],
[Sun94J, [Rap93b].

In a fixed channel assignment strategy; each cell is allocated a predeter mined
set of voice channels. Any call attempt within the cell can only be servedby the
unused channels in that particular cell. If all the channels in that cell areoccupied, the
call is blocked and the subscriber does not receive service. Several
variations of the fixed assignment strategy exist. In one approach, called the bor rowing
strategy, a cell is allowed to borrow channels from a neighboring cell if all of its own
channels are already occupied. The mobile switching center (MSC) supervises such
borrowing procedures and ensures that the borrowing of a chan nel does not disrupt or
interfere with any of the calls in progress in the donor cell.

In a dynamic channel assignment strategy, voice channels are not allocatedto
different cells permanently. Instead, each time a call request is made, theserving base
station requests a channel from the MSC. The switch then allocates a channel to the
requested cell following an algorithm that takes into account the likelihood of fixture
blocking within the cell, the frequency of use of the candidate channel, the reuse distance of
the channel, and other cost functions.

Accordingly, the MSC only allocates a given frequency if that frequency is not
presently in use in the cell or any other cell which falls within the minimumrestricted
distance of frequency reuse to avoid co-channel interference. Dynamic channel assignment
reduce the likelihood of blocking, which increases the trunk ing capacity of the system,
since all the available channels in a market are acces sible to all of the cells. Dynamic

channel assignment strategies require the MSC
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Figure 2.3

lllustration of a handoff scenario at cell boundary.

to collect real-time data on channel occupancy, traffic distribution, arid radio sig nal
strength indications (RSS!) of all channels on a continuous basis. This increases
the storage and computational load on the system but provides theadvantage of
increased channel utilization and decreased probability of ablocked call.

2.4 Handoff Strategies

When a mobile moves into a different cell while a conversation is
inprogress, the MSC automatically transfers the call to a new channel belonging
tothe new base station. This handoff operation not only involves a newbase
station, but also requires that the voice and control signals be allocated



tochannels associated with the new base station.
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Processing handoffs is an important task in any cellular radio
system. Many handoff strategies prioritize handoff requests over
call initiation requestswhen allocating unused channels in a cell site.
Handofts must be performed suc cessfully and as infrequently as
possible, and be imperceptible to the users. Inorder to meet these
requirements, system designers must speci& an optimumsignal
level at which to initiate a handoff. Once a particular signal level is
speci fied as the minimum usable signal for acceptable voice
quality at the base sta tion receiver (normally taken as between —90
dBm and —100 dBm), a slightlystronger signal level is used as a
threshold at which a handoff is made. This mar gin, given by A =

minimum usable' €annot be too large or too small. If A is too large,
unnecessary handoffs which burden the MSC may occur, and if Ais
too small, there may be insufficient time to complete a handoff
before a call islost due to weak signal conditions. Therefore, A is
chosen carefully to meet theseconflicting requirements. Figure 2.3
illustrates a handoff situation. Figure 2.3(a) demonstrates the case
where a handoff is not made and the signal drops belowthe
minimum acceptable level to keep the channel active. This
dropped call event can happen when there is an excessive delay by
the MSC in assigning ahandoff, or when the threshold z\ is set too
small for the handoff time in the sys tem. Excessive delays may
occur during high traffic conditions due to computa tional loading at
the MSC or due to the fact that no channels are available onany of
the nearby base stations (thus forcing the MSC to wait until a
channel ina nearby cell becomes free).

In deciding when to handoff, it is important to ensure that the drop
in themeasured signal level is not due to momentary fading and
that the mobile isactually moving away from the serving base
station. In order to ensure this, thebase station monitors the signal
level for a certain period of time before a hand off is initiated. This
running average measurement of signal strength should
beoptimized so that unnecessary handoffs are avoided, while
ensuring'that neces sary handoffs are completed before a call is
terminated due to poor signal level.

The length of time needed to decide if a handoff is necessary
depends on thespeed at which the vehicle is moving. If the slope
of the short-term averagereceived signal level in a given time
interval is steep, the handoff should be madequickly. Information
about the vehicle speed, which can be useful in handoff deci sions, can
also be computed from the statistics of the received short-term
fadingsignal at the base station.

The time over which a call may be maintained within a cell, without



hand off, is called the dwell time [Rap93b]. The dwell time of a
particular user is gov erned by a number of factors, which include
propagation, interference, distance between the subscriber and the
base station, and other time varying effects. Chapter 4 shows that
even when a mobile user is stationary, ambient motion inthe
vicinity of the base station and the mobile can produce fading, thus
even astationary subscriber may have a random and finite dwell

time. Analysis in
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[Rap9SbJ indicates that the statistics of dwell time vary greatly, depending
onthe speed of the user and the type of radio coverage. For example, in mature
cellswhich provide coverage for vehicular highway users, most users tend to
have arelatively constant speed and travel along fixed and well-defined paths
with goodradio coverage. I11 such instances, the dwell time for an arbitrary
user is a ran dom variable with a distribution that is highly concentrated
about the meandwell time. On the other hand, for users in dense, cluttered
microcell environ ments, there is typically a large variation of dwell time about
the mean, and thedwell times are typically shorter than the cell geometry
would otherwise sug gest. It is apparent that the statistics of dwell time are
important in the practi cal design of handoff algorithms [LiC93], [Sun941,
[Rap93b].

In first generation analog cellular systems, signal strength measurementsare
made by the base stations and supervised by the MSC. Each base
stationconstantly monitors the signal strengths of all of its reverse voice channels
todetermine the relative location of each mobile user with respect to the base sta
tion tower. In addition to measuring the RSSI of calls in progress within the cell,

a spare receiver in each base station, called the locator receiver, is used to deter mine
signal strengths of mobile users which are in neighboring cells. The locator receiver is
controlled by the MSC and is used to monitor the signal strength of users in
neighboring cells which appear to be in need of handoff and reports all RSSI values to
the MSC. Based on the locator receiver signal strength informa tion from each base
station, the MSC decides if a handoff is necessary or not.

In second generation systems that use digital TDMA technology, handoff
decisions are mobile assisted. In mobile assisted handoff(MAHO), every mobilestation
measures the received power from surrounding base stations and contin ually reports the
results of these measurements to the serving base station. Ahandoff is initiated when
the power received from the base station of a neighbor ing cell begins to exceed the
power received from the current base station byacertain level or for a certain period of
time. The MAHO method enables the call to be handed over between base stations at a

much faster rate than in first " eration analog systems since the handoff

measurements are made by eachmobile, and the MSC no longer constantly monitors
signal strengths. MAHO is particularly suited for microcellular environmeiits whete

are more fre

During the course of a call, if a mobile moves from
handoffs quent



1lul tem t
onie cefiutat System 1o adif‘ferent cellular system controlled by a different MSC, an

intersystem handoff becomes necessary An MSC engages in an intersystem handoft

., signal becomes weak in a given cell and the MSC cannot find another cell
when a mobile

within, o .
its system to which it can transfer the call in progress. There are many issues

that must be addressed when implementing ,, intersystem handoff. For

instance, a local call may become a long-distance call : .
as the mobile moves out of its

home system and becomes a roamer in a neighboring system. Also, compati

bility between the two MSCs
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must be determined before implementing an inter

system handoff. Chapter 9

demonstrates how intersystem handoffs areimplemented in practice.

Different systems have different policies and methods for managing hand off
requests. Some systems handle handoff requests in the same way they handleoriginating
calls. In such systems, the probability that a handoff request will not be served by a
new base station is equal to the blocking probability of incomingcalls. However, from
the user's point of view, having a call abruptly terminatedwhile in the middle of a
conversation is more annoying than being blocked occa sionally on a new call attempt.
To improve the quality of service as perceived bythe users, various methods have been
devised to prioritize handoff requests over call initiation requests when allocating voice

channels.

2.4.1 Prioritizing Handoffs

One method for giving priority to handoffs is called the guard channel con cept,
whereby a fraction of the total available channels in a cell is reserved exclu sively for
handoff requests from ongoing calls which may be handed off into thecell. This
method has the disadvantage of reducing the total carried traffic, asfewer channels
are allocated to originating calls. Guard channels, however, offer
efficient spectrum utilization when dynamic channel assignment strategies,
which minimize the number of required guard channels by efficient demand based
allocation, are used.

Queuing of handoff requests is another method to decrease the probabilityof
forced termination of a call due to lack of available channels. There is a trade off
between the decrease in probability of forced termination and total carriedtraffic.
Queuing of handoffs is possible due to the fact that there is a finite timeinterval
between the time the received signal level drops below the handoff
threshold and the time the call is terminated due to insufficient signal level. Thedelay

p

: : . . ar .
time and size of the queue is determined from the traffic pattern of the ©  ticular

service area. It should be noted that queuing does not guarantee a zeroprobability
of forced termination, since large delays will cause the received sig nal level to drop
below the minimum required level to maintain communicationand hence lead to

forced termination.



2.4.2 Practical Handoff Considerations

: : ) design for a
In practical cellular systems, several problems arise when attempting to

wide range of mobile velocities. High speed vehicles pass throughthe coverage

region of a cell within a matter of seconds, whereas pedestrianusers may never
need a handoff during a call. Particularly with the addition of microcells to provide
capacity, the MSC can quickly become burdened if highspeed users are constantly

being passed between very small cells. Several schemes have been devised to

handle the simultaneous traffic of high speed and
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low speed users while minimizing the handoff intervention from the MSC. Another
practical limitation is the ability to obtain new cell sites. Although the cellular concept
clearly provides additional capacity throughthe addition of cell sites, in practice it is
difficult for cellular service providers toobtain new physical cell site locations in urban
areas. Zoning laws, ordinances, and other nontechnical bathers often make it more
attractive for a cellular pro vider to install additional channels and base stations at the
same physical loca tion of an existing cell, rather than find new site locations. By
using different antenna heights (often on the same building or tower) and different power
levels, it is possible to provide "large" and "small" cells which are co-located at a
singlelocation. This technique is called the umbrella cell approach and is used to pro
vide large area coverage to high speed users while providing small area coverageto users
traveling at low speeds. Figure 2.4 illustrates an umbrella cell which is co-located with
some smaller microcells. The umbrella cell approach ensures that the number of
handoffs is minimized for high speed users and provides additional microcell
channels for pedestrian users. The speed of each user maybe estimated by the base
station or MSC by evaluating how rapidly the short term average signal strength on
the RVC changes over time, or more sophisti cated algorithms may be used to evaluate
and partition users [LiCS3]. If a highspeed user in the large umbrella cell is
approaching the base station, and itsvelocity is rapidly decreasing, the base station
may decide to hand the user intothe co-located microcell, without MSC intervention.

Small microcells for

low speed traffic

Large "umbrella" cell for high speed traffic

Figure 2.4
The umbrella cell approach.



Another practical handoff problem in microcell systems is known as cell
dragging. Cell dragging results from pedestrian users that provide a very
strongsignal to the base station. Such a situation occurs in an urban environment
whenthere is a line-of-sight (LOS) radio path between the subscriber and the base sta
36 Cli. 2« The Ceilular Concept — System Design Fundamenials
tion. As the user travels away from the base station at a very slow speed, theaverage
signal strength does not decay rapidly. Even when the user has traveledwell beyond the
designed range of the cell, the received signal at the base stationmay be above the
handoff threshold, thus a handoff may not be made. This cre ates a potential
interference and traffic management problem, since the user has
meanwhile traveled deep within a neighboring cell. Th solve the cell
draggingproblem, handoff thresholds and radio coverage parameters must be

adjustedcarefully.

In first generation analog cellular systems, the typical time to make
ahandoff, once the signal level is deemed to be below the handoff threshold,
isabout 10 seconds. This requires that the value for a be on the order of 6 dB
to

12 dB. In new digital cellular systems such as GSM, the mobile assists with
thehandoff procedure by determining the best handoff candidates, and the handoft,
once the decision is made, typically requires only 1 or 2 seconds. Consequently, ais
usually between 0 dB and 6 dB in modem cellular systems. The faster handoff process
supports a much greater range of options for handling high speed andlow speed
users and provides the MSC with substantial time to "rescue" a call that is in need of
handoff.

Another feature of newer cellular systems is the ability to make handoff
decisions based on a wide range of metrics other than signal strength. The co channel
and adjacent channel interference levels may be measured at the basestation or the
mobile, and this information may be used with conventional signal strength data to
provide a multi-dimensional algorithm for determining whenahandoft is needed.

The IS-95 code division multiple access (CDMA) spread spectrum cellular system
described in Chapter 10, provides a unique handoff capability that can not be provided
with other wireless systems. Unlike channelized wireless sys tems that assign
different radio channels during a handoff (called a hardhandoff), spread spectrum
mobiles share the same channel in every cell. Thus, the term handoff does not mean a
physical change in the assigned channel, but rather that a different base station
handles the radio communication task. Bysimultaneously evaluating the received
signals from a single subscriber at sev eral neighboring base stations, the MSC may
actually decide which version of the user's signal is best at any moment in time. This
technique exploits macro scopic space diversity provided by the different physical
locations of the base sta tions and allows the MSC to make a "soft" decision as to
which version of theuser's signal to pass along to the PSTN at any instance EPad94].
The ability toselect between the instantaneous received signals from a variety of base

stations is called soft i'iandoff.
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2.5 Interference and System Capacity



Interference is the major limiting factor in the performance of cellular
radiosystems. Sources of interference include another mobile in the
same cell, a call inprogress in a neighboring cell, other base
stations operating in the same fre quency band, or any noncellular
system which inadvertently leaks energy intothe cellular frequency
band. Interference on voice channels causes cross talk,

where the subscriber hears interference in the background due to an
undesiredtransmission. On control channels, interference leads to
missed and blocked calls due to errors in the digital signaling.
Interference is more severe in urban areas, due to the greater HF
noise floor and the large number of base stations andmobiles.
Interference has been recognized as a major bottleneck in
increasingcapacity and is often responsible for dropped calls. The
two major types of sys tem-generated cellular interference are
co-chann€l interference and adjacent channel interference. Even
though interfering signals are often generated'withinthe cellular
system, they are difficult to control in practice (due to random propa
gation effects). Even more difficult to control is interference due to
out-of-bandusers, which arises without warning due to front end
overload of subscriber equipment or intermittent intermodulation
products. In practice, the transmit ters from competing cellular
carriers are often a significant source of out-of-bandinterference, since
competitors often locate their base stations in close proximityto one
another in order to provide comparable coverage to customers.

2.5.1 Co-channel Interference and System Capacity

Frequency reuse implies that in a given coverage area there are
several cells that use the same set of frequencies. These cells are
called co-channel cells, and the interference between signals from
these cells is called co-channel inter ference. Unlike thermal noise
which can be overcome by increasing the signal-to noise ration
(SNR), co-channel interference cannot be combated by
simplyincreasing the carrier power of a transmitter This is because
an increase in car rier transmit power increases the interference to
neighboring co-channel cells. Toreduce co-channel interference,
co-channel cells must be physically separated bya minimum distance
to provide sufficient isolation due to propagation.

When thesize of each cell is approximately the same, and the base
stations transmit the same power, the co-channel interference ratio is
independent of thetransmitted power and becomes a function of the
radius of the cell (B) and thedistance between centers of the nearest
co-channel cells (D). By increasing theratio of DIR, the spatial
separation between co-channel cells relative to the cov erage distance
of a cell is increased. Thus interference is reduced from
improvedisolation of HF energy from the co-channel cell. The
parameter Q, called the co channel reuse ratio, is related to the cluster



size. For a hexagonal geometry
3g Cfl. 2- The Cellular Concept — System Design Fundamentals

(2.4)

A small value of Q provides larger capacity since the cluster size N

issmall, whereas a large value of Q improves the transmission quality, due to
asmaller level of co-channel interference. A trade-off must be made between

thesetwo objectives in actual cellular design.

Table 2.1 Co-channel Reuse Ratio for Some Values of N

Cluster Size (N) Co-channel Reuse Ratio(Q)
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Let 10 be the number of co-channel interfering cells. Then, the signal-to
interference ratio (S/I or SIR) for a mobile receiver which monitors a
forwardchannel can be expressed as

where S is the desired signal power from the desired base station and is
theinterference power caused by the i th interfering co-channel cell base station. If the
signal levels of co-channel cells are known, then the S/I ratio for the for ward link
can be found using equation (2.5).

Propagation measurements in a mobile radio channel show that the aver age received
signal strength at any point decays as a power law of the distance of separation between
a transmitter and receiver. The average received power P. at a distance d from the
transmitting antenna is approximated by

7(2.6)

or

Pr(dBm) = PO(dbm)—IOnlog(j-) (2.7)

where PO is the power received at a close-in reference point in the far field regionof the
antenna at a small distance dO from the transmitting antenna, and n is the path loss
exponent. Now consider the forward link where the desired signal is the serving base
station and where the interference is due to co-channel basestations. If D. is the
distance of the i th interferer from the mobile, the receivedpower at. a given mobile due

to the 1 th interfering cell will be proportional to
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The path loss exponent typically ranges between 2 and 4 in urban cellu
lar systems [Rap92b].
When the transmit power of each base station is equal and the path
lossexponent is the same throughout the coverage area, S/I for a mobile

can beapproximated as
s=28) Ig

Considering only the first layer of interfering cells, if all the interferingbase
stations are equidistant from the desired base station and if this distance isequal to the
distance D between cell centers, then equation (2.8) simplifies to

S - (D/R)" *291 —
Equation (2.9) relates S/I to the cluster size N, which in turn determinesthe overall
capacity of the system from equation (2.2). For example, assume that the six closest
cells are close enough to create significant interference and that

they are all approximately equal distance from the desired base station. For theU.S.
AMPS cellular system which uses FM and 30 kHz channels, subjective tests indicate that
sufficient voice quality is provided when S/I is greater thanor equal to 18 dB.
Using equation (2.9) it can be shown in order to meet thisrequirement, the cluster
size N should be at least 6.49, assuming a path lossexponent ii = 4. Thus a minimum
cluster size of 7 is required to meet an S/I requirement of 18 dB. It should be noted
that equation (2.9) is based on the hex agonal cell geometry where all the interfering
cells are equidistant from the basestation receiver, and hence provides an optimistic result
in many cases. For somefrequency reuse plans (e.g. N = 4), the closest interfering cells
vary widely intheir distances from the desired cell.

From Figure 2.5, it can be seen for a 7-cell cluster, with the mobile unit is at the cell

boundary, the mobile is a distance D 1> from the two nearest co-channel interfering
from the

cells and approximately D + R/2, LI, D—R/2, and D + R other interfering
cells in the first tier [Lee86]. Using equation (2.9) and asstm ing n equals 4, the

signal-to-interference ratio for the worst case can be closelyapproximated as (an exact
expression is worked out by Jacobsmeyer [Jac94J).

R4
2(D—R) 4-2(D+R) +2D4
Equation (2.10) can be rewritten in terms of the co-channel reuse ratio Q, as
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“12.11)
2(Q—

For N = 7, the co-channel reuse ratio Q is 4.6, and the worst case S/I is
approximated as 49.56 (17 dB) using equation (2.11), whereas an exact solutionusing
equation (2.8) yields 17.8 dB [Jac94]. Hence for a 7-cell cluster, the S/I ratio is slightly



less than 18 dB for the worst case. To design the cellular systemfor proper performance in
the worst case , it would be necessary to increase N tothe next largest size, which from
equation (2.3)is found to be 12 (correspondingto i = j = 2). This obviously entails a
significant decrease in capdcity, since 12- cell reuse offers a spectrum utilization of 1/12
within each cell, whereas 7-cell reuse offers a spectrum utilization of 1/7. In practice, a
capacity reduction of 7112 would not be tolerable to accommodate for the worst case
situation which rarelyoccurs. From the above discussion it is clear that co-channel
interference deter mines link performance, which in turn dictates the frequency reuse
plan and theoverall capacity of cellular systems.

Example 2.2
If a signal to interference ratio of 15 dB is required for satisfactory forwardchannel
performance of a cellular system, what is the frequency reuse factor and cluster size
that should be used for maximum capacity if the path loss exponent is (a) it =4, (b) it
= 3?7 Assume that there are 6 co-channels cells in the first tier, and all of them are at
the same distance from the mobile. Use suitable approximations.

Solution to Example 2.2
(A)n=4
First, let us consider a 7-cell reuse pattern.
Using equation (2.4), the co-channel reuse ratio DIR = 4.583.
Using equation (2.9), the sipal-to-noise interference ratio is given by S/t =

(1/6)x(4.583) =753 = 18.c6 dB. Since this is greater than the minimum required
S/1, N = 7 can be used.

b)n=3
First, let us consider a 7-cell reuse pattern.
Using equation (2.9), the sipal-to-interference ratio is given by
S/T = (1,6)x(4.583) = 16.04 = 12.05 dB.
Since this is less than the minimum required S/I, we need to use a larger N.

Using equation (2.3), the next possible value of N is 12, (I =J' 2)

The corresponding co-channel ratio is given by equation (2.4) as
DIR = s.0.
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Using equation (2.3) the signal-to-interference ratio is given by

S/T = (1/6) x =36 = 15.56 dB.
Since this is greater than the minimum required S/I, N = 12 can be used.



Figure 2.5
Illustration of the first tier of co-channel cells for a cluster size of N=7. When the mobile is at the cell

boundary (point A), it experiences worst case co-channel interference on the forward channel. The marked
distances between the mobile and different co-channel cells are based on approximations made for easy
analysis.

2.5.2 Adlacent Channel Interference

Interference resulting from signals which are adjacent in frequency to
thedesired signal is called adjacent channel interference. Adjacent channel interfer
ence results from imperfect receiver filters which allow nearby frequencies toleak
into the passband. The problem can be particularly serious if an adjacent
channel user is transmitting in very close range to a subscriber's receiver, whilethe
receiver attempts to receive a base station on the desired channel. This is referred to
as the near-far effect, where a nearby transmitter (which may or may
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not be of the same type as that used by the cellular system) captures

the receiver of the subscriber. Alternatively, the near-far effect occurs

when a mobile close toa base station transmits on a channel close to

one being used by a weak mobile. The base station may have

difficulty in discriminating the desired mobile user from the

"bleedover" caused by the close adjacent channel mobile.

Adjacent channel interference can be minimized through careful

filteringand channel assignments. Since each cell is given only a

fraction of the available channels, a cell need not be assigned



channels which are all adjacent in fre quency. By keeping the
frequency separation between each channel in a givencell as large as
possible, the adjacent channel interference may be reduced con
siderably. Thus instead of assigning channels which form a
contiguous band of frequencies within a particular cell, channels
are allocated such that the fre quency separation between channels
in a given cell is maximized. By sequen tially assigning successive
channels in the frequency band to different cells, many channel
allocation schemes are able to separate adjacent channels in a cell by
as many as N channel bandwidths, where N is the cluster size.
Some chan nel allocation schemes also prevent a secondary source of
adjacent channel inter ference by avoiding the use of adjacent
channels in neighboring cell sites.

If the frequency reuse factor is small, the separation between
adjacent channels may not be sufficient to keep the adjacent
channel interference level within tolerable limits. For example, if a
mobile is 20 times as close to the base station as another mobile and
has energy spill out of its passband, the signal-to interferenceratio for
the weak mobile (before receiver filtering) is approximately

~(2.12)

Eor a path loss exponent n = 4, this is equal to —52 dB. If the
intermediate frequency (IF) filter of the base station receiver has a
slope of 20 dB/octave, then an adjacent channel interferer must be
displaced by at least six times the pass band bandwidth from the
center of the receiver frequency passband to achieve 52 dB
attenuation. Here, a separation of approximately six channel
bandwidths is required for typical filters in order to provide 0 dB SIR
from a close-in adjacent channel user. This implies that a channel
separation greater than six is needed to bring the adjacent channel
interference to an acceptable level, or tighter base station filters are
needed when close-in and distant users share the same cell.
Inpractice, each base station receiver is preceeded by a high Q cavity
filter in order to reject adjacent channel interference.

Example 2.3

This example illustrates how channels are divided into subsets and allo
cated to different cells so that adjacent channel interference is minimized.
The United States AMPS system initially operated with 666 duplex

channels. In
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1989, the FCC allocated an additional 10 MHz of spectrum for cellular ser vie

and this allowed 166 new channels to be added to the AMPS system. There are now
832 channels used in AMPS. The forward channel (870.030MHz) along with the
corresponding reverse channel (825.030 MHz) is num bered as channel 1. Similarly



the forward channel 889.98 MHz along with thereverse channel 844.98 MHz is
numbered as channel 666 (see Figure 1.2). The extended band has channels numbered
as 667 through 799, and 990 through1023.

In order to encourage competition, the FCC licensed the channels to two
competing operators in every service area, and each operator received half of the total
channels. The channels used by the two operators are distinguishedas block A and
block B channels. Block B is operated by companies which have traditionally provided
telephone services (called wireline operators), and BlockA is operated by companies
that have not traditionally provided telephone ser vices (called nonwireline operators).
Out of the 416 channels used by each operator, 395 are voice channels andthe

remaining 21 are control channels. Channels 1 through 312 (voice chan nels) and
channels 313 through 333 (control channels) are block A channels, and channels

trol ch 1
355 through 666 (voice channels) and channels 334 through 354(Con rol channels)

lock B ch Is. Ch 1 h h 71 1
are block B channels. Channels 667 through 716 and 99 through 1023 are the

extended Block A voice channels, and channels 717through 799 are extended
Block B voice channels.

Each of the 395 voice channels are divided into 21 subsets, each containing
about 19 channels. In each subset, the closest adjacent channel is 21 channels away.
In a 7-cell reuse system, each cell uses 3 subsets of channels. The 3 sub sets are
assigned such that every channel in the cell is assured of being sepa rated from every
other channel by at least 7 channel spacings. This channel assignment scheme is
illustrated in Table 2.2. As seen in Table 2.2, eachcell uses channels in the subsets, IA
+iB +1C, where i is an integer from 1 to 7. The total number of voice channels in a cell

s about 57. The channels listed inthe upper half of the chart belong to block A and

those in the | half bel
os¢ 1 The Tower A €918 5 block B. The shaded set of numbers correspond to

the control channels which are standard to all cellular systems in North America.

2.5.3 Power Control for Reducing Interference

In practical cellular radio and personal communication systems the power levels
transmitted by every subscriber unit are under constant control by theserving base
stations. This is done to ensure that each mobile transmits thesmallest power
necessary to maintain a good quality link on the reverse channel. Power control not only
helps prolong battery life for the subscriber unit, but alsodramatically reduces the
reverse channel S/I in the system. As shown in Chap ters 8 and 10, power control is
especially important for emerging CDMA spreadspectrum systems that allow every

user in every cell to share the same radiochannel.
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and B side carriers

Channel allocation chart for the 832 channel AMPS system
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2.6 Trunking and Grade of Service
Cellular radio systems rely on trunking to accommodate a large number of users in
a limited radio spectrum. The concept of tnmking allows a large number of users to share

the relatively small number of channels in 4 cej by providingaccess to each user, on
demand, from a pool of available channels. In a trunkedradio system, each user is
allocated a channel on a per call basis, and upon ter mination of the call, the previously

occupied channel is immediately returned , the pool of available channels.

Trunking exploits the statistical behavior of users so that a fixed number of channels
or circuits may accommodate a large, random user community. The telephone
company uses trunking theory to determine the number of telephone
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circuits that need to be allocated for office buildings with hundreds of telephones, and



this same principle is used in designing cellular radio systems. There is atrade-off
between the number of available telephone circuits and the likelihoodof a particular
user finding that no circuits are available during the peak callingtime. As the number
of phone lines decreases, it becomes more likelq that all cir cuits will be busy for a
particular user. In a trunked mobile radio sy 4tem, when aparticular user requests
service and all of the radio channels are already in use, the user is blocked, or
denied access to the system. In some systems, a queuemay be used to hold the
requesting users until a channel becomes available.

To design trunkS radio systems that can handle a specific capacity at aspecific
"grade of service", it is essential to understand trunking theory andqueuing theory
The fundamentals of trunking theory were developed by Erlang, a Danish
mathematician who, in the late 19th century, embarked on the study of how a large
population could be accommodated by a limited number of servers {Bou88]. Today, the
measure of traffic intensity bears his name. One Erlang rep resents the amount of traffic
intensity carried by a channel that is completelyoccupied (i.e. 1 call-hour per hour or

1 call-miiiute per minute). For example, “radio channel that is occupied for thirty

minutes during an hour carries 0.5Erlangs of traffic.

The grade of service (GOS) is a measure of the ability of a user to access atrunked
system during the busiest hour. The busy hour is based upon customer demand at the
busiest hour during a week, month, or year. The busy hours for cellular radio systems
typically occur during rush hours, between 4 p.m. and 6p.m. on a Thursday or Friday
evening. The grade of service is a benchmark usedto define the desired performance of a
particular trunked system by specifying adesired likelihood of a user obtaining channel
access given a specific number of channels available in the system. It is the wireless
designer's job to estimate themaximum required capacity and to allocate the proper
number of channels inorder to meet the Gas. GOS is typically given as the
likelihood that a call is blocked, or the likelihood of a call experiencing a delay
greater than a certainqueuing time.

A number of definitions listed in Table 2.3 are used in trunking theory
tomake capacity estimates in trunked systems.

The traffic. intensity offered by each user is equal to the call request
ratemultiplied by the holding time. That is, each user generates a traffic intensity of
Erlangs given by

- XH (2.13)
where H is the average duration of a call and k is the average number of call

requests per unit time. For a system containing U users and an
unspecifiednumber of channels, the total offered traffic intensity A, is given as

A =
UATT 5 14)

46 Oh. 2 * The Cellular Concept — System Design Fundamentals Table 2.3 Definitions of

Common Terms Used In Trunking Theory

Set-up Time: The time required to allocate a trunked radio channel to a
requesting user. Blocked Call: Call which cannot be completed at time of
request, due to congestion. Alsoreferred to as a lost call.



Holding Time: Average duration of a typical call. Denoted by H (in seconds).
Traffic Intensity: Measure of channel time utilization, which is the
average channel occupancy measured in Erlangs. This is a dimensionless
quantity and may beused to measure the time utilization of single or multiple
channels. Denoted by A. Load: Traffic intensity across the entire trunked
radio system, measured in Erlangs. Grade of Service (005): A measure of
congestion which is specified as the probability of a call being blocked (for
Erlang B), or the probability of a call being delayedbeyond a certain
amount of time (for Erlang C).

Request Rate: The average number of call requests per unit time. Denoted
by A sec ondsl.

Furthermore, in a C channel trunked system, if the traffic is equally
distributedamong the channels, then the traffic intensity per channel,
is given as

=(2.15)

Note that the offered traffic is not necessarily the traffic which is
carried bythe trunked system, only that which is offered to the
trunked system. When theoffered traffic exceeds the maximum
capacity of the system, the carried trafficbecomes limited due to the
limited capacity (i.e. limited number of channels).

The maximum possible carried traffic is the total number of
channels, C, inErlangs. The AMPS cellular system is designed for a
GOS of 2% blocking. This implies that the channel allocations for
cell sites are designed so that 2 out of 100calls will be blocked due to
channel occupancy during the busiest hour.

There are two types of trunked systems which are commonly used.
The first type offers no queuing for call requests. That is, for every
user who requests ser vice, it is assumed there is no setup time and
the user is given immediate access to a channel if one is available. If
no channels are available, the requesting user is blocked without
access and is free to try again later. This type of trunking iscalled
blocked calls cleared and assumes that calls arrive as determined
by' aPoisson distribution. Furthermore, it is assumed that there are
an infinite num ber of users as well as the following: (a) there
are memoryless arrivals of requests, implying that all users,
including blocked users, may request a channel at any time; (b) the
probability of a user occupying a channel is
exponentiallydistributed, so that longer calls are less likely to occur
as described by an expo nential distribution; and (c) there are a
finite number of channels available inthe trunking pool. This is
known as an MIMJm queue, and leads to the derivationof the Erlang
B formula (also known as the blocked calls cleared formula).
TheErlang B fonnula determines the probability that a call is
blocked and is a mea sure of the GOS for a trunked system which
provides no queuing for blockedcalls. The Erlang B formula is
derived in Appendix A and is given by
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AC
Pr[blocking] .= GOS (2.16)

k =0
where C is the number of trunked channels offered by a trunked radio systemand A is
the total offered traffic. While it is possible to model trunked systems with finite users,
the resulting expressions are much more complicated than theErlang B result, and the
added complexity is not warranted for typical trunkSsystems which have users that
outnumber available channels by orders of mag nitude. Furthermore, the Erlang B
formula provides a conservative estimate of the GOS, as the finite user results always
predict a smaller likelihood of block ing. The capacity of a trunked radio system where
blocked calls are lost is tabu lated for various values of GOS and numbers of channels in
Table 2.4.

Table 2.4 Capacity of an Erlang B System

Capacity (Erlangs) for GOS
Number ol

Channels C
=0.01=0.005=0.002 = 0.001

20.153 0.105 0.065 .0.046
40.869 0.701 0.535 0.439
51.36 1.13 0.900 0.762
10 4.46 3.96 3.43 3.09
20 12.0 11.110.1 9.41
24 15.314.213.012.2
4029.027.3 25.7 24.5
7056.1 63.7 51.049.2

100 84.1
809774752

The second kind of trunked system is one in which a queue is provided tohold calls
which are blocked. If a channel is not available immediately, the call request may be
delayed until a channel becomes available. This type of trunkingis called Blocked Calls
Delayed, and its measure of GOS is defined as the proba bility that a call is blocked after

.. . o qucuc. TOﬁnd the GOS, it is first necessary
waiting a specific length of time in the

to find the likelihood that e . .
a call 1s initiallydenied access to the system. The likelihood of

a call not having immediate ,..qqs t0 a channel is determined by the Erlang C formula

derived in Appendix A

Pr [delay >0] _ (2.17)

48 Ch. 2 « The Cellular Concept — System Design Fundamentals |f no channels are immediately
available the call is delayed, and the proba bility that the delayed call is forced to wait
more than t seconds is given by theprobability that a call is delayed, multiplied by the
conditional probability that the delay is greater than t seconds. The GOS of a trunked



system where blockedcalls are delayed is hence given by

;r[delay > t] =Pr [delay> OIPr [delay> tldelay >0] (2.18) = Pr[delay>0]
exp(—(C—A)t/H)
The average delay D for all calls in a queued system is given by

D-Pr{delay>0]j'A 19

where the average delay for those calls which are queued is given by Hi(C—A). The
Erlang B and Erlang C formulas are plotted in graphical form in Fig ure 2.6 and
Figure 2.7. These graphs are useful for determining GOS in rapidfashion, although
computer simulations are often used to determine transient behaviors experienced
by particular users in a mobile system. To use Figure 2.6 and Figure 2.7, locate the
number of channels on the topportion of the graph. Locate the traffic intensity of the
system on the bottom por tion of the graph. The blocking probability Pr [blocking]
is shown on theabscissa of Figure 2.6, and Pr [delay >0] is shown on the abscissa of
Figure 2.7. With two of the parameters specified it is easy to find the third parameter.

Example 2.4
How many users can be supported for 0.5% blocking probability for the follow ing
number of trunked channels in a blocked calls cleared system? (a) 1, (b) 5, (c) 10,
(d) 20, (e) 100. Assume each user generates 0.1 Erlangs of traffic.

Solution to Example 2.4
From Table 2.4 we can find the total capacity in Erlangs for the 0.5% GOS for

different numbers of channels. By using the relation A = UAU, we can obtaing,e

total number of users that can be supported in the system. (@) Given C =1.=0.1, GOS
= 0.005

From Figure 2.6, we obtain A = 0005.

Therefore, total number of users, U = po/ao( =0.005/0.1 = 0.05 users. But,
actually one user could be supported on one channel. So, U = 1. (b) Given C = 5,
AU = 0.1, GOS = 0.005

From Figure 2.6, we obtain A = 1.13.

Therefore, total number of users, U = po/ay = 1.13/0.1 I users.
(c) Given C =10, AU = 0.1, GOS =0.005
From Figure 2.6, we obtain A = 3.96.
Therefore, total number of users, U = p/ay = 3.96/0.! t39 users.

(d) Given C = 20, AU =0.1.GOS =0.005
From Figure 2.6, we obtain A = 11.10.

Therefore, total number of users, U = po/ay = 11.1/0.1 = 110 users. (¢)Given
C =100, =0.1.GOS =0.005
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From Figure 2.6, we obtain A = 80.9.

Therefore, total number of users, U = A/AU ~ 80.9/0.1 = 809 users.

Example 2.5

An urban area has a population of 2 million residents. Three conijietingtrunked
mobile networks (systems A, B, and C) provide cellular service in this area. System A
has 394 cells with 19 channels each, system B has 98 cells with57 channels each, and
system C has 49 cells, each with 100 channels. Find the number of users that can be
supported at 2% blocking if each user averages 2calls per hour at an average call
duration of 3 minutes. Assuming that all three trunked systems are operated at
maximum capacity, compute the percentage market penetration of each cellular
provider.

Solution to Example 2.5
System A
Given:
Probability of blocking = 2% = 0.02
Number of channels per cell used in the system, C =19
Traffic intensity per user, A,, = XH =2x (3/60) = 0.1 Erlangs

For GOS = 0.02 and C = 19, from the Erlang B chart, the total
carriedtraffic, A, is obtained as 12 Erlangs.

Therefore, the number of users that can be supported per cell is
U = A/A,, =12/at = 120.
Since there are 394 cells, the total number of' subscribers that can be sup

ported by System A is equalto 120 x 394 = 47280. System B
Given:
Probability of blocking = 2% -0.02
Number of channels per cell used in the system, C =57

Traffic intensity per user, A,, = All =2x (3/60) = 0.1 Erlangs

For GOS = 0.02 and C = 57, from the Erlang B chart, the total

Carriedtrafﬁc’ A, is obtained as 45 Erlangs. Therefore, the number of users

that can be supported per cell is
U = A/A,, =45/0.1 = 450.
Since there are 98 cells, the total number of subscribers that can be sup

ported by System B is equal to 450 x 98 = 441w, System C
Given:
Probability of blocking = = 0.02
Number of channels per cell used in the system, C =100
Traffic intensity per user, = XH =2x (3/60) = 0.1 Erlangs

For GOS = 0.02 and C = 100, from the Erlang B chart, the total

Camedtrafﬁc, A, is obtained as 88 Erlangs. Therefore, the number of users
that can be supported per cell is
52 Ch. 2 » The Cellular Concept —System Design Fundamentals

U _A/An =88/01 = 880.



Since there are 49 cells, the total number of subscribers that can be sup
ported by System C is equal to 880 x 49 = 43120

Therefore, total number of cellular subscribers that can be supported by thesethree
systems are 47280 + 44100 + 43120 = 134500 users.

Since there are 2 million residents in the given urban area and the total num
ber of cellular subscribers in System A is equal to 47280, the percentage mar
ket penetration is equal to
47280/2000000 = 2.36%
Similarly, market penetration of System B is equal to
44100/2000000 = 2,205%
and the market penetration of System C is equal to
43120/2000000 = 2356%
The market penetration of the three systems combined is equal to
134500/2000000 = 6.725%

Example 2.6
A certain city has an area of 1,300 square miles and is covered by a cellular
system using a 7-cell reuse pattern. Each cell has a radius of 4 miles and thecity is
allocated 40 MHz of spectrum with a full duplex channe] bandwidth of 60 kHz.
Assume a GOS of 2% for an Erlang B system is specified. If the offeredtraffic per user
is 0.03 Erlangs, compute (a) the number of cells in the servicearea, (b) the number
of channels per cell, (c) traffic intensity of each cell, (d) themaximum carried traffic;
(e) the total number of users that can be served for 2% GOS, (') the number of
mobiles per channel, and (g) the theoretical maxi mum number of users that could be
served at one time by the system.

Solution to Example 2.6
(a) Given:
Thtal coverage area = 1300 miles

Cell radius = 4 miles
The area of a cell (hexagon) can be shown to be 2.5981R2, thus each cell cov

ers

2.5981 x (4)2 =41.57 sgmi.
Hence, the total number of cells are = 1300/41.57 = 31 cells.
(b) The total number of channels per cell (C)
= allocated spectrum | (channel width x frequency reuse factor)
= 40, 000,000/ (60,000 x 7) = 95 channels/cell
(c) Given:
C =95, and GOS =0.02
From the Erlang B chart, we have
traffic intensity per cell A = 84 Erlangs/cell
(d) Maximum carried traffic = number of cells x traffic intensity per cell
= 31 x 84 = 2604 Erlangs.
(e) Given traffic per user = 0.03 Erlangs

flibtal number of users = Thtal traffic / traffic per user
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= 2604 / 0.02 = 86,800 users.
(1) Number of mobiles per channel = number of users/number of channels = 86,800
/ 666 = 130 mobiles/ehannel.
(g) The theoretical maximum number of served mobiles is the number of avail
able channels in the system (all channels occupied)

= Cx Nc = 95x 31 = 2945 users, which is 3.4% of the customer base.



Example 2.7
A hexagonal cell within a 4-cell system has a radius of 1.387 km. A total of

60 iy . )
channels are used within the entire system. If the load per user is

0.029Erlangs, and X = callihour, compute the following for an Erlang C
systemthat has a 5% probability of a delayed call:
(a) How many users per square kilometer will this system support? (a) What
is the probability that a delayed call will have to wait for more thanlOs?
(c) What is the probability that a call will be delayed for more than 10 seconds?

Solution to Example 2.7
Given,
Cell radius, R = 1.387km

Area covered per cell is 2.598 x (I 3e7)2

Number of cells per cluster = 4
Total number of channels = 60
Therefore, number of channels per cell = 60 / 4 = 15 channels.
(a) From Erlang C chart, for 5% probability of delay with C = IS, traffic inten
sity = 9.0 Erlangs.
Therefore, number of users = total traffic intensity I traffic per user
=9.0/0.029 = 310 users
=310 users/S sq km = 62 users/sq km
(b) Given 1. =1 holding time

= 5 sq kin

H = As/A =0.029 hour = 104.4 seconds.
The probability that a delayed call will have to wait for more than 10 s is

Pr[delay = exp(.—(C.-A)t/H)
= exp(—(15—9.0)10/104.4) = 56.29 %
(c) Given Frldelay >0] = 5% = 0.05
Probability that a call is delayed more than 10 seconds,
Pr{delay> tO] =

=0.05x 0.5629 =281 %

Trunking efficiency is a measure of the number of users which can beoffered a
particular GOS with a particular configuration of fixed channels. The way in which
channels are grouped can substantially alter the number of users handled by a trunked
system. For example, from Table 2.4, 10 trunked channels at a GOS of 0.01 can support

groups of 5

4.46 Erlangs of traffic, whereas 2 trunked channels can support 2 x
1.36 Erlangs, or 2.72 Erlangs of traffic.
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Clearly, 10 channels trunked together support 60% more traffic at a specific
GOSthan do two 5 channel trunks! It should be clear that the allocation of
channelsin a trunked radio system has a major impact on overall system
capacity.



2.7 ImprovIng Capacity In Cellular Systems

As the demand for wireless service increases, the number of
channelsassigned to a cell eventually becomes insufficient to support the required num
ber of users. At this point, cellular design techniques are needed to provide
morechannels per unit coverage area. Techniques such as cell splitting, sectoring,
andcoverage zone approaches are used in practice to expand the capacity of cellular
systems. Cell splitting allows an orderly growth of the cellular system. Sectoringuses
directional antennas to further control the interference and frequency reuseof channels.
The zone microcell concept distributes the coverage of a cell andextends the cell
boundary to hard-to-reach places. While cell splitting increases
the number of base stations in order to increase capacity, sectoring and
zonemicrocells rely on base station antenna placements to improve capacity by reduc
ing co-channel interference. Cell splitting and zone inicrocell techniques do not suffer
the trunking inefficiencies experienced by sectored cells, and enable thebase station
to oversee all handoff chores related to the microcells, thus reducingthe computational
load at the MSC. These three popular capacity improvement techniques will be
explained in detail.

2.7.1 Cell Splitting

Cell splitting is the process of subdividing a congested cell into smaller cells,
each with its own base station and a corresponding reduction in antenna height and
transmitter power. Cell splitting increases the capacity of a cellular system since it
increases the number of times that channels are reused. By defin ing ne* cells which have
a smaller radius than the original cells and by install ing these smaller cells (called
microcells) between the existing cells, capacityincreases due to the additional number
of channels per unit area.

Imagine if every cell in Figure 2.1 were reduced in such a way that theradius of
every cell was cut in half. In order to cover the entire service area withsmaller cells,
approximately four times as many cells would be required. This can be easily shown by
considering a circle with radius R. The area covered bysuch a circle is four times as
large as the area covered by a circle with radius R/2. The increased number of cells
would increase the number of clusters over the coverage region, which in turn would
increase the number of channels, andthus capacity, in the coverage area. Cell splitting
allows a system to grow byreplacing large cells with smaller cells, while not upsetting
the channel alloca tion scheme required to maintain the minimum co-channel reuse
ratio Q(see equation (2.4)) between co-channel cells.
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An example of cell splitting is shown in Figure 2.8. In Figure 2.8, the
basestations are placed at corners of the cells, and the area served by
base station Ais assumed to be saturated with traffic (i.e., the
blocking of base station Aexceeds acceptable rates). New base
stations are therefore needed in the regionto increase the number of
channels in the area and to reduce the area served bythe single base
station. Note in the figure that the original base station A hasbeen
surrounded by six new microcell base stations. In the example



shown inFigure 2.8, the smaller cells were added in such a way as
to preserve the fre quency reuse plan of the system. For example, the
microcell base station labeledG was placed half way between two
larger stations utilizing the same channel

set G. This is also the case for the other inicrocells in the figure. As
can be seenfrom Figure 2.8, cell splitting merely scales the
geometry of the cluster. In thiscase, the radius of each new microcell
is half that of the original cell.

C

F

Figure 2.8
lllustration of cell splitting.

For the new cells to be smaller in size, the transmit power of these
cells must be reduced. The transmit power of the new cells with
radius half that of theoriginal cells can be found by examining the

) t the new and . .
received power @ old cell boundaries and setting them

. . necessary to
equal to each other. This is 4

reuse plan for the new microcells behaves exactly as for the original
cel's. For Figure 2.8

ensure that the frequency

Priat old cell boundary] oc (2.20)
and

Prlat new cell boundaryl oc P12(R/2{" (2.21)
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where an are the transmit powers of the larger and smaller cell base sta tions,
respectively, and ii is the path loss exponent. If we take n = 4 and set thereceived
powers equal to each other, then

_(2.22)
In other words, the transmit power must be reduced by 12 dB in order to fill in the



original coverage area with microcells, while maintaining the S/I requirement.

In practice, not all cells are split at the same time. It is often difficult for service
providers to find real estate that is perfectly situated for cell splitting. Therefore,
different cell sizes will exist simultaneously. In such situations, spe cial care needs to be
taken to keep the distance between co-channel cells at therequired minimum, and
hence channel assignments become more complicated[Rap97]. Also, handoff issues
must be addressed so that high speed and lowspeed traffic can be simultaneously
accommodated (the umbrella cell approach of Section 2.4 is commonly used). When
there are two cell sizes in the same regionas shown in Figure 2.8, equation (2.22) shows
that one can not simply use theoriginal transmit power for all new cells or the new
transmit power for all theoriginal cells. If the larger transmit power is used for all
cells, somee channels used by the smaller cells would not be sufficiently separated
from co-channel cells. On the other hand, if the smaller transmit power is used for all
the cells, there would be parts of the larger cells left unserved. For this reason, channels
inthe old cell must be broken down into two channel groups, one that corresponds to the
smaller cell reuse requirements and the other that corresponds to thelarger cell
reuse requirements. The larger cell is usually dedicated to high speedtraffic so that
handoffs occur less frequently.

The two channel group sizes depend on the stage of the splitting process. At the
beginning of the cell splitting process there will be fewer channels in thesmall power
groups. However, as demand grows, more channels will be required, and thus the smaller
groups will require nore channels. This splitting process continues until all the
channels in an area are used in the lower power group, at which point cell splitting is
complete within the region, and the entire system is rescaled to have a smaller radius
per cell. Antenna downtilting, which deliber ately focuses radiated energy from the
base station towards the ground (rather than towards the horizon), is often used to
limit the radio coverage of newlyformed microcells.

Example 2.8
Consider Figure 2.9. Assume each base station uses 60 channels, regardless of cell size.
If each original cell has a radius of 1 km and each microcell has a radius of 0.5 km,

find the number of channels contained in a 3 km by 3 km
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square centered around A, (a) without the use of microcells, (b) when the let tered
microcells as shown in Figure 2.9 are used, and (c) if all the original basestations are
replaced by microcells. Assume cells on the edge of the square tobe contained
within the square.

Solution to Example 2.8
(a) without the use of microcells:
A cell radius of 1 km implies that the sides of the larger hexagons are also 1km
in length. To cover the 3 km by 3 km square centered around base sta tion A,
we need to cover 1.5 km (1.5 times the hexagon radius) towards theright, left,
top, and bottom of base station A. This is shown in Figure 2.9.

From Figure 2.9 we see that this area contains 5 base stations. Since eachbase

station has 60 channels, the total number of channels without cell splitting is



equal to 5 x 60 = 300 channels.

(b) with the use of the microcells as shown in Figure 2.9:
In Figure 2.9, the base station A is surrounded by 6 microcells. Therefore, the
total number of base stations in the square area under study is equal to5 + 6 = 11.
Since each base station has 60 channels, the total number of channels will be
equal to II x 60 = 660 channels. This is a 2.2 times increasein capacity when
compared to case (a).

(c) if all the base stations are replaced by microcells:
From Figure 2.9, we see that there are a total of 5 + 12 = 17 base stations
inthe square region under study. Since each base station has 60 channels,
thetotal number of channels will be equal to 17 x 60 = 1020 channels. This is

43 4 times increase in capacity when compared to case (a).

Theoretically, if all cells were microcells having half the radius of the origi
nal cell, the-capacity increase would approach 4.

2.7.2 Sectoring

As shown in section 2.7.1, cell splitting achieves capacity improvement
byessentially rescaling the system. By decreasing the cell radius R and keepingthe

. e of' channels
co-channel reuse ratio D/R unchanged, cell splitting increases the number

per unit area. However, another . o )
way to increase capacity is to keepthe cell radius

unchanged and seek methods to decrease the D/R ratio. In thisapproach, capacity
improvement is achieved by reducing the number of cells in a cluster and thus increasing

1s necessary to reduce the relative
the frequency reyse. However, in order to do this, it

interference without decreasing the .
transmit power.

The co-channel interference in a cellular system may be decreased byreplacing a

by several direc

single omni-directional antenna at the base station tional antennas,

each radiating within a specified sector. By using directional antennas, a given cell

will receive interference and transmit with only ; fraction
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Figure 2.9
illustration of cell splitting within a 3 km by 3 km square centered around base station
A.

of the available co-channel cells. The technique for decreasing
co-channel inter ference and thus increasing system capacity by
using directional antennas is called sectoring. The factor by which
the co-channel interference is reduceddepends on the amount of
sectoring used. A cell is normally partitioned intothree 1200
sectors or six 60° sectors as shown in Figure 2.10(a) and (b).

When sectoring is employed, the channels used in a particular cell
are bro ken down into sectored groups and are used only within a
particular sector, as illustrated in Figure 2.10(a) and (b). AsSuming
7-cell reuse, for the case of 120° sectors, the number of interferers in
the first tier is reduced from 6 to 2. This is because only 2 of the 6
co-channel cells receive interference with a particular sec tored
channel group. Referring to Figure 2.11, consider the interference
experi enced by a mobile located in the right-most sector in the
center cell labeled 'S". There are 3 co-channel cell sectors labeled
"5" to the right of the center cell, and3 to the left of the center cell.
Out of these 6 co-channel cells, only 2 cells have sectors with
antenna patterns which radiate into the center cell, and hence a
mobile in the center cell will experience interference on the

forward link fromgp)y these two sectors. The resulting S/1 for this



case can be found using equa
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sectoring. sectoring.

Figure 2.10 (a) 1200 ®

tion (2.8) to be 24.2 dB, which is a significant improvement over the omni-direc
tional case in Section 2.5, where the worst case S/1 was shown to be 17 dE.
Inpractical systems, further Improvement in S/I is achieved by downtilting
thesector antennas such that the radiation pattern in the vertical (elevation)
planehas a notch at the nearest co-channel cell distance.

The improvement in S/I implies that with 1200 sectoring, the
minimumrequired S/I of 18 dB can be easily achieved with 7-cell reuse, as

. e case (see
compared tol2-cell reuse for the worst possible situation in the unsectored (

Section ) ) ) .
2.5.1). Thus, sectoring reduces interference, which amounts to an increase

incapacity by a factor of 12/7. or 1.714. In practice, the reduction in

interferenceoffered by sectoring enable planners to reduce the cluster size N, and
provides an

additional degree of freedom in assigning channels. The penalty for unprovedS/f
and the resulting capacity improvement is an increased number of anten nas at each
base station, and a decrease in trunking efficiency due to channel sectoring at the

base station. Since sectoring reduces the coverage area of a par ¢jcylar group of

channels, the number of handofTs increases, as well. Fortunately, Many modem base
stations support sectorization and allow mobiles to behanded off from sector to
sector within the same cell without intervention fromthe MSC, so the handoff problem
is often not a major concern. It is the loss of traffic due to decreased trunking efficiency

causces Some

that operators to shy away from the sectoring approach,

particularly in dense urbanareas where the directional antenna patterns are somewhat
ineffective in con trolling radio propagation. Because sectoring uses more than one

antenna per base station, the available channels in the cell must be subdivided and

dedicated
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Figure 2.11
lllustration of how 120° sectoring reduces interference from co-channel cells. Out of the 6 co-channel cells in

the first tier, only 2 of them interfere with the center cell. If omni-directional antennas were used at each base
station, all 6 co-channel cells would interfere with the center cell.

to a specific antenna. This breaks up the available trunked channel pool into sev
eral smaller pools, and decreases trunking efficiency.

Example 2.9

Consider a cellular system in which an average call lasts 2 minutes, and the
probability of blocking is to be no more than 1%. Assume that every subscriber makes 1
call per hour, on average. If there are a total of 395 traffic channels for a 7-cell reuse
system, there will be about 57 traffic channels per cell. Assume that blocked calls are
cleared so the blocking is described by the Erlang B dis tribution. From the Erlang B
distribution, it can be found that the unsectoredsystem may handle 44.2 Erlangs or

1326 calls per hour.

Now employing 120° sectoring, there are only 19 channels per antenna sector (57/3
antennas). For the same probability of blocking and average call length, it can be

found from the Erlang B distribution that each sector can handle 11.2
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Erlangs or 336 calls per hour. Since each cell consists of 3 sectors, this provides a cell
capacity of 3 x 336 = 1008 calls per hour, which amounts to a 24%decrease when
compared to the unsect.ored case. Thus, sectoring decreases the trunking efficiency

while improving the S/I for each user in the system.



: . . . D the
it can be found that using 60° sectors improves the S/i even more. in this case

f first tier iriterf i fi ly 1. Thi Its i
number of first tier iriterferers is reduced from 6 to only is results in /T = 294B

for a 7-cell system and enables 4-cell reuse. Of course, using 6 sec tors per cell reduces
the trunking efficiency and increases the number of neces sary handofis even more. If
the unsectored system is compared to the 6 sector case, the degradation in trunking
efficiency can be shown to be 44%. (The proof of this is left as an exercise).

2.7.3 A Novel Microcell Zone Concept

The increased number of handoffs required when sectoring is employedresults in
an increased load on the switching and control link elements of themobile system. A
solution to this problem was presented by Lee [Lee9lbJ. This proposal is based on a
microcell concept for 7 cell reuse, as illustrated in Figure2.12. In this scheme, each of
the three (or possibly more) zone sites (representedas TxJRx in Figure 2.12) are
connected to a single base station and share thesame radio equipment. The zones are
connected by coaxial cable, fiberoptic cable, or microwave link to the base station.
Multiple zones and a single base stationmake up a cell. As a mobile travels within the
cell, it is served by the zone withthe strongest signal. This approach is superior to
sectoring since antennas areplaced at the outer edges of the cell, and any base
station channel may beassigned to any zone by the base station.

As a mobile travels from one zone to another within the cell, it retains thesame
channel. Thus, unlike in sectoring, a handofT is not required at the MSCwhen the
mobile travels between zones within the cell. The base station simplyswitches the
channel to a different zone site. In this way, a given channel is
active only in the particular zone in which the mobile is traveling, and hence thebase
station radiation is localized and interference is reduced. The channels
aredistributed in time and space by all three zones and are also reused in co-chan
nel cells in the normal fashion. This technique is particularly useftil along high ways
or along urban traffic corridors.

The advantage of the zone cell technique is that while the cell maintains a
particular coverage radius, the co-channel interference in the cellular system is reduced
since a large central base station is replaced by several lower poweredtransmitters
(zone transmitters) on the edges of the cell. Decreased co-channel interference improves
the signal quality and also leads to an increase in capacity, without the degradation in
trunking efficiency caused by sectoring. As men tioned earlier, an S/I of 18 dB is

typically required for satisfactory system]per formance in narrowband FM. For a

system with N =7,a D/R of 4.6 was
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Figure 2.12
The microcell concept [adapted from (Lee9lbl © IEEE).

shown to achieve this. With respect to the zone microceU system, since transmis sion at
any instant is confined to a particular zone, this implies that a DZ/RZ of 4.6 (where D2
is the minimum distance between active co-channel zones and R2is the zone radius) can
achieve the required link performance. In Figure 2.13, let each individual hexagon
represents a zone, while each group of three hexagons represents a cell. The zone
radius is approximately equal to one hexagonradius. Now, the capacity of the zone
microcell system is directly related to thedistance between co-channel cells, and not
zones. This distance is represented as D in Figure 2.13. For a value of 4.6, it can be seen
from the geometry of Figure 2.13 that the value of co-channel reuse ratio, DIR, is equal
to 3, where Ris the radius of the cell and is equal to twice the length of the hexagon
radius. Using equation (2.4), D/R = s corresponds to a cluster size of N = 3. This reduc
tion in the cluster size from N = 7to N = samounts to a 2.33 times increase incapacity for
a system completely based on the zone microcell concept. Hence for the same S/I
requirement of 18 dB, this system provides a significant increasein capacity over
conventional cellular planning.
Summary 63
By examining Figure 2.13 and using equation (2.8) [Lee9lb] the exact worst case S/I
of the zone microcell system can be estimated to be 20 dB. Thus, in theworst case, the
system provides a margin of 2 dB over the required signal-to interference ratio while
increasing the capacity by 2.33 times over a conventional 7-cell system using
omni-directional antennas. No loss in trunking efficiency is experienced. Zone cell



architectures are being adopted in many cellular and per sonal communication systems.

2.8 Summary

In this chapter, the fundamental concepts of handoff, frequency reuse, trunking
efficiency, and frequency planning have been presented. Handoffs arerequired to pass
mobile traffic from cell to cell, and there are various ways hand offs are implemented.
The capacity of a cellular system is a function of manyvariables. The S/I limits the
frequency reuse factor of a system, which limits the number of channels within the
coverage area. The trunking efficiency limits the number of users that can access a
trunked radio system. Trunking is affectedby the number of available channels and how
they are partitioned in a trunkedcellular system. Trunking efficiency is quantified by the
GOS. Finally, cell split ting, sectoring, and the zone microcell technique are all shown to
improve capac ity by increasing S/I in some fashion. The overriding objective in all of
thesemethods is to increase the number of users within the system. The radio propa
gation characteristics influence the effectiveness of all of these methods in anactual
system. Radio propagation is the subject of the following two chapters.

2.9 Problems
2.1 Prove that for a hexagonal geometry, the co-channel reuse ratio is given byQ = ,jiN,

where N = + ij.i. f. (Hint: use the cosine law and the hexago 4] cell geometry). 2.2

Show that the frequency reuse factor for a cellular system is given by k/S. where k is

the average number of channels per cell and S is the total number of channels available

to the cellular service provider.

2.3 A cellular service provider decides to use a digital TDMA scheme which can tolerate a
signal-to-interference ratio of 15 dB in the worst case. Find the opti mal value of N for
(a) omni-directional antennas, (b) 1200 sectoring, and Ic) 60° sectoring. Should
sectoring be used? If so, which case(60° or 120°) should be used? (Assume a path loss
exponent of n = 4 and consider trunking effi ciency).

2.4 If an intensive propagation measurement campaign showed that the mobile radio

h 1d
channel provided a propagation path loss exponent of n = 3instead of 4, ow would your

design decisions in Problem 2.3 change? What is the optimal valueofNforthecaseofn =

3?
2.5 For a N = 7system with a PriBlocking] = 1% and average call length of 2 minutes, find
the traffic capacity loss due to trunking for 57 channels when going from omni-directional
antennas to 60° sectored antennas. (Assume that blocked calls are cleared and the average per

user call rate is X = per hour.
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Figure 2.13
Defining D, D1, 1?, for a microcell architecture with N = 7. The smaller hexagons form zones and three
hexagons (outlined in bold) together form a cell. Six nearest co-channel cells are shown.

2.6 Assume that a cell named "Radio Knob" has 57 channels, each with an effective radiated
power of 32 watts and a cell radius of 10 km. The grade of service is established to be a
probability of blocking of 5% (assuming blocked calls are cleared). Assume the
average call length is 2 minutes, and each user averages 2 calls per hour. Further,
assume the cell has just reached its maximum capac ity and must be split into 4 new
microcells to provide 4 times the capacity inthe same area. (a) What is the current
capacity of the "Radio Knob" cell? (b) What is the radius and transmit power of the
new cells? (c) How many chan nels are needed in each of the new cells to maintain
frequency reuse stabilityin the system? (d) If traffic is uniformly distributed, what is the
new traffic car ried by each new cell? Will the probability of blocking in these new
cells be below 0.1% after the split?

2.7 Exercises in trunking (queueing) theory:

(a) What is the maximum system capacity (total and per channel) in Erlangs when
providing a 2% blocking probability with 4 channels, with 20 chan
nels, with 40 channels?
(b) How many users can be supported with 40 channels at 2%
blocking?Assume H = 105 s, A = 1 calllhour.
(c) Using the traffic intensity per channel calculated in part (a), find the grade of
service in a lost call delayed system for the case of delays being

greater than 20 seconds. Assume that H = 105 s, and determine the GUS
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for 4 channels, for 20 channels, for 40 channels.
Cd) Comparing part (a) and part (c), does a lost call delayed system with a 20 second

queue perfonn better than a system that clears blocked calls? 2.8 A receiver in an urban



. . meter from the transmitter. In
cellular radio system detects a 1 mW signal atd = =, !

order to mitigate co-channel inter .. ) . .
£ ference effects, it is required that the signal received

at any base stationreceiver from another base station transmitter which operates with the

same channel must be below -100 dBm. A measurement team has determined that the

average path loss exponent in the system is n = 3. Determine the major radius of each cell if

a 7-cell reuse pattern is used. What is the major radius if a 4-cell reuse pattern is used?

2.9 A cellular system using a cluster size of 7 is described in Problem 2.8. It is
operated with 660 channels, 30 of which are designated as setup (control) channels
so that there are about 90 voice channels available per cell. If there is a potential user
density of 9000 users/km?2 in the system, and each user makes an average of one call
per hour and each call lasts 1 minute during peak hours, determine the probability that
a user will experience a delay greater than 20seconds if all calls are queued.

2.10 Show that if n = 4, a cell can be split into four smaller cells, each with half the radius and
1116 of the transmitter power of the original cell. If extensive mea surements show that
the path loss exponent is 3, how should the transmitter poweP be changed in order to
split a cell into four smaller cells? What impact will this have on the cellular
geometry? Explain your answer and provide drawings that show how the new cells
would fit within the original macrocells. For simplicity use omni-directional antennas.

2.11 Using the frequency assignment chart in Table 2.2, design a channelization scheme for
a B-side carrier that uses 4-cell reuse and 3 sectors per cell. Include an allocation scheme
for the 21 control channels.

2.12 Repeat Problem 2.11 for the case of 4-cell reuse and 6 sectors per cell. 2.13 In practical

cellular radio systems, the MSC is programmed to allocate radio channels differently for the

closest co-channel cells. This technique, called a hunting sequence, ensures that co-channel
cells first use different channels from within the co-channel set, before the same channels are
assigned to calls in nearby cells. This minimizes co-channel interference when the cellular sys
tem 1s not klly loaded. Consider 3 adjoining clusters, and design an algorithmthat may be
used by the MSC to hunt for appropriate channels when requested from co-channel cells.

Assume a 7-cell reuse pattern with 3 sectors per cell, and use the U.S. cellular channel

allocation scheme for the A-side carrier.

2.14 Determine the noise floor (in dEm) for mobile receivers which implement the following
standards: (a) AMPS, (b) GSM, (c) USDC, (d) DECT, Ce) 18-95, and (0 CT2. Assume all
receivers have a noise figure of 10 dB.

2.15 If a base station provides a signal level of -90 dBm at the cell fringe, find the SNR for
each of the mobile receivers described in Problem 2.14.

2.16 From first principles, derive the expression for Erlang B given in this chapter. 2.17

Carefully analy2e the trade-off between sectoring and trunking efficiency for a 4-cell cluster

size. While sectoring improves capacity by improving SNR, there is a loss due to decreased

trunking efficiency, since each sector must be trunked separately. Consider a wide range of

total available channels per cell and “" sider the impact of using 3 sectors and 6 sectors per
cell. Your analysis may involve computer simulation, and should indicate the "break even"

point when
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sectoring is not practical.

2.18 Assume each user of a single base station mobile radio system averages
three calls per hour, each call lasting an average of 5 minutes.

(a) What is the traffic intensity for each user?

(b) Find the number of users that could use the system with 1% blocking if
only one channel is available.

(c) Find the number of users that could use the system with 1% blocking if



five trunked channels are available.

(d) If the number of users you found in (c) is suddenly doubled, what is the
new blocking probability of the five channel trunked mobile radio system?
Would this be acceptable performance? Justify why or why not.

2.19 Th€ U.S. AMPS system is allocated 50 MHz of spectrum in the 800 MHz
range, and provides 832 channels. Forty-two of those channels are control
channels. The forward channel frejuency is exactly 45 MHz greater than
the reversechannel frequency.

(a) Is the AMPS system simplex, half-duplex, or duplex? What is

thebandwidth for each channel and how is it distributed between the base
station and the subscriber?

(b) Assume a base station transmits control information on channel 352,
operating at 880.560 MHz. What is the transmission frequency of a sub
scriber unit transmitting on channel 3527

(c) The A-side and B-side cellular carriers evenly split the AMPS channels.
Find the number of voice channels and number of control channels for
each carrier.

(d) Let's suppose you are chief engineer of a cellular carrier using 7-cell
reuse. Propose a channel assignment strategy for a uniform distribution

of users throughout your cellular system. Specifically, assume that each

cell has 3 control channels (1200 sectoring is employed) and specifr the
number of voice channels you would assign to each control channel in
your system.

(e) For an ideal hexagonal cellular layout which has identical cell sites, what
is the distance between the centers of two nearest co-channel cells for 7- cell
reuse? for 4-cell reuse?

2.20 Pretend your company won a license to build a U.S. cellular system (the
appli cation cost for the license was only $500!). Your license is to cover 140
square km. Assume a base station costs $500,000 and a MTSO costs
$1,500,000. Anextra $500,000 is needed to advertise and start the
business. You have con vinced the bank to loan you $6 million, with the idea
that in four years you will have earned $10 million in gross billing revenues,
and wilt have paid off the loan.

(a) How many base stations (i.e. cell sites) will you be able to install for $6
million?

(b) Assuming the earth is flat and subscribers are uniformly distributed on
the ground, what assumption can you make about the coverage area of
each of your cell sites? What is the major radius of each of your cells,
assuming a hexagonal mosaic?

(c) Assume that the average customer will pay $50 per month over a 4 year
period. Assume that on the first day you turn your system on, you have a
certain number of customers which remains fixed throughout the year. On the

first day of each new year the number of customers using your system
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douMes and then remains fixed for the rest of that year What is the mini
mum number of customers you must have on the first day of service in
order to have earned $10 million in gross billing revenues by the end of the 4th
year of operation?
(d) For your answer in (c), how many users per square kin are needed on the first day
of service in order to reach the $10 million mark after the 4th



year?



