Chapter

Introduction to Cellulaf
Mobile Systems

1.1 Why Cellular Mobile
Telephone Systems?

1.1.1 Limitations of conventional mobile
telephone systems

One of many reasons for developing a cellular mobile telephone system
and deploying it in many cities is the operational limitations of con-
ventional mobile telephone systems: limited service capability, poor
service performance, and inefficient frequency spectrum utilization.

Limited service capabllity. A conventional mobile telephone system is
usually designed by selecting one or more channels from a specific
frequency allocation for use in autonomous geographic zones, as
shown in Fig. 1.1. The communications coverage area of each zone is
normally planned to be as large as possible, which means that the
transmitted power should be as high as the federal specification al-
lows. The user who starts a call in one zone has to reinitiate the call
when moving into a new zone (see Fig. 1.1) because the call will be
dropped. This is an undesirable radio telephone system since there is
no guarantee that a call can be completed without a handoff capability.

The handoff is a process of automatically changing frequencies as
the mobile unit moves into a different frequency zone so that the con-
versation can be continued in a new frequency zone without redialing.
Another disadvantage of the conventional system is that the number
of active users is limited to the number of channels assigned to a
particular frequency zone.
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Figure 1.\ Conventicnal mobile system.

Poor service performance. In the past, a total of 33 channels were al-
located to three mobile telephone systems: Mobile Telephone Serviee
(MTS), Improved Mobile Telephone Service (IMTS) MJ systems, and
Improved Mobile Telephane Service (IMTS) MK systema. MTS oper-
ates around 40 MHz and MJ operates at 150 MHz; both provide 11
channels; IMTS MK operates at 450 MHz and provides 12 channels.
These 33 channels must. cover an area 50 mi in diameter. In 1976,
New York City had 6 channels of MJ serving 320 customers, with
another 2400 customers on 2 waiting list. New York City also had 6
chamnnels of MK serving 225 customers, with another 1300 customers
on a waiting list. The large number of subscribers created a high
blocking probability during busy hours. The actual number of block-
ings will be shown later. Although service performance was undesir-
able, the demand was still great. A high-capacity system for mobile
telephones was needed.

Inefficiant frequency spectrum utilization. In a conventional mobile
'telephone system, the frequency utilization measurement M, is de-
fined as the maximum number of customers that could be served by
one channel at the busy hour. Equation (1.1-1) gives the 1976 New
York City data cited earlier.

M. = no. of customers
0 channel

M. = 53 customers/channel  (MJ system)
¢ 37 customers/channel (MK system)

{conventional systems)  (1.1-1)

or
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Assume an average calling time of 1.76 min and apply the Erlang B
model {lost-callscleared conditions). Calculate the blecking probabil-
ity as follows: Use 6 channels, with each channel serving the two dif-
ferent numbers of customers shown in Eg. (1.1-1). The offered load
can then be obtained by Eq. (1.1-2). '

_ av calling time (minutes) X totzal customers

A erlangs (1.1-2)

‘ 60 min
76 X 53 %
4, = FBEI8 X8 o 555 erlangs (M system)
A, = %—}5—6 = 651 erlangs (MK system)

Given that the number of channels is 6 and the offered loads are
A, = 9.33 and A, = 6.51, read from the table in Appendix 1.1 to obtain
the blocking probabilities B, = 50 percent (MJf system) and B, = 30
percent (MK system), respectively. It is likely that half the initiating
calls will be blocked in the MJ system, a very high blocking
probability.

If the actual average calling time is greater than 1.76 min, the
blocking probability can be even higher. To reduce the blocking prob-
ability, we must decrease the value of the frequency spectrum utili-
zation measurement M, as shown in Eq. (1.1-1).

As far as frequency spectrum utilization is concerned, the
conventional system does not utilize the spectrum efficiently since
each channel ean only serve one ¢customer at a time in a whole area.
A new ceHular system that measures the frequency spectrum utili-
zation differently from Eq. (1.1-1) and proves to be efficient is dis-
cussed in See. 1.1.2.

1.1.2  Spectrum efficiency considerations

A mejor problem facing the radio communication industry is the lim-
itation of the available radio frequency spectrum. In setting allocation
policy, the Federal Communications Commission (FCC) seeks systems
which need minimal bandwidth but provide high usage and consumer
satisfaction.

. The ideal mobile telephone system would operate within a limited
assigned frequency band and would serve an almost unlimited number
of users in unlimited areas. Three major approaches to achieve the
ideal are

1. Single-sideband (SSB), which divides the allocated frequency bend
into maximurh numbers of channels
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2. Cellular, which reuses the allocated frequency band in different
geographic locations

3. Spread spectrum or frequency-hopped, which generates many cades
over a wide frequency band

In 1971, the cellular approach was shown to be a spectrally efficient
gystem.! The comparison of an analog cellular appreach with other
digital cellular system approaches is given in Chap. 15.

1.1.3 Technology, feasibility, and

service affordahility

In 1971, the computer industry entered a new era. Microprocessors

and minicomputers are now used for controlling many complicated

features and functions with less power and size than was previously

possible. Large-scale integrated (L.SI) eircuit technelogy reduced the

size of mobile transceivers so that they easily fit into the standard
- automobile. These achievements were a few of the requirements for

developing advanced mobile phone systems and encouraging engi-

neers to pursue this direction.

Another factor was the price reduction of the mobile telephone unit.
LSI technology and mass preduction contribute to reduced cost so that
in the near future an average-income family should be able to afford
a mobile telephone unit.

On Jan. 4, 1979, the FCC authorized Illinois Bell Telephone Co.
(IBT) to conduct a developmental cellular system in the Chicago area
and make a limited commercial offering of its cellular service to the
public. In addition, American Radio Telephene Service, Inc., (ARTS)
was authorized to operate a cellular system in the Washington, D.C.-
-Baltimore, Md., area. These first systems showed the technological
feasibility and affordability of cellular service.

1.1.4 Why BO0 MHz?

“The FCC's decision to choose 800 MHz was made because of severe
spectrum limitations at lower frequency bands. FM broadcasting ser-
vices operate in the vicinity of 100 MHz. The television broadcasting
service starts at 41 MHz and extends up to 960 MHz.

Air-to-ground systems use 118 to 136 MHz; military aircraft use 226
to 400 MHz. The maritime mobile service is located in the vicinity of
160 MHz. Also fixed-station services are allocated portions of the 30-
to 100-MHz band. Therefore, it was hard for the FCC to allocate a
spectrum in the lower portions of the 30- to 400-M1iz band since the
services of this band had become so crowded. On the other hand, mo-
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bile radio transmission cannot be applied at 10 GHz or above because
severe propagation path loss, multipath fading, and rain activity make
the medium improper for mobile communications.

Fortunately, 800 MHz was originally assigned to educational TV
channels. Cable TV service became a big factor in the mid-70s and
shared the load of providing TV channels. This situation opened up
the 800-MHz band to some extent, and the FCC allocated a 40-MHz
system at 300 MHz to mobile radio cellular systems.

Although 800 MHz is not the ideal transmission medium for mobile
radio, it has been demonstrated that a cellular mobile radio system®?
that does not go beyond this frequency band can be deployed. Needless
to say, the medium of transmitting an 800-MHz signal, although it is
workable, is already very difficult. Section 1.6.1 briefly describes the

transmission medium. .

1.2 History of 800-MHz
Spectrum Allocation

In 1958, the Bell System (FCC Docket 11997) proposed a 75-MHz sys-
tem ai 800 MHz, quite a broadband propesal. In 1970, the FCC
(Docket 18262)'3 tentatively decided to allocate 75 MHz for a wire-line
cornmon carrier. In December 1971 the Bell System asgured technical
feasibility by showing how a cellular mobile system could be designed.?
In 1574, the FCC allocated 40 MHz of the spectrum, with one cellular
system to be licensed per market. There was considerable uncertainty
in predieting the cellular market. However, the FCC strategically
placed spectrum reserves totaling 20 MHz in proximity to the cellular
allocation.

In 1980, the FCC reconsidered its one-system-per-market strategy
and studied the possibility of introducing competition into the previ-
ous one-carrier markets. Although cost savings make one cellular sys-
tem per market attractive, balancing the benefits of economies of scale
against the benefits of competition, two licensed carriers per service
area was more in line with emerging FCC policies. ’

. Trunking efficiency degradation using two carriers per service area
will be discussed in See. 1.3, It was the FCC's view that such an ap-
proach, while not gaining the full competitive market structure, would
provide some competitive advantages. The frequencies will be as-
signed in 20-MHz groups identified as block A and block B, or called
band A and band B.

Two bands serve two different groups in the standard situation: one
for wire-line (telephone} companies* and ene for non-wire-line (non-

* Let telephone companies operate mobile radio telephone systems.
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TADLE 1.1 Mobile and 8ase Transmission Frequancies®

Bandf Motile Base Two systems/market
A B24-835, B45-846.5 860-880, 890-891.56 Non-wire-lined
B 835-845, 546.5-849 880-590, £91.5-8%4 Wire-line

*On July 24, 1986, an additional § MHz was sllocated to each band. Therefore, an addi-
tional 83 channels were added to each band. Fhe system accommodating an additienal 83
channoels may be ready in mid-1988.

1416 channels per band, 30 kHz per chennel.

iMpjority re non-wire-line companies.

telephone) companies. Each company designs its own system and di-
vides the area into geographic areas, or cells. Each cell operates within
its own bands {see Table 1.1).

Since 30 kHz is the specified bandwidth, each band operating now-
adays consists of 333 channels.T How to utilize these limited resources
to provide adequate voice quality and service performance to an un-
restricted population size presents a challenge.

1.3 Trunking Efficiency

To explore the trunking efficiency degradation inherent in licensing
twe or more carriers rather than one, compare the trunking efficiency
between one cellular system per market operating 666 channels and
two cellular systems per market each operating 333 channels. Assume
that all frequency channels are evenly divided into seven subareas
called celis. In each cell, the blocking probability of 0.02 is assumed.
Also the average calling time is assumed to be 1.76 min.

Lock up the table of Appendix 1.1 with N, = **% = 95 and B =
0.02 to obtain the offered load A, = 83.1 and with IV, = 3% = 475
and B = 0.02 to obtain A, = 38. Since two carriers each operating 333
channels are considered, the total offered load is 24,. We then realize
that .

A =24, (1.3-1)

By converting Eq. (1.3-1) to the number of uscrs who ean be served in
a busy hour, the average calling time of 1.76 min is introduced. The
pumber of.calls per hour served in a cell can be expressed as

A X 80

Q.= 176 calls’h (1.3-2)

Then

% Most analyses in this book are based on the present channel numbers of 333
channels per systam.
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Figurs 3.2 Degradation of trunking efficizncy—comparing one carrier/market
and other-than-one-carrierfmarket. .

Q = 2832.95 calls/h {1 carrier/market)
i 1295.45 X 2 = 2590.9 calls/h (2 carriers/market)

The trunking efficiency degradation factor can be caleulated as

_ 2832.95 — 25008 _ . (1.3-3)

e = 3832.95 )

for a blocking probability of 2 percent. Figure 1.2 shows 7, by com-
paring ane carrier per market with more than one carrier per market
situations with different blocking probability conditions. The degra-
dation of trunking efficiency decreases as the blocking probability in-
creases. As the number of carriers per market increases the degra-
dation increases. However, when a high percentage of blocking
probability, say more than 20 percent, occurs, the performance of one
carrier per market is alveady so poor that furthsr dogradstion becomes
insignificant, as Fig. 1.2 showre.

For a 2 percent blocking probability, the trunking efficiency of one
carrier per market does show a greater advantage when compared to
other scenarios.

1.4 A Basie Celiular System:

A basic cellular system coasists of iirc- darts:.a mobile unit, a cell
site, and a mobile telephone switching office (MTSO), as Fig. 1.3
shows, with connections to link the three subsystems.

-
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Figure 1.3 Cellular system.

1. Mobile units. A mobile telephone unit contains a control unit, a
transceiver, and an antenna system.

2. Cell site. The cell site provides interface between the MTS0O and
the mobile units. it has a control unit, radio cabinets, antennas, a
power plant, and data terminals.

3. MTSQO. The switching office, the central coordinating element for
all cell sites, contains the c¢ellular processor and cellular switch. It
interfaces with telephone company zone offices, contrals-call process-
ing, and handles billing activities.

4, Connections. The radio and high-speed data links connect the
three subsystems. Each'mobile unit can only use one channel at a time
for its communication link. But the channel is not fized; it can be any
one in the entire band assigned by the serving area, with each site
having multichannel eapabilities that can connect simultaneously to
many mebile units.

The MTSO is the heart of the cellular mobile system. Its processor
provides central coordination and cellular administration.

The cellular awitch, which can be either analog or digital, switches
czlls to connect mobile subscribers to other mobile subscribers and to
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the nationwide telephone network. It uses voice trunks similar to
telephene company interoffice voice trunks. It also contains data links
providing supervision links between the processor and the gwitch and
between the cell sites and the processor. The radic link carries the
voice and signaling between the mobile unit and the cell site. The
high-speed data links cannot be transmitted over the standard tele-
phone trunks and therefore must use either microwave links or T-
carriers (wire lines). Microwave radio links or T-carriers carry both
voice and data between the cell site and the MTSO.

1.5 Performance Criteria
There are three categories for specifying performance criteria.

1.5.1 Voice quality

Voice quality is very hard to judge without subjective tests from users’
opinions. In this technical area engineers cannot decide how to build
a system without knowing the voice quality that will satisfy the users.
In military communications, the cituation differs: armed forces per-
sonnel must use the assigned equipment.

For any given commercial communications system, the voice quality
will be based upon the following criterion: a set value x at which ¥
percent of customers rate the system voice quality {from transmitter
to receiver) as good or excellent, the top two circuit merits (CM)} of the
five listed below. .

cM Score Quality scale

CM5 5 Excellent {speech perfectly understandable)

CM4 4 Good (apeech easily understandable, some noisel

CM3 3 Fair {speech understandable with a slight effort, occasional repeti-
tions needed)

CMia £ Poor (speech understandable onls il considerable effort, frequent
repetitions needed)

CM1t 1 Unsatisfactory {speech not understandable)

As the percentage of customers choosing CM4 and CM5 increases, the
cost of building the system rises.

The average of the CM scores obtained from all the- listeners is
called mean opinion score (MOS). Usually tha toll-quality voice is
around MOS = 4. -

-
~
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4.5.2 Service quality
Three items are required for service quality.

1. Coverage. The system should serve an area as large as possible.
With radio coverage, however, because of irregular terrain config-
urations, it is usually not practical to cover 100 percent of the area
for two reasons:

a. The transmitted power would have to be very high toilluminate
weak spots with sufficient reception, a significant added cost
factor.

b. The higher the transmitted power, the harder it becomes to con-
trol interference.

Therefore, gystems usually try to cover 90 percent of an area in flat

terrain and 75 percent of an area in hilly terrain. The combined

voice quality and coverage criteria in AMPS cellular systems® state
that 75 percent of users rate the voice quality between good and
excellent in 90 percent of the served area, which is generally flat
terrain. The voice quality and coverage criteria would be adjusted
- as per decided various terrain conditions. In hilly terrain, 90 per-
cent of users must rate voice quality good or excellent in 75 percent
of the served area. A system operator can lower the percentage
values stated above for a low-performance and low-cost system.

2. Required grade of service. For a normal start-up system the grade
of service is specified for am@ﬁﬁﬁm&r initiating
calis at the busy hour. This is an average value. However, the block-
ing probability at each cell site will be different. At the busy hour,
near freeways, automobile traffic is usually heavy, so the blocking
probability at certain cell sites may be higher than 2 percent, es-
pecially when car accidents occur. To decrease the blocking proba-
bility requires a good system plan and a sufficient number of radio
channels. '

3. Number of dropped calls. During Q calls in an hour, if a call is
dropped and Q — 1 calls are completed, then the call drop rate 1s
1/Q. This drap rate must be kept low. A high drop rate could be
caused by either coverage problems or handoff problems related to
inadequate channel availability How te estimate the number of
dropped calls will be described in Chap. 9.

1.5.3 Special features

A system would like to provide as many special features as possible,
such as call forwarding, call waiting, voice stored (VSR) box, automatic
roaming, or navigation services. However, sometimes the customers
may not be willing to pay extra charges for these special services.
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Figura 1.4 Mobile radio transmissien model.

1.6 Uniqueness of Mobite
Radio Environment

1.6.4 Description of mobile radio
transmission madium :

The propagation attenuation. In general, the propagation path loss in-
creases not only with frequency but also with distance. [f the antenna
height at the cell site is 30 to 100 m and at the mobile unit about 3
m, and the distance between the cell site and the mobile unit is usu-
ally 2 km or more, then the incident angles of both the direct wave
and the reflected wave are very small, as Fig. 1.4 shows. The incident
angle of the direct wave is 8,, and the incident angle of the refiected
wave is 8,. 8, is also called the elevation angle. The propagation path
loss would be 40 dB/fdec,® where “dec” js an abbreviation of decade,
i.e., a period of 10, This means that a 40-dB loss at a signal receiver
will be observed by the mobile unit as it moves from 1 to 10 km.
Therefore C is inversely proportional to R*. ’

CxR*=aR™ {1.6-1)

where € = regeived carrier power
R = distance measured from the transmitter to the receiver
a = constant

The difference in power reception at two different distances B, and R,
will Tesult in

€, (R} " -
huak IS b4 6-2a
c, (Rl) (2.6-20)

and the decibel expression of Eq. (1.6-2) is

L4
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AC {in dB) = C, — C, (indB)

C R
= 10 log =2 = 40 log =* (1.6-25)
g C, g R,

When R, = 2R,, AC = —-12 dB; when R, = 10R,, AC = —40 dB.

This 40 dB/dec is the general rule for the mobile radio environment
and is easy to remember. It is also easy to compare to the free-space
propagation rule of 20 dB/dec. The linear and decibel secale expressions
are

CxR?  {free space) (1.6-3a)
and

AC = C, (in dB) - C, (in dB)

= 20 log %1 (free space) {1.6-35)
z

In a real mobile radio environment, the propagation path-loss slope

varies as
CoxR™Y=aRR™ (1.6-4}

¥ usually lies between 2 and 5 depending on the actual conditions.’
Of course y cannot be lower than 2, which is the free-space condition.
The decibel scale expression of Eq. (1.6-4) is

C=10loga — 10vlog R dB (1.6-3)

Severe fading. Since the antenna height of the mobile unit is lower
than its typical surroundings, and the carrier frequency wavelength
is much less than the sizes of the surrounding structures, multipath
waves are generated. At the mobile unit, the sum of the multipath
waves causes a signal-fading phenomenon. The signal fuctuates in a
range of about 40 dB (10 dB above and 30 dB below the average sig-
pal). We can visualize the nulls of the fluctuation at the baseband at
about every half wavelength in space, but all nulls do not occur at the
same level, as Fig. 1.5 shows. If the mobile unit moves fast, the rate
of Buctuation is fast. For instance, at 850 MHz, the wavelength is
roughly 0.35 m (1 ft). If the speed of the mobile unit is 24 km/h (15
mi/h), or 6.7 m/s, the rate of fluctuation of the signal reception at a
10-dB level below the average power of a fading signal is 15 nulls per
second (see Sec. 1.6.3).
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Figure 1.5 A typical fading signal received while the mobile wnit is maving. (Reprint afier
Lee. Refl 4, p. 46)

1.8.2 Madel of ransmission medium

A mobile radio signal r(#), illustrated in Fig. 1.6, can be artificially
characterized by two components m{¢) and ro(t) based on natural phys-
ical phenomena.

70 = mirgt) {1.6-6)

The component m(¢) is called local mean, Iong-term fading, or fognor-
mai fading and its variation is due to the terrain contour between the
base station and the mobile unit. The factor ry is called muitipath
fading, skori-term fading, or Reyleigh fading and its variation is due
to the waves reflected from the surrounding buildings and other strue-
tures. The long-term fading m(¢)} can be obtained from Eq. (1.6-7a).

1 t+T
mt,) = 2T L-T (i) dt (1.6-7a}
where 2T is the time interval for averaging »(t). T can be determined
based on the fading rate of r(f), ususally 40 to 80 fades.? Therefore, m{t)
is the envelope of r(¢), as shown in Fig. 1.6a. Equation (1.6-7a) also
can be expressed in spatial scale as -

x)+L '
mlx,) = %J- N rlx) dx (1.68-7h)
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The length of 2L has been determined to be 20 to 40 wavelengths®
Using 36 or up to 50 samples in an interval of 40 wavelengths is an
adequate averaging process for obtaining the local means.*

The factor m(t) or m{x) is also found to be a log-nermal distribution
based on its characteristics caused by the terrain contour. The short-
term fading r, is obtained by

re (in dB} = ri#) — mii} dB (1.6-8)

as shown in Fig. 1.6b. The factor ry(¢) follows a Rayleigh distribution,
assuming that only reflected waves from local surroundings are the
ones received (a normal situation for the mobile radie environment).
Therefore, the term Rayleigh fading is often used.

1.8.3 Maobile fading characteristics

Rayleigh fading is also called multipath fading in the mobile radio
environment. When these multipath waves bounce back and forth due
to the buildings and houses, they form many standing-wave pairs in
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Figura 1.7 A mobile radio environment—tws parts. (1) Propa-
gation loss; (2) multipath fading.

space, as shown in Fig. 1.7. Those standing-wave pairs are summed
together and become an irregular wave-fading structure. When a mo-
bile unit is standing still, its receiver only receives a signal strength
at that spot, so a constant signal is observed. When the mobile unit
is moving, the fading structure of the wave in the space is received.
It is a multipath fading. The recorded fading becomes fast as the ve-
hicle moves faster.

The radius of the active scatterer region. The mobile radic multipath
fading shown in Fig. 1.7 explains the fading mechanism. The radius
of the active scatterer region at 850 MHz can be obtained indirectly
as shown in Ref, 12. The radius is roughly 100 wavelengths. The active
scatterer region always moves with the mobile unit as its center. It
means that some houses were inactive scatterers .~ became active
as the mobile unit approached them; some houses were active scat-
terers and became inactive as the mobile unit drove away from them.

Standing waves expressed in a linear scale and a log scale. We first in-
troduce a sine wave in a log scale.

y=10cos Bx dB T (1.6-9)

A log plot of the sine wave of Eq. (1.6-9} is snown in Fig. 1.8a. The
linear expression of Eq. {(1.6-9) then is shown in Fig. 1.8b. The sym-
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Figure 1.8 The linear plot and the log plot of a sine wave. (a)
In linear scale; (b) in log scale. .

metrical waveform in a log plot becomes an unsymmetrical waveform
when plotted on a linear scale. It shows that the sine wave waveform
in a log scale becomes a completely different waveform when ex-
pressed on a linear scale and vice versa. Two sine waves, the incident
wave traveling along the x-axis {traveling to the left) and the reflected
wave traveling in the opposite direction, can be expressed as

e = Egpitern (1.6-10)
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and ey = B8 (1.6-11)

where w = angular frequency
B = wave number (= 2m/\)
% = time-phase lead of e, with respect 1o & atx =0

The two waves form a standing-wave pattern.
e =g, + ¢ =R cos(wt — 8 . {18-12)

where the amplitude R becomes
R = VB, + B cos® Bx + (Eo — EFsin®px  (1.6-13)

We are plotting two cases.
Caset. Ep=1,E, =1 that is, the reflection coefficient = 1,

E,+ E
Eﬁ_E1

Standing wave ratia (5WR) =

and R = 2 cos fBr (1.6-14)
Case2 E, =1, E, = 0.5 that is, the reflection coefficient = 0.5, SWR = 3, and
R = V(15F cos® px + (0.5 ein® px (1.6-15)

The linear expression of Egs. (L.6-14) and (1.6-15) are shown in Fig.
1.9a. The log-scale expression of Egs. (1.6-14) and (1.6-15) are shown
in Fig. 1.95. The waveform of Fig. 1.9b is the first sign of the fading
signal which resembles the real fading signal shown in Fig. 1.5.

First-order and second-order statistics of fading. Fading occurs on the
signal reception when the mobile unit is moving. The first-order sta-
tistics, such as average power probability cumulative distribution
function (CDF) and bit error rate, are independent of time. The
second-order statistics, such as level crossing rate, average duration
of fades, and word error rate, are time functions or velocity-related
functions. The data signaling format is based on these ¢haracteristica.
The description of the fading characteristic can be found in detail in
twe books, Refs. 4 and &.

Some data can be found from Fig. 1.10a, the cumulative distribution
function (CDF), and Fig. 1.10b, the level crossing rate. In Fig. 1.10e,
the equation of CDF for a Rayleigh fading is used as follows:

Pasd)=1-e% | (1.6-16)
and PysLy=1-e*T (1.6-17)

"
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Figure 1.9 The linear plot and the log plot of a standing wave. (¢} In
linear scale; (&) in log scale.

where A? and I are the mean square value and the average power,
respectively. In Fig. 1.10a, about 9 percent of the total signal is below
a level of —10 dB with respect to average power. In Fig. 1.108, the
level crossing rate (ler) at a level A is )

A) = —%nﬁ
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where n is the normalized ler which is independent of wavelength
and the car speed. At a level of —10dB, ng = 0.3 can be found from
Fig. 1.10b. Assume that a signal of 850 MHz is teceived at a mobile
unit with a velocity of 24 km/h (16 mi/h). Then
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and ' n=50xX03=15
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Therefore, at a cellular frequency of 800 MHz and a vehicle veloeity
of 15 mi/h, the levél crossing rate is 15 per second. It is easy to
remearnber, -

The average duration of fade is
7= CDF _ CDF
‘OIR n

Equation (1.6-19) is plotted in Fig. 1.10c, where {, and #; are also
shown. At —10 dB, the average duration of fades is

t= ch 0.0066 5 = 6.6 ms

{1.6-19)

Now the average power level plays an important rele in determining
the statistics. Therefere, it should be specified by the system design.
The second-order statistic of fading phenomenon is most useful for
designing a signaling fermat for the cellular system. As soon as the
signaling format is specified, we can calculate the bit error rate and
the word error rate and find ways to reduce the error rates, which will
be described in Sec. 13.2. :

Delay spread and coherence bandwidth

Delay spread. In the mobile radio environment, as a result of the mul-
tipath reflection phenomenon, the signal transmitted from a cell site
and arriving at a mobile unit will be from different paths, and since
each path has a different path length, the time of arrival for each path
is different. For an impulse transmitted ai the cell site, by the time
this impulse is received at the mobile unit it is no longer an impulse
but rather a pulse with a spread width that we call the delay spread.
The measured data indicate that the mean delay spreads are different
in different kinds of environment. )

Type of environment Delay spread 4, ps
Ingide the building =<0.1
Open area <0.2
Suburban areg 0.5
Urban area 3

Caoherence bandwidth. The coherence bandwidth is the defined band-
width in which either the amplitudes or the phases of two received
signals have a high degree of similarity. The delay spread is a natural
phenomenon, and the coherence bandwidth is a defined creation re.
lated to the delay spread.
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A coherence bandwidth for two fading amplitudes of two received
signals is

1

B. = 2nA
A coherence bandwidth for two random phases of two received signals
is

Y 1
B“—diﬁ:l

1.64 Direct wave path, line-of-sight path,

and obstructive path

A direct wave path is a path clear from the terrain contour. The line-
of-sight path is a path clear from buildings. In the mobile radio envi-
ronment, we do not always have a line-of-sight condition.

When a line-of-sight condition occurs, the average received signal at _
the mobile unit at a 1-mi intercept is higher, although the 40 dB/dec
path-loss slope remains the same. 1t will be described in Sec. 4.2. In
this case the short-term fading is observed to be a rician fading.** It
results from a strong line of-sight path and a gmund—reﬂected wave
combined, plus many weak building-reflected waves. '

When an out-of-sight condition 1s. reached, the 40-dB/dec path-loss
slope still remains, However, &l reflected waves, including ground
reflected waves and puilding-reflected waves, become dominant. The
short-term received signal at the mobile unit observes a Rayleigh fad-
ing. The Rayleigh fading is the most severe fading.

When the terrain contour blocks the direct wave path, we call it the
obstructive peth. In this situation, the shadow loss from the signal
reception can be found' by using the knife-edge diffraction curves
shown in Sec. 4.7.2.

165 Noise level in cellular

frequency band

The thermal noise kTD at a temperature T of 290 K (17°C) and a
bandwidth B of 30 kHz is —129 dBm.* Assume that the received
front-end noise is 9 dB, then the neise level is — 120 dBm. Now there
are two kinds of man-made noise, the ignition noise generated by the
vehicles and the noise genetated by 800-MHz emissions.

* & is Roltzmann's constant, and AT = — 174 dBm/Hz at T = 290 K
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The ignition naise. In the past, 800 MHz was not widely used. There-
fore, the marn-made noise at 800 MHz is merely generated by the ve-
hicle ignition noise.'® The automotive noise introduced at 800 MHz
with a bandwidth of 30 kHz can be deduced from Ref 15, as ehown
in Fig. 1.11.

The B0O-MHz-emission noise. As a result of the cellular mobile systems
operating in all the major cities in the United States and the spurious
energy generated outside each channel bandw.dth, the early noise
data measurements®'’ are no longer valid. The 800-MHz-emission
noise can be measured at an idle channel (a forward voice channel) in
the 869- to 894-MHz region while the mobile receiver is operating on
a car battery in a no-traffic spot in a city. In this case, no sutomotive
ignition noise is involved, and ne cochannel operation is in the prox-
imity of the idle-channel receiver. We found that in some areas ths
noise level is 2 to 3 dB higher than —120 dBm at the cell sites and 3
to 4 dB higher than -120 dBm at the mobile stations,

1.6.6 Amplifier noise

A mobile radio signal received by a receiving antenna, either at the
cell site or at the mobile unit, will be amplified by an amplifier.. We
would like to understand how the signal is affected by the amplifier
noise. Assume that the amplifier has an available power gain g and
the available noise power at the output is N,. The input signal-to-noise
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(S/N) ratio is £,/N;, the output signal-to-moise Tatio is PN, and the
internal amplifier noise is N Then the cutput P,IN, becomes

P, gF, P,

-2 = e = . (1.6-
N g+ N, Nt W./a (1620
The noise figure F is defined as

F= maximum possible /N ratio w621}

actual S/N ratio at output

where the maximum possible S/N ratio is measured when the load is
an open circuit. Equation (1.6-21) can be used for obtaining the noise
figure of the amplifier.

P,/xTB _ N, N,

F= Poan a {Pnlrps}kTB -g-(kTB) (16’22)
Also substituting Eq. (1.6-20) into Eq. (1.6-22) yields
_ P,fkTB _ E'_"__(M

F= PN + (N =T 7B (1.6-23)

The term &TB is the thermal noise as described in Sec. 1.6.5. The noise
figure is a reference measurement between a minimum neise level due
to thermal noise and the noise level generated by both the external
and internal noige of an amplifier.

1.7 Operation of Cellular Systems

This section briefly deseribes the operation of the cellular mobile sys-
tem from a customer’s perception without touching on the design pa-
rameters.V® The operation can be divided into four parts and a
handoff precedure.

Mobile unit initializaiion. When a user sitting in a car activaies \nc
receiver of The mobile unit, the receiver scans 21 set-up_channeks_
which are designated among the 416 channels. It then selects the
strongest and locks on for a certain time. Since each site is assigned
a different set-up channel, locking onto the strongest set-up channel
usually means .selecting the nearest cell site. This seif-location_
scheme is used in the idle stage and is user-independent. It has a
e because it eliminates the load on the transmissicn
at the vaii site for locating the fnobile unit. The disadvantage af ihe
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units appears at each cell site. Thereforefwhen the call initrates
from_the land line Yo 2 mobile unit, the ‘paging process is longer.
Since a large percentage of calls originates at the mobile uni, the -
use of self-location schemes is justified After 60 g, the self-location
procedure is repeated. In the future, when land-line originated calls
increase, a feature called “registration” can be used.

Mobile originated call. The user places the called number into an
originating register in the mobile unit, checks to see that the num-
ber is correct, and pushes the “send” button('A réquest for service
is sent on a selected set-up channel obtained from a self-location
scheme. The cell site receives it, and in directional cell sites, selects
the best directive antenna for the voice channel to use. At the same
time the cell site sends a request to the mobile telephone switching
office (MTSO) via a high-speed data link. The MTSO selects an ap-
propriate voice channel for the call, and the cell site acts on it
Through the best directive antenna to link the mobile unit. The
MTSO also connects the wire-line party threugh the telephene com-
pany zone office. -

Network originated call. A land-line party dials a mobile unit nem-
ber. The telephone company zone office recognizes that the pumber
is_mobile and forwards the call to the MTSO.(The MTS0 sends a
paging message to certain cell sites baséd on the mobile unit num:

~—ber and"the sedrch algorithm. Each cell site transmits the page on
its own set-up charmel. The mobile unit recognizes its own identi-
fication on a strong set-up channel, locks onto it, and responds to
the cell site. The mobile unit also follows the instruction to tune to
an assigned voice channel and initiate user alert.

self-location Scheme is that no location in?;mation of idle mobile

Call termination. When the mobile user turns off the transmitter, a

particular signal (signaling tone) transmits to the cell site, and both

sides free the voice channel. The mobile unit resumes monitoring
-pages through the strongest set-up channel.

Handoff procedure. During the call, two parties are on a voice chan-
nel, When the mobile unit moves out of the coverage area of a par-
ticular cell site, the reception becomes weak. The present cell site
requests a handoff, The system switches the call to a new frequency
channel in a new cell site without either interrupting the call or
alerting the user The call continues as long as the user is talking.
The user does not notice the handoff occurrences. Handoff was first
used by the AMPS system, then renamed khandover by the European
systems becanse the different meanings in English English and
American English. Description of handoff will appear in Chap. 9.
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Figure 1.12 Hexagonal cells and the real shapes of their coverages.

1.8 Matketing Image of
Hexagonal-shaped Cells

We have te realize that hexagonal-shaped communication cells are
artificial and that such a shape cannot be generated in the real world.
Engineers draw hexagonal-shaped ceils on a layout to simplify the
planning and design of a cellular system because it approaches a cir-
cular shape that is the ideal power coverage area. The circular shapes
have overlapped areas which make the drawing unclear. The hexag-
onal-shaped cells fit the planned area nicely, as shown in Fig. 1.12,
with no gap and no overlap between the hexagonal cells. The ideal
cell shapes as well as the real cell shapes are also shown in Fig. 1.12.

A simple mechanism which makes the cellular system implement-
able based on hexagonal cells will be illustrated in later chapters. Oth-
erwise, a statistical approach will be used in dealing with a real-world
situation. Fortunately, the outcomes resulting from these two
approaches are very close, yet the latter does not provide a ¢lear phys-
ical picture, as shown later, Besides, today these hexagonal-shaped
cells have already become & widely promoted symbel for celiular mo-
bile systems. An analysis using hexagonal cells, if it is desired, can
easily be adapted by the reader.

1.9 Pilanning a Gellular System

1.9.1 How to start planning

Assume that the construction permit for a cellular system in a partic-
ular market area is granted. The planning stage becomes critical. A
great deal of money can be spent and yet poor service may be provided
if we do not know how to create a good plan. First, we have to deter-
mine two elements: regulations and the market Situation.
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Regulations. The federal regulations administered by the FCC are’
the same througheout the United States. The state regulations may
be different from state to state, and each city and town may have
its own building codes and zoning laws. Become familiar with the
rules and regulations. Sometimes waivers need to be applied for
ahead of time. Be sure that the plan is workable.

Market situation. There are three tasks to be handled by the mar-
keting department.

1. Prediction of gross income. We have to determine the population,
average income, business types, and business zones 50 that the
gross incoine can be predicted.

2. Understanding competitors. We alse need to know the competi-
tor’s situation, coverage, system performance, and number of cus-
tomers. Any system should provide a unique and putstanding
service to overcome the competition.

3. Decision of geographic coverage. What general area should wlti-
mately be covered? What near-term sexrvice can be provided in a
limited area? These guestions should be answered and the deci-
sions passed on to the engineering department.

19.2 The engineer’s role

The engineers follow the market decisions by

1.

Initiating a cellular mobile service in a given area by creating a
plan that uses a minimum number of cell sites to cover the whole
area. It is easy for marketing to request but hard for the engineers
to fulfill. We will address this topic later. '

Checking the areas that marketing indicated were important rev-
enue areas. The number of radios (number of voice channels} re-
quired to hendle the traffic load at the busy hours should be
determined.

Studying the interference problems, such as cochannel and adja-
cent channel interference, and the intermodulation products gen-
erated at the eell sites, and finding ways to reduce them.

Studying the blocking probability of each call at each cell site, and
trying to minimize it.

Planning to ahsorb more new customers. The rate at which new
customers subscribe to a system can vary depending on the service
charges, system performance, and seasons of the year. Engincering
has to try to develop new technologies to utilize fully the limited
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spectrum assiguned to the cellular system. The analysis of spectrum
efficiency due to the natural limitations may lead to a request for
a larger specirum.

1.3 Finding sclutions

Many practical design teols, methods of reducing interference, and
ways of solving the blocking probability of call initiation will be intro-
duced in this book.

1.10 Analog Celular Systems

1.10.1 Cellular systems
in the United States

There are 150 major market areas® in the United States where li-
censes for cellular systems can be granted by the FCC. They have been
classified by their populations into five groups. Each group has 30
cities.

Top 30 markets—very large cities

Top 31 to €0 markets—large-sized cities

Top 61 to 90 markets—medium-sized cities

Top 91 to 120 markets—below medium-sized cities

. Top 121 to 160 markets—small-sized cities

N

Each market area is planned to have two systems. The status of each
system in each area of groups 1 to 8 as of December 1985 appears in
Appendix 1.2. The specifications of the system are described in detail
in Chap. 3. There are 305 MSAs (metropolitan statistical areas) and
482 RSAs (rural statistical areas). Both MSAs and RSAs are listed in
Appendix 1.3. :

1.40.2 Cellular systems outside the
United States

Japan?® Nippon Telegraph and Telephone Corporation (NTT) devel-
oped an 800-MHz land mobile telephone system and put it into service
in the Tokye area in 1979. The general system operation is similar to
the AMPS system. It accesses approximately 40,000 subseribers in 500
cities. It covers 75 percent of all Japanese cities, 25 percent of inhab-
itable areas, and 60 percent of the population. In Japan, 9 automobile
switching centers (ASCs), 51 mobile control stations (MCSs), 465 mo-
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bile base stations {MBSs), and 39,000 mobile subscriber stations
(MSSs) were in operation as of February 1985.

The Japanese mobile telephone service network configuration is
shown in Fig. 1.13. In the metropolitan Tokyo area, about 30,000 sub-

.scribers are being served.

. The 1985 system operated over a spectrum of 30 MHz. The total
number of channels was 600, and the channel bandwidth was 25 kHz.
This system comprised an automobile switching center (ASC), a mo-
bile control station (MCS), 2 mobile base station (MBS), and a mobile
subsecriber station (MSS). At present there is no competitive situation
set up by the government. However, the Japanese Ministry of Post
and Telecommunication (MFT) is considering providing a dual com-
petitive situation similar to that in the United States.

United Kingdem? In June 1982 the government of the United King-
‘dom annpounced. two competing national cellular radio networks. The
UK system is called TACS (Total Access Communications System).
The total number of channels was 1000, with a channel bandwidth of
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25 kHz per channel. Among them, 600 channels are assigned and 400
are reserved. Two competing cellular network operators, Cellnet and
Vodafone, are operating in the United Kingdom. Each network system
has only 300 spectral channels. The Cellnet system started operating
in January 1985. Cellnet has over 200 cell sites, covering 82 percent
of the United Kingdom. Vodaphone, though, which started operations
late, has served the same areas as Cellnet.

Canadian system.® In 1978, a system called AURORA was designed
for the Alberta government telephone (AGT), The system provides
provincewide mobile telephone service at 400 MHz, Ongoing devel-
opmental work on the AURCRA is underway at 800 MHz.

AURORA 400 system. It is aimed at 40,000 subscribers living in an
area approximately 1920 km X 9680 km. The AURORA 400 system
initially has 40 channels and is expected to add an additional 20 chan-
nels with frequency reuse and a seven-cell cluster plan. A fully imple-
mented system has 120 cells. The 400- MHz system does net have o
handoff capability.

AURORA BDO system. The AURORA 800 system is truly frequency-
fransparent. By repackaging the radio frequency (RF) sections on the
cell site, the mobile unit can begoperated on any mobile RF band up
to 800 MHz. The handoff capability will be implemented 1n this
system.

Nordic system. This system was built mostly by Scandinavian coun-
tries (Denmark, Norway, Sweden, and Finland) in cooperation with
Saudi Arabia and Spain and is called the NMT network. It is currently
& 450-MHz system, but an 800-MHz system will be implemented scon
since the frequency-transparent concept as the AURORA 800 system
is used to convert the 450-MHz system to the 800-MHz system.

The total bandwidth is 10 MHz, which has 200 channels with a
bandwidth of 25 kHz per channel. This system does have handoff and
roaming capabilities. It also uses repeaters to increase the coverage
in a low traffic area. The total number of subscribers is around
100,000,

European cellular systems.” All the present generation of European
cellular networks is totally lacking in cross-border compatibility, Be-
sides the United Kingdom and NMT networks, the others include the
following.
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Benelux-country network. The Netherlands served on their ATF2 net-
work (the same ag the NMT 450 network) at the beginning of 1985.
It has a nationwide coverage using 50 cell sites with two different cell
sizeg, 20- and 5-km radii. The capacity of the present system is 15,000
to 20,000 subscribers. Dutch PT&T is using & single Ericsson AXE10
switch. Luxembourg came on air in August 1985. In 1986, Belgium
joined the network. It operates at 450 MHz. The network is compatible
among the three countries.

France. A direct-dial car telephone operating at 160 MHz can access
the system in 10 regional areas. The network serves 10,000 subscrib-
ers. By the end of 1984, 450 MHz was in operation. In the meantime
Radicom 2000 (digital signaling) was introduced, operating at 200
MHz but with no handoff feature.

Spgin. It uses an NMT 450-MHz cellular network infroduced in
1982. It was the first cellular system in Europe. The number of cells
in service is 13. There are three separate networks operating 104
channels. Each channel bandwidth is 25 kHz.

Austria. A new NMT cellular network called Autotelefonnetz C has
two mobile switching exchanges and has enough capacity for 30,000
subseribers.

The Austrian PT&T has allocated 222 duplex channels in ranges
451.3 to 455.7 MHz and 461.3 tast65.7 MHz, with a channel band-
width of 20 kHz. .

Although both Austria and Spain are using NMT 450 systems, their
systems are not compatible because of different frequency allocations,
channel spacings (bandwidth), and protocols by different PT&Ts.

Germany, A full national coverage, including West Berlin, using a C-
450 cellular system was installed in September 1985 with 100 cell
sites. Another 75 cell sites were completed in mid-1986. Also, Ger-
many and France are working on cress-border compatibility in cellular
radio systems and have proposed a CD-900 digital system. The details .
of the CD-900 system will be described in Chap. 14.

Switzedand. Swiss PT&T decided to install an NMT 900-MHz cellu-
lar network that had a capacity of 12,000 subscribers. A pilot scheme
with 20 transmitters (cell sites) was installed in the Zurich area in
late 1986.

Cellular systems in the rest of the world. Australia is installing a system
using Ericsson’s AXE-10 switching network and will operate at 800
MHz with 12 sites concentrated in three big cities.
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Kuwait’s cellular system uses NEC's switches and provides 12 sites.
1t operates at 500 MHz. ’

Hong Kong has three systems. The United Kingdom's TACS system
is installed with Motorola switches. The United States’ AMPS system
and Japanese NEC systems were also installed in Hong Kong. It is a
very competitive market. All systems are penetrating the markets of
both portable sets and car sets.

1.11 Digital Cellular Systems

In 1992 the first digital cellular system, GSM (Special Mobile Group),
was deployed in Germany. GSM is a European standard system. In
the United States, an NA-TDMA system (IS-54) and a CDMA system
(IS-95) have been developed. NA-TDMA was deployed in 1993 and
CDMA is planned for deployment in 1995. A Japanese system, PDC
(Personal Digital Cellular), was deployed in Osaka in June 1994. All
the digital cellular systems and some noncellular digital systems will
be deseribed in Chap. 15.
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Introduction to Ceilular Mcbile Systema 43
Appendix 1.2 Status of First 90 Cities
(1993) Key: A—Band A Carrier; B—Band B
Camier
Rank
{based an
Ondine  number of
M3A nosname Syataen operstors dlatus  aubacribera) Switching squipment
1. New York, NY B Nynex Mobile Ba/E4 AT&T
A Calivler One Arsma 2 Matorola
2. Loo Angeles, CA ‘B PreTol Ceflutar LET-T Mintorola
A LA Cellalar Telephone ATieT 1 Ericazon
3. Chicago, 1L B Ameritech Mabile 1071383 AT&T
A Celldar Ooe VRS a Ericsson
4, Philadsiphia, FA B Bell Atlantic Modite E54 ATET
A Metophone o185 B Motarala
5. Detroit, M1 B Ameritech Mobile BRV/B4 AT&T ’
A Celhular One T30S & Ericaaon
€. Boaton, MA B Nynex Mobile 1A ATET
A Celluler Ome 11/85 11 Matarola
7. §an Francises, CA B GTE Mabilnat V285 Motarsla
{ranked with San Jose) A Cellular One 026/85 g Erickson
& Weshingion, DG B Bail Atlaatic Mebile 4AR4 ATET
{ranked with Baltimsm) A& Cellulrnr Cme 12F16/83 4 Motarola
5, Dullas, TX B Southwestern Bell Mobile TR ATET
A MatreCel ¥VBE & Moterola
1. Housaton, TX B GTE Mobilnet B2RES Mororola
A& Houstop Cellular Telephone A1 R/BS 10 Bricasm
11, 5t Louais, MO B Southweslern Bell Mobiie PLART ATAT
A CorberTel 1634 8 Motoroia
11, Miaml, FL B RellSouth Mohility h26734 AT&T
& Cellular One IABT 7 NTLGE
13, Pilisbargh, PA B Bell Allantic Mobrile 12 L0vE4 ATET
A Cellular OneMeCaw 25 Erietsan
14. Baliimare, MO B Bell AtUantic Mobile Liot-2 8 ATET
A Celluwlar One 12716583 4 Matarola
15. Minneapois, NN B 18 West ey GEMstorola
A Cellular One 234 19 NTLGE
16. Cleveland, OH B GTE Mohilnm 1218434 Motorola .
A Cellular One 31/85 14 NTIGE
17. Atlanta, Gi B BeliBputh Mchility VB4 AT&T
A PacTe] Celintar 241/38 12 Matorola
15. San Diego, CA B PacTel Cellutar PN LY AT&T
A DS Weat A6 16 MNaotorola
9. Denver, CO B UE Weat TALVEY NTIGE
A Cellulpr One 1172136 2] ATET/Panasonit
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Appendix 1.2 Status of First 90 Cities
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(1993) Key: A—Band A Carrier; B—Band B

Camier (Continued)
Rank
Thased w0
Ou-line  sumbsr of
MSA o fmame Syatam operstors atatus  pubarribern)  Switching equipmat

20. Scatile, WA B 118 West TS NTIGE

A Cellular One 18288 13 ATET
21, Milwankos, W1 B Ameritech Mohila LB AT&T

A Cellular One gt ) ] Ericason
22, Tampa, FL B GTE Mobiloet 1153054 Motorola

A Cellular One W25/87 15 Ericason
23. Cigeinnani, OH B Ameritech Mobile LLSB ATET

A Colhilar Ome ERBG 22 Ericassn
24, Kansas City, MO B Seuthwestern Bell Mobile luse Motoroln

A Cellular Cae Fa k- 7 © ATAT
25, Buflake, KY B Nynaz Mobils 416084 Motarota

A Cellutar One &l 35 Ericasan
26. Phosnix, AZ B 1S West gt ATET

A Bell Atlantic Mobile yise 17 ‘Maotarola
27, San Jose. CA B GTE Mubilnot ALBS Matorola

A Cellular Oue 2538 2 Ericosmn
28. [ndimnapolis, IN B CTE Mabilnet GAEL ATET

A Cellular 0o 2B 20 Ericesqn
22, New Orlenns, LA B BellSouth Babilicy B Matorola

A Radicfmoe 8555 36 Movwnla
30. Portland, QR B GTE Muobilet WWES ATET

A Cellular Ooe TNHES 5 Ericason
1. Columimas, OH B Ameriteeh Mobile B/IVES NTIIGE

A Cellular Qo IUBE 2 NTI
3%, Hartford, CT B SXET Cellular 138 ATET

A Bell Atluztic Mobils 11687 an Motpole
33, San Anteaio, TX B Sauthwesien Bell Mobile V2ABS5, ATET

A Cellular One 1020736 9
34, Rocbester, NY i Rochester Telophone Mobilte BB AT&ET

A  Genosee Telephone Ca. WTLBo e Ericnena
35, Seeramento, CA B PacTel Collular 2L Mouwrals

A Cellular One 10730737 4 Ericasan
35, Mcmphis, TN /'H  BelSeath Mobslity S1Es Motaroln

A Celluler One 12/24/86 38 ATET
37, Louisville, KY B BellSouth Mability 388 Moworala

A Ceflalar Ooe 1AS —_ AT&T
38, Prowidenes, RI B Nynes Mokile RS ATLT

A Bl Atlantic Mobile TANT a Motarola
2% Sadi Lake City, UT B 1.8, West 129485 ATAT

A Cellalar One 1277788 39 MotorolaWEC/NovAL
40. Dayton, OH B Amerilach Mabibke SALES NTIAGE

A Culbular One 82686 - Northern Telacom




Appendix 1.2
(1993} Key: A—Band A Carrier; B—Band B

Introduction to Cellular Mabite Systems 48

Status of First 90 Cities

Garrier (Continued)
Rank
thased on
Cn-line  pumber of
MHSA nefnams Systam oparatara atalus  subsribecy)  Switehing equipment

41, Birmingham, AL B BellSouth Mohility 9/28/86 Metoroln

A Cellular e 123186 — ATET
42. Bridgegwre, CT B Southern New Englard Tele. 572085 ATAT

A Bell Atnntic Mobila 11,2087 - Motorola
43. Norfolk, VA B Cellular One SRS ATET

A Centel Callular 117185 Lk § Motorola
41, Albany, NY B Nynex Mabile &35 NTICE

A Cellular Onr 127386 Neorthern Telecom/

-_ Ericsson

45, Oklahoma City, OK H Southwestern Bebl Mobile 1ha/85 ATET

A Cellular (e 11T/86 —_ ATET
46. Nashville. TN B BellSouth Mubiliny &1wss Muotorala

A Celtular Qne £20/57 — ATAT
47. Greensboro, NC B Cenlel L1585 Motorsla

A Cellular One 1272785 -_ Maiarolz
4. Toleda, OF H Cente] Cellular 7725585 hlalarcla

A Cellutar OneTacTel Cellular Wf1RE - Ericason
49, New Haven. CT B Southern New England Tele. a8k ATET

A Bell Atlantie Mobile 1170087 —_ hlotorels
50, Hoootulu, HI B GTE Mobilnot 326554 Mutorols

A  Henelula Cellular Telephone &UES -_ Ericsson
51. Jacksenwille, FL B BellSauth Mabilicy &h2/85E Motorala

A Cellular e a4gT 40 Eficasan
57. akron, OH B GTE Mohilnet 1073 1/85 Motorela

A Cellular One 121586 — Motarola
53. Syraruss, NY B Nynex Mobile V24/B6 ATET

A Cellular Ome - Fe L - Metnrele
54, Gary LY B Amenitech Mobile ESRT:.L ATAT

A Callalar Oma 42185 — Ericssom
55. Woreestar, MaA B Nynex Makile 11885 AT&T

A Cellutar One ' 11485 — Meoworeln
56. Northeast, PA B Cellular Flus TrYBS ATET

A Cellular One 12/ UBS — KTLGE
57. Tulsa, OK B Upited Siatea Cellular BOWES KEC

A Cellular Ome S/2UBE - ATET |
58. Allentown, PA B Bell Atlantic Mobile ANES ATET

A Cellular One 10418/85 - NTIGE
59. Rithmond, WA B Contel Cellular, Ine. S10vBs ATET

A Cellular One 122786 - Matorola
60. Crlande, FL B BellSouth Mohility 22785 Aslronet

A Cellular One 127296 32 Ericsson
61. Charlotie, NG B Alltel ) 415/86 Motorals

A Bell Atlantic Mobile arvee 3 Motorala




Appendix 1.2 Status of First 90 Cities
-(1993) Key: A—Band A Carrier; B—Band 8

Carrler {Continusad)
(hased o
On-line  number of
MSA v Sname Syatnm opa rators statos  wib w}  Switching squiy
§2 New Brunswick, NJ B HNynex Mohils V2VET ATET
. A Calbulnr One 1171486 Molorols

63. Seringfleld, MA B Nyukx Mobile A1 w87 ATAET

A Springfield Cellular Telophons 1071687+ Matorls
4. Grand Rapids, M3 B Century Catlunet SLBE AT&T

A Callolar One 1654 Ericwoon
58, Omaha NE B Cantel Collulnr AB5MH5 Motoraln

A US Wen Cellular 12MZ3/EE NT1
EB. Youngatcrwn, OH B Cental Cellular WIWES Metorcie

A Youngutown Cellular/Wilcom 122235 Korthero Telaoom
61. Greenville, S5C B Crntal Cellulay UIHE Matarcis -

A Bell Allantic Mobile BASE Mawrols
68, Fliny, M1 B Ameritech Molile TNLBE AT&T

A Cellular Cue TOOBE Ericsson
65, Wimington, DE B Bell Attnntic Mobile o o2t ATET

A Cellwlar Ooe w85 Motorals
. Lovg Branch, NJ B Nynex Mohile AT ATAT

A Cellular o 1171738 Metarals
73. Raleigh-Durbam, NC B Cental Cellular 1115 Motorols

A Collular Ons WIEes NTIGE
72 W, Palm Baach FL B SellSoath Mohilicy &I3E8 ATET

A Cellular Ora BT
T3, Oanard, CA B PacTel Mobile Accesn L0/30vEs ATET

A Venturs Cellular wa7 Ericasn
74. Frusoo, TA B Contel Codlalar 51788 ATAT

A Callular One 1042387 Ericascn
75, Austin, TX B GTE Mobilnel WIS Motarcla

A Callular One 1272785 ATET
75. Naw Baiford, MA B HNynex Mohile 124945 ATET

A Bell Atlantic Motaly TamT Motorols
77. Tucscn, AZ B US. Weat 8BRS NTIGE

A Bell Atlantic Mobile LG Moloyols
78. Lanxing, MI B Ceatury Callunes VLT Metorcls

A Cellulwr One anse Erdascn
7% EKpoxvilla, TN B Urited States Callalar WIS KEC

A Cellular Oon 1T ATAT
0. Baton Rougw, LA B BeliSoath Mohility WIS, Motarola

A Cellular One B/t Motarola
81, EI Paan, TX B Contel Cellular Flelt o ATAT

A Ball Atlantic Mobile e Matdurla
5%, Tacoms, WA B LES. West . ATRAS NTIGE

A Callular na ATET .
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Appendix 1.2 Status of First 90 Citles ©
{1993) Key: A—Band A Carrier; B—Band B
Carrier (Continued)

Rack

{buned on
On-line  pumber of
MSA ouoame : Systach it Al status  subwcribers)  Switching equipment

53, Mobile, AL B GTE of Mobile Yas ATAT

A BellSouth Mobility a7 — Astronet
4. Harviatmrg, PA B Uniled Telespectrum 101885 Motoroln

A Celkalar One HARES — NTIGE
£5. Jehnsom City, TH B Centel 103788 Mutorals

A 1S West roa:) _ ATRT
86. Albugquerger, NM B U5, West BB NTICGE

A Bell Atlantie Mobile 11048 - Motarols
B7. Canton, OH B GTE Mohilnet ANET Mctaroln

A Cellular One 2257 - NTIGE
B8, Chattwosagn, TN B BellSenth Mobility L-5% ] Motorola

A Cellular Ons 11720087 —_ ATET
a9, Wichita, K3 B Sauthwestern Bell Mobile 2iLBE Motorols

A Callulwr Ome U24/m8 Mitsubishi/MECS

— Motorsla/Navaiel

90, Claarleston, SC E Contel Cellular anuEs Matorals

A Celluler {oe ems — NTICE
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Appendix 1.3 List of MSAs and RSAs

L
2
3.
4
-5
6.
7.
4.
9.
10.
11.
12
13,
4,
15
16
T
18.
19.

BEBBES

Mew Tork, NY

Los Aogelas, CA
Chicage. 1L
Philade)phia, FA
Dhetzait, MI
Boeston, YA-NH
San Francias, CA
Washington, DC
Dallas, TK
Houston, TX

8t Louis, MO
Miami, FT.
Pittsbuergh, PA
Ballimore, MD
Minneapoliv, MN-WI
Cleveland, OH
Atlania, GA

Sen Diego, CA
Denver, CQ

. Saaltle, WA

. Mitwaukae, Wl
. Tempa, FL

. Cingnnati, OH

Kaosas City, MO

. Buffelo, NY

8. Phaenix, AZ

410
41,
42,
43,
44,
45.

4

49,

5L
B2,

. Son Jows, CA

Indinnapolis, 1%

. Kew Orleans, LA

Fortland, OR-WA

. Columbus, OH

. Hartford, CT

. Fun Aatonic, TX
. Rocheater, NY

Sacraments, CA

. Memphis, TN

. Logimille, Y

. Providens, RI

, Sale Lake City, UT

Daytan, OH
Birmingham, AL
Dridgepert. CT
Worfolk, ¥A
Albany, NY
Cklahoma City, OK
Nashvills, TN
Cretnsbaro, NC

. Toledo, OH

New Haven, CT

. Hanaltulu, Hi

Jacksonville, FL
Akrom. OH

53.
5.
55
58,
&7

ER2RFPBREBBE

Syrocuse, [FY
Gery, [N

Wornester, MA
Northeant, PA

. Richmand, VA

Orlando, FL

. Chartotts, NT

New Brumswick, NF
Springfietd, MA
Grand Rapids, M1
Omaha, NE
Youngstown, OH
Groanville, 8C
Flint, M1
Wilmingion, DE-NJ-
MD

Long Branch, NS

. Raleigh-Durham,

NG
W Paim Baach, FL.
Oxnerd, CA

. Preane, CA

_ Auslin, TX

. New Bedford, MA
. Lansing. M1

. Knomville, TN

Baton Rouge, LA

. El Paso, TX

Tacoma, WA

. Mobile, AL
. Harrisburg, PA

Johnaon City, TH-
YA

Albuguerque, KM
Canton, OH
Chattancoga, TN

. Wichits, KS
. Gharlesion, £C
. 8an Juan, PR

Lirtle Rock, AR
Las Vegns, NV

. Saginaw Bay-Mid.

tand, M
Columbin, 3C
Fort Wayne, 1IN

. Bakensileld, CA
. Davenport, [A-Mol.,

1L

, York, PA
. Shrevaport, LA

aumont, TX
Moinea, 18

. Poorin TL
. Nwwport News, YA

185.
196.
w?.
108.
108,
110

111
11Z
115
Lid.
115.
116.

1t

124,
125
126,
12
128,
138.
130,
131
13z

134
135.

L1
137
138,
13%.

141.
142,
143,
144.
145,
146.
7.
148,
145,
150.
158,
152.
153.
154.

155-
156.

Lancaater, FA
Jackson, MS
Swekton, CA
Augusta, CA-BC
Spakanm, WA
Huntingloea-Adh-
Land, WY

Vellejo, CA
Corpua Christi, TX
Madison, Wi
Lakeland, F1.
Uica- Rome, NY
Lexingon-Fayette,
KY

Coloradn  Springs,
CO

. Reading. PA
. Evansville, IN

Huntevilke, AL
Trenton, NI

. Binghamion, NY
. Santa Rogn-Feta-

lapa, CA

Santa Darbara, CA
Agppluten, W1
Salipms, TA
Pensacola, FL
MeAllen, T
Sguth Bend, IN
Erie, FA

Rockiord, TL
Ealamazoo, ML

. Manchestar-

Naxhun, NH
Actantiz City, KJ
Eugene-Springheld,
aRr

Lorain-Elyria, O
Melvourne, FL
hiaenn, GA
Montgomery, AL

. Charleston, WY

Duluth, MY
Modesta, CA
Johnpiogwn, PA
Orangw County, NY
Humilton, OH
Daytona Beach, FL
Ponce, PR

Salem, OR
Fayetteville, NC
Vizalia-Tulare, C4
Poughkespeiz, NT
Portland ME
Columbus, GA
Now  landun-Nar
wich, OT
Savannah, GA
Fortwemouth, NH

157,
168,
159.
150.
161

181,
182,

143,
184,

W37,
198,
199,

201,

202,
203,
204,
205.
206,

208,

Foancke, YA

Lima, OH
Prove-Orem, UT
Killeen- Temple, TX
Lubbock, TX

. Brownsville, TR
. Spranghald, MO
. Fart Myers, FL

Fort Smith, SE-OK
Hickary, KC

. Sarasota, FL

Tallahassee, ¥1.
Mayaguer, PR
Galveaton. TX

. Ruva, BV

Lineoln, NE
Bitoxi-Guliport, M5
Lafayette, LA
Sama Cruz, CA

. Springfeld, TL

Batthe Creck, ML

. Whealing, WVL0H
_ Topelka, RS
. Springheld, QH

Mushegon, BT
Fayellevible-
Spmgil. AR
Acheville, NC
Houma-Thibedaur,
LA

Terre Haute, [N

. Croen Bay, Wl
. Ancharage, AR
. Amprilte, TX

. Racips, W1

Faise City, ID
Vakirms, WA

. Gainesville, FL

. Benton Harbor, M1

- Waca, TL

. Cedwr Rapids, [A

. Champaign-Urbana,

1L

Lake Charles, LA
S Cloud, b
Sreube nvill e Wer-
ton, OH
Parkershurg-Mari-
ctea, WV
Walerloo-Cadar
Falls, LA

Areciba, FR
Lymchburg, VA
Agundiile, PR
Alexandrin, LA
Longuiew-Marshal),
TE

. Jackson, M1

Fort Fierce, FL
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Appendix 1.3 List of MSAs and RSAs

{Continued)

04 Clarksrille, TH-KY

710. Fort Callins Laove-
land, 00

211. Bradanton, FL.

212, Bremerton, WA

213, PicuaBeld, MA

214. Richlend:Kenne-
wick, WA

5. Chim, CA

B, Janraville-Beloit,
Wi

217, Anderson, IN

219. Wilmington, NC

21%. Mooroe, LA

220, Abilema, TX,

221, Fargo-Moorbasd
ND-MN

¥ Tuscalooss, AL
223, Flkhart Goatwen, IN
224, Bangor, ME

225, Altoonn, PA

228, Florens, AL

227, Andwrson, SC

228 Vinelxnd Midiville,

259, Stats Coliege, FA
260. Lawton, OK

261, Albeoy, GA

252 Danvritle, VA

263, Wausen, Wi

264. Flovense, SC

268, Fort Waltom Beseh,
L

266. Gicos Falls, N¥Y

247, Sionx Falle, S0

248, Billinge, MT

269, Cumberand, MD-

wv
270. Bellingbam, Wh
271. Fokome, IN
272, Gadaden, AL
213, Rankakes, 1L
274, Yuba City, CA

- 275, St Joseph, MO

278. Grand Forks, ND
277. Sheboypan, Wl
778, Columbis, MO
279. Lewiston-Auburs,

ME
280: Burlington, NC
341, Lareda, TX
282, Dlemington, ¥
283, Panama City, FL
284. Elmirs, NY
285, Las Cruces, NM
786, Dubogue, TA
257, Pryun-College  Sta-

tion, TX
288. Rochewter, MN
289, Repid Citn. 5D
290, La Crosos, W1l
251, Pine Blufl, AR

314, Lew, AL-S

315. Wads Hampton, AK-
4

316, Bethel, AK-2

317. Haines. AK-3

35 Mokave, AZ-1

319, Coconling, AZ-2

320, Navnjo, AZ-3

321 Yuma, AZ-4

322, Gils, AL S

337, Modke, CA-2

353, Windham, CT-2
359, Eant, DE-1,

36, Glades, FL-2
362 Hardes, FL- .
353, Cioros, FL4 .
364, Potnam, FLE |,
mmm - h .

§E%E
;E
g

83
E
o
:
=

38L Toomba, A-11

Merver, L2

. Adams, [1.8
Mawm, 1-5

. Montgomary, [L.&
Vermilien, IL-F

. Waahington, -3
Clay, IL-8
Newion, IN-1
Kosciusk, B¥-2

. Huntingten, IN-3.
Miwpsi TN

. Wargan, IN-§

392,
383
384
5.
388,
38T
ARS8,
359,
390.
381
394,
793,
394,
395, Burean, -2
F96,
397,
398,
299,
400
401
02,
03
404,
408,
&8,
407
408, Randolph, TH-8

"
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{Continued) -
418. Audubon, LA-7 4%, Franklin, MA-) 522, Stoddavd, MO-19 ©674. Harnett, RC-100
419, Monons, A8 471, Barnstable, 32 523, Lincoln, MT-1 %75, Hoke, NC-11
420, 1da, 1AD 472 Gogebic, MI+1 524. Toole, MT-2 676, Sampasn, NC-12
421. Humboldt, I&-10 4713 Mger, Mi-2 525, Phillips, MT-3 517, (ireene, NC-13
422, Hardin, YA-11 474, Emmet, M13 526, Danisls, MT4 578, Pitt, NC-14
423 Winnehink 14-12 475. Chebaygan, MI-4 527, Miperal, MT-& 579, Cabacrus, NC-15
424, Mitcheld, TA-13 4TE. Manintes, M1.5 528. Deer Lodge, MT-6 550. Dhvide, ND-1
425, Kowsuth, [A-14 £77. Ropeotomon, M6 5§29, Fergus, MT-Y il Battinesu, NU-2
426. Dickinsan, LA-15 478, Newaygo, MI-7 530. Beaverhesd, MT-8 H&2. Barmes, ND-3
427. Lyom, TA-16 478, Allegan, M-8 83]. Carhon, MT-9 663, McMenrie, ND-
428, Cheyenne, K5-) 450, Cass, MI-9 537, Frairie, MT-10 564, Kiddes, ND-5
429. Norton, K8-2 461, Tuscola, MI-10 633, Sioux, NE-1 585 Willinms, OH-1
430, Jewell, KS-3 482, Kittaom, MN-1 534, Cherry. NE-2 598, Sandusky, QH2
431, Murvhel!, K54 483, Lake of tha Woods, 535 Hnox, NE- 687, Asheabels OH-3
432, Brown, K55 MN-2 536, Crant, NE-4 585, Meroer, OH-4
435. Wallace, KS-6 484, Koochiching, MN.3 537. Botne, NE-5 589. Hanock, OH'S
434, Trego, KS-7 485, Lake, MN-4 536, Heith, NE-8 590, Morrow, OH-6
435, Fllgwprth, K28 436, Wilkin, MN-& 539, Hall, HE-T 541, Tuscarawns, OH-7
436, Moryie, KS-9 487, Hubbard, MN-E 640, Chase NE8 522, Clinten, OH-8
437. Franklin, KS-10 488, Chippewa, BT 541, Adams, NE-9 593. Ross, OH-2
438, Mamiltan, KS-11 489, Lac gui Parke, MN-8 542, Cass, NE-10 594. Perry, DH-10
434, Hudgemun, KE-12 490, Pipestone, MN.3 543, Humbaldt, N¥-1 §95. Columbinna, OH-11
440, Edwards, K&-13 491, Le Sueur, MN-10 544, Lander, N\-2 59¢. Cimarren, OK-1
441, Feno, K514 492. Goodhua, MN-11 545, Swrey, NV-2 597, Harper, OK-2
442 Elx, HS.15 493, Tunien, ME-1 546, Minaral, NV-4 598, Grank, OK-3
444 Pulton, KY-1 4R, Benton, M52 547, White Pine, NV-5 599. Nowats, K~
444. Union, K¥-2 495, Bolivar, M5-3 648, Cooe, HH-2 600, Hoger Mills, OK-35
5. Meade, KY.2 498, Yolobushe, M54 549, Carroll, NH-2 601, Seminole, OK-§
446 Spencer, KY-4 457, Washingtan, M5-5 550, Hunterdon, NJ-1 602. Deckham, DK-7
411, Barmon, K¥-5 438, Monygomery, M3-6 551, Qcean, NJ-2 603, Jnckaon, OK.6
44E. Madison, KY-8 499, Leake, MS5-T G652, Susex, MJ-3 604 Ganin, OR-8
449, Frimble, KY-T 500. Cleibarne, ME-8 583, San Juen, NM-1 80E. Hmakell, OK-10
450, Moson, KY.8 501, Copiah, M5-9 554, Colfax, NM-2 806, Clatsop, OR-1
451, Elliott, KY.-8 £02. Smith, MS-10 555. Catron, NM-3 £07. Hood River, OR-2
452 Powell, KY-10 503. Lamar, MS-11 854, Saata Fe, NM-4 603, Umatils, OR-3
433, Clay, K¥-11 504. Atchizon, MO-1 557, Grant, NM-5 6048, Lintoln, ORA
454, Claibome, LA-1 505. Harrisen, MO-2 558, Linmin, NK-S 610. Coos, OR-2
455, Morehouse, LA-2Z 506. Schuyler, MO-3 559, Jefferson, NY-1 811, Crock, OR4
456. De Sotn, LA-3 5G7. De Kalb, MO-4 260, Franklin, NY¥-2 612. Crawford, PA-L
457, Caldwall, A4 £0B. Linn, MO-5 561, Chautauqua, NY-3 513. McKean, PA-2
456, Besuregard, LA-S 300, Marion, MO§ 662 Yatea, NY4 614. Foltsr, PA-)
459, Tberville, LA-G 610. Saline, MO-T 563, (hacgo, NY-5 613, Bradford, PA-4
4afd, Woet Felicinna, LA-? 51i. Callawsy, MO-B 564, Columbie, NY-G 66, Wayne, PA-D
%61, St James, LA-S 512. Bates, HO-2 565. Cherckee, NC-1 617. Lawrenoe, PA-6
462. Plaquemines, LA.9" 513. Benton, MO-10 566, Yancey, NC-2 618 Juaferson, PA-T
463, Cxford, ME-1 514. Monitesu, MO-11 567. Asha, NC-3 619. Uniog, PA8
£64. Somerast, ME-2 515, Maries, MO-12 568. Heodarson, NC-4 620_ Groens, PA-S
465. Kennebee, ME-3 516. Washingten, BO-132 560, Arson, NC-5 621, Bedford, PA-10
466, Woshingtnn, ME-4 517, Bartan, MO-14 570, Chathun NC B 622. Huntingdoo, PA-11
46T, Garrett, MD-1 51B. Stops, MO-15 571. Rockingham, NC-7 @23, Labanon, PA-12
458, Kent, MD-2 &19. Laclede, MO-16 572 Northamgpton, NC-8 $24. MNewport, RI-1
469, Frederick, MD-3 £20. Bhannon, MO-17 573, Camden, NC-9 625, Oonpee, SC-1
521. Perry, MO-18
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(Continued)
28, Lourms, 3C-2 678, Diabe, UT0 730. 5t Thowmas VI-1
627. Charkes, &£79. Franklin, VI-1 7aL St Croix, V2
G2 Chesterfledd, SC-4 880, Addison, VT2 73% Guam

, (hmargetewn, SC-8 AL Las VA-1 753, Ameritan Samoa
630. Claresdon, 3C-8 682 Tatawall, VA2 194, o, Marianss
£31. Calboun, SC-7 G2, Giles, VA-S
592 Hamptoo, SC-8 684, Bodford, VA-4
B3 Lanesster, 5C-3 £85. Baih, VA3
634. Harding, 5D-1 BbS. Highland, VA6 .
825, Corpam, 5T-2 GAT. 1 VA-T

, McPharson, 303 BEA. Amelin, VA-E
637, Marehall, SDd 65 Creensville, VA-2
€38 Custer, SD-8 £90. Prederick, VA-10
€39 Hasion, SD-6 591, Mudison, VA-11
640, Sally, 87 €92, Carclioe, VA-12
G4L. Kingatury, 5D €93, Clallam, WA}
542. FHopson, SD-9 604 Okancgen, WA
643, Lake, TH-L €85, Ferry, WA-3
844. Cannen, TN-2 696, Grayw Harboo, WA
B45. Mrcon, TN-2 69T, Kirtitns, WA-§
845, Hambles, TH.4 694, Pacifie, WA S
647, Fayuite, TN.S 899, Skamania, WA-T
648 Gilea, TH-G 700, Whitman, Wa-8
649, Bladsoe, TN-T 701, Manow, WV-1

113, Trompeaktaa, Wi-6
114, Wood, WI-7

718, Varncn, W8

716. Columbia, WI-9
717. Door, W1-10

o
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Chapter

Elements of Cellular Mobile
Radio System Design

21 General Description of the Problem

Based on the concept of efficient spectrum utilization, the cellular mo-
bile radip system design can be broken down into many elements, and
each element can be analyzed and related to the others. The major
elements are-{}Y the concept of frequency reuse channels; €27 the co-
channel interference reduction factor,%he desired- carrier-to-inter-
ference raﬁo,.,(,#)/ the handoff mechanism, an cell splitting. The
purpose -of this chapter is to introduce a simple methodology which
will enable us to better understand how each element affects a cellular
mobile radio system. .

Since the limitation in the system is the frequency resource/ the

challenge is to serve the greatest numbet of customers with a specified
‘system guiﬁfyﬂe may ask ourselveg three guestions.
\,J’.f How many customers ¢an we Serve in a busy hour?

2. How many subscribers can we take inte our aystem?
/How many frequency channels do we need?

21.1 Maximum number of calls
per hour per call
oty e

To calculate the predicted number of calls per hour per. cell @ in each
cell, we have to know the sizg of the cell and the traffic congditiona.u in_
the cell.. The calls per hour per cell is based on how small the theo-
;retical cell size can be.(The control of the coverage of small cells is

pased on technological development, /H. - —

-
H
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Figurs 24 To establish the traffic capacity from a geopraphic map (west Los
Angeles).

We assume that the cell can be reduced to a'2-km cell, which means
a cell of 2-km radius. A 2-km cell i, S0me areas may cOVEr many
highways, and in other areas a 2-km eell may only cover a few
highways. :

Let a busy traffic area of 12 km radius fit seven 2-km cells. The
heaviest traffic cell may cover 4 freeways and 10 heavy traffic streets,
as shown in Fig. 2.1, A total len of 64 km of 2 eight-lane freeways,

i‘%@%ﬁ,o{ 43 four-lane roads, in-
cluding the major Toads, are obtained from Fig. 2.1. Assume that
the average spacing between cars is 10 m during busy periods. We can
determine that the total number of cars is about 70,000. If one-half
the cars have car phones, and among them eight-tenths will make a
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call {n, = 0.8} during the busy houx, there are{28,000 calls per hour, |
based on an average of one eall per car if that car phone is used.

The maximum predicted number of calls per hour per a 2-km cell
Q is derived from the abave scepario. It may be an unrealistic case.
However, it demonstrates how we can calculate @ for different sce-
narios and apply this method to finding the different € in different

geographic areas.

212 Maximum number of frequency

channels per ceil

The maximum number-of frequency channels per cell NV ig closely re-
[ated To an average calling time in the system. The standard User’s

‘Glhing habits may change as a result of the charging rate of the sys-
tem and the general income profile of the users f an_average callin
time T'is 1.76 min and the maximum calls per hour per cell Q; is

obtain m See. 2.1.1, then the olie pad can erived as
A= %‘:—1 erlangs (2.1-1)

Assume that the blocking probability is given, then we can easily find
the required number of radios in each cell.!

Exampie 21 Let the maximum calls per hour Q; in one cell be 3000 and an
average callog time T be 1.76 min. The blocki.nE Et_obabiligx B ia 2 percent. Then
we may use @ from Eq. (2.1-1) to find the offered load A.

= 3000 X 1.76 -

50 B8

With the blocking probability B = 2 perceat, the maximum number of channels
can be found from Appendizx 1.1 as ¥ = 100
Exampie 22 If we let @; = 28,000 calls per cell per hour, based on one scenaro

shown in Sec. 2.1.1, B = 2 percent, and T = 1.96 min, how many radio channels
are needed? The offered load A is obtained 3

821

28,000 x 1.76
A @

- Inserting _the_\_al;ut"e_khmﬁgqmsidto the table of Appendix 1.1, we find that
N = 820 chomela per cell. | '
- L -Ga st i it oad . - Ce -
Exampie 23 Ifthemmsnchannelsinaeelltohandlea]lthecajlaandthe
average is 100 3 percall,huwmanycaﬂs:anbehanaledinthiscellwiths
blvck:ingprobabﬂity'ofﬂperbenl?SinneN= 50 and B = 2 percent, the offered
load can be found from Appendix 1.1 as . %
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s A =403

The number of calls per hour in a cell is

_ 40.3 X 3600

= 1 call
100 1451 calls per hour

Q:

Example 24 If the maximum number of calls per hour per cell is 1451 and
there is a seven-cell reuse patiern® in the system (K = 7), and assuming that
B = 2 percent end T = 100 3 g in Example 2.3, then N = 50 as indicated. The
total pumber of required channels for a X = 7 reuse system is

N, = 50 x 7 = 350 radios

If a large area is covered by 28 cells, K, = 28; the total number of

customers M, = =, M, in the system increases. Therefore, we may’

assume that the number of subscribers per cell M; is somehow related
to the percentage of car phones used in the busy hours (1) and the
number of calls per hour per cell g, a=

M; = f(@, .} (2.1-2)

where the value @, is a function of the blocking probability B, the
average calling time T, and the number of channels N.

Q.= f(B, T,N) (2.1-3)

If the K = 7 frequency reuse pattern is used, the total number of
required channels in the system is N, = 7 X N. We must realize that
it is the maximum number of calls per cell g, that determines the
total required channels N,, not the total number of subseribers M,. In
this case (K, = 30 and K = 7), the total number of channels N, has
been used four times in the system.

2.2 Concept of Frequency Reuse Channels .

ATadio channel consists of a pair of frequencies, one for each diraction
of transmission that is used for full-duplex operation. A particular
radio channel, say F,, used in one geographic zone to call a cell, say
C,. with a coverage radius R can be used in another cell with the same
coverage radius at a distance D away. '

Frequency reuse is the core concept of the cellular mobile radio sys-
tem. In this frequency reuse system, users in different geographic lo.
cations (different cells) may simultaneously use the same fregiency

* Its pattern is shown in Fig. 2.3 and described in Sec. 2.2.1.
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. Gz C/l=y

g=0C/RA
Figure 22 The ratio of D/R.

channel {see Fig. 2.2). The frequency reuse system can drastically in-
crease the spectrum efficiency, but if the system is not properly de-
signed, serious interference may OCCUr. Interference due to the com-
mon use of the same channel is called cochannel interference and is
our major concern in the concept of frequency reuse.

221 Frequency reusa schemes

The frequency reuse concept can be used in the time domain and the
space domain. Frequency reuse in the time domain results in the oc-
cupation of the same frequency in different time slots. It is called time-
division multiplexing (TDM). Frequency reuse in the space domain can
be divided into two categories.

1. Same frequency assigned in two different geographic areas, such
as AM or FM radio stations using the same frequency in different
cities.

2, Same frequency repeatedly used in a same general area in one
system®—the scheme is used in cellular systems. There are many
cochannel cells in the system. The total frequency spectrum allo-
cation is divided into K frequency reuse patterns, as illustrated in
Fig. 2.3 for K = 4,7, 12, and 19.

222 Frequancy reuse dittance®™"
The minimum distance wmmﬂnmmm@wed
%mﬁﬁnmw&mmwm
the vicimity of The center cell, the type of geographic terrain contour,
‘the antermia fieight, and the transmitted power at each cell site.
The frequency reuse distance D can be determined from

. D=V3KR-~ - T (22-1)

R B Y

. . o .
fry e - i

Where K ia the Jrequency. reuse pattern shown in Flg 2.ﬁ, then -
! ; - : - BN
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Figure 23 . W-cell reuse pattern.

346R K=4
poJt6R  K=7

6R K=12

756k K =19

If all the cell sites transmit the same power, then K increases and the
frequency reuse distance D increases, This increased D reduces the
chance that cochannel interference may occur.

Theoretically, a large K is desired. However, the total number of
allocated channels is fixed. When K is too large, the number of chan-
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nels assigned to each of X cells becomes small. It is always true that
if the total number of channels in K cells is divided as K increases,
trunking inefficiency results, The same principle 23plies to spectrum
inefficiency: if the total number of channels are divided into two net-
work systems serving in the same area, spectrum inefficiency in-
creases, as mentioned in Sec. 13

Now the challenge is to obtain the smallest number K which can
still meet our system performance requirements. This involves esti-
mating cochannel interference and selecting the minimum frequency
reuse distance D to reduce cochannel interference. The smallest value
of K is K = 3, obtained by selting § = 1, = 1 in the equation K =
i + (f +7 (see Fig. 2.3).

223 Numberg‘l’_wstnmersmlhosystam ‘

When we design a system, the traffic conditions in the area during a
* busy hour aré.some of the parameters that will help determine both
the sizes of different cells and the number of channels in them.

The maximum number of calls per hour per cell is driven by the
traffic conditions at each particular cell. After the maximum number
of frequency channels per cell has been implemented in each cell, then
the maximum number of calls per hour can be taken care of in each
cell. Now, take the maximum pumber of calls per hour in each cell @
- and sum them over all cells. Assume that 60 percent of the car phones
will be used during the busy hour, on average, one call per phone
(n, = 06) if that phone is used. The total allowed subscriber traffic M,
can then be obtained. .

Example 25 During a busy hour, the number of calls per hour & for each of 10

cells ia 2000, 1500, 3000, 500, 1000, 1200, 1800, 2500, 2800, 500. Assume that

60 percent of the car phones will be nsed during this period {n. = 0.6) and that
one call is made per car phone. Summing over all @; gives the total &,

19
Q, = >, Q= 17,200 calls per hour
- = .

Sinee n. = 0.6, the mumber of customers 1 the system is

17,200
M. T de

= 28,667

Yot L

2.3 Cochannel Interference

Reduction Factor

Reusing an identical frequeavy channel in different cells is limited by
cochannel interference between cells, and the cochannel interference '
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can beconie a major problem. Here we would like to find the minimum
frequency reuse distance in order to reduce this cochannel interfer-
ence, -

Assume that the size of all cells is roughly the same. The cell size
is determined by the coverage area of the signal strength in each cell.
As long as the cell size is fixed, cochannel interference is independent
of the transmitted power of each cell. It means that the received
threshold level at the mobile unit is adjusted to the size of the cell.
Actually, cochannel interference is a function of a parameter ¢ defined
as ‘ .

g = (2.3-1)

i

The parameter ¢ is the cochannel interference reduction factor. When
the ratio g increases, cochannel interference decreases. Furthermore,
the separation D in Eq. (2.3-1) is a function of K; and C/1,

D = f(K,, C/D ‘ (23-2)

where K, is the number of cochannel interfering cells in the first tier
and /7 is the received carrier-to-interference ratio at the desired mo-
bile receiver?

C

(2.3-3)

]

M=

i

E

=1

In a fully equipped hexagonal-shaped cellular system, there are al-
ways gix cochannel interfering cells in the first tier, as shown in Fig.
2.4; that is, K; = 6. The maximum number of X, in the first tier can
be shown as six (ie., 2nD /D = B). Cochannel interference can be ex-
perienced both at the cell site and at mobile units in the center cell.
If the interference is much greater, then ihe carrier-to-interference
ratio C/I at the mobile units caused by the six interfering sites is (on
the average) the same as the C/I received at the center cell site caused
by interfering mobile units in the six cells. According to both the rec-
iprocity theerem and the statistical summation of radio propagation,
the two C/I values can be very close. Assume that the local noise is
much less than the interference level and can be neglected. C/I then
can be expressed, from Eq. (1.6-4), as

c_ R
c_ 2
> DY
=1

r

(2.3-4)

I
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Figure 24 Six effective interfering cells of cell 1.

where v is a propagation path-loss slope® determined by the actual
terrain environment, [n a mobile radio medium, v usually is assumed
to be 4 (see See. 1.6). K, is the number of cochannel interfering cells
and is equal to 6 in a fully developed system, as shown in Fig. 2.4.
The six cochannel interfering cells in the second tier cause weaker
interference than those in the first tier (see Example 2.6 at the end of
‘SQec. 241y, - '

Therefore, the cochannel interference from the second tier of inter-

fering cells is negligible. Substituting By. (2.3-13 into Bq. (2.3-4) yields

C 1 1

— K! re —] K"
s (‘l) S @
R =1

{2.3-5)

k=l

where g, is the cochannel interference reduction factor with kth co-

channel interfering cell -
D,

= =k 2.3-6

Ga R _ { }

rt



SRR R SRR YL S 51 i 2 A, B L I . i

B2  Chopler TWo T oo s@gnfd 15" "3 o, o

)

ta) &

Figure 25 Cochannel interference from six interferers. (a) Receiving at the cell site; ()
receiving &t the mabile unit, :

2.4 Desired G/t from a Normal Case in an
Omnidirectional Antenna System

241 Analyltic solution

There are two cases to be considered: (1) the signal and cochannel
interference received by the mobile unit and (2) the signal and co-
channel interference received by the cell site. Both cases are shown
in Fig. 2.5. N,, and N, are the local noises at the mobile unit and the
cell site, respectively. Usually N,, and N, are small and can be ne-
glected as compared with the interference level, The effect of the co-
channel interference on spectrum efficiency systems will appear in
Sec. 13.4. As long as the received carrier-to-interference ratios at both
the mobile unit and the cell site are the same, the system is called a
balanced system. In a balanced system, we can choose either one of
the twe cases to analyze the system requirement; the results from one
case are the same for the others.

Assume that all D, are the same for simplicity, as shown in Fig. 2.4;
then D = D,, and ¢ = q,, and

O R b
Tt (2.4-1)
' c
Thus qr=6 7 (2.4-2)
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¥
g= (6 %) (2.4-3

and
In Eq. (2.4-3), the value of C/1 is based on the required system per-
formance and the specified value of v is based on the terrain environ-
ment. With given values of C/7 and v, the cochannel interference re-
duction factor ¢ can be determined. Normal cellular practice is to
specify C/I to be 18 dB or higher based on subjective tests and the
criterion deseribed in Sec. 1.5. Since a C/I of 18 dB is measured by
the acceptance of voice quality from present cellular mobile receivers,
this acceptance implies that both mobile radic multipath fading and
cochannel interference become ineffective at that level. The path-loss
slope v is equal to about 4 in a mobile radio environment.®

g = DIR = (8 X 63.1)"* = 4.41 (2.4-4)

The 90th percentile of the total covered area would be achieved by
increasing the transmitted power at each cell; increasing the same
amount of transmitted power in each cell does not affect the result of
Eq. (2.44). This is because ¢ is not a function of transmitted power.
The computer simulation described in the next section finds the value
of ¢ = 4.6, which is very close to Bq. (2.4-4). The factor g can be related
to the finite set of cellz K in a hexagonal-shaped cellular system by

Substituting g from Eq. (2.4-4) into Eq. (2.4-5) yields
K=17 (2.4-6)

Equation (2.4-6) indicates that a seven-cell reuse pattern* is needed
for a C/I of 18 dB. The seven-cell reuse pattern is shown in Fig. 2.3.

Based on g = D/R, the determination of D can be reached by choos-
ing a radius R in Eq. (2.4-4). Usually, a value of g greater than that
shown in Eq. (2.4-4) would be desirable. The grea.r the value of g,
the lower the cochannel interference. In a real environment, Eq. (2.3
5) is always true, but Eq. (2.4-1) is not. Since Eq. {2.4-4) is derived
from Eq. (2.4-1}, the value ¢ may not be large enough to maintain a
carrier-to-interference ratio of 18 dB. This is particularly true in the
worst case, as shown in Chap. 6.

* In this seven-cell reuse pattern, the total allocatzd frequency band is divided into
sei.r]:n subsets. Bach particular subset of frequency channels is aszigned to ooe of seven
ce £
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Example28 Compare interference from the first tier of six interferers with that
from twelve interferers (first and second tiers) (see Fig. 2.4).
" From the frst tier, :

C RY

C al
Lo = ==1 {(E2.6-1)
I & . 6Dyt B
31 0
=1
From the first and second tiers,
C C 1
a = _(E26-2) .
5 =4 L gt . R .-
I S U + 1) Gla; az') .

fa=1

Since we have found a, = 4.6, then from the gecond tier, ap = DJR, = 2D/R,
= 24, = 9.2. Substituting @, and g, into Eqs. (E2.6-1 and (E2.8-2), respectively,
yields .

(9) — 18.72 dB
I 1t ther
C

(—) = 18.46 aB
I 13t and Znd thers

We realize that a negligible amount of interference is contributed by the six
interferers from the second tier.

24.2 Solution oblained from simulation

The reguired cochannel reduction factor g can be obtained from the
simulation also. Let one main cell site and all six possible cochannel
interferers be deployed in a pattern, as shown in Fig. 2.4. The distance
D from the center cell to the cochannel interferers in the simulation
is a variable.-D = 2R can be used initially and incremented every 0.5R
as D = 2R, 2.5R, 3R. For every particular value of D, a set of simu-
lation data is generated. .

First, the location of each mobile unit in its own cell is randomly
generated by a random generator. Then the distance D, from each of
the six interfering mobile units to the center cell site (assuming K, =
&) is obtained. The desired mobile signel as well as six interference
Jevels received at the center cell site would be randomly generated
following the mobile radio propagation path-loss rule, which is 40 dB/
dee, along with a log-normal standard deviation of 8 dB at its mean
value. Summing up all the data from six simulated interferences,

Ky=6

1=EI,,

k=]

and dividing it by the simulated main carrier, value C becomes C/1.
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This C/T is for a particular D, the distance between the center cell
gite and the cochannel cell sites (cochannel interferers). Repeat this
process, say 1000 times, for each particular value of D, based on the
criterion stated in Sec. 1.5 (that 75 percent of the users say voice qual-
ity is “good” or “excellent” in 90 percent of the total covered area).
Then from 75 percent of the users’ opinion, C/I = 18 dB needs to be
achieved* with a proper value of [). Assuming that mobile unit loca-
tions are chosen randomly and uniformly, then 90 percent of the area
corresponds to 900 out of 1000 mobile unit locations.

To find a proper value for D, each mobile unit location associates
with ifs received C/I. Some C/I values are high and some are low.
This means that the lowest 100 values of C /1 should be discarded.
The main C/I value should be derived from the remaining 900 C/1
values. This associates a particular C// for a particular separation D.
Repeating this process for different values of D, the corresponding
mean C/I values are found. The C/I versus D curve can he plotted,
depicting C/I = 18 dB as corresponding to D = 4.6R, as illustrated in
the Bell Lab publication. Then :

wmi

g=—==486 ' (2.4-7)

Comparing the values of ¢ obtained from an analytie solution shown
in Eq. (2.4-4) and g cbtained from a simulation solution shown in Eq.
{2.4-7), the results are surprisingly close.

Although a simulation (statistical) approach deals with a real-world
situation, it does not provide a clear physical picture. The two agree-
able solutions illustrated in this section prove that the simple analytic
method is implementable in a cellular system based on hexagonal
cells.

2.5 Handoff Aechanism

The handoff ia the process mentioned in Sec. 1.7 It is a unique feature
that allows cellular systems to operate as effectively as demonstrated
in actual use. To clearly describe the handoff concept, it is easy to use
2 one-dimensional illustration as shown in Fig. 2.6, although a real
two-dimnensional cellular configuration would cover an area with cells.
The handoff concept as applied to a one-dimensional case will also
apply to two-dimensional cases. : -

Two cochannel cells using the frequency Fy separated by a distance
D are shown in Fig. 2.6a. The radius R and the distance D are gov-
erned by the value of g. Wow we have to fill in with ofher frequency
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ratia g. (&) Fill-in frequencies.

channels such as F,, Fy, and F, between two cochannel cells in order
to provide a communication system in the whole area.

The fill-in frequencies F;, Fy, and F, are also assigned to their cor-
responding cells Cy, C;, and C, (see Fig. 2.63) according to the same
value of g.

Suppose a mobile unit iz starting a call in cell C, and then moves
to C,. The call can be dropped and reinitiated in the frequency channel
from F, to F, while the mobile unit moves from cell C, to cell Cy. This
process of changing frequencies can be done automatically by the sys-
tem without the user’s intervention. This process of handofT is carried
on in the cellular system. .

The handoff processing scheme is an important task for any suc-
cessful mobile system. How does one make any one of the necessary
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“handoffs successful? How does one reduce all unnecessary handoffs in- q
the system? How i= the individual cell traffic capacity controlled by . .
altering the handoff igorithm? All these guestions will be answered
in Chap. 9.

268 Cell Splitting

26.1 Why splitting?

The motivativis beti:’ implemeriing a celllar mobile system is to
improve the uiilization of spectrum efficiency.>® The frequency reuse
scheme is one coneept, and c2ll spliti:ag is another concept. When
traffic density atarts to build up and the frequency channels ¥, in each
eell C, canmot provide enough mobile calls, the original cell can be split
into smaller cells. Usually the new radius is one-half the original ra-
dius (see Fig. 2.7). There are two ways of splitting: In Fig. 2.7a, the
original cell site is not usad, while in Fig. 2.7%, it is.

New cell radius = dd;"e“;ﬂ‘-s (2.6-1)

Then based on Eq. (2.6-1), the following equation is true.

old cell area
4

(2.6-2)

New cell area =

Let each new cell carry the same maximum traffic load of the old cell;
then, in theory,

New traffic load _ i x traffic load
Unit area unit area

26.2 How splitting?
There are two kinda of cell-splitting technigues:

1. Permanent splitting. The installation of every new split cell has
to be planned abead o thme; the number of channels, the transmitted
power, the assigned frequencies, the choosing of the cell-site selection,
and the traffic load consideration should all be considered. When
ready, the actual service cut-over should be set at the lowest traffic
point, usually at midnight on a weekcad. Hope *'iy, only a few calls
will be dropped because of this cui-cver, ussumiing i2at the downtime
of the system is within 2 h.
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Figure 2.7 Cell s07iiting,

9. Dynami~ split?ira. This zeneme in besad on viilizing the ajlocated
spectrum efficiency in real iz, The «7arithm for dynamicaily split-
tiner cell sites is a bedinie g2 e T D00 afford to have oneg singi-
cell unused wi- ing cell splittis 11., v at heavy traffic hours. Section 10.4.2
will discuss this tupic in depnth

2.7 CGonsideration ur the Goraperants of
Cellular Systems

’I‘he clements o7 o1l law muhils radio system design have beén men-
+-~ed in the previou- ~sctinr.- Mzos we must also congider ths com-
ponents of cellmar -ystsms, suci as mobile radios, antennas, celi-site
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Figura 2.8 A pgeneral view of celluler telecommunications systems.

contreller, and MTSO. They would affect our system design if we do
not choose the right one. The general view of the cellular system is
shown in Fig. 2.8. Even though the EIA (Electronic Industries Asso-
ciation) and the FCC have specified standards for radio equipment at
the cell sites and the mobile sites, we sti!l need to be concerned abeut
that equipment. The issues affecting choice of antennas, switching
equipment, and data links are briefly described here.

2.7.1 Antennas

Antenna pattern, antenna gain, antenna tilting, and antenna height®
all affect the cellular system design. The antenna pattern can be om-
- nidirectional, directional, or any shape in both the vertica! and the
herizon planes. Antenna gain compensates for the transmitted power.
Different antenna patterns and antenna gains at the cell site and at
the mobile units would affect the sysbem peri‘ormance and so must be
considered in the system demgn e

The antenna patterns seen in cellular aystems are different from
the patterns seen in free space. If a mobile unit travels around a cell
site in areas with many buildings, the omnidirectional antenna will
not duplicate the omnipattern. In addition, if the front-to-back ratio
of a directional antenna is found to be 20 dB in free space, it will be
only :0 dB at the cell site. An expla.natlon for these phenomena is
given in Chapter 5.

Antenna tilting can reduce ihe mberference to the ne1ghbormg ee!ls
and enhance the weak spots in the cell. Also the height of the cell-site
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antenna can affect the area and shape of the coverage in the system.
Tha effect of antenna height will be described in Chap. 4.

2.7.2 Switching equipment

The capasity of switching equipment in cellular systems is nut based
on the number of switch ports but on the capacity of the processor
assosigted with the switches, In a big cellelar system, tids prucessor
ahould be large. Also, because cellular systems are unlike other sys-
sems, it is important to consider when the switching equipmen: would
reach the maximum capacity. e

The service life of the switching equipment is not determined by the
life cycle of the equipment but by how long it takes to reach its full
capacity. If the switching equipment is designed in modules, or as dis-
tributed switches, more modules can be added to increase the capacity
of the equipment. For decentralized systems digital switches may e
wiore suitable. The future trend seems to be the wiilizeséen of systew
i-mdoX This means that switching equipment ecan ~“hein nuavns
~sirching squinment so that a call can be carmie =fron: ona - Cl@sna .
2o, 5yStenmwithout the call being dropped. Ve wiil disvers thess.
igsues in Chap. 11.

.73 wata links
“reeeza links are shown in Fig. 2.8. Although they aye nu diroetly
. vmeid by the cellular system, they are important in the sy tasczoun
¢ .Ly.sink can carry multiple channel data (10 kbps dota.tr.u=mitted
eomewened). from the cell site to the MTSO. This fast-spe-- daox .
frzasrmission cannot be passed through a regular telephc.c.-+wan.«
Therefore, data bank devices are needed. They can he multipiexed,
.aons-data channels passing through a wideband T-carrier wixe kine
#r griza through a microwave radio link where the frequency is wush |
highiot than 850 MHa.

2.3using Tl-carrier wire lines through telephone companica eas ke
gozti Aithnagn the use of microwaves may be a leng-termi-money
saver, the availability of the microwave link has to be consilderat uad
is described in Chap. 12. The arrangement of data links will be de-
scribed in Chap. 11. :
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“Chapter

. Specifications
of Analog Systems

In this chapter, we concenirate on U3, analeg cellular mobile speci-
fications,! Also, we touch on the differences in cther foreign analog
cellular mobile systems.

|

1

Definitions of Terms and Functions

Home rmobile station (unil). A mobile station that is subseribed
in its cellular system. ' :

Land station. A station other than a mobile station, which Links
to the mobile station.

. Control channel. A channel used for the transmission of digital

control information from a land station to a mobile station, or vice
versa.

. Forward control channe! (FDCC). A control channel used from a

land station to a mobile station.

. Reuverse control channel (RECC). A control channel used from a

mobhile etation toa land station. _
Forward voice channel (FVC). A voice channel used from a'land
station to a mobile unit.

Reuverse voire channel (RVC). A voice channel used from a mobile
station to a land station.

. Set-up channels. A number of designated control channels.

73
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10.

i1,

12,

13.

14.

15.

Chapter Threo

. Aceess channel. A control channel used by a mobile station to

accesg a systern and obtain service. The access channel always
accesses from the mobile station to the cell site.

Paging channel. The act of seeking a mobile station when an
incoming call from the land line has been placed to it.

Digital color code (DC). A digital signal transmitted by a forward
contral channel to detect capture of an interfering mobile station.
There are four codes (See Sec. 3.2.8.)

Flash request. A message sent on a voice channel from a maobhile
station to a land station indicating a user’s desire to invoke special -
processing, such as an emergency. .

Signaling tone. A 10-kHz tone transmitted by the mobile station
on a voice channel. It serves several functions.

Handoff, The act of transferring a mobile station from cne
voice channel to another voice channel. There are two kinds of
handoffs: '

a. Interhandoff, from one cell to another cell

b. Intrahandoff, within a cell

Numeric wmformation. Used to describe the operation of the mo-
bile station.

Numeric indicators
KMIN mobile identification number

MINI 24 bits that correspond to the seven-digit directory num-
bar assigned to the mobile station

MINZ 10 bits 1=at correspond to the three-digit area code

BiS Tdentifies whether a mobile station must check an idle-to- -
busy transition on a reverse control channel when access-
ing a system, In a forward controlchannel buay-idle bit
inserts in every 10-bit interval of a transmitted bit stream.

CCLIST senraied by a mebile station on a list of control channels

CMAX maxioy .# nun-b<r of control channels to be scanned by
iue mizntio station (up to 21 channels)

MAXBUSY maximum number of busy occurrences allowed on a re-
versed control channel

MAXSZTR maximum number of seizure attempis allowed on a re-
versed control channel

NBUSY number of times a mobile station attempts to seize & re-
verse control channel and finds it busy

NSZTR number of times a mobile station attempis to seize a re-
versa sontrol channe] angd f-ila

PL mobile station RF power level
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SCC a digital number that is stored and used to identify which
SAT (cee item 20 below) frequency a mobile station should
be received on

Paging. The act of seeking & mobile station when an incoming
call from the land station has been placed to it.

Paging channel. A forward control channel which is used to page
mobile stations and send orders.

Regisiration. The procedure by which a mobile station identifies
itself to a Jand station as being active.

Roamer. A mobile station which operates in a cellular system
other than the one from which service is subscribed.

Supervisory audio tone (SAT). One of three tones in the 6-kHz
region; there is one SAT frequency for each land station. In certain
circumstances, there is one SAT frequency for each sector of each
land station.

System identification (SID). A digital jdentification uniquely as-
sociated with a cellular system.

Electronic serial number (ESN). Esach mobile station has an ESN
asgigned by the manufacturer.

Group identification. A subset of the most significant bits of
STD that is used to identify a group of cellular systems, such as
NYNEX systems, PacTel systems, Southwestern Bell systems.
Channel spacing. 30 kHz per one-way channel. As an example,
channe! 1 is 825.030 MHz {(mobile transmit} and 870,030 MHz
(land transmit). Additional spectrum allocation of 10 MHz for the
cellular industry changes the channel pumbering order.

3.2 Specification of Mobile Station {Unit) in
the United States™™

3.21 Power

Let P, be the specified power and f, be the specified frequency channel.
P and f are the operating power and frequency, respectively.

Power level {carrier-off condition) requires P < —60 dBm in 2 ms
Power level (carrier-on-condition} within 3 dB of specified power{F,)
within 2 ms

Power level (off-frequency condition), if |f = £l = 1 kHz, do not
transmit; then P < —60 dBm
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Power transmitted le;*els are maximum effective radiated power
(ERP) with tespect to a half-wave dipele

Mobile stations have three station class marks:

Power class P, power level = 0 Tolerance
I 6 dBW (4.0 W} {8 dBW = P = 2 dBW)
11 2 dBW (1.6 W} ({dBW < P < -2 dBW)
m -2 dJBW (0.6 W) (0 dBW < P < -6 dBW}

Esach mobile station power class I has eight full power levels (0 to 7),
with power level 0 being the highest. Each level has a 4-dB drcp. The
total power control range for power class T {mobile) is 28 dB. The
names CMAC and VMAC indicate the maximum control and maxi-
mum voice attenuation ¢odes, respectively. For all three mobile station
power classes, power level 7 is —22 dBW (or 8 dBm or 6.3 mW).

3.2.2 Modulation

1. Compressor/ expangor wompander). N 2:1 sylinbic compander is
used. Every 2-dB change in input level converts (comprasses) to 1
dB at cutput (at the transmitted side). Then reverse the two num-
bers (expand) at the received side. It serves lwo purposes:

a. To confine the energy in the channel bandwidth
&. To generate a quieting effect during a speech pulse

2. Preemphasis / deemphasis (see Fig, 3.1). The preemphasis network

and its response are shown in Fig. 3.1. The improvement factor pry

ist



p——— -

SpecHications of Analog Systems 77

Voltage
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f.= 12 kHz 1, + 12 kHz = C)’
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Figure 3.2 Deviation limiter characteristics.

_ (AN
Pes = BIRIA, — tan™ (/)]

For fo!f, < 2, ppy approaches 1.
For wideband, f, ¥ f,. Thus

_GlfY
PFM 3

For f, = 3 kHz and f, = 300 Hz, the improvement factor ppy is

100
pry = 10 log =5 = 1523 dB

3. Deviation limiter. A mobile station must limit the instantaneous
frequency devistion to +12 kHz. The deviation limiter of the
frequency-to-voltage characteristic is shown in Fig. 3.2. .

4. Wideband data signal. A NRZ (non-return-to-zero) binary data
stream is encoded to a Manchester (biphase) code, as shown in Fig.
3.3. It modulates to a * 8-kHz binary FSK with a transmission rate
of 10 kbps. The advantage of using a Manchester code in-a voice
channel is that the energy of this code is concentrated at the trans-
misson rate of 10 kMz. Therefore, a burst of signals transmitted
aver the voice channel can be detected. The Manchester code is
applied to both control channels and voice channels. '

3.2.3 Limitation on emission

It is very important that each mobile station have a limit on its emis-
sion. An RF signal emitted by any receiver has to be less than some
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Figure 3.9 Waveforms and power spectral densities of NRZ and Manchester code. (a)
Waveforms of NEZ and Manchester code. (5) Use of two frequency deviations to rep-
resent two levels. (¢} Power spectral densities of NRZ and Manchester code.

value, which in turn depends on different frequency bands, The values
are shown in the box as follows.

In Mobile Transmil Band In Mobide Recelving Band

825 845 MHz 870 890 MHz
Emitted by any Emitted by arw
receiver < — &0 dBm receiver << — B0 dBm

22.& Security and identification

1. Mobile identification number (MIN). A binary number of 24 bits
(2% = 1.7 X 10®) derived from a 10-digit directory telephone number.

2 Electronic serial number (ESN), A 32.bit binary number that
uniquely identifies a mobile unit and must be set by the factory. At-
tempts to change the serial number circuit should render the mobile
unit fnogerative. '

The manufacturer should not overlook this requirement, and each
operating system has to check that this requirement is enforced from
different manufactured units. This number will be used in the system
for security purposes.
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An amount of revenue can be lost to the system operation if the
manufacturer fails te implement this requirement in the mobile unit
and a false ESN can be used in place easily.

3 First paging channel (FIRSTCHP). An 11-bit system which
identifies the channel nuraber of the first paging channel when the
mobile station is “home.” It is stored in the mobile unit:

4. Home system identification (SID). Fifteen-bii system used to
identify the home station. The least significant bit is 1 for a Block A
system, otherwise 0 for a Block B system.

5. Preferred system selection. Providad as a means for selecting the
preferred system as either system A or system B within & mobile
station.

3.2.5 Supervision

SAT (supervisory audio tone)

1. SAT function. There are three SAT tones: 5370, 6000, and 6030
Hz. The tolerance of each tone is = 15 Hz. The features of the SAT
tones are
o. Each land station is assigned to one SAT among the three listed

above,

5. One SAT tone is added to each forward voice channel (FVC) by
a land station. The mobile station detects, filters, and modulates
on the reversed voice channel (RVC) with this same tone.

¢. SAT is suspended during transmission of wideband data (a burst
of signaling of 10 kbps), information, or other control features
on the reverse voice channel, '

d. Tt is not suspended when a signaling tone (10 kHz) is sent.

¢. The received audio transmission must be muted if the meastred
SAT and SCC do not agree with each other.

9. SAT transmission. The tone modulation index is 5. It is a nar-
rowband FM. The deviation AF = +2 kHz is centered around each
SAT tone.

3. Fade timing status of SAT The transmitter is turned off if no
valid SAT tone can be detected or the measured SAT does not agree
with the SAT color code (SCC) of each cell site transmitted by the
control signal, or if no SAT is received when the timer counts to
5 5. SCC is indicated in the set-up channel.

Signaling tone. Signaling tones must be kept within 10 kHz + 1 Hz
and produce a nominal frequency deviation of +8 kHz of the carrier
frequency. I¢ is used over the voice channel. It serves three functions.
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1. Flush for special orders
3. Terminate the cells
3. Order confirmation

Matfunction timer set at 60 5. The transmission will cease when the
timer exceeds 60 s. The timer never expires as long as the proper
sequence of operations is taking place.

3.2.6 Call processing

Initialization. When the user turns on the mcbile station, the initial-
ization work starts.

1. Mobile station must tune to the strongest dedicated control channel
{usually one of 21 channels) within 3 s. Then a system parameter
message should be received.

2. If it cannot complete this task on the strongest dedicated control
channel, it turns to the second strongest dedicated control channel
and attempts to complete this task within the next 3.s interval.

3. Check whether it is in Enable or Disable status. Serving system
status changed to Enable if the preferred system is System A. Ser-
ving system status changed to Disable if the preferred system is
System B.

Paging channel selection

1. The mobile station must then tune to the strongest paging channel
within 3 s. Usually paging channels are control channels.

2. Receive an overhead message train and update the following:
Roam, system identification, local control status.

e stage. A mobile station executes each of four tasks at least every
46.3 ms.

1. Responds (o overhead information. Compare SID, (stored) with
SID, (received). If SID, # SID,, return to initialization stage.

2. Page match. Ifthe roam status is Disable, the mobile station must
attempt to match for one-word message or two-word messages. If
the roam status is Enable, the mobile station must attempt to
match two words.

3. Order. After matching the MIN, respond to the order.
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Rescan access channels.- Because the vehicle is moving, informa.
tion must be updated. Rescan at 2- to 5-min intervals, depending
on different manufacturers. ’

Call initlation. Origination indication (system access task).

1.

System aceess task. When the system access task is started, an
access timer is set for

Origination max 12 =
Page response max € 5
An order reaponse max B s
Registration max & &

. Scan access channels. Choose one or, at most, two channels with

the strongest signals. If the service request cannot be completed on
the strongest signal, the mobile station can seclect the second
strongest access channel (called the alternate access channel).

. Seize reverse control channel (RECC).

a. BIS = 1 status: The mobile station is ready for sending. The
land station may ask the mobile station to check and wait for
overhead message (WFOM) bit.

WFOM =1  The mabile station waits to update overhead informa.
tion (see item £).

WFOM = 0 Delay a random time (0 to 92 ms) and send service re-
quest. It ia an access attempt.

b. BIS = O status: This is the status of a “busy” condition. The
mobile station increments NBUSY by 1, and then has to wait a
random time interval of 0 to 200 ms to check the BIS status (0
to 1) again. When NBUSY exceeds MAXBUSY the call is
terminated.

. Access aitempt porometers. Maximum of 10 attempts. There is a

random delay inteival of 0 to 92 + 1 ms for each attempt at check-
ing the status of BIS. If BIS = 1, the mobile station just waits for
the transmitting power to come up and sends out the service re-
quest message. The random time delay is used to avoid two or more
mobile stations requesting services at the same time.

. Update overheed information. Update overhead information

should be completely received by the mobile station within 1.5 s

. after a call is initiated. Update overhead information is as follows.

Ouverhead information (OHD). 'The OHD will be sent by the land
station and updated by the mobile station.
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. Overhead control message (whether the system is overloaded or
not) '

b. Access type parameter message sets the busy-idle status bits in
the BIS field.

c. Access attempt parameters message provides the following
parameters.
(1) Maximum number of seizure tries allowed
(2) Maximum number of busy occurrences

After the update overhead information has been completely re-

' ciaivéd,. the mobile station waits a random time interval of 0- to 750-

ms and enters the seize reverse control channel task stated in item
3

. Delay after failure. The mobile station must examine the access

timer every 1.5 g; if it does not éxpire it reenters the access task

after failure. The three failure conditions are as follows.

a. Collision with other mobile station messages. If the collision oc-
curs before the first 56 bits, the BIS changes from 1 to 0.

b. The land station does not receive the signaling bits. the BIS
remains 1 after the mobile station has sent 104 bits.

¢. The land station receives all the signaling bits but cannot inter-
pret them and respond. :

When these conditions occur, the mobile station must wait a ran-

dom time before making the next attempt. A random delay should

be in the interval of 0 to 200 ms.

. Service request message. A whole package of service request mes-

sages must be continuously sent to the land station. The format of
each signaling word is shown in Fig. 2.4. There is a maximum
length to the message consisting of five words: A, B, C, D, E. After
a complete message is sent by the mobile station, an unmodulated
carrier followa for 25 ms to indicate the end of the message.

. Await message response. If there is no response after the request

is sent for 5 s, the call is terminated, and a 120-impulse-per-minute
fast tone is generated to the user. If deco -d MIN bits match within
5 s, the mohile station must respond wiwi the following messages.
a. If access is an erigination or page response.

(1) Initiate voice channel designation message. Update the pa-
rameters as set in the message.

{2) For a directed-retry message the mobile station must ex-
amine the signal strength on each of the retry channels and
choose up to two channels with the strongest signals. The
mobile station must then tune to the strengest retry access
channel.
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Seizure precursor
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Figure 3.4. Signaling format of both RECC and RVC. (a} Raverse control channel (RECC)
data gtream. (b) A message word of RECC. () Signaling farmat of RVC,

b. If the mobile station encounters the start of 2 new message be-
fore it receives the directed-retry message, the call has to be
terminated.

3.2.7 Mobile station controla on the
voice channel

Loss of radio-link continuity. While the mobile station is tuned to a
voice channel, a fade timer must be started when no SAT tone is re-
ceived. If the fade timer counts to 5 s, the mobile station must turn
off.

Confirm [nitial voice channel. Within 100 ms of the receipt of the initial
voice channel designation, the mobile station must determine that the
channel number is within the set allocated to the home land station
or from the other source. ' '

Alerting

1. Waiting for order
A. If an order cannot be received in & s, terminate the eall.



84  Chapter Three

B. Order received. If order is received within 100 ms, the action
to be taken for each order is
1. Handoff

a. Turn off the home land station.
{1) a 10-kHz signal tone is on for 50 ms after the SAT
tone.
(2) Turn off signaling tone.
(3) Turn off transmitter.
b. Turn on the new site, adjust power level.
(1) Turn to new channel. .
{2) Adjust to new SAT.
(3) Set SCC (signaling color code).
{4) Turn on new transmitter.

2. Alert. Turn on signaling tone, run 500 ms, and enter the
Waiting for Answer task.

3. Release
a. Send signaling tone for 1.8 s.

h. Stop sending signaling tone.
¢. Turn off the transmitter.

4, Audit. Send order confirmation message to land station, re-
main in Waiting for Answer task, and reset the order timer
for 5 5.

5. Maintenznce. Tum on signaling tone, run for 500 ms, and
enter the Waiting for Answer task.

6. Change power
a. Adjust the transmitter to new ordered level.

b. Send order confirmation te the land station.

¢. Local control. If the local control option is enabled in the
mobile station, the local control order can be enabled if
the group identification matches the SID, in the mobile
station’s permanent security memory. A system operator
can have a “local control” order for several markets and
order under a group identification.

II. Waiting for answer. After requesting orders from the land sta-
tion, the mobile station is in the Waiting for Answer status. An
alert time .:ust i— cet to 65 s, If no answer comes back in 65 s,
the call is terminated. Events occur in the same order as listed in
the Waiting for Order section above.

Conversation. A release-delay timer must be sef te 500 ms during the
conversation. The task can be used for the following conditions.

1. If the user tenninates the call.
2. If the user requests a flush.
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3. Within 100 ms of receipt of any orders, action will be taken by the
mobile station for each order

328 Signaling tformat

Signalingrate. The signaling rateis 10 kbps + 1 bps. It is slow enough
{0 not cause the intersymbol interference. The Manchester code wave-
form is applied so that the energy of this signaling waveform is con-
centrated at 10 kHz, which can be distinguizhed from the energy con-
centrated around the carrier frequency for the baseband voice. (See
Fig. 3.3¢.)

Signaling format. The reverse control channel (RECC) data stream is
shown in Fig. 3.4a. The first word of 48 bits is called the sefzure pre-
cursor, which consists of 30 synchronization bits, 11 frame bits, and 7
coded DCC (digital color code) bits.

Function Coding
3¢ synchronization bits 10101010--
11 frame bhits (word synchronization) 111000106010
T7-hit coded DCC (00} 000000
101) 0011311
(10 1100011
(i1 1111100

Each information word contains 48 bits. Each word block contains
240 bits, where each word is repeated five times.

The maximum data stream is one seizure precursor plus five word
blocks: A, B, C, D, and E. The total number of bits is 1248 bits as
shown in Fig. 3.4a.

In each information word, 36 bits are mformatwn bits and the other
12 bits are parity check bits, formed by enceding 36 bits inte a (48,
36) BCH code that has a Hamming distance of 5 (described in Chap.
13). The format is shown in Fig. 3.4b for the first word. The interpre-
tation of the data field is as follows.

F First word indication field, i—first word, 0—subsequent words

NAWC Number of additional words coming

T T field, 1—indicates an origination, 0—indicates page response

S 5 field, 1—send serial number word, 0—otherwise

E Extended address field, 1—extended address word sent, 0—not
sent

SCM Station class mark field (see Sec. 2.2.1)
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Typos of messages. The types of messages to be transmitted over the
reverse control channel (RECC) are:

» Page response message. When the mobile station receives a page
from the land station, the mobile station responds back.

» Origination message. The mobile station originates the call.

= Qrder confirmation message. The maobile station responds to the or-
der from the land station.

u Order message. The mobile station orders the tasks which should
be performed by the land station and the mobile transmission
switching office (MTS0).

Function of each word

Word A An abbreviated address word. It is always sent to identify the
mobile station.

Word B An extended address word. It will be sent on request from the
land station or in a roam situation. In addition, the local centrol
field and the other field are shown in this word.

Word C A serigl number word. Every mobile unit has a unique serial num-
ber provided by the manufacturer It is used to validate the eli-
gible users.

Word D The first word of the called address.
Word E The second word of the ecalled address.

Reverse voice channel (RYC). The reverse voice channel (RVC) is also
used by a wideband data stream sent from the mobile station to the
land station. A 10 kbps + 1 bps data stream is generated. A word is
furmed by encoding the 36 content bits into a (48, 36) BCH code, the
same as the RECC. '

1. Signalins format. The first 101 syn bits ave vsed for increasing
the possibility of successfu!l syn. The signaling format of RVC is
shown in Fig. 3.4¢. There are two words: The first word repeats five
times, and then the second word repeats five times.

2. Types of messages. There are two types of messages:

a. Order confirmation message (one word) responds to the land sta-
tion to confirm the order, e.g., handoff confirmation.

5. Called-address message (two worgds) establishes a three-party
call,
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3.3 Specification of Land Station
(United States)'™

Most parts in the Specification of the land station are the same as the
specification of the mobile station, such as the modulation of voice
signals (sec. 3.2.2), security and identification (Sec. 3.2.4),and super-
vision (See. 3.2.5). These sections will net be repeated in the specifi-
eation of the land station.

3.3.1 Power ] :
Maximum effective radiated power (ERP) and antenna height above
the average terrain (HAAT) must be coordinated locally on an engoing
basis. Maximum power is 100 W at a HAAT of 500 fi. Normally, the
transmitting 20 W at an antenna height of 100 ft above the local ter-
rain is implemented.

3.3.2 Limit on emission

The field strength limit at a distance of 100 ft or more from the re-
ceiver is 500 pV/m.

3.3.3 Call processing

Call processing is the land station operation that controls the mobile
station.

Overhead functions for mobile station initiation. The overhead message
train contains the first part of the system identification (SID1) and
the number of paging channels (IN).

©On control channel

1. Overhead information is sent on the forward control channel and
requires all mobile stations to either 1.2date or respond with new
information dvring a system access.

Update the following information

» First part of the system identification {SID1)

» Serial number (3). IfS = 1, all mobile stations send their serial
numbers during a system access; if S = 0, no need to send serial
number.

» Registration (REGH, REGR). The land station is capable of reg-
istering the mobile stations. '
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REGH =1 Enables registration for home mobile stations
REGH = 0 Qtherwise
REGR =1 Enables registration for reaming mebile stations
REGR = 0 Otherwise

m Extended address (E)

E=1 Both MIN1 and MINZ2 required
E=0D Otherwise

& Discontinuous transmission (DTX)

DTX =1 Let mobile stations use discontinuous {ransmission mode
on the voice channel (reducing power consumption for port.
able units)

DTX =0 Otherwise

» Number of paging channels (N)
s Read control-filler message (RCF) (zee Sec. 3.3.4)

RCF =1  ask the mobile unit to read control-filler message before
accessing & systern on & reverse control channel

RCF =0 Otherwise
» Combined paging/access (CPA)

CPA=1 Paging channel and access channel are the same
CPA =0 Paging channel and access channel are not the same

s Number of access channel (CMAX)

Respond with the following information

» Local control. A aystem operation for home mobile stations and
for the roaming mobile stations that are members.

s New access channels (NEWWACC). Send NEWACC informa-
tion along the first access channel. : L
= Registration increment (REGINCR). Each time the mobile sta-
tion increments a fixed value received on FOCC for its updated

registration ID if it is equipped for autonomous registration.

w Registration ID (REGID). The last registration number re-
ceived on FOCC and stored at the mobile station. Every time an
increment occurs REGID (new) = REGID (old} + REG]NCR the
mobile station identifies itself to a land station.

# Rescan. The rescan global action message must be sent to re-
quire all mobile stations to enter the initialization task.
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9. The land station will use a control message {one word or two words)
to page a mobile station through its home land station. The roam-
ing mobile station must be paged with a two-word message.

3. Orders must be sent to mobile stations with a two-word control
message. The orders can be audit and local control. By sending local
orders with the order field set to local control and using system
identifications (SID) that have identical group identifications, a
home mobile station or a roaming mobile station which is a member
of a group can be distinguished.

Land station support of system access

1. Querhead information. The following information must be sent on
a forward control channel to support system access which is used
by mobile stationa.

w Digital color code (DCC). The mobile station uses DCC to iden-
tify the land station.

a Control mobile attenuation code (CMAC). When a control-filler
message is transmitted, the mobile station receiving the code has
to adjust its transmitter power level before accessing a system
on a reverse control channel.

= Wait for overkead message (WFOM), Set WFOM to 1 in the con- -
trol-filler message; then the mobile station must wait for WFOM
before accessing a system on a reverse control channel.

» Overioad controi (OLC). The mobile stations that are assigned
to one or more of the 16 overload classes (N = 1 to 16} must not
access the system for originations on the RECC.

n Access-type parameters. When the access-type parameters’
global action message with the BIS field set to-() is appended to
a system parameter overhead message, the mobile stations do
not check for an idle-to-busy status.

» Access-attempt parameters are the limit on the number of “busy”
oceurrences for mobile stations or the defanlt values for the num-
ber of seizure attempts.

9. Reverse control channel seizure by a mobile station. When this
equals 1 all mobile stations must check for an idle-to-busy status
when accessing a system. A seizure precursor (48 bits including
coded DCC) sent by a mobile station and received by the land sta-
tion should match its encoded form of DCC.

1t must set the status of the busy-idle bits on the forward control
channel between 0.8 and 2.9 ms of receipt of the last bit of 48 bits
of the seizure precursor. The busy-idle bits must remain busy until
= 30 ms after the last word of message has been received
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s (24 N + 55) ms otherwise, where N is the maximum number of
words. Tt will not exceed 175 ms.

3. Response to mobile station messages. It is not required that the
1and station respond to the mobile station message. During periods
of system overload or high usage, it may be desirable to permit
mobile stations to “time-out” rather than sending retease or other
orders which use system capacity. The usual time-out period i5 5 5.
It means that after 5 s, if the mobile station does not receive any
response from the land station, the mobile station terminates the
transmitted power. The following responses to mobile stations may
be sent:

a. Origination message. Send one of the following orders.
(1} Initial voice channel designation '
(2) Directed retry—direct to other cell site
{3) Intercept—priority feature
{4) Reorder—initiate again
b. Page response message. Send one of the following orders.
(1) Initial voice channel designation
(2) Directed retry
(3) Release—turn off signaling tone and release the channel
c. Order message. Send one of the following orders.
(1) Order confirmation
(2) Release
d. Order confirmation message. “No message is sent.”

Mobile station control on voice channel. The change of status of the
supervisory audio tone (SAT) and signaling tone (8T) are used to sig-
nal the occurrence of certain events during the progress of a call, such
as confirming orders, sending a release request, sending a fiash re-
quest, and loss of radic-link continuity. In addition to the analog sig-
naling (SAT and ST) to and from the mobile station, digital messages
(in & burst mode with 10 kbps transmission rate) can be sent to and
received from the mobile station. Response to the digital message is
either a digital message or a status change of SAT and ST.

We use the notation “(SAT, ST) status” to describe the signaling
condition.

{SAT, ST)
Cn Off On oF status® - Conditions
1 ' 0 (1,00 Mohile off-hook
1 1 : {1.1) - Mabile on-hook
0 1 {0,1} Maobile in fade

0 0 (0,0} Maobile transmitter off
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1. Loss of radio-link continuity. A designated SAT tone is continu-
ously sent to the mobile station; the same SAT should be sent back
on a reverse voice channel. If within 5 s the SAT has not been
recaived, the land station would assume that the mobile station is
lost and terminates the call.

2. Initial voice channel confirmation
a. Confirmation will be received by the land station as a change in

the SAT, ST status from {0,0) to (1,0}

b. If the confirmation is not received, the land station must either
resend the message or turn off the voice channel transmitter.

c. 1f the mobile station was paged, the land station must enter the
Wait for Order task or Conversation task.

3. Alerting
a. Waiting for Order task. After being paged, the mobile station

confirms the initial voice channel designation.

(1) Handoff The mobile station confirms the order by a change
in the (SAT, 5T) status from (1,0} te (1,1} for 50 ms. The
land station must remain in the Waiting for Order task.

(2) Alert. The mobile station confirms the order by changing
{SAT, ST) status from (1,0) to (1,1}, The land station must
then enter the Waiting for Answer task.

(3) Release. The mobile station confirms the order by a change
of (SAT, ST) status from (1,0} to (1,1) and holds the (1,1)
status for 1.8 s. The land station must then turn off the
transmitter.

(4) Audit. The mobile station confirms the order by a digital
message. The land station remains in the Waiting for Order
task.

(5) Maintenance. The mobile station confirms the order by a
change in (SAT, ST) status from (1,0} to (1,1). The land sta-
tion remains in the Waiting for Order mede.

{8) Change power. The mobile station confirms the order by a
digital message.

{7) Local ¢wiiroi, Tan confirmation and action depands on the
message.

b. Waiting for Answer task. When this task is entered, an alert
timer must be set for 30 s. The following orders can be sent:
(1) Hardoff The mobile station confirms the order by a change

of (SA'T. ST) status from (1,1} to (1,0} for 500 ms followed by
(1,00 %o (1,1) held for 50 ms on the old channel. Then (1,1
status is sent on the new chaonel. |

(2) Alert. T no confirmation is received, the land station must
reset the alert timer to 30 s.

-
-
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(3) Stop alert. The mobile station confirms the order by a
change of (SAT, ST) status from (1,1) to (1,0).

(4) Release. 'The mobile station confirms the arder by changing
(SAT, ST) status from (1,1) to {1,0) for 500 ms followed by a
change of (SAT, ST} from {1,0) to {1,1), which is then held
for 1.6 s. The land station must turn off the transmitter.

(5) Audii. The mobile station confirms the order by a digital
message.

(6) Maintenance. If no confirmation is received, the land sta-
tion resets the alert timer to 30 s.

{(T) Change power. The mobile station confirms the order by a
digita! message (see Sec. 3.2.1).

(8) Local control. 'The confirmation and action depends on the
message. -

4. Conversaiion. The mobile station signals an answer by a change
in the (SAT, ST) status from (1,1) to (1,0). The land station enters
the conversation task.

a.

Handoff, The mobile station confirms the order by a change in
the (SAT, ST) from (1,0} to (1,1), which is then held for 50 ms.
Then the land station must remain in the Conversation task.

. Send called address. The called mohile station confirms the or-

der by a digital message with the called address information.
This feature would save the established link if the called address
were in error because of the transmission medinm.

. The functions alert, release, audit, meintenance, and local con-

trol. Same as in the Waiting for Order task.

. Change power. The mobile station confirms the order by a dig-

ital message.

. Flash request. The mobile station signals a flash by changing

(SAT, ST) from (1,0) to (1,1) then holding (1,1} for 400 ms, then
following with a transition to (1,0).

Release request. ‘The mobile station signals a release by chang-
ing the (SAT, ST) status from (1,0) to (1,1), which is then held
for 1:8 s. The land station must turn off the transmitter. This
would be used for the mcbile user who dials & called number and

decides t¢ terminate for any reason.

3.3.4 Signaling formats

Forward control channel (FOCC). The FOCC is a continuous wideband
10 kbps + 0.1 bps data stream sent from the land station to the mobile
station. Each forward control channel consists of three discrete infor-
mation streams (see Fig. 3.5):
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L 40 40 40
10 11— ~ : et *
Doring | sync.
Bflhi‘ra1 1 1T 1 111 11 11ttt
Repeat 1 Repeal 1 Repest 2 Repeal 2
of word A of word B oiword A olword B
@ 40 40 40 <0 40
L = b A ¥ A L 3 v - T A ]
Dotting
Bﬂbits1‘11‘1111111'11'11111"‘

Repeat3 Repeatd Repeatd4  Fepeatd FRepeats FRepeat$
olwotd A ofwordB ofwordA ofwordB olwordA ofword B

aj .

40 bits
28 bilg 12 bits
Intormation bils Parity check bits
)

Figure 35 Forward control channel message stream (land-to-mobileh. (a) Signaling for-
mat of FOCC, (b A message word of FOCC.

Stream A (least significant bit of MIN = 0)
Stream B {least significant bit of MIN = 1)

Busy-idle stream (busy = 0, idle = 1); it is at a 1 kbps rate, i.e., one
busy-idle bit every 10 data bits.

The 10-bit dotting sequence (1010101010) is for bit syn. The 10-bit
length is assumed to be sufficient for bit syn because the mobile sta-
tion is always monitoring the FOCC after initialization (see 3 2.6). The
frame syn bits are the Barker sequence (11100010012). A word is
formed by coding 28 control bit- inte: 3 (40, 28, 5) BCH code. The total
number of bits is 40, the number of information bits is 28, and the
hamming distance is 5. The hamming distance d can be translated to
the capability of error correction bits, ¢, as follows:

d-1_

— =12

2

.

Since this code will deteet errors as well as correct them, it reduces
to correct one bit in error and assure detection of two, bits in errvor.
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(]
2 2 10 3 13 12
T, 10 | SCC #u1 |  MNZg, |vMAc chan| P
fla]
OCC 7 bil coded . sCC
drom FOCC) | BCC on RECC
00 ogacoco |~ o0 5970 Hz
- *
a1 0011411 {0t 600D Hz
10 1100011 3 10 6030 Hx
11 111100 $1] HNota channel designation
(d)

Figure 3.6 Mobile station control message. (2) Word l—abbreviated address word
(the busy-idie stream is not shown); (b} ward 2—extended address word (SCC =
11); (¢) word 2—extended address wond (SCC # 11%; () DCC and SCC codes.

The code is a shortened version of the primitive (63,51,5) BCH code.
It has 12 parity check bits. As long as the 12 parity check bits are
retained, the shortened version can be any length. We use (40,28,5),
for which & message of 28 bits is suitable (see Fig. 3.5b). The trans-
mission rate is 10 kbps. The throughput is 1200 bps (see Fig. 3.5q).

B

Types of messages

1. Mobile station control messoge. Consists of one, two, or four

words.

a. Ward 1. Abbreviated address word (sce Fig. 3.6a), T\ T, = type
field. '
7T, =100 Only word 1 is sent
T, =01 Multiple words are sent, -
DCC—digital color code field, 2 bits sent on FOCC. Then it is
received by the mobile station and translated to a T-bit coded

DCC on RECC (see Fig. 3.6d).
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Owarnead message hpes
Code Order
et registration 10
om contsol-hiler
010 resecvid
o reserved
100 global aciion
101t resaryed
110 word 1 of systam parameter messaga
111 word 2 of systern parameter message
{a)
2 (4 ) 20 1 3 2
T, ipcc REGID eno|oHo| P
)

Figure 3.7 Overhead message types and format,

b. Words 2 to 4. Extended address word 7,7, = 10, set in each
additional word (see Fig. 3.6b and ¢). Let 8CC = 11 or 5CC # .
11 {see two bits indicated in Fig. 3.6d).

(1) Word 2
{a) By combining “order code” (ORDER) and “order qualifi-
cation code” (ORDQ) in this word (see Fig. 3.64), we can
describe 11 functions. :
Page {or origination)  Registration

Alert Intercept
Release Maintenance
Reorder Send called address
Stop alert Direct-retry status
Audit
(b) Also changes the mobile station power levels in eight
tevels

{2y Worg 3. First directed-retry wezd
(3) Word 4. Second directed-retry ward.

9. Overhead message (OHD). A 3$-bit OHD field (see Fig. 3.7a) is used
to identify the cverhead message types. It locates just before the
12 parity check bits shown in Fig. 3.7b. The overhead types are
grouped into the following functional classes.

a. System parameter overhead message. The system parameter -
overhead message must be sent every 0.8 + 0.3 s. It consists of
two words: word 1 contains the first part of the system identi-

.
-~
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as | we| werd | Bs | wo | word | BS | ws | word [ 1el.s
o
VG W1 11 a8 87 11 40 3 1% e (18,12)
RVC we m Pt 7 N 8 T M 1,43 (38,12}
Repeat 11 bmes  for FVC '8s - Bitsyne,
‘Repeat Stimes  for AVG '|WS-Word sync.
Figure 3.8 Signaling format of FVC and RVC, !
fication field, and word 2 contains the number c-L paging chan-

nels and number of access channels.

b. Global action overhead message. There are many global action
overhead messages. Each of them consists of one word, The ac-
tions are registration increment, new access channel starting
point, maximum busy occurrences, maxirnum Seizure tries, ete.

¢. Repistration ID message. It consists of one word containing the
registration ID field. B

d. Control-filler message. It consists of one word and is sent
whenever there is no other message to be sent on FOCC. It is
used to specify a control mobile attenuation code (CMAC) which
is used by mobile stations accessing the system, and a Wait for
Overhead Message bit (WPOM) indicating whether mobile sta-
tions must read an gverhead message train before accessing the

system, :
3. Data restriction !

a. The overhead message transmission rate is about once per
‘second, '

b. Design the control-filler message to exclude the frame-sync
{word sync) sequence. B .

¢. Restrict the use of certain control office codes -, |

. [

Forward voice channel (FYC). During the call period, FYC is used for
signaling. At the beginning, the 101-bit dotting sequence is used for
* bit sync then for all the repeat dotting sequences; each of them only
containg 97 bits; as shown in Fig. 3.8. The word length is 40 bits and
‘repeats 11 times. The reason for repeating 11 times is to be sure that
the handoff message would reach the mobile station before the signal
dropped below the unacceptable level at the mobile station. The FVC
signaling is mainly used for handoff, and the signal level when the
handoff occurs.is usually very weak. Therefore, the purposé of the FVC
is to be sure that the mobile station will get the message and not have -
a chance to send back a response on receipt because of & weak signal
condition. . ' AN T
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3.3.5 Additional spectrum radio

{ASR) issues

The FCC has alloested az additional 83 voice channels to each system
(Band A and Band 8). ASR will have 832 channels, half of them, 416
channels (333 channels plus 83 channels), are operated for each sys-
tem. The 21 control channels still remain the same, but the total num-
ber of voice channels becomes 395. The new numbering scheme is
shown below.

Numbsring achems

(Basm Tx) — 869 B0 880 590 LI 94 Mz [Base Tx)

(Mol Tz)—=  B24 B2e mas 845 st 849 MK (Mobas Tx)
channats) — (Haw} {hbirm] [Noirwr}

el ! A | 23N xy(E) SA) )

(Ch. numberirg] — 991 1 339344 886 867 nens 709
1022 :

ASR is identified by using the station class mark field as shown in
Fig. 3.4b. The station class mark (SCM) consists of 4 bits and is epec-
ified as shown below.

Power clasa 2CM Tranamission SCM Bandwidth SCM
Class 1 {4 W) XX00 Continuous XoXH 20 Mhz 0RO

Class Il (L2 W)} o Discontinuous Xixx 25 MHz (ASR) 1X3XX
Claass (II (0.6 W) 10
Reserved XxX11

The new frequency management charts for Block A and Block B are
shown in Table 3.1.

3.4 Different Specification: of the World’s
Analog Cellular Systems

In general, cellular systens can be classified by their operating fre-
quencies: 450-MHz or 800-MHz. Also, they can be distinguished by
the spacing between their channels (also called the channel band-
width); 30, 25, or 20 kHz. Japanese NTT has deployed a 12.5-kHz
channel spacing in their cellular system.

The large-capacity celiular telephenes used in the world are listed
in Table 3.2. There are five major systems, and their message protec-
tion schemes are different. The major differences are
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YABLE 3.3 Workis Analog Cellular Systems

NTT AMPS . TACS NMT C450 NEC

Japan US. - England 4 Nordic countries Germany Australia
Cenada Hong Kong Spain Singapore
South Korea China The Netherlands Hong Kong
Heng Kong Belgium Jordan
Taiwan Oman Colombia
Australia - Saudi Arabia Mexico
China Tunisia Kuwait
Mexico Malaysia
Braxzil Australia
Argentina Ireland
Chite

SoURCE: Report from International Radic Consultative Commitiee (CCIR).

1. The principle of majority decision (PMD)
2. The automatic repeat request (ARQ)

These schemes each have their merits. In a very severe fading envi-
ronment, PMD is a good candidate. In a fairly light fading environ-
ment, ARQ is a good candidate. Table 3.3 lists the system of each
couniry’s use. There are 25 countries which have cellular systems.

Today there is no compatibility among the analog cellular systems

serving European countries. In 1982, they agreed to set up a pan-
European digital cellular standard, called GSM (special mobile group)
specification, which was implemented in 1992 and is described in
Chap. 15,
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