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This paper introduces a series of papers that describe in detail the
Bell System’s Advanced Mobile Phone Service (amps). It presents a
brief history of mobile radio, highlighting the important events and
legal dectsions that preceded development of the amps system. The
cellular system concept that has been embodied in AMPS makes large-
scale mobile-radio service affordable to a sizable segment of the
public. This concept calls for dividing transmission areas into “cells”
to handle radio traffic, and, as traffic grows, subdividing those cells
into smaller segments without increasing radio spectrum. This paper .
outlines AMPS objectives and sets the stage for more detailed articles
on uts evolution, its design and testing, and maintenance considera-

tions.

. INTRODUCTION

The potential for communicating with nonfixed points over the
horizon without the use of wires was soon recognized following the
invention of radio in the late 1800s and its development in the early
1900s. The first major use of this potential was to vessels at sea as an
ald to navigation and safety. Since those early days, the use of mobile
radio (as it is now called) has spread dramatically. Today it is used to
communicate not only with ships at sea but with land vehicles, aircraft,
and even with people using portable equipment.

The expanding need and concomitant growth have led to the devel-
opment of the newest mobile system for common-carrier offering to
the public, the Advanced Mobile Phone Service (AMPS),* the subject

* Known during developmental stages as High-Capacity Mobile Telecommunications
System (HCMTS).



of this special issue of The Bell System Technical Journal. This
system, in its mature configuration, will handle large quantities of
mobile telephone traffic. High capacity will be achieved by dividing
desired service areas into many small cells of radio coverage and, most
important, by operating with the same radio spectrum utilized many
times over within the service area.

This paper surveys the background and history of mobile radio,
including governmental regulatory events, the development of systems
used up to the present, and the emergence of new concepts and
technology. The overview of AMPS introduces readers to the makeup,
service objectives, and features of the new system.

II. BACKGROUND AND HISTORY
2.1 Early systems

In 1921 the Detroit police department made the earliest significant
use of mobile radio in a vehicle.! That system operated at a frequency
close to 2 MHz. The utility of this idea was so obvious that the
channels in this low-frequency band were soon crowded.

New frequencies between 30 and 40 MHz were made available about
1940. A natural outgrowth of that development was the use of fre-
quency modulation to improve reception in the presence of fading of
the signal, electrical noise, and static. Opening the band encouraged a
substantial buildup of police systems that started in the early 1940s
and continues today. :

Shortly thereafter, other users found a need for this form of com-
munication. Private individuals, companies, and other public agencies
purchased and operated their own mobile units and land (base) equip-
ment. Over the years, the Federal Communications Commission (FCC)
made available some 40 MHz of spectrum in bits and pieces between
30 and 500 MHz for various recognized and special uses. Today,
approximately eight million licensed units enjoy this type of private
service.® These systems are not generally connected directly to the
telephone network.

In addition, the FCC has currently licensed over eight million
citizens band radio units which are permitted to operate on 40 chan-
nels. An equal number of unlicensed units is also estimated to be
operating on these channels. These figures graphically show that a
great number of people want to communicate while on the move.

* In the early days, Bell System companies engineered, furnished, and maintained
systems for private entities and public agencies such as police departments. This service
was eliminated as a result of the 1956 consent decree: Final Judgment of January 24,
1956, in U.S.A. vs Western Electric et al.
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2.2 Public correspondence systems

Immediately after World War 11, the Bell System embarked on a
program of supplying “public correspondence systems.” The term
means systems provided by a common carrier to pernit communica-
tion among a variety of users that achieves large-scale economies by
combining miscellaneous kinds of traffic into larger, more efficiently
handled amounts. The FCC's official classification of this service 18
“Domestic Public Land Mobile Radio Service” (DPLMRS). (See Table
[ for a chronology of events in mobile radio history.)

The first of these public correspondence systems was inaugurated in
1946 to serve the city of St. Louis® with three channels near 150 MHz.
The FCC had originally allocated six channels spaced 60 kHz apart,
but the equipment was not sophisticated enough to prevent interfer-
ence from adjacent channels being used in the same area. The St.
Louis system was called an “urban’’ system.

In 1947, a “highway" system using frequencies in the 35- to 44-MH:z
band began operations along the highway between New York and
Boston. These latter frequencies were thought to carry greater dis-
tances and, therefore, to be more useful in covering stretches of
highway. However, these frequencies proved troublesome because of
the skip-distance propagation phenomenon that carried unwanted
conversations across the country. Today, the use of the 35- to 4i-MHz

band is declining. .

Table |—History of mobile telecommunications related to common-
carrier services

FCC Dockets Service Offerings

1946 First Bell System mobile ser-
vice (150 MHz)
No. 8658, Bell Svstem proposal for 40-MHz- 1947 Highway mobile service (35
bandwidth syvstem MHz)
No. 8976, UHF TV, more detailed Bell Sys- 1949
tem proposal for 40-MHz bandwidth
system

1956 First manual 450-MHz service
No. 11997, Bell System proposal for 75- 1958

MHz system at 800'MHz
1964 First automatic 150-MHz ser-

vice — MJ
1969 First automatic 450-MHz ser-
vice — MK
No. 18262. Allocation to common carriers
— 75 MHz, tentative 1970
— 40 MHz, firm : 1974
Open to “any” common carrier 1975
[linois Bell request for developmental 1975
authorization
Developmental authorization granted 1977
1978 amps Developmental System

trial {850 MHa2)
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Both the urban and highway systems employed push-to-tatk oper-
ation (somewhat unfamiliar to the ordinary telephone user) and were
severely limited in the number of channels available. Nevertheless,
more systems of both types were installed for cities and highways
around the country. In many cases, the demand for service was such
that the available channels could serve only a fraction of the demand
for traffic and prospective customers had to be put on backlog lists.

Around 1955, the number of channels available at 150 MHz was
expanded from 6 to 11 by the creation of new channels between old
ones (i.e., chaiinel spacing of 30 kHz). The year 1956 saw the addition
of 12 channels near 450 MHz and the installation of the first system in
this frequency range. All systems operated in the “manual” mode, with
each call to or from a mobile unit handled by a special mobile operator.
Mobile service still operates on a manual basis in some areas today.

In 1964, a new svstem, called the MJ, was developed and installed to
improve efficicncy, to reduce costs, and to achieve trunking advantage
in cities having multiple channels. This system operated at 150 MHz,
furnished automatic channel selection for each call, eliminated the
need for push-to-talk, and allowed customers to do their own dialing.
Most systems installed since 1964 are automatic, and many of the
predecessor manual systems have been replaced.

In 1969 the automatic capability was extended to the 450-MHz
channels with a system called the mk. The MJ and the MK were parts
of the Improved Mobile Telephone System (1MTs),’ the current stan-
dard for mobi'. service. In some respects, especially in convenience of
dialing, the se:vice given to IMTS customers is commensurate with that
obtained with land-line telephones. i

Present-dav mobile telephone service requires a single land trans-
mitter station positioned at a high elevation so that received signal
levels at molile units are substantially above the ambient noise
throughout m~st of the desired coverage area. For each channel, the
output power >f the land transmitter is typically 200 or 250 watts, and
transmitting <utenna gain is sometimes used to raise the effective
radiated powe - to 500 watts. Such a system ensures coverage as far as
20 or 25 miles from the transmitter site. Although the signal level on
a channel ‘m: . be poor beyond 25 miles, it is still high enough to
interfere signi.icantly with other mobile communications on the same
frequency witizin 60 to 100 miles of the land transmitter. Consequently,
two land tran.initters spaced more closely than this should not use the
same mobile tclephone channel frequency. If land transmitters on the
same frequency are farther apart, each can serve mobile units within
about 20 miles with only minor interference, because any mobile unit
is much closer to the land transmitter serving it than to any interfering

transmitter.
From its inception to the present, mobile service has remained a
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scarce luxury. Each month, mobile telephone customers typically pay
10 to 20 times as much for mobile service as for residential telephone
service. Despite the cost, many telephone companies can cite long lists
of “held orders™—unfilled requests for service—from people who want
to become mobile subscribers. Market studies'’ have repeatedly un-
covered a sizable demand at lower prices,

But even if the cost of mobile service could be reduced substantially,
the primary factor that has hampered the spread of mobile service
thus far has been the unavailability of spectrum. No new customers
could be accommodated in many areas because only a few dozen
channels are available for present-day service, and even these are
fractured into several frequency bands and partitioned among different
classes of service carriers. :

Since 1949, common-carrier entities known as “Radio Common
Carriers” (Rcc), companies not providing public landline telephone
service, have been given separate channels to furnish the same kind of
mobile services as the wire-line common carriers (the Bell System and
other telephone companies). With about the same number of channels
available, they serve roughly the same number of customers. Table [I
shows the number of channels available for each type of carrier and
the number of two-way mobile units served by each for the most recent
year for which figures are available. -

Compare the number (approximately 143,000) of Rcc and wire-line
common-carrier customers with the estimated 16 million o more
private units not served by common carriers: the ratio is about 1:110.*
There are many, both inside and outside the Bell System, who believe
that this ratio reflects the number of available channels allocated to
the different uses rather than the inherent demand for such services.
The FCC has taken this into account in its most recent grant of 40
MH:z of spectrum for use by common carriers,

2.3 Regulatory history

Since 1946, Bell System planners have been looking forward to the
large-scale system they believed necessary to satisfy customer de-
mands. Proposals for such a system were made from time to time, as
described below. These generally were associated with FCC Dockets,
as noted in the left-hand column of Table [.

In 1947, in connection with FCC Docket 8658, the Bell System asked
for 12 more channels to use immediately in the same manner as the 6
already granted for urban service. Also requested was sufficient band-
width for some 150 two-way channels from which large blocks of

* This is much smaller than the ratio of frequencies allocated (1:16) but is entirely
consistent with the fact that the amount of traffic per mobile is much lower and channel
loading is much higher in the private svystems.

5




Table I—Channel allocations, number of mobile units, and numbér

of systems
Wireline Common
Carriers
T e Radio
Indepen- Common
Bell dent Total Carriers Total
Number of
two-way
channels 23 23 23* 21t 54
MH:z allocated 1.38 1.38 1.38 1.12 2.5
Number of
mobile units
(December 1977) 44,500 18,200 62,700 80.000¢ 143,000
Number of {approx.)
systems
(December 1977) 635 716 1,351 1,375 2,726

* Excludes 10 channels in the 35- to 40-MHz “highway"” band, which are of limited
and declining utility.

t Excludes the newest shared-with-Tv channels in the 470- to 500-MHz band, since
there has not been time for significant usage to build up.

f Projected forward from 1976 and earlier data.

channels could be assembled to achieve spectrum efficiency and ca-
pacity advantages. The planned 100-kHz spacing plus suitable guard
bands (between mobile and land transmitters and between mobile and
other services in adjacent bands) added up to approximately 40 MHz.

In 1949, a Bell System proposal representing a more mature plan for
a broadband system was described in connection with FCC Docket
8976. This docket considered the disposition of UHF TV (470 to 89U
MHz). The FCC decided at that time against providing a broadband
mobile allocation in this band. :

In 1958, the Bell System again made a broadband proposal, this time
for a 75-MHz bandwidth (new estimated required spectrum) located
at 800 MHz. This proposal was submitted as a response to an inquiry
made by the FCC in its Docket 11997,

After considering the above proposal and the general pressure for
more radio communications, in 1968 the FCC started Docket 18262,
specifically addressed to the question of alleviating the large backlog
of requests for frequencies for mobile use. Deliberating on requests for
common-carrier service and for private-type service led the FCC to
tentatively decide in 1970 to allocate 75 MHz for wire-line common-
carrier use and 40 MHz to supplement private services. It proposed to
do this by eliminating channels 70 through 83 in UHF TV and by using
certain other pieces of spectrum from 806 to 947 MHz (a total of 115
MHz). The FCC invited industry to respond in 18 months with
proposals for achieving communication objectives and demonstrating
feasibility. In December 1971, the Bell System responded with a
technical report which asserted feasibility by showing in considerable
detail how a system might be composed.?
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In 1974, the FCC made a firm allocation, different from the above:
40 MHz for wire-line common-carrier use and 30 MHz to supplement
private services. The remainder of the 115 MHz was to be reserved
pending further demonstrations of need. In doing this, the FCC
strongly urged all suppliers to design their systems for greatest utility
and spectrum efficiency.

Early in 1975, the FCC made some modifications in its 1974 deci-
sions. One was to open the 40-MHz allocation for common-carrier
service to “‘any qualified common carrier” rather than limit it to the
wire-line carriers. In July 1975, the Illinois Bell Telephone Company

filed a request to the FCC for authorization to install and test a

developmental system in Chicago. This was granted in March 1977.

2.4 Emergence of key concepts

From our discussion thus far, it is obvious that the high-capacity
system has been the result of planning and key concepts that have
been emerging over a long period of time. Perhaps the first concept to
be appreciated as necessary to an efficient, large-capacity operation
was trunking, so much so that it was part of the proposal to the FCC
in 1947. Trunking, as used here, is the ability to combine several
channels into a single group so that a mobile can be connected to any
unused channel in the group for either an incoming or outgoi_,ﬁg call.
This arrangement reduces blocking probability and greatly ingeases
traffic-carrying efficiency relative to the situation in which a mobile
unit can utilize only one fixed channel.*

One problem that bothered early planners was how to achieve full
trunking advantage without requiring each mobile unit to be able to
tune to every one of the channels in use for this service throughout the
country. In those days, each new operating frequency required two
quartz crystals and a position on the channel selector switch. The
solution came when it becanie technologically feasible to construct a
low-cost frequency synthesizer that could be set on any of a large
number of frequencies but required only a small number of quartz
crystals. While the basic idea is quite old, the circuit was made practical
and economical only in the early 1970s. It is now taken for granted in
ongoing planning.

The cellular concept and the realization that small cells with spec-
trum re-use could increase traffic capacity substantially seem to have
materialized from nowhere, although both were verbalized in 1947 by
D. H. Ring of Bell Laboratories in unpublished work. According to the

~ * The 1MTs systems employ trunking to advantage, but the small number of channels
in use in a given system (typically less than the 12 that could be assigned) limits trunking

efficiency.



cellular concept, a desired service area is divided into regions called
cells, each with its own land radio equipment for transmission to and
from mobile units within the cell. It was further recognized that if the
available channels were distributed among smaller cells the traffic
capacity would be greater. Thus a system needing a relatively small
capacity could use large cells, and, as necessary to achieve larger
capacity, these cells could be divided into smaller ones. Each channel
frequency can then be used for many independent conversations in
many cells which are spaced far enough from each other to avoid
undue interference.

From 1947 on, the teams planning the eventual system had faith
that the means for administering and connecting to many small cells
would evolve by the time they were needed. Those means did, in fact,
become a reality with the advent of electronic switching technology.

Locating and handoff are concepts that come directly from the use
of small cells. The act of transferring from one channel to another is
called handoff. “Locating” is a process for determining whether it
would be better from the point of view of signal quality and potential
interference to transfer an active connection with a mobile unit to
another land transmit/receive equipment, or perhaps to another land
site.* The process entails sampling the signal from the mobile unit-to
determine if handoff from one voice channel to another is required.
Since a mobile unit will sometimes move beyond the borders of one
cell into another, it will be desirable to transfer the connection to an

appropriate new cell. :
The system, as presently planned, uses omnidirectional antennas

when the cells are large. When smaller cells are created, directional
antennas are used which divide each cell into three sectors, each
served by an appropriate directional antenna at the cell site. This
concept was introduced many vears ago.T This advantageous arrange-
ment reduces the amount of co-channel interference from surrounding
cells and increases system capacity. It is covered further in Ref. 9.

The plan for increasing traffic capacity, as required, from a sparse
systemn to a mature system in a given metropolitan service area,
assumes the division of the large cells used at first into small cells as
needed. The best method for achieving this is a growth plan developed
in recent years (see Ref. 9).

1. OVERVIEW

This section gives an overview of the AMPs system, covering the
objectives, the basic system, services and features, and additional
problems and considerations.

* The prime purpose of this process is not to determine the geographic location of
the mobile unit, although the geographical location is a statistical factor in performance.

1 Described in Ref. 8.



3.1 Objectives

The major AMPS system objectives are discussed in the following

paragraphs.

(1) Large subscriber capacity: The capability of serving a large
amount of traffic to many thousands of mobile users within a
local service area, such as a greater metropolitan area, within
a fixed allocation of several hundred channels is essential to
AMPS.

(t1) Efficient use of spectrum:* The scarcity of radio spectrum as
a public resource demands that it will be used responsibly.
aMPs will use it efficiently, for unless this is achieved, amMPs
would lack the ability to take care of the large anticipated
traffic within the allotted band.

(tir) Nationwide compatibility: The FCC strongly urges nation-
wide compatibility. The objective means that mobile systems
everywhere should provide the same basic service with the
same standards of operation to be sure that a mobile station
based in one place will achieve satisfactory service elsewhere.

(iv) Widespread availability: Studies of existing services show
that it is important to many users to be able to roam far from
their normal home system and still receive service. Neither
this characteristic nor nationwide compatibility necessarily
implies universal coverage. Wide-area coverage will be
achieved gradually as metropolitan systems extend t®eir cov-
erage into surrounding suburbs, and finally along the fincipal
road and rail routes between metropolitan centers.

(v} Adaptability to traffic density: Since the density will differ
from one point in an area to another in a city and more remote
points, and since all of this will change with time, an AMPS
objective is to be adaptable to these variable needs.

(vt) Seruice to vehicles and to portables: While aAMPs is conceived
primarily for use with vehicles, an important objective is to
make it compatible with portables (hand-carried). This should
be possible with little or no compromise in the design of the
land-based network.

(vt} Regular telephone service and special services, including
“dispatch”™: In addition to regular telephone service, aAMPs
should provide specialized services, such as dispatch or fleet
operation, and special features, such as abbreviated dialing.

(vat) “Telephone” quality of service: As for quality of service, the
capability objective is essentially the same quality as ordinary

* A meaningful measure of spectrum efficiency is the number of simultaneous voice-

communication paths that can be created per megahertz of spectrum and per square
mile of area. This measure is useful where mobile terminals are statistically scattered

throughout a service area.
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nonradio telephone service. Since the types of impairments
encountered are not always the same, it is soinetimes difficuit
to ensure achieving identical quality. The goal is that the
audio quality—faithful reproduction of voice and freedom
from excessive noise and distortion—will not differ in overall
effect as perceived by the user. It also means that service-
quality as measured by occasional blocking of the paths from
customer to central office will not be noticeably greater than
that encountered in the land network. This will be a very large
improvement over current radio service, in which the pressure
to accommodate many customers results in channel loading
which frequently causes the probability of blocking to exceed -
50 percent.

(ix) Affordability: A goal is to make the service affordable by a.
substantial portion of the public and of businesses. Cost econ-
omies due to large production runs will tend to make this

possible.

3.2 Basic system

Figure 1 shows the basic structure of the system as presently
planned. The service area to be covered is divided into an appropriate
number of cells. Each cell site has radio equipment and associated
controls that can effect the connection to any mobile unit located in
the cell. The cell sites are interconnected to and controlled by a central
Mobile Telecommunications Switching Office (MTso). The MTSO is-
basically a telephone switching office with substantia! capabilities for
software control. It connects to the telephone network and also pro- -
vides the means to perform maintenance and testing 2nd to record call
information for billing purposes.* h

All of the above make up the land-based part of the AMPS system.
The mobile units complete the system.

The frequency layout (channel assignments) plan, the plan of oper-
ation for the system, and the way objectives cited earlier will be
achieved are described in Ref. 9.

3.3 Services and features

The basic service is a telephone in a vehicle and is analagous to the
individual telephone in the nationwide telephone neiwork.

Beyond this, the intention is to offer mobile users features ordinarily
available to telephone users, with emphasis on those of particular
value in the mobile environment. One feature not ¢:nerally available

* In this overview, the MTs0 is portrayed as a compact monolithic entity. In future
practice, however, there may be multiple MTs0s, as required for achieving greatest
economy and sufficient capacity.
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Fig. 1—The components and layout of the AMPS system.

in non-mobile phones, pre-origination dialing, will be included. This
allows a customer to enter and store the called destination number
before going off-hook. Then, when the user wishes to place the call, he
begins the connection process by going off hook; the system uses this .
stored number to complete the connection. If the called line is busy or
doesn’t answer, the user may try again later without having to enter
the same number again. &
Eventually, the following vertical services, Customer Calling Ser-
vices, furnished by Ess offices'® may be made available fo¥ mobile .

users:

(1)

(i)

(zi)

“Three-Way Calling” permits a mobile user whose phone is ‘
already connected to another phone to originate a call fo a

third party, to switch back and forth between the connections,

to bridge both connections as desired, or to connect the two.

-

other parties for continued conversation and then disconnect

himself. With this feature, the mobile user can, for example,
transfer a connection to another party.

“Call Waltmg furnishes a signal to alert the mobile userto an ’

. incoming call while a conversation is already in progress. By

making use of the three-way calling feature, the customer will
be able to transfer, accept the new call, and hold or terminate
the former connection in progress.

“Speed Calling” permits a customer to originate a call to any
of a few frequently called numbers by pushing one or two
buttons. The connection is completed by the ESs in accordance
with information stored there. This feature should be especially
useful in a vehicle where a user cannot conveniently consult a
directory or written notes. This feature will be implemented in
the first working system.

(i



In addition, it 1s expected that more features will be made available
which can be implemented within the design of the mobile equipment.
Anexample is “Repertory Dialing,” which is similar to “Speed Calling”
except that the mobile equipment stores the numbers and completes
the calls. This feature is more usetul than speed calling for vehicles
that roam from system to system and, therefore, need to carry their

own repertory.

3.4 Additional considerations

Other plans for mobile communications include nurnbering and
dialing, the provision for roaming from system to system, the.provision
of operator service, and tariffs and billing.

3.4.1 Numbering and dialing

Each mobile unit is assigned a 10-digit number (including area code).
The mobile user will dial seven or ten digits with a 0 or 1 prefix, where
applicable, as if calling from a fixed telephone. The adopted numbering
plan places no requirements on the overall nationwide numbering plan;
for example, no special office or area codes need be set aside to separate

mobile traffic from other telephone traffic.

3.4.2 Roaming

A strong need for serving vehicles that roam has been identified.
This capability is needed not just within a greater metropolitan service
area, but to other service areas and along the highways between. The
roaming capability will not be demonstrated in the Chicago trial,* but
a method of operation for systems beyond the trial has been planned.
Wherever there is a system to serve it, a mobile unit will be able to-
obtain completely automatic service.

However, a call from a land telephone to a2 mobile unit which has
roamed to another :netropolitan area presents additional problems.

_While it would be logically possible for the system to determine
automatically where the mobile unit is, and to connect it to the land
party, there are two reasons for not doing so. First, the land customer
will expect only a local charge if the mobile unit's number is a local
one, and the mobile customer may not wish to pay the toll difference.
Second, the mobile user may not want to have his whereabouts
divulged through this system, automatically, without his permission.
To respect the customer’s wishes in this regard, the system will
complete the connection only if the extra charge is agreed to, and only
where 1t Is possible without unauthorized disclosure of the service area
to which the mobile unit has roamed.

* Identified in Section 3.5.
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3.4.3 Operator services

Standard operator services will be available to mobile users. No
special operators or operator services (except possibly for handling the
roaming situation) will be required for the AMPS system.

3.4.4 Tariftfs and billing

The MTso will record connect and disconnect times, location infor-
mation, and call-destination information as required for billing. The
recorded information will be tailored to the needs of tariff and charging
algorithms, when these have been determined.

3.5 System tests and trial

Tests to provide information for system planning, establishing fea-
sibility, and implementing of AMPs have been conducted relevant to
different aspects of the AMPS system. Most of these were directed at
learning about radio propagation, radio noise and interference, antenna
characteristics and performance, etc.

Currently there are two major “tests” of the aMPs system: (1) The
Cellular Test Bed (ctB) in Newark, N.J., and (2) the Developmental
System in Chicago, Ill. Since these are described fully in Refs. 11 and
12, respectively, in this issue, the discussion here is kept brief. Suffice
it to say that the former is a system laid out geographically to simulate
a mature cellular system and permit measurements of coverage and
interference in an actual urban layout. It does not simulate tge whole
service involving mobile customers, but is a “laboratory in the field.”
The Developmental System is an initial installation of a system
implemented to serve mobile users, and will demonstrate the service
itself as well as its implementation. But since the Developmental
System employs relatively few large cells, it is not intended to dem-
onstrate operation of a fully mature, small-cell layout. These two
major endeavors complement each other and, taken together, provide
a demonstration of all the major features of AMPS.

As explained later, the trial of the Developmental System has two
phases. The first, which started in July 1978, is called an “Equipment
Test,” has about 100 mobile units, and is intended to “‘shake-down”
the system and demonstrate that the system operates satisfactorily.
The second phase, following the Equipment Test, is called a “Service
Test,” involving approximately 2100 users, and will demonstrate the

service aspects of the system.

IV. SUMMARY

This first paper of the series has provided a general introduction to
and overview of AMPs. The papers that follow describe more com-

L
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pletely the cellular concept, control architecture, voice and data trans-
mission aspects, the Cellular Test Bed, and the Developmental System.
Other papers describe the Mobile Telecommunications Switching Of-
fice, the subscriber set used in the equipment-test phase of the devel-
opmental system operation, the mobile telephone control unit used in
the service test, the hardware used at cell sites, and laboratory test
systems that were devised to obtain operational data during system

tests.
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Advanced Mobile Phone Service:

The Cellular Concept

By V. H. MAC DONALD
(Manuscript received July 17, 1978)

This paper shows how a cellular system operating within a limited
block of frequency spectrum can meet the objectives of a large-scale
mobile-telephone service designed with attention to cost restraint. It
explores the key elements of the cellular concept—frequency reuse
and cell splitting—and describes certain mathematical properties of
hexagonal cellular geometry. A description of the basic structure and
features of aMps shows how the cellular concept can be put into

practice.

I. INTRODUCTION

The preceding paper in this issue' noted that Bell System planners
were already looking ahead to 2 more economical and widespread form
of mobile-telephone service when early mobile telephone systems were
being installed in the 1940s. Since then, system designers have recog-
nized that a substantial block of radio-frequency spectrum, equivalent
to hundreds of voice channels, is a prerequisite for a large-scale mobile
service. This spectrum was provided by the FCC's reallocation of a
portion of the former UHF television band for mobile service in Docket
18262. This paper cites the system objectives adopted over the years,
explores the cellular concept which evolved in response to these
objectives, and describes any aspects of a practical embodiment of
the cellular concept—the Advanced Mobile Phone Service (AMPS)
system,

Il. OBJECTIVES FOR LARGE-SCALE MOBILE-TELEPHONE SERVICE

Over the years, system designers have set various objectives for
large-scale mobile-telephone service, based on the interests of the
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public, mobile-telephone customers, and mobile-telephone operating
companies. The first paper in this issue' cited the following basic’
objectives: ‘
(/) Large subscriber capacity.

(i1) Efficient use of spectrum.

(it1) Nationwide compatibility.

(iv) Widespread availability.

(v) Adaptability to traffic density.
(vi) Service to vehicles and portables.
(vii) Regular telephone service and special services, including “dis-
patch.”
(viii) “Telephone™ quality of service.

(ix) Affordability. '
Various systems might be devised to satisfy all the above objectives,
except for the first two. The system must be capable of growing to
serve many thousands of subscribers within a local service area, such
as the environs of a single city, yet the provision of service must not be
contingent on the continual enlargement of the allocated spectrum:
The need to operate and grow indefinitely within an allocation of.
hundreds of channels has been the primary driving force behind the
evolution of the cellular concept.

Ii. BASIC ELEMENTS OF THE CELLULAR CONCEPT #*

The two phrases frequency reuse and cell splitting summafi;e the
essential features of the cellular concept.

3.1 Frequency reuse

Frequency reuse refers to the use of radio channels on the same
carrier frequency to cover different areas which are separated from
one another by sufficient distances so that co-channel interference is
not objectionable. Frequency reuse is employed not only in present.
day mobile-telephone service but also in entertainment broadcasting
and most other radio services.

The idea of employing frequency reuse in mobile-telephone service
on a shrunken geographical scale hints at the cellular concept. Instead
of covering an entire local area from one land transmitter site with
high power at a high elevation, the service provider can distribute
transmitters of rpoderate power throughout the coverage area. Each
site then primarily covers some nearby subarea, or zone, or “cell.” A
cell thus signifies the area in which a particular transmitter site is the
site most likely to serve mobile-telephone calls. Figure 1 is a sketch of
a cellular map or “layout.” In principle, the spacing of transmitter sites
does not need to be regular, and the cells need not have any particular
shape. Cells labeled with different letters must be served by distinct
sets of channel frequencies to avoid interference problems. A cell
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Fig. 1—Cellular lavout illustrating frequency reuse.

therefore has the additional significance that it is the area in which a
particular channel set is the most likely set to be used for mobile-
telephone calls. Cells sufficiently far apart, such as those labeled A,
and 4., may use the same channel set.

Through frequency reuse, a cellular mobile-telephone system in one
coverage area can handle a number of simultaneous calls greatly
exceeding the total number of allocated channel frequencies. The
multiplier by which the system capacity in simultaneous calls exceeds
the number of allocated channels depends on several factors, particu-
larlv on the total number of cells.

3.2 Cell splitting

If the total allocation of C channels is partitioned into NN sets, then
each set will contain nominally S = C/N channels. If one channel set
is used in each cell, eventually the telephone traffic demand in some
cell will reach the capacity of that cell’s S channels. Further growth in
traffic within the cell will require a revision of cell boundaries so that
the area formerly regarded as a single cell can now contain several
cells and utilize all these cells’ channel complements. The process
called “cell splitting” fills this need.

Figure 2a illustrates an early stage of the cell-splitting process, in
which the cell originally designated F) (in Fig. 1) has reached capacity.
The area previously treated as cell F\, now contains cells Hj, I3, Bs, and
C.. If the demand in the area continues to grow, other larger cells will
be split, and eventually, as in Fig. 2b, the entire region will be converted
into smaller celis.

In practice, splitting a given cell may be less abrupt than our
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Fig. 2—Cellular layout illustrating cell splitting. (a) Early stage. (b) Later stage.

illustration implies. It is often sufficient initially to superimpose just
one or two smaller cells onto a larger cell, so that the larger and smaller
cells jointly serve the traffic within the area spanned by the smaller
cell(s). The larger cell disappears at a later time, when all its territory
becomes covered by smaller cells. We discuss this aspect of system
growth in Section 7.3. In Figs. 1 and 2, for illustration the total
allocation has been partitioned into nine distinct channel sets, labeled
A through I. The figures show a progression from an initial stage (Fig.
1), in which each allocated channel is available once within the region
spanned by cells A, through I, to a later stage (Fig. 2b), in which each
channel is available in four different cells within that same region.

A



Successive stages of cell splitting would further multiply the number
of “voicepaths,” i.e., the total number of simultaneous mobile-tele-
phone calls possible within the same region. By decreasing the area of
each cell, cell splitting allows the system to adjust to a growing spatial
traffic demand density (simultaneous calls per square mile) without
any increase in the spectrum allocation.

The techniques of frequency reuse and cell splitting perinit a cellular
system to meet the important objectives of serving a very large number
of customers in a single coverage area while using a relatively small
spectrum allocation. Cell splitting also helps to meet the objective of
matching the spatial density of available channels to the spatial density
of demand for channels, since lower-demand areas can be served by
larger cells at the same time that higher-demand areas are served by

smaller cells.

IV. PROPERTIES OF CELLULAR GEOMETRY

The main purpose of defining cells in a mobile-telephone system is
to delineate areas in which either specific channels or a specific cell
site will be used at least preferentially, if not exclusively. A reasonable
degree of geographical confinement of channel usage is necessary to
prevent co-channel interference problems. Having defined a desired
cellular pattern in concept, system planners achieve that pattern in
the field through proper positioning of land transmitter sites, proper
design of the azimuthal gain pattern of the sites’ antennas, and proper
selection during every call of a suitable site to serve the call.

The trregular land transmitter spacing and amorphous cell shapes
shown in Figs. 1 and 2 might be acceptable in a system where the
initial system configuration, including the selection of transmitter sites
and the assignment of channels to cells, could be frozen indefinitely. In
practice, however, the absence of an orderly geometrical structure in
a cellular pattern would make adaptation to traffic growth more
cumbersome than necessary. Inefficient use of spectrum and uneco-
nomical deployment of equipment would be likely outcomes. A great
deal of improvisation and custom engineering of radio, transmission,
switching, and control facilities would be required repeatedly in the
course of system growth.

Early in the evolution of the cellular concept, system designers
recognized that visualizing all cells as having the same shape helps to
systematize the design and layout of cellular systems. A cell was
viewed as the coverage area of a particular land site. If, as with present-
day mobile service, omnidirectional transmitting antennas were used,
then each site’s coverage area—bounded by a contour of constant
signal level—would be roughly circular. Although propagation consid-
erations recommend the circle as a cell shape, the circle is impractical
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for design purposes, because an array of circular cells produces ambig-
uous areas which are contained either in no cell or in multiple cells.
On the other hand, any regular polyvgon approximates the shape of a
circle and three tvpes, the equilateral triangle, the square, and the
regular hexagon, can cover a plane with no gaps or overlaps (Fig. 3). A
cellular system could be designed with square or equilateral triangular
cells, but, for economic reasons, Bell Laboratories system designers
adopted the regular hexagonal shape several years ago.

To understand the economic motivation for choosing the hexagon,
let us focus our attention on the “worst-case” points in a cellular
grid—the points farthest from the nearest land site. Assume a land
site located at the center of each cell, the center being the unique point
equidistant from the vertices. The vertices are in fact the worst-case
points, since they lie at the greatest distance from the nearest land
site. Restricting the distance between the cell center and any vertex to
a certain maximum value helps to assure satisfactory transmission
quality at the worst-case points. If an equilateral triangle, a square,
and a regular hexagon all have the same center-to-vertex distance, the
hexagon has a substantially larger area. Consequently, to serve a given
total coverage area, a hexagonal layout requires fewer cells, hence
fewer transmitter sites. A system based on hexagonal cells therefore
costs less than one with triangular or square cells, all other factors
being equal. -

With our present understanding of cellular systems, wg recognize
that, because of propagation vagaries, it is not possible to precisely
define a coverage area for a given cell site in the sense that the site
never serves mobile units outside the area and always serves mobile
units within the area. Nevertheless, the concept of a cell remains valid
in the context of an area in which a certain land site is more likely to
serve mobile-telephone calls than any other site.

A fainihiarity with some of the basic properties of hexagonal cellular
geometry will give the reader additional perspective on subsequently
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Fig. 3—Regular polygons as cells. (a) Equilateral triangles. (b) Squares. (¢} Regular
hexagons.
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discussed details of radio-channel assignment in a cellular system. We
now explain how cells using the same channel set are oriented with
respoect to one another and how cellular patterns and certain basic
geometrical parameters are related (o one another,

To lay out a cellular system in the sense of determining which
channel set should be assigned to each cell, we begin with two integers
¢ and y (1 z ), called “shift parameters,” which are predetermined in
some manner. From the cellular pattern of Fig. 4, note that six “chains”
of hexagons emanate from each hexagon, extending in different direc-
tions. Starting with any cell as a reference, we find the nearest “co-
channel” cells, that is, those cells that should use the same channel

set, as follows:

Move ¢ cells along any chain of hexagons; turn counter-clockwise
60 degrees; move j cells along the chain that lies on this new

heading.

The ;jth cell and the reference cell are co-channel cells. Now return to
the reference cell and set forth along a different chain of hexagons
using the same procedure.

Figure 4 illustrates the use of these directions for an example in
which ¢ = 3 and j = 2. A cell near the center of the figure is taken as
a reference and labeled A. As each co-channel cell is located, it is also

SHIFT PARAMETERS .1 =3, =2

Fig. 4—Illustration of the determination of co-channel cells.
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labeled A. To continue the cellular layout, one could choose another
label, such as B, for a cell close to the reference cell and find this cell's
nearest co-channel cells. However, once the position of all the cells
labeled A is determined, it is not necessary to work through the
procedure described above for subsequent labels. The pattern of cell
labels built up around the reference A cell is simply replicated around
all the other A cells by translation without rotation.

Co-channel cells could also be located by moving ; cells before
turning and i cells afterwards, rather than vice versa, or by turning 60
degrees clockwise instead of counterclockwise. There are four different
ways of describing the procedure, and two different configurations can
resuit. Each configuration is just the reflection of the other across an
appropriate axis.

When a sufficient number of different labels has been used, all cells
will be labeled, and the layout will be complete. The cells form natural
blocks or clusters around the reference cell in the center and around.
each of its co-channel cells. The exact shape of a valid cluster is not
unique; all that is required is that it contain exactly one cell with each
label. The number of cells per cluster is a parameter of major interest, -
since in a practical system this number determines how many different
channel sets must be formed out of the total allocated spectrum. The
number of cells per cluster, N, turns out to be

N=+i+/2 “: (1)

(The appendix to this paper derives this result and presents additional
information on hexagonal cellular geometry.) The fact that { and ;-
must be integers means that only certain values of the number of celis

per cluster are geometrically realizable.
The ratio of D, the distance between the centers of nearest neigh-

boring co-channel cells, to R, the cell radius, is sometimes called the’
“co-channel reuse ratio.”” This ratio is related to the number of cells

per cluster, N, as follows:
D/R =V3N. (2)

In a practical system, the choice of the number of cells per cluster
is governed by co-channel-interference considerations. As the number
of cells per cluster increases, the relative separation between co-chan-
nel cells obviously increases, and consequently poor signal-to-interfer-
ence conditions become progressively less probable. Section 6.4 dis-
cusses a method for choosing the number of cells per cluster.

V. AMPS: A PRACTICAL REALIZATION OF THE CELLULAR CONCEPT

This section describes the physical structure of the AMPs system and
provides a glimpse of its basic control algorithms to show how cellular

operation can be effected in a working system.
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The implementation of the cellular concept in a practical system
requrres the construction of an essentially regular array of land trans-
mitler-recetver stations, called “cell sites” in aAMPs. The design abstrac-
tion of an array of cells is embodied in the physical reality of the cell-
site wrray. The dots in Fig. 5a symbolize an idealized amps cell-site
array, consisting of a lattice of regularly spaced cell sites For this
idealiced array of cell sites, an accompanying pattern of regular hex-
agonal cells can be visualized in at least two different ways: (i) cells
whose centers fall on cell sites, “center-excited” cells (Fig. 5b), or (i)
cells half of whose vertices fall on cell sites, “corner-excited” cells
(Fig. 5¢).

Section 6.1 acknowledges the practical reality that it is seldom
possible to position a cell site exactly at its geometrically ideal location
and discusses the degree to which the actual location may deviate
from the ideal.

Center-excited cells exemplify the previous practical definition of a
cell as the area in which one particular cell site is more likely to be
used un mobile-telephone calls than any other site. On any single call,
neither the mobile unit’s nor the system's actions would clearly delin-
eate any cell boundaries, but a protracted study of system behavior
would reveal the presence of center-excited cells satisfying the above
pragmatic definition. Because of random propagation effects, any real
cell only approximates the ideal hexagonal shape but, for purposes of
design and discussion, it is appropriate to visualize cells as regular
hexaguns. The practical meaning of a corner-excited cell will be ex-
plained in conjunction with the ensuing discussion of directional cell

sites.

5.1 Cminidirectional and directional cell-sites

The AMPs plan envisions that, at the inception of the system in any
locality, the cell sites will use transmitter and receiver antennas whose
patteriis are omnidirectional in the horizontal plane.” The use of
omnid:rectional antennas has traditionally been depicted by the cen-

(a) (b) (¢c)
o CELL--SITE LOCATION

Fig. 5—Cellular geometry with and without cells. (a) Cell-site lattice. (b} “Center-
excited” cells. (¢) “Corner-excited” cells.
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ter-excited cell pattern of Fig. 5b. The phrase “omnidirectional cetl
site” refers to a site equipped with omnidirectional voice-channel
antennas.

In mature systems, cell sites will have three faces, that is, each voice
channel in a cell site will be transmitted and received over one of three
120-degree sector antennas, rather than over an omnidirectional an-
tenna. The antennas will be oriented as shown in kig. 6, so that
extensions of the edges of the antennas’ front lobes form the sides of -
hexagonal cells as in Fig. 5c. These are the “corner-excited” cells that
have customarily been employed to suggest the tri-directional coverage
of aMPS cell sites in mature systems.

Cell sites are very expensive investments. The initial cost of a site,
before installation of any voice-channel transceivers, is much greater
than the incremental cost of each subsequently installed voice channel.
At the inception of a system, the number of sites is governed strictly '
by the need to span the desired coverage area. At this stage, omnidi-
rectional sites are used because the initial cost of an omnidirectional -
site is lower than that of a directional site. In mature systems, however,
the potential, explained below, for cutting cost by reducing the total '

[
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Fig. 6—Orientation of directional antennas at directional cell sites in AMPS.
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number of cell sites needed to serve the existing telephone traftic load
is the chief motivation for using directional cell sites.

i comparison with an omnidirectional land transmitting antenna,
a directional antenna can deliver the same signal tevel in the region
that it serves while causing substantially less interference within co-
channel cells which lie outside the 120-degree wedge which the front
lobe illuminates. Similarly, a directional land receiving antenna sub-
stantially attenuates interference received from mobile units at bear-
ings not spanned by the front lobe. If omnidirectional systems and
directional systems are to have comparable radio-frequency signal-to-
interference statistics. the directional system can operate with a
smaller co-channel reuse ratio, that is, a closer spacing betwéen co-
channel sites. By eq. (2), the smaller co-channel reuse ratio is equiva-
lent to a smaller number of cells per cluster, or, more to the point, a
smaller number of channel sets. Since the total number of channels is
fixed, the smaller number of sets means more channels per set and per
cell site. Each site can carry more traffic, thereby reducing the total
number of sites needed for a given total load.

The use of three faces at each site with the orientation described
above leads to certain convenient symmetries and relationships in the
system design. A hexagonal cellular system could be designed, however,
for a different azimuthal orientation of the directional antennas or for

some other number of faces at each site.

5.2 Functional description of system operation

This section offers the reader a glimpse of the system control
architecture, which is discussed in greater detail in Ref. 4. The main
entities of an Advanced Mobile Phone Service system are the Mobile
Telephone Switching Office (MTs0), the cell sites, and the mobile units.
The central processor of the MTso controls not only the switching
equipment needed to interconnect mobile parties with the land tele-
phone network, but also cell-site actions and even many of the actions
of mobile units through commands relayed to them by the cell sites.

The MTs0 is linked with each cell site by a group of voice trunks—one
trunk for each radio channel installed in the site—and two or more
data links, over which the MTso and cell site exchange information
necessary for processing calls. Every cell site contains one transceiver
for each voice channel assigned to it and the transmitting and receiving
antennas ‘or these channels. The cell site also contains signal-level
monitoring equipment and a “setup” radio, whose purpose is explained
below.

The mobile equipment consists of a control unit, a transceiver, a
logic unit, and two antennas. The control unit contains all the user
interfaces, such as a handset, various pushbuttons, and indicator lights.
The transceiver uses a frequency synthesizer to tune to any allocated
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channel. The logic unit interprets customer actions and system com-
mands and controls the transceiver and control units. A single antenna
is used for transmussion; two antennas together are used to provide
space diversity for reception.

A few allocated radio channels serve as “setup” channels rather
than voice channels; these channels are used primarily for the exchange
of information needed to establish or set ujp calls. Applying the fre- .
quency-reuse concept to setup channels minimizes the number of
channels withheld from voice use. Ordinarily, each site has one such
channel. Whenever a mobile unit is turned on but the user is not
engaged in a call, the mobile unit simply monitors a setup channel.
The unit itself chooses which one of the various channels to monitor
by sampling the signal strength on all members of a standard group of
setup channels. The mobile unit then tunes to the channel which
yields the strongest measurement, synchronizes with the data stream
being transmitted by the system, and begins interpreting the data.
Ordinarily, the mobile unit will remain on this channel; in some cases,
the received data will indicate that the mobile unit should sample the -
signal strength on another set of channels before making a final choice. .
The mobile unit continues to monitor the chosen setup channel unless
some condition, such as poor reception, requires that the choice of a
channel be renewed. The setup-channel data words include the iden-
tification numbers of mobile units to which calls are currently being
directed. #

When a mobile unit detects that it is being called, it quickly samples
the signal strength on all the system’s setup channels so that it can -
respond through the cell site offering the strongest signal at the mobile
unit’s current position. The mobile unit seizes the newly chosen setup
charnel and transmits its page response. The system then transmits a
voice-channel assignment addressed to the mobile unit, which, in turn, -
tunes to. the assigned channel, where it receives a command to alert
the mobile user. A similar sequence of actions takes place when the
mobile user originates a call. .

While a call is in progress, at intervals of a few secondsthe system
examines the signal being received at the serving cell site (the site that
is handling the call). When necessary, the system looks for another
site to serve the call. When it finds a suitable site, the system sends
the mobile unit a command to retune to a channel associated with
that site. While the mobile unit is changing channels, the MTso
reswitches the land party to the trunk associated with the new chan-
nel’s transceiver. The periodic examination of a mobile unit’s signal is
known as “locating.” The act of changing channels has come to be
called “handoff.”

The sole purpose of the locating function is to provide satisfactory
transmission quality for calls.’ In this context, the term “locating” is
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really a nmisnomer. The term was coined in the early stages of the
evolution of the cellular concept, when system designers supposed that
it would be necessary to know the physical position of the mobile unit
accurately.

VI. SELECTION OF KEY SYSTEM PARAMETERS

This section discusses the current recommended values for some
keyv system geometrical parameters and the methodologies which led
to them. The most important objectives in the setting of parameters
are cost restraints, good transmission quality, and a large ultimate
customer capacity. In some contexts, conflicts appear among these
objectives, and tradeoffs must be made so that no one objective is
seriously undercut to benefit another.

6.1 Cell-site position tolerance

Previous sections have alluded to perfectly regular spacing of hex-
agonal cell sites. In practice, however, the procurement of space for
cell sites may be one of the most difficult practical hurdles in engi-
neering and tnstalling cellular systems.

The current design permits a cell site to be positioned up to one-
quarter of the nominal cell radius away from the ideal location. The
site position tolerance has far more impact on transmission quality
than on cost or capacity. Consequently, an analysis was made of the
effect of the cell-site position tolerance on the overall probability
distribution of the RF signal-to-interference ratio (S/I) on voice chan--
nels in mature systems. For simplicity and concreteness, the analysis
focused on the value of RF S/1 ratio which falls at the tenth percentile
of the overall S/I distribution. This level decreased gradually as the
cell-site position tolerance increased from 0 to about one-fourth of a
cell radius, but it decreased rapidly beyond this break point. The
tolerance was therefore set at a quarter radius to allow system admin-
istrators as much leeway as possible in positioning sites without
significantly degrading the transmission quality.

6.2 Maximum cell radius

Setting the maximum cell radius, which is to be used in a system at
s inception, is part of the general problem of achieving a satisfactory
compromise between the objectives of low cost and good transmission
quality. The maximum cell radius has only an indirect effect on the
system objective of a large ultimate capacity.

Transmitter power is another important element in the overall
reconciliation of low cost with high-quality transmission. In present-
- day mobile-telephone systems, the transmitter power of mobile units
is smaller by an order of magnitude than that of the land stations. To
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provide adequate reception of mobile transmissions emanating from.
any place where mobile units receive land transmissions, satellite
receiver sites are deploved throughout the coverage area. A cellular
svstem might be designed in this manner. However, the AMPS system
designers consider a “balanced” system with comparable transmitter
power in mobile units and cell sites to be a more economical design,
because satellite receiver sites would represent a substantial fraction
of the cost of full-fledged cell sites, yet possess far fewer capabilities.

When a system is first established, there is normally little frequency
reuse. Since each initial cell is velatively large, the total number of cells
needed to span the desired coverage area does not greatly exceed the
number of channel sets into which the total allocation is partitioned.
Even though two or mare cell sites may be assigned the same channel
set, mutually exclusive subsets can be used in the co-channel sites until
a certain amount of growth in telephone traffic has occurred. For an’
initial period, therefore, the main channel impairment to contend with’
is ambient noise, both inevitable receiver thermal noise and man-made.
environmental noise.

In a startup system, an increase in land and mobile transmitter
power, all other system parameters being held constant, would improve
transmission quality by raising RF signal-to-noise (S/N) ratios, but it
would also raise the system cost. From a broader perspective, however, .
increased transmitter power could be used to reduce system ¢ost rather
than to improve transmission quality. Increased power woyld permit
the use of a larger initial cell radius for the same level of transmission
quality, which in turn would allow fewer cell sites to cover the desired
area. If an extra expenditure on transmitter power yields a greater cost
saving in cell-site construction, the expenditure is desirable. At some-
level, however, additional transmitter power ceases to pay for itself.;
Not only does the incremental cost per decibel mount, but eventually .
practical considerations of feasibility and reliability also enter in.
Furthermore, the relatively high level of transmitter power that is-
beneficial in the startup phases of cellular systems is largely superflu-
ous in mature phases, since each stage of cell splitting essentially
halves the mean distance between mobile units and their serving cell
sites.

The chosen value of 10 watts delivered to the transmitting antennas
is based on an evaluation of the cost, reliability, and power drain of
present-day transmitters in the 800- to 900-MHz range. To supply
approximately 10 watts of power at the antenna terminals, the system
design requires 12 watts from mobile transmitters and 40 watts from
cell-site transmitters to compensate for cable and combiner losses.

Cell-site antenna elevation and gain (in any vertical plane) influence
the tradeoff between cost and transmission quality in much the same
way as transmitter power. As with transmitter power, the selected
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figures for antenna gain and elevation are the largest values normally
achievable without excessive costs. The expected range of antenna
gaimn s 6 to 8 dB relative to a dipole; the expected range of elevation
above the ground, 100 to 200 feet.

Assuming that transmitter power and cell-site antenna gain and
elevation are already established, the tradeoff between cost and quality
in the early stages of AMps growth is governed by the value chosen for
the cell radius. Since increasing the radius both decreases cost and
degrades transmission quality, the transmission-quality objective al-
lows a controlled level of imperfection for the sake of economy.

The sound quality of amps calls is intended to be comparable in
acceptability to the sound quality on calls over the land telephone
network, but setting system parameters requires that this general
guideline be reduced to more concrete terms.

‘The maximum cell radius depends on both subjective and statistical
factors. To meet the sound-quality objective, designers required infor-
mation both on customer opinions of mobile-telephone channels at 800
to 900 MHz and on the propagation of energy at these frequencies. In
a subjective testing program,’® subjects rated the quality of simulated
and actual mobile-telephone channels subjected to the rapid Rayleigh
fading encountered in UHF mobile communications. The test results
showed that at an RF S/N ratio of 18 dB, most listeners considered the
channel to be good or excellent. The system designers concluded that
the S/N ratio in a working system should exceed 18 dB with high
probability. The aAMPs transmission-quality objective was therefore
quantified for design purposes as a requirement that this
S/N value be exceeded in 90 percent of the area covered by any
system.

Our knowledge of propagation is based largely on an extensive
measurement program performed by Bell Laboratories in Philadelphia
in the early 1970s and in Newark more recently.’ These measurement
results corroborate studies performed in Tokyo,* New York," and
suburban areas of New Jersey." All these investigations and others'!
show that, for a given distance r between transmitter and receiver, the
probability distribution of the path loss (attenuation) in decibels is
approximately Gaussian. The mean of the distribution (in decibels) is
approximated by a function of the form & + 10n logye r, in which & is
a constant for a given transmitter-receiver pair and n is known as the
path-loss exponent. The standard deviation amounts to several deci-
bels. The bodies of data associated with different transmitter sites
yield different numerical results for all these parameters, but the
values which emerge from the total ensemble of Philadelphia and
Newark measurements are a path-loss exponent n on the order of 4
and a standard deviation of roughly 8 dB.

At Bell Laboratories, a computer simulation was written to predict
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many aspects of the behavior of a cellular system, including the overall
statistics of received signal level. This simulation incorporates a prop-
agation model based on the Philadelphia measurements, and it also
models vehicle movements and the details of the locating algorithm.
The results of this simulation show that in an environment similar
to Philadelphia a cell radius of 8 miles allows the system to meet the .
requirement that the S/N ratio be above 18 dB over 90 percent of the
coverage area. Somewhat different values of maximum cell radius may
be appropriate for situations in which any of the relevant parameters,
such as the path-loss exponent, environmental noise, antenna gain, or
antenna elevation, differ substantially from the assumed values,

6.3 Minimum cell radius

In the amPs system, additional cell sites needed to relieve the
telephone traffic demand on existing sites will be positioned midway
between adjacent old sites. This simple procedure cuts the distance
between adjacent sites in half and therefore cuts the cell radius by a
factor of 2 and the cell area by a factor of 4.

The minimum cell radius, which is the cell radius after the final
stage of cell splitting, has little effect on the system cost per customer
or on transmission quality, but it plays a vital part in setting the
ultimate system cap..city. Each stage of cell splitting multiplies the
number of cell sites in the desired coverage area by a factor®f about
4. The system’s total traffic-carrying capacity is also incréased by
essentially the same factor. In principle, the cell-splitting procéss could -
be repeated an indefinite number of times, but system designers cite
a 1-mile cell radius as a practical minimum. If start-up cells have an 8-
mile radius, three stages of cell splitting are possible. There is no
insurmountable physical barrier to having smaller cells, but the great-
est practical obstacles are the cell-site position tolerance and the
burden of frequent handoffs. As previously stated, cell sites should be
positioned within a quarter of a cell radius of their ideal locations. A
tolerance of a quarter mile (corresponding to a 1-mile radius) is
probably the most stringent requirement that can be contemplated.
The mean distance traveled between handoffs is bound to decrease as
the cell radius ‘decreases. In a system composed of many cells with a
radius of much less than one mile, handoffs would consume a signifi-
cant fraction of the MTSO central processor's capacity.

6.4 Co-channel reuse ratio

The discussion of directional cell sites explained the economic in-
centive for minimizing the ratio of 1, the distance between co-channel
cell sites, to R, the cell radius. The co-channel reuse ratio (D/R) also
has an impact on both the transmission quality and the ultimate
customer capacity of the system. The influence on transmission quality
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arises because the D/R ratio materially affects co-channel interference
stalistics, Since this ratio determines the number of channels per
channel set, it sets a limit on each site’s traffic-carrving capacity, which
in turn limits the ultimate system capacity.

The alluwable minimum value of D/R was set in much the same
way as the maximum cell radius. Making /R as small as possible
serves the objectiveés of low cost and large capacity. On the other hand,
making /R as large as possible benefits transmission quality. As in
the determination of the maximum cell radius, a compromise among
objectives is achieved through the kind of transmission-quality objec-
tive described in the discussion of maximum radius.

The subjective testing program mentioned previously included an
evaluation of the effect of co-channel interference on listeners’ opin-
tons. The results indicated that most of the subjects considered the
transmission quality of a channel to be good or excellent at an S/I of
17 dB. To satisfy the aMPs quality objective, a system must provide an
S/1 of 17 dB or greater over 90 percent of its coverage area. The
system simulation mentioned above shows that, in an environment
similar to Philadelphia or Newark, a system meets the S/I requirement
if the separation between co-channel sites is 4.6 cell radii when 120-
degree directional antennas are used and 6.0 cell radii when omnidi-
rectional antennas are used. These co-channel reuse ratios correspond,
by eq. (2), to 7 cells per cluster (equivalently 7 disjoint channel sets)
for directional sites and 12 cells per cluster for omnidirectional sites.

VIl. DEFINITION AND DEPLOYMENT OF CHANNEL SETS

A complete description of a plan for deploving channels in a coverage
area requires that some additional facts and procedures be specified.
The degree of foresight with which channel sets are defined and used
can materially affect the system’s transmission quality, cost, and ease
of adaptation to growth in telephone traffic.

7.1 Reduction of adjacent-channel interference

The design of a mobile-telephone system must include measures to
limit not only co-channel interference but also adjacent-channel inter-
ference. Although the 1F filters of both the cell-site and mobile-unit
receivers significantly attenuate signals from the channels adjacent in
frequency to the desired channel, it is advisable to avoid circumstances
in which the received level of an adjacent channel greatly exceeds that
of the desired channel.

This situation would arise at a cell site, for example, if one mobile
unit were many times farther away from its serving cell site than
another mobile unit being served by the same site on an adjacent
channel. With a distance ratio of 10, for instance, the received level of
the adjacent channel at the cell site could easily be 40 dB higher than
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the level of the desired channel. In the presence of fading, severe
adjacent-channel interference would result unless the receiver IF filter
could greatly attenuate the adjacent channel. In general, a substantial
spectral guard band would be required between channels to permit IF
filters to reject the interference adequately.

Fortunately, in a cellular system, since only a fraction of the allo-
cated charnels belong to any one channel set, it is possible to avoid
the use of adjacent channels in the same cell site, thereby keeping the
probability of severe adjacent-channel interference low. Since stringent
I¥ attenuation of adjacent channels is not essential, no guard band is
needed.

AMPS voice channels have an FM peak deviation of 12 kHz and a
spacing of 30 kHz."” With this spacing, 666 duplex channels can be
created out of a 40-MHz spectrum allocation. The use of adjacent
channels at the same site would require a larger channel spacing, and
fewer channels would be available from the allocation. In the amps
system, the largest possible frequency separation is maintained be-
tween adjacent members of the same channel set. Suppose that chan-
nels are numbered sequentially from 1 upward and that the frequency
difference between channels is proportional to the algebraic difference
of their channel numbers. If N disjoint channel sets are required, the
nth set {1 < n < N) would contain channels n, n + N, n + 2N, etc. For
example, if N = 7, set 4 would contain channels 4, 11, 18, ejc-

In some cases, system designers can also prevent a secondary source
of adjacent-channel interference by avoiding the use of adjacent chan-
nels in geographically adjacent cell sites. Figure 7 shows a- cell-site
pattern for 12 disjoint channel sets (12 cells per cluster). This pattern
can be used in startup phases of aAMps, during which all sites will be
equipped with omnidirectional voice-channel antennas. Only sets with
adjacent set numbers (including 12 and 1) contain any adjacent chan-
nels. In the figure, each site is labeled with the number of its channel
set. Center-excited cells are drawn in to aid in visualizing the nominal
area in which each set is most likely to be used.

As previously discussed, when 120-degree directional cell-site anten-
nas are employed in AMPS, transmission-quality considerations call for
seven cells per cluster. In this case, it is impossible to avoid having
adjacent channels at adjacent sites, because if there are only seven
channel sets, any site plus its six neighbors constitute a complete
cluster in which every channel may be assigned exactly once. With
120-degree directional antennas, however, it is possible to subdivide
the seven channel sets and deploy the subsets geographically in such
a way that the received adjacent-channel interference, at both the
mobile units and cell sites, is usually attenuated by the front-to-back
ratio of the cell-site directional antennas. (An example below illustrates
this effect.) The amps plan subdivides each of the seven channel sets
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* CELL-SITE LOCATION

Fig. 7—Channel-set deplowment pattern for 12 cells per cluster.

into three subsets. For exa:npl:, set 4, containing channels 4, 11, 18, 25,
32, 39, 46, 53, 60, etc., subdivides into subset 4a with channels 4, 25, 46;
subset 4b with channels 11, 32, 53, etc; and set 4¢ with channels 18, 39,
60, etc. The notation is simplified if we simply number the channel
subsets from 1 to 21, so that set n is subdivided into subsets n, n + 7,
and n + 14,

Figure 8 shows one acceptable patiern for assigning channel subsets
to cell-site faces. (The appendix to this paper describes a simple
algorithm for assigning channel sets to cells; this algorithm would
produce a differently labeled but equally acceptable pattern.) In Fig.
8, corner-excited cells are shown whose sides are projections of the
edges of the antennas’ 120-degree front lobes. Subsets with sequential
subset numbers contain ad)acent channels and are assigned to faces in
such a way that they do not cover the same corner-excited cell, even
though they may reside in adjacent sites. This procedure attenuates
adjacent-channel interference by the cell-site antenna’s front-to-back
rat1o in situations which otherwise would cause problems. For instance,
in Fig. 8, suppose that a channel of subset 6 is serving the mobile unit
at point M. The adjacent-channel interference that exists in both
directions between the mobile unit and the cell site using subset 7 is
attenuated by the front-to-back ratio of the directional antennas which
transmit and receive subset 7.



M : MOBILE-UNIT POSITION

@“ . CELL SITE EQUIPPED WITH CHANNEL SET n, DELINEATING 3 FACES
Y1) EQUIPPED WITH SUBSETS n,n+7,n+ 14

Fig. 8—Channel-subset deployment pattern for seven cells per cluster and thr%_faces
per cell site. :
‘F

7.2 Cell splitting

The practical significance of cell splitting is that the distance be-
tween adjacent cell sites is cut in half, and through the action of the
locating algorithm, the nominal coverage area of newly established cell
sites is reduced to a quarter of the nominal area previously covered by
existing sites. Conversely, wherever cell splitting occurs, it quadruples
the cell-site density. The aMPs cell-splitting plan sets the ideal location
for new sites at points midway between neighboring existing sites,
zlthough the actual position may be anywhere within a distance of
vne-quarter of a (smaller) cell radius. The previously existing cell sites
together with the new ones form a hexagonal cellular lattice.

In the transition from a system based on 12 channel sets and
omnidirectional cell-site antennas to one based on 21 channel subsets
and directional antennas, a gradual alteration may be necessary in the
assignment of channel frequencies to cell sites. Once directional oper-
ation is established, however, splitting does not cause any further
alteration of existing channel assignments. Figure 9 shows an array of
directional cell sites identified by single set numbers. In one area, six
new cell sites have been established. The channel set assigned to any
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Fig. 9—Channel-set deployment pattern for seven cells per cluster, with multiple cell
sizes. (a) Overall cell-site pattern. (bt Orientation of cluster of cell sites in larger-cell
pattern. {c) Orientation of cluster of cell sites in smaller-cell pattern.

new site is determined by observing that the new site lies midway
between two co-channel sites, each one situated a little more than one
(larger) cell diameter away from the new site, both of which use the
same channel set. This is the channel set which should be assigned to
the new site. The sites labeled 2 in Fig. 9a are circled to illustrate this
geometrical relationship. Figures 9b and 9¢ extract from Fig. 9a the
channel-set patterns of the cell-site clusters at different stages of cell
splitting. Successive stages of cell splitting preserve the internal geo-
metrical relations within the cluster, but each stage causes the cluster
to be rotated counterclockwise 120 degrees.

7.3 The overlaid-cell concept

In a coverage area where two or more sizes of cells exist simultane-
ously, special care must be talien to guarantee the correct minimum
distance D between cell sites equipped with the same voice channels.
As previously discussed, a certain co-channel reuse ratio D/R must be
maintained, but when a system includes multiple cell sizes, the radius
R has different values for different sites.

Figure 10 illustrates some unusual situations that arise whenever
groups of cells of different sizes abut. Site A, lies within a group of
larger cells. For a cellular pattern of seven cells per cluster, the nearest
co-channel sites within the group of larger cells, such as sites 4, and
A;, should be separated from site A, by a distance of 4.6 larger-cell
radii. Within the group of smaller cells, co-channel sites such as sites
A, and A; are separated from each other by a distance of 4.6 smaller-
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®  PREVIOUSLY EXISTING QR “OLD™ CELL SITE
o "NEW' CELL SITE INSTALLED DURING CELL SPLITTING

Fig. 10—Illustration of mixed cell sizes for discussion of overlaid-cell concept.

cell radii, or 2.3 larger-cell radii. Site A, is also in the correct position
to be a nearest co-channel neighbor of sites A; and As. The D/R ratio
is satisfied for sites A, and A; because the appropriate value of & for
these sites is the smaller-cell radius. Channels installed in site A, wguld
cause no undue co-channel interference on calls served by sites Agand
A, because a mobile unit being served by one of these latter sites -
would tend to be within a range of about one smaller cell radius.

The troublesome questions pertain to calls served by site A,. If this
site is to serve a larger-cell area, then it cannot use any of the same
channels as sites A, and As, because the co-channel reuse ratio (D/R)
would not be satisfied for site A, if the larger-cell radius is taken as the
appropriate value for R. This ratio would be satisfied if the smaller-
cell radius could somehow be made applicable to site A}, but restricting
site A, to serving only a smaller-cell area could mean inadequate
coverage for some areas further removed from the site.

The dilemma affecting site A, is resolved by invoking the overlaid-
cell concept. This concept recognizes that, when multiple cell sizes co-
exist, the cellular pattern is best viewed as the superposition of a
fragmentary smaller-cell pattern on top of a complete larger cell
pattern. The underlying larger-cell pattern does not disappear in a
given region until the overlaid smaller-cell pattern is complete in that
region.

Implementing the overlaid-cell concept requires that, in a region
where cells of two sizes are present, the channel subset assigned to any
cell-site face must be further subdivided into a larger-cell group and a
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smaller-cell group. Each face of an older, previously existing site will
use some of its channels to continue coverage of the same larger
cellular area as before. The remainder of the channels assigned to the
face will be restricted to covering « smaller area, corresponding to the
smaller cell size. The subdivision of a subset into larger- and smaller-
cell groups for an existing site is governed by the channel requirements
of its new co-channel neighbors. For example, in Fig. 10, any channel
installed in site 4, or A, must be vestricted to smaller-cell use in site
A,. The way that a channel is restricted to smaller-cell use is simply to
reassign the channel in software to a channel group which is treated as
if it were serving a smaller cell. When appropriate, a call being served
by a smaller-cell channel will be handed off to a neighboring new site
if there is one, or otherwise to a channel belonging to the larger-cell
group of the same face on which the call is already being served. As.
the telephone traffic loads grow in the new sites, reassignment of more
and more channels in the old site 10 a smaller-cell group must follow,
thereby reducing the capacity cof the older site to serve the larger-cell
area. For this reason, not only the local growth in telephone traffic
around any older site but also the growth in traffic carried by that
site’s new co-channel neighbors can force cell splitting around the
older site.

The various procedures described in this section for channel-set
definition and deployment and for cell splitting allow the system to
grow gradually and, on the whole, gracefully in response to a growing
telephone traffic load. When an ex'sting site reaches its traffic-carrying
capacity, new sites are added arc.ind it one by one, only as needed,
while the older site makes a gradual transition from larger-cell opera-
tion to smaller-cell operation. '

vill. SUMMARY

The FCC’s allocation of a relatively large block of spectrum for
public mobile communications has made a large-scale, economical
mobile-telephone service feasible. The need for a method of serving
many thousands of customers in a single local coverage area, while
using a limited spectral allocation equivalent to several hundred voice
channels, has spurred the evolution of the cellular concept. In practical
terms, a cell is the area in which one particular group of channels is
more likely to be used for mobile telephone calls than any other group.
The essential elements of the cellnlar concept, frequency reuse and
cell splitting, allow a cellular system to use spectrum efficiently, to
grow gradually, and to supply service in response to a geographical
pattern of demand.

In the aMPs system, the lattice of cell sites is designed to create a
pattern of hexagonal cells. In the initial growth phase of a system in a
given locality, cell-site voice-channel transmitters and receivers con-
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nect to omnidirectional antennas. In later stages, cell sites have three
faces, equipped with 120-degree directional antennas. The omnidirec-
tional plan minimizes the startup costs for new systems, whereas the
directional plan confines costs in mature systems by reducing the total
number of sites required to serve a given offered load.

The key geometrical parameters of AMPS were chosen primarily to
satisfy the objectives of moderate cost, good transmission quality, and
a large ultimate customer capacity. In some cases, tradeoffs must be
made among these joint objectives.

The ways in which channel sets are defined and distributed among
cell sites in AMPS keep co-channel and adjacent-channel interference
within acceptable bounds. The procedure for assigning channels to
new cell sites introduced during cell splitting promotes graceful growth
in response to increasing demand. As new sites are added, previously
existing sites make a gradual transition from larger-cell operation to
smaller-cell operation.
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APPENDIX
Fundamentals of Hexagonal Cellular Geomelry

Certain intriguing mathematical relations emerge when one deals
with hexagonal cellular geometry, yet there appears to be no published
summary of all the basic relations with explanations of how they anse.
This appendix is intended to fill the gap. We also present a novel
algebraic method for using the coordinates of a cell's center to deter-
mine which channel set should serve the cell.

Figure 11 shows the most convenient set of coordinates for hexagonal
geometry. The positive halves of the two axes intersect at a 60-degree
angle, and the unit distance along either axis equals V3 times the cell
radius, the radius being defined as the distance from the center of a
cell to any of its vertices. With these coordinates, an array of cells can
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Fig. 11—A convenient set of coordinates for hexagonal cellular geometry.

be laid out so that the center of every cell falls on a point specified by

a pair of integer coordinates.
The first useful fact to note is that, in this coordinate system, the

distance d,; between two points with coordinates (u:, vi) and (us, va),
respectively, is

di2 = \[(Uz —w)? + (e — uy) (L2 — ) + (U2 — )2 (3)

Using this formula we can verify that the distance between the centers
of adjacent cells is unity and that the length of a cell radius R is

R =1/3. (4)

We can calculate the number of cells per cluster, N, by some
heuristic reasoning. The directions given in Section IV of this paper
for locating co-channel cells result in a co-channel relationship between
the reference cell with its center at the origin and the cell whose center
lies at (i, v) = (I, j), where [ and J are the integer “shift parameters,”
with { = /. (See Fig. 4 for an illustration.) By eq. (3), the distance D
between the centers of these or any other nearest neighboring co-
channel cells is

f—
D=_\/i2 + i+ (5)

Figure 4 illustrates the universal fact that any cell has exactly six
equidistant nearest neighboring co-channel cells. Moreover, the vectors
from the center of a cell to the centers of these co-channel cells are
separated in angle from one another by multiples of 60 degrees. These
same observations also hold for any arbitrary cell and the six cells
immediately adjacent to it. The idea presents itself to visualize each
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cluster as a large hexagon. In reality, the cluster, being composed of &
group of contiguous hexagonal cells, cannot also be exactly hexagonal
in shape, but it is nevertheless true that a properly visualized large
hexagon can have the samne area as a cluster. For proper visualization,
refer to Fig. 12. The seven cells labeled A are reproduced from Fig. 4.
The center of each A cell is also the center of a large hexagon
representing a cluster of cells. Each A cell is imbedded in exactly one
large hexagon, just as it is contained in exactly one cluster. All large
hexagons have the same area, just as all clusters have the same area.
The large hexagons cover the plane with no gaps and no overlaps, just
as the clusters do. We therefore claim that the area of the large
hexagon equals the area of any valid cluster. This area can be deduced
from results already presented. We noted above that the distance
between the centers of adjacent cells is unity. By eq. {5), the distance
between centers of the large hexagons is vi* + ¢ + .

Consequently, since the pattern of large hexagons is simply an
enlarged replica of the original cellular pattern with a linear scale
factor of vi* + { + j~, then N, the total number of cell areas contained

Fig. 12—Illustration for the heuristic determination of the number of cells per cluster.
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i the area of the large hexagon, 1s the square of this factor, namely
N=i"+§+. (0)

By combining eqs. (4), (5), and (6), we obtain the classical relation-
ship between the co-channel reuse ratio D/R and the number of cells
per cluster N:

D/R = V3N, (7)

The rather cumbersome procedure described in the main body of
this paper for performing a cellular layout can be replaced by a simple
aluebraic algorithm in certain cases of practical interest, namely those
cases in which the smaller shift parameter j equals unity. (A pattern
of 7 cells per cluster falls into this category.) For these cases, it is
cunvenient to label the cells by the integers 0 through N-1. Then the
currtect label L for the cell whose center lies at (u, v) is given by

L={t+1)u+c]modN. (8)

Tiie application of this simple formula causes all cells which should
use the same channel set to have the same numerical label.
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N MOBILE RADIO SYSTEMS, the propagation between
Ilhc transmiting antenna and the mobile umit antenna v over
scveral paths. namely, the line of sight path and the paths due
(o scattening caused by reflections from and diffractions around
ubstructions  These nterfening siggnals produce a complea
standing-wave patiern of varving ficld strenpth, with maxama
and mimima beong o the arder of a quarter wavelength apart.
Asnog result ol tne vohscle maovement throuph this standing wase
pattern. the reveived signai cxpeniences random vanations in
both ampltude and phase Fades of 40dil or more below the
mean  siendio desgl are commoen,  with  sLCCESSIve  mimig
occuroing about eveny hall wavelength of the carrier transmis-
sion trequency. The recewved signal fluctuates as the vehicie
moses, thus distorting speech when transmitted by conventional
methods

Starting from a mode] based on multipath wave interference
ansing [rom muluple scatterning of the waves by burkdings and
ather struciures in the viciny of the mobiie unit, Clarke {1}
and Gans {2} have shown that the envelope of the mobile radio
signal is Rayleigh distributed when measured over distances of
a few tens ol wavelengths, where the mcan signal is sensibly
constant, whereas, the phase of the received signal is uniformly
distributed from 0 to 2. Therefore. the probabilty density
function of the received signal envelope § relative to the local
mecan @ = E(S), can be written as:

oo 8 TS
PisSial = E""‘?;‘CKP(_‘ T-gz'). §>0

Although the siaustics of the received signal envelope are
Rayleigh distributed, the local-mean @ varies typically between
6 to 12 dB due to shadowing. Shadowing of the radig signal by
buildings and hills leads to a gradual change in the local-mean
which can be characterized statistically by log-normal distribu-
tion [3] with two parameters {my, o). The log-normal
distribution with parameters (mgq, o) in dB is described by the
probability density function:

K [ .
Pra) = o esp (— SaT [20 logiw @ — mgY)

where K is a constant, ma and o” are the mean and variance of
the corresponding normal distribution.

The probability density function of the signal envelope under
Rayleigh fading and log-normal shadowing has been-derived in
[4] and it is given by

k[ s 7S (a—my)
PrS) = ; JFW exp [" "W] cXp [‘_‘ —23; ] da

where k 1s a constant, and a = 20 loge @

The expecied rate at which the envelope crosses a specified
valuc R, can be obtained using [5):

N —f S P(R.S)dS

where Ng 15 the fevel crossing rate, S is the time derivative of
the envelope ampitude S. and P(R.S) is the jomnt density
function of the signal envelope at § = R and §. It has been
shown (for Ravieigh fading only) [3] that the deeper the fade,
the less frequently it s expected to occur. The average duration
of fade 1s defined as:

_ PIS=R)
Ng
Both the rate Mg and the average duration T of the fadcs arc
useful in the evaluation of the recewer performance.
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Besides the randosn variations in signal amplitude and its
phase, cach component plane wave hasa Doppler shift associated
with it depending on the mobile speed, the carrier frequency, and
the angle its propagalion vector makes with the mobile velocity
vector,

f Vv
_ 05 a
KRR

v . . .
where Iy 1s the maximum Doppler shift (o = 0) at the carrier

wavelength A, and v is the vehicle speed.

The signal power [alls off (attenuates) rapidly as the vehicle
moves away from the base station. Attenuation of the signal
power with distance changes from an inverse cubic law to an
inverse fourth power law. The received signal power is 2 function
ol base station and mobile unit antennas height, separation
between the two antennas, transmission frequency, width and
orientation of the strects in urban arcas, and atmospheric
conditions, Described below arc some of the paramcters that are
uscful in the evaluation of channe! characteristics.

Coherence Distance

This is the minimum distance between two points for which the
signals are not strongly correlated, that is with a correlation
cocflicient of less than 0.5 [3]. The coherence distance is typically
of the order of one-half wavelength in an urban location. This
property of the channel cnables space diversity (o be used in order
to combat the cffects of Rayleigh fading.

Coherence Bandwidth

The different path lengths for the received signal give rise to
different propagation time delay, typical spreads in time delays
range from a fraction of a microsecond ¢ many micreseconds,
depending on the type of environment. The existence of the
different time deiays in the various waves that make up the total
ficld, causes the statistical properties of two signals of different
frequencies Lo become essentially independent if the frequency
separation is large enough. The coherence bandwidth 8. is
defined [6] as the frequency spacing between two signals with a
correlation coefficient of 0.5 or less. B is typically rom 30 kHz to
1 mHz. The frequency selective properties of mobile radio
channel make it possible for some systern plans to employ
frequency diversity in order 1o combat the effects of fading.

Coherence Time

The difference in time between two samples of the signal witha
correlation coefficient of 0.5 1s termed the coherence time of the
channel. A typical value of 7, is 1.3 ms or more. The frequency
dispersive properties of the channel can be utilized in a time
diversity scheme to combat the effect of fading.

The next section discusses the concepts of cellular systems and
how they could provide cifective service to mobile users.

Cellular Systemns

A spectrum efficient high-capacity system with a flexibility to
accommodate the increased user densities, called the “Advanced
Mobile Phane Service " system, has been studied by MacDenald
(7). The service trial of the Advanced Mobile Phone Service
(AMPS) was begun in the Chicago arca in 1979. The system
objectives arc [B]:

1) Large subscriber capacity

2) Elfcient use of the spectrum
3) Nationwide compatibility

4) Widesprcad avallability

5) Adaptability to traffic density

8) Service to vehicles and portables

7} Regular telephone service and special services, including
dispatch

8) High quality of service and affordability

Frequency reuse and cell splitting summarize tie ecssential
features of the cellular concept,

Basics of the Cellular Concept

The total coverage area is divided into intertocking polygons
calied a cell. Each onc contains its own land radio equipment for
transmission to and reception from mobile units within the ceil. A
cellular system could be designed with square or equilateral
triangular cells, but for economic reasons, the regular hexagonal
shape has been adopted for Advanced Mobile Phone 8ervice
(Fig. 1). Each cell is served by a base station located at the center
of the cell or at the alternate corners of the hexagons. In the first
case, the cell site base station employs omnidirectionat antennas
to communicate with the surrounding mobiles, while in the
second casc the cell site uses directional antennas with 120°
beamwidth toilluminate portions of the three adjacent celts which
meet at the cell site. The center-located cell concept is likely 1o be
applied in small cities because it has the economic advamiage of
requiring fewer cell sites. However, in large high rise cities, the
corner excitation arrangement is more practical because it givesa
form of space diversity that could improve the systemt’ perfor-
mance in the presence of lognormal shadowing. .

A fixed number of radio channels are allocated to each cell.
Since cach base station provides caverage only over one cell, the
group of channels allocated 10 a cell can be used by another cell
when the two are suitably scparated geographically. This is calied
the frequency reuse which is the second essential featurs of the
cetlular concept. The idea of employing frequency reuse in
mobile-telephone service on a shrunken geographical scale hints
at the cellular concept. Instead of covering an cntire locai area
from one land transmitter site with high power ata high clavation,
the service provider can distribute transmitters of mederate
power throughout the coverage area, thus, increasing thesystem

; “f’” !
of the determinat
*§=2, cluster. with C=7.

4



capacity. This frequency reuse causcs co-channel interference,
since the terrain or buildings in Lhe vicinity of the mobile or the
cell sites can cause a receiver to block a transmitter in a more
distant cell site. In order to control this effect and to cvaluate the
system performance, we define the reuse distance ratio D as “the
ratio of the distance between ccll sites that usc the same channels
to the cell’s radius,” Fig. |, where £ as a function of cochannel
interference has becn evaluated {10-11]. The results which have
been obtained in[1 1] reveal that to avoid high levels af cochannel
interference it is necessary to use large D.

The cells form a natural block or cluster around the relerence
cell in the center and around cach of its cochannel cells. The exact
shape of a valid cluster is not unique. all that is required is that it
contains exactly one cell with cach label. Figure | shows a cluster
with C=7. The number of channels in cachcell, N5 = _CL where
N, is the total number of channels available for the system,and C
is the cluster size given by:

C=G+ji—i

Here, i and j are positive integers including zero.

Initially, a fixed number of channels N5 per cell are allocated.
As the suburban arcas surrounding the metropolitan centers
grow, more hexagonal cells can be appended to the initial system.
When the users” deasity in the metropolitan center increases and
more channels than Ns are required, the cells are divided into
smalicr cells and the minimum reuse distance, D, which provide
low level of interference is maintained. This process is called “cell
splitting.™ Ideally, if N5 is of reasonable sire to start with, no
further allocation is nceded as demand increases,

System Description

Communication te and from any mabile unit is made via the
base station serving the cell in which the mebile unit is located.
Each base station “cell site” is equipped with a controller that
performs call set up, call supervision, mobile location [12],

nandolls, and call termination, All basc stations are connccied
(via wirc lines) to and controlled by a central Mobile Telephone
Switching Office (M TSO) which serves asa routing center, thatis,
mobile location and handoffs when the mobile moves {rom onc
cell to another, Fig. 2. A processor within cach mobile condlcts
the signaling, radio control, and customer alerting functions.
Radio communication in AMPS employs frequency madu-
lation. Transmussion (rom mobiles to cell sites uses channe]
Irequencics between 825 and 845 MHz, and from celt sites ta the
mobiles. frequencies between 870 and 890 MHz are used. Each
band is then divided into narrow band (30 KHz bandwidth)
channels, and communication is effected using channel-pair per
cell. .
Twa types ol radio channels are required. One type is called the
set up channel, Set up channels transmit and receive only binary
data messages. They are the common use channels and are
monitored by mobiles which do not have an active call in
progress. They are used oniy for initiating or seiting up phone
calls. The second type is called the voice channel, which provides
the talking path for the customers and also handles short bursts of
data that may be required for control purposes during the call.
When the mobile radio unit crosses the cell boundary the
MTSO must re-route the call, and also an idle channel-pair in the
new call must be found. [f no channels are available in the new
cell, the call is permitted to degrade until a channel is available.

Channel Assignment in Cellular System

[n a cellular mobile radio system, the number of channels in
cach cell is determined by the user density, the frequency reuse
distance D (to produce an acceplable co-channcl interference),
and the available bandwidth. After a base station has™been
assigned to scrve the mobile radio unit, a channel assignmsent
procedure must be followed to determine if a channel is avasable
or not.

In a fixed channel assignment [ 3] scheme, a subset of thélotal
available channels is permanently assigned to serve & certaia cell.
The channel subsets are reused in the coverage area separate@i by a
reuse distance. Only channels from this subset can be used to serve
a call within thecell. If all the chaninels in this subsct are busy, then
service cannot be provided (blocked call) even though there may
be vacant channels among those which are assigned to sefve in
adjacent ceils. -

In dynamic channel assignment scheme[13-15] all channéls are
kept in a central pool, and any channel can be used in any
coverage area “cell.” In order 1o avoid a high level of co~channel
interference. a channed can be reused simultaneously in arother
cell if they are separated by D. Control of a dynamic channel
assignment system requires access to and processingtlarge
quantities of data; a fast digital computer is required. Ch’nncis
are assigned to serve calls based on the state of the system and in
order to oplimize some parameler within the system, different
channel borrowing strategics have been praposed and simulated
(13.16). 1n Hybrid Channel Assignment, the total number of
channcls available for the entire system is divided into two
groups. One group contains channels using the Fixed Channel
Assignment scheme, the other group contains channels using the
Dynamic Channei Assignment scheme. Simulation study has
been carried out [17], to investigate in what ratio the channels
should be divided. 1t was found that the optimum ratio depends
on the percentage increasc in the traffic density.

A channel assignment that reduces the co-channel interference,
spurious, and intermodulation was propased by Box (19]. A new
channel assignment scheme has been proposed and simulated in
[20). This scheme uscs a (lexible fixed channei assignment with
borrowing and channel reassignment in such a way as to minimize
the blocking probability. The results reveal that such strategy has
a better performance than other known assignments.



in the ncxt section we shall discuss some of the don
techniques uscful in improving the communication 1n mobile
radio.

Diversity Techniques for Land Mobile Radio

Different types of diversity, such as space diversity, lrequency
diversity, polarization and angle diversitics, and tume diversity,
can be used to improve the performance of communicauon
systems. (Diversity in lang mobile radio is used to combat the
effect of Raylcigh lading signal discussed carlier.)

Time diversity. as the name suggests, involves the repetition
of messages and hence, Jelays the effective information
transfcr. Scquential amplitude samples of a randomly fading
signal, if scparated sufficiently in time, will be uncorrelated
with cach other and thereiore, the samples provide “inde-
pendent information.™ Howcver, the minimum time separation
between samples is inversely proportional to the speed of the
vehicle. In other words, for the stationary vehicle, the lime
diversity is useless. Even though the delay can be toierated, the
above fundamental limitation rules out time diversity for
mobile radio. Perhaps space and frequency diversity arc the
best applicable.

Space diversity has the advantage that it docs not need
additional spectrum. The basic requirement is that the spacing
of the antennas in the recciving or transmitting array be chosen
so that the individual signals are at least partially uncorrelated.
Recalling the discussion on channel characteristics, we see that
the antenna spacing of roughly one hall wavelength could be
sufficient. At 850 MHz, this means a fraction of a meter
scparation, which can be achieved in mobiles. However, for
diversity at the basc station, since the important scatierers are
in the immediate vicinity of the mobile, the base station
antennas must be considcrably farther apart to achieve
decarrelation. Separation oi Lhe order of tens of wavelengths
would probably be adequatc at the base station [2[]. We shall
subsequently discuss some of the combining schemes.

Insicad of transmitting the desired message over spatially
scparated paths, as described in space diversity, one can employ
different [requencics to achicve independent diversity branches.
The [requencies must be scparated enough so that the fading
associated with different frequencies is uncorrelated. If the
spacing between the carriers is sulficiently larger than the
cohcrence bandwidth, then independent fading of the two
signals can be expected. The price paid is increased spectrum
usage. However, by usc of spread spectrum concepts, it may be
passible to achieve “frequency diversity” without the joss of
spectral efficiency.

Specific Space Diveriity Combining Techniques
Jor Mobile Radio

Selection diversity—this is perhaps the simplest technique of
all. Referring to Fig. 3, wc sce that one of the M receivers
having the highest baseband SNR is connected to the output.
As far as the statistics of the output signal are concerned, it is
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immaterial where (/F or RF or al the antennas) the selection is
done. Two branch diversity can improve the signal level by 10
dB at the 99 percent reliability level (called the diversity gain);
four-branch diversity yiclds 16dB diversity gain.

Maximal ratio combining— here the M signals are weighted
proportionally to their individual signal voltage-to-noise power
ratios and then summed. Figure 4 shows the essentials of the
method. The individual signals must be co-phased before
combtning, in contrast to selection diversity. This kind of
combining gives the best statistical reduction of fading of any
known linear diversity combiner. A two branch diversity gain
of up to I1.5 dB gain at 99 percent reliability level cam be
achieved, and four branches can give {9 dB gain. It may now
always be convenient or desirable to provide the variable
weighting capability required for true maximal ratio combiming.
instead, the gains may all be set equal to a constant vzlue of
unity, and “equal gain combining” resuits. This is only a
fraction of a decibel poorer than maximal ratio.

The AMPS system can use space diversity at both ends {scc
voice and data transmission) although mobile manufacturers
typically do not yet offer diversity at the mobiles. Improved
systems, with many branch space diversities are under investi-
gation [57,58]. ;

Spectrum-Efficient Technology for Mobile Radio

With the availability of 40 MHz in the 800 MHz band. for
land-mobile radio, the interest focused on the cffedtive
utilization of the frequency spectrum, that is accommodating
the maximum number of users in a given geometrical locaton,
within the available bandwidth and at a reasonable cost. While
three possible methods have been proposed, no cleapcut
decision on any mecthod taking intc consideration all the
aspects, could be made yet. In [22-23] possibility of a re;ﬁ
side band (S5B) amplitude modulation transmission to
the existing FM mobile radio was discussed. Though=the
author has predicted seven 1o len times increased spectram-
utilization over FM, later reports [24] raised doubts about the
suitability of 3SB as an alternative. The motivation to use 85B
15 due to the fact that the modulated SSB signal occupics kess
bandwidth than a narrow band FM signal.

Another possibility is to reduce the channel spacing to 12.5
KHz in an FM system. Finally, there's the possibility of spread-
spectrum modulation. At first, someone could wondér how the
spreading of bandwidth occupied by a user could lead to
increased spectral efficiency. In fact, it is possible to reduce the
interference among the users by properly spreading the
transmitted energy, thereby accommodating many users over a
given bandwidth, as will be scen in the next section.

- Spread Spectrum for Mobile Radio

The first attempt to introduce spread spectrum as a spectrally
cffictent scheme for maobile radic appeared with the proposal of
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a Frequency Hopped-Differcntial Phased Shift Keyed sys-
tem (FH-DPSK) (25.27]). Generally, a dircct sequence spread
spectrum  system performs very poorly under multi-user
interlerence and lading channcls [28). Frequency hopping (FH)
schemes possess inherent capability to provide diversity against
frequency-selective fading encountered in mobile channel.
Henceforth, we shall consider only the FH schemes. Some of
the advantages of the spread spectrum which are not casily
achievable with other systems are summarized in [25}. With
spread spectrum, the questionable cost effectivencss and the
formidable technological problems in the implementation
remains to be answered {26]. -

A preliminary analysis of FH systems [27,29,30] shows that
these systems could be spectrally more efficient than the
conventional FM systems. Another analysis of the FM system
with several branch diversitics indicates that this system could
be more cfficient spectrally than the FH systems. However, all
these studies do not take into account all the relevant mobile
radio conditions, and until experimental results and further
analytical work are made available, no decisive choice could be
made. An alternative to FH-DPSK is the Frequency Hopped
Frequency Shift Keying (FH-FSK) and this has been shown 1o
accommodale more simultancous users than the former
scheme. In the following paragraphs, we shall discuss these two
systems and summarize the available results.

FH-DPSK System [15,27]
Transmitter

A block diagram of the FH-DPSX transmitter is shown in
Fig. 5. There are two parts to the modulation process in the
transmitter: addressing and encoding. Addressing is performed
by the MF3K generator, which repeats with period T a specific
sequence of N different tones or chips, cach of duration t; (1
= T/N). The specific sequence is generated according to an
assigned address to the user and each user s assigned an
address which is distinguishabic {rom others despite overiap in
some positions. Each mobile 15 litted with a transmitter of the
kind described and with a recciver (0 be described. The power
ragdiated from each mobile is remotely controlled from the base
station to ensure that all the signals arriving at the base station
are nearly of equal streagth. If this is not done. mabiles close
to the base station will swamp the signals of those further
away. This is the “ncar-far™ problem common to most spread
spectrum systems.

Signal information is impressed or encoded onto the MFSK
address sequence in the form of binary differential phase shift
keying. I a binary-1 is 10 be transmitted in the « ™ chip of the
address scquence, the phase of that chip is changed by =
radians relative to the phase in the 2® chip of the previous
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sequence, For a binary +1, no phase change takes place. In
order to increase the resistance of this type of modulation to
interference, the allowed phase modulation sequences or words
are selected from a set of N orthogonal words, such as the
columns of Hadamard matrix [31].

Receiver .

A block diagram of a typical receiver is shown in Fig. 6.
There are N sections each with a band pass filter, delay
clement, product detector, and a low pass filter. Each section is
typicai of a receiver used to detect DPSK signals {32]. The
array of t| second delay lines and the set of N band pass filters
selects the desired address waveform out of the incoming
signal. In other words, the band pass filter center frequencies
{w:...wN) are uniquely related to the address of the user under
consideration. Each band pass filter is matched (o rectangular
chip of duration 1y and therefore, has a noise bandwidih of
1/ti. All ¥ chips pass through the filters at the same time and
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their phases (relative to the previous word) are detected using
the T sec. delay element and the product detectors. Alter low
pass filtering to remove the second harmonic product terms,
the detector outputs are processed in a combiner circuit.

Combiner Circuits

Denoting the outputs of low pass filicrs as Xg. 2= 1,...N and
the outputs of combiner as Cy, k=1, ...N we can express
Cu's as: ‘

N
= Z hegX e
=t

where byt are the elements of N X N Hadamard matrix, Due to
channel characteristics the possibility of a word detection ecror
arises. It turns out that the lincar combiner (above} is not
the best 10 use in order to minimize the probability of error.
When Xt can be statistically characterized under Rayleigh
fading and with some interference models, it is possibie to
apply hypothesis testing to determine the correct word, This
leads to a likelihood receiver, which is the best in the sense of
minimizing the probability of bit error, with the avajlable
information [33]. ’

For successful operation of FH-DPSK under multi-uscr
cnvironment, we need (o assign addresses that possess certain
properiies. Since transmission from the mobilc units to the base
stations are to be non-synchronous (which is advantageous), it
is desirable to use signal sets that have uniformly small cross-
correlation functions for any relative ume shift. A class of time
frequency coded signal with the onc-coincidence property is
suitable for the purpose [25].

Assuming ideal conditions, that is no fading, no recciver
noise and perfect synchronization, Rowe has derived upper
bounds on the active users U for the best possible signal set as
functions of W, R,. alphabet size, and P» [36]. Whereas these
results do nol correspond to actual coaditions, they predict the
best that is possible under 1dcal situations. In [37] an upper
bound on number of vectors (this when divided by number of
vectors per user gives the number ol users) possible on d
dimensional space (here d = 2TW) is cbiained, given some
suitably defined root-mean square cross corselation Coms.

Performance Analysis of FII DPSK System

The maximum number of simultancous users that could be
accommodated at a specific bit error rate is of interest in
analyzing a digital mobile radio sy-lem. Since this number
could vary depending on the availaole bandwidth or on the
information bt rate, a measure defined as “spectral efficiency”
is also useful:

M Ra
W

n -

where n is spectrum-elficiency, M is the number of wsers
simultancously served by the system, Ry is the bit rate per uger,
and W is the one-way bandwidth. _

We shall discuss later the merit of n as a measure of spectral-
efficiency in a larger context of the efficient utilization of the
spectrum allocated for land-mobile users. Presently, n can be
used to compare two cellular systems. A comparison of avetage
number of usable “channels™ per cell for FH-DPSK and FM
systems showed that they do not differ greatly. In [38], it is
noted that no ervor occurs if the transmission is frame
synchronous (which is possible for base to mobile commumica-
tions), and for frame-asynchronous mobile to base communi-
cations, a good estimate of P, was arrived at. The analysis
showed that only 26 users can be accommodated at P, < 107
and at large Ey/ No with W = 20 MHz, Ry = 32 kb/s, and
orthogonal coding rate A = 5/32 (= logaN/N). This figure
improved to M = 46 from 26 by the usec of hard-limited
combing [34]. However, likelihood combining did not give any
further significant improvement [33}. Another analysis of P,
with different models of fading for the enveiope of recsived
signal was carricd out in [391 In all the above analyses,
shadow fading was neglected. Also, the assumption was lnde
that the frequency separation between thc spectrum of the
hopping signals was greater than the coherent bandwidth of the
mobile channel. Even though this gives the full benefit of
diversity and makes the analysis simpler, this may not be
strictly valid [48]. ’

Next, we shall discuss another FH scheme which is thore
efficient than FH-DPSK.

Frequency-Hopping Multi-Level Frequency-Shift
Keyed System (FH-MFSK) .

A block diagram of the m"™ transmitter of FH-MFSK system
is shown in Fig. 7. Figure 8 shows the block diagram of the
receiver, The operation of the system can be understood by
refercing to Fig. 7, and Fig. 8. Every T seconds, K message bits
arc loaded serially in a buffer and transferred out as a K-bit
word Xm. Assuming the modulo-2* adder does nothing for the
moment, X will select one of the 2° possible different




frequencies from the tone generator. Al the receiver, the
spectrum of each T second transmission is analyzed to
determine which {requency, and hence, which K-bit word, X is
sent. Of coursc, the sysiem as such is uscless for multipic-user
operation. Il a second transmitler weee 1o generate X, neither
the receiver m nor the receiver n would know whether to detect
Aa or X To avoid this, we add the address generator as
shown in Fig. 7 and assign a unique address to each user,

The basic interval T is divided into L intervals of duration r
each. Over T seconds. the address generator aof m'™ user
generates a sequence of L numbers:

AQm = (@ani, Aty ... Ty}
Each am e{0, 1. 2, ... 2*=1}

whereas in [30] cach am 15 sclected at random from the set
specified above (called “random address assignment™). There
arc certain addressing schemes [41.42] which possess certain
algebraic structure and hence, when decoded at the receiver
properly, could lead to better performance.

Now, cach a.?is added modulo-2® to X, to produce a new
K-bit number:

Yo 8= X + amt

or,
Y= (Yoo Yoo oo Yout)
X = (Xems X, oo Xm)

Each r seconds, Ymg selects the corresponding transmitler
frequency. At the receiver, demodulation and modulo 2%
subtraction by the same number awg are performed cvery r
seconds, yielding:

Ll = VY™ amf= Xu

The sequence of operations is iltustrated by the matrices of Fig.
92 and 9b. Each matrix is either a sequence of K-bit numbers
{codeword, address, detection matrix} or a frequence-time
spectrogram (transmit spectrum, receive spectrum). The ma-
trices pertain to one link in a multi-user system. Crosses show
numbers and frequencies generated in that link. Circles show
the contributions of another link. As stated earlier, the transmit
spectrum is generated by modulating the address with a code
word using modulo-2* addition. Equivalently, when cach entry
in the address matrix is shifted cyclically by the row number
specificd by the codeword matrix, we get the transmit spectrum
{Fig. 9a).

Because of multi-users, extrancous entries are created in the
detection matrix. For cxampie, a word X, transmitted over the

™ link will be decoded by the receiver m as:

Z'mnz Xn + .0 amt

The Z'mt arc scattered over different rows. The desired
transmission, on the other hand, is readily identified because it
produces a complete row of catries in the detection matrix.
Normally, the fading of the tones and the receiver noise ¢an
cause a lonc to be detected when none has been transmitted
(false alarm) and/or can cause a transmitted tone to be
undctected (miss). Even without these impairments, many user
cntrics can combine to produce a compicte row other than Xm
and hence, can causc errors in the identification of a correct
row {in the word X.). Hence, a majority logic rule is
attempted: sclect the codeword associated with the row
containing the groatest number of entries. Under this decision
rule, an crror will occur when inscrtions (detected tones due (0
other users and [alse alarms) combine to form a row with more
entries than the row corresponding to the transmitied code
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word. An error can occur when inscriions combine to form a
row containing the same number of entrics as the row
corresponding to the transmitted code word, We view the
transmission to each square in the tone detection matrix as an
example of non-cohcrent, on-off keying. Because of fadimg of
ampiitude and the random change of phase, it is not possibie to
employ cohecrent detection in a mobile environment. (Recali
that we used differentia) phase detection in FH-DPSK scheme,
since the phase is not likely to change significantly from it to
bit [25].) From the textbook formulas we have [43):

Pr=exp (—8/2)
Po =1 = exp (8% 21+5)

where Prdenotes false alarm probability, Pp the probability of
deletion (miss), B the normalized threshold set in the regeiver
and 5 the average signal to noise ratio. The above scheme,
where the presence or absence of cnergy in cach squu't of
detection matrix is decided, together with majority® logic
decision is called “Hard-limiting Combining™ [44]. Whereas the
hard-limited receiver does not fully exploit the available
statistics of the received signal, it can be shown to be not too
inferior to an ideal likelihood receiver [45,33].

The results on spectrum efficiency n, defined ecarlier, show
that n is maximum for W = 20 and decreascs slightly as W is
reduced to 5 MHz [46]. Thus, splitting the total available
bandwidth of 20 MHz into smaller bandwidths will only lead to
reduced clficiency. The effect of shadowing on the performance
of hard-limted receiver was examined in [47). The results show
that the system capacny decreases to 130 users at Py < 1073 for
average SNR = 30 dB and log-norma! shadowing standard
deviation of 12 dB. Also, in cellular systems, additional
degradation occurs due to interference from adjacent cells. It
could be scen that the performance deteriorates rapidly without
power control. A power control schemec was suggested and
cvaluated for basc to mobile communication [48]. It was
observed that with Ravieigh (ading and an SNR of 25 dB, the
number of uscrs that could be accommodated in a single cell at



P» < 10 ' was about 115. This is a reduction oi 35 user. irom
the isolated cell case.

In the above analysis, it was assumed that the frequency
scparation between tones, namely |/r. was greater than the
coherence bandwidth of the channel and hence. the assumption
that all the tones fade independently. For typical r = (1.6 u
sec., lfr = B6 KHz. However, the cohercnee bandwidih
(defined with respect to correlation coefficient of 0.9) varies
from < 0.04 MHz in urban areas 10 > 0.25 MHz. << | MHz in
suburban arcas [49]. Thus, it is possible that correlated lading
could occur during decp fades and lead to error clustering
(50.51].

Improved Address Assignment and Decoding

In FH-MFSK system considered so far, we assumed that the
addresses are assigned randomly. Also, the probability of bit
error Py computed is the value obtained by averaging all the
probability of bit errors resulting from an ensembie of all
possible random address assignments. Naturally, this raises the
question, “are there bound to be many links whose £ will be
very high, even though the average Py < 107 We find the
answer [52], “since only a fraction 1/A of a sct of positive
numbers can be larger than A times their average, at least 99
percent of ail codes in the collection must have a P no greater
than ten times average P», and 99 percent of all code must have
a Py no larger than 100 times average Ps." In fact, the result of
this argument is verified by simulation studies [$3]. The
simulation is done assuming perfect channel, but multi-user
interference is considered. It is noticed that maximum BERs
{bit error raies) do not differ by more than a factor of 2 from
the average BER, However, if the addresses are assigned in a
“best possible way,” cach user could have a nearly identicai
performance. One possible scheme is discussed next.

In {41], the proposed addressing scheme assigns each user an
address

A= (Ym, YmB, =B ... v B£7)
where yu ¢ GF(Q)

B is any primitive element of GF(Q). .

Galois Ficld exists only for Q being prime or any integer
power of a prime (Hence, Q can be 2%) [35]. Coding of the user
message m is done according lo:

Yo=an+xn

Observe that this equation is similar to a previous equation. It
is casily shown that [or synchronous communication, any two
coded messages Yu ad Y, (m.e ¢ GF(Q), m#¢) could coincide
in one chip, at most. en, it is clear that under ideal
transmission, Lo creale one spurious row in the decoded matrix
at a user, at lease [ users must have been involved. An error
can occur in the decision process only if one or more spurious
rows are created. A simple upper bound on probability of bit
crror indicates that this bound is shightly less than the average
f» bound obtained for random addressiag. This agrees with
our expectations.

Since the addressing scheme (above) possesses certain alge-
braic properties, it is possible 1o expioit these properties
in the decoding of messages, thercby accommedating more
number of users at a specified P, {say < 107°). Such an
aralysis carried out in [54] under ideal conditions shows that
the scheme could accommodate nearly 450 users as compared
to 216 with conventional decoding. Of course. the decoding
scheme requires the knowledge of the addresses of all aclive
uxers. Therefore, such information needs to pe periodically
transmitted to mobiles from base. Another difficulty is that the
decoding procedure does not allow an casy performance
cvaluation under the conditions of noise and fading. Also, the
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compicxity of decoding at the mobiles could be very high,
making the algorithm useless under such a situation.

It is also possible to use space diversity of moderate
complexity (2 or 3 branches) to improve the performange of
FH-MFSK [4]. There are some recent results suggesting the
possibility of space diversity with FM or PSK [55). However,
the number of diversity branches needed is greater than 2 or
so and hence, the implementation becomes formudable. Another
version of space diversity with PSK and time-division retrans-
mission is suggested in [56].

Measures for Speciral Efficiency

MR, -
In previous sections we used g (= W ) as a figure of spec-

tral efficiency. Apart from other drawbacks of this measure,
there is one which has not been observed. With the use of
cfficient speech coding techniques, such as LPC, it is posible
to reduce R, to as low as 4 Kb/sec. Assume such coded
speech, when passed through mobile radio channels, still
possesses intelligibility. Then, with FH-systems it can be shown
that A would increase considerably. However, because of the
multiplication of M by R, in the definition of 7, the net
increase {it could be a decrease too!) may not be much, and as
such this is clearly misleading because LPC speech aiso carrics
effectively the same information over the same period. Hence, n
is code dependent and cannot be applied to compare two
systems employing diflerent coding techniques. Some of the
mecasures of spectral efficiency for land-mobile application and
their usefulness are discussed in [$7). In general, a definition
should include the number of mobiles served over .what
bandwidth and geographical area. Clearly n. as defined earlier,
docs not include the geometry factor. Finally, a measure which
is uscful for FM cellular systems expressed in Erlangs | H, m’.
The reader is cautioned that assigning a minimum bandwidth
per channel does not always icad to an overall spectraliy
efficient FM sysiem. For example, allocation of 30 KHs per
channel can be spectrally more efficient than an assignment of
15 KHz per channel [58]. Next, we discuss some of the agpects
of voice and data transmission in FM-cellular systems, with
specific references to AMPS, '

VYoice and Dats Transmission
Voice Transmission -

Speech can be transmitted by an analog modulation, such as
FM. or by means of a digital radio, after coding the speech.
While AM is conceptually possible, the rate of change and the
depth of fades that can occur at UHF have not permitted
satisfactory transmission quality 10 bc obtained in ‘this
environment. We shall explain briefly the impairments expected
on voice transmission and the measures possible to reduce
these, when FM is employed. Specifically, we concentrate on
AMPS (Advanced Mobite Phone System) [59.60]. Considering
850 MHz band. Fig. 10 shows a sample of Raylcigh envelope
signal obtained at moving antenna measured zlong a short
distance of travel. We observe that the Rayleigh fades occur
approximalcly one-half wavelength apart. At carrier frequencies
near §50 MHz, independent fades are about seven inches apart.
As Lhe mobiie receiver moves through the radio interfercnce
paticrn, it is thercfore subjected to frequent fades. Figure 11
shows the probability distribution function of the received
instantancous signal power normalized to its mean-value. The
no-diversity curve shows that the fades are such that 10 percent
ol the ume the signal will be 10 dB below us local mean, |
percent of the time 20 dB will be below the mean, and so forth.
Alse of interest arc the quantities, the level crossing rate of the
cnvelope below a specified level, as well as the duration of the
{ade below the specified level. These two quantities are



dependenit on the vehicle speed. Apart from this Rayleigh
fading, we have the “shadow fading" caused by terrain features.

In AMPS, discriminator detection is employed to demodulate
voice signals. During the deep fades, the signal goes below
noise level and the noisc could “capture™ FM receiver. These
interruptions have a different subjective effect as a function of
the speed. This is also called the “click noise.” These clicks
arrive in bursts and are time correlated with RF signal fades.
At times during fades, the rceeiver may be captured by
intezference from a co-channel user. The result is a burst of

iterfering voice modulation which is uninielligibic because of
the shorl duration of fades. Sometimes, the frequency offset
between the signal carrier and the cochannel carrier can be
heard as a wobbling tone. Apart from these, we have the
Impulsive noise (duc to ignition sysicms) which is predominant
in urban arcas. Since majority of the impairments come
through fading, it is important to reduce the level, duration,
and frequency of fades. This is accomplished by “diversity
techniques ™ discussed carlier. Space diversity is attractive with
FM systems. The effcct of a two-branch equal gain combining
diversity system is shown tn Fig. t}. In AMPS, equal gain or
selection diversity will be uscd at cell sites, whereas the mobiles,
where the cost and complexity are important, will be provided
with switched diversity. However, performance of switched
diversity is not as good as equal gain combining [3]. In addition
to the improvement through diversity, additional improvement
with voice processing circuils are necéssary and possible. For
example, variations in talker volume can have significant
effects on the subjective quality of the received signal. Low
volume speakers induce low frequency deviations and hence,
the received signal will be weaker. In contrast, speech from
loud talkers is impaired through ¢xcessive clipping distortion in
the transmitter. To overcome these problems, syllabic com-
panders at the transmitter and the expanders at the receivers
are employed.

Digital coding and transmission of speech has some
attractive [eatures, namely, incxpensive coder-decoder imple-
mentation, siraight forward speech encryption (bit scrambling),
and efficient signal regencration. But in a mobile radio
environment, the digital transmission too, faces the problem of
‘ading. Without any cffective diversity, errors tend to occur in

arsis. Whereas an average bit error rate of 1 in 10% sull gives
gocd quality for ADM speech sampics, an error rate of | in 10?
is acceptable during short periods. However, since these errors
do not occwr independently but rather in bursts, they have
annoying ¢ffects on the listener. There has not been much
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discussion o: this subject, except for a few papers. In [61], a
differential code with explicit transmission of step size over an
error protected channel, was analyzed for its performance by
simulation studics. Effect of redundant time diversity coding
and bit scrambling was also investigated. :

Data Transmission

in the AMPS system discussed above, direct binary frequency
shift keying of the carrier with discriminator detection was
employed. The main source of impairment is once again the
error clustering duning fade. Usc of error correcting codes (40,
28 BCH code) along with message repetition and majonty
voling at the recciver arc considered as measures against burst
errors.

Recently, there has been interest in finding efficient modula-
tion techniques for data tzansmission in telephone, as well as,
satellite networks [62,63). [n telephone lines, the bandwidth is
at a premium and hence, spectrally cfficient techniques to send
data at higher rates are impoartant. Some of these schemes,
which possess narrow spectrum, also have constant envelope,
The constant cnvelope property is important in satellite
channels where the nonlincar operations used (hard-limited or
class C power amplifiers) to create adjacent channel interfer-
ence, if the envelope is not constantly maintained. These
features are attractive for data transmission in cellular mobile
radio [64). Two modulation schemes known as MSK (minimum
shift-keying), which is also called Fast FSK, and TFM (Tamted
Frequency Modulation) can be considered {63,65]. MSK can'be
thought of as a special case of offset QPSK. In normal QPSK,
the incoming data stream is split into “odd™ and “cven” stresmns
and are used to modulate the quadrature and in-phase carmiers,
respectively, (see Fig. 12). Because of the orthogonality of the
two carriers, it is possible to recover the “odd™ and “evea®
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streams cxactly at the receiver, when there is no channel
impairment. Whereas in QPSK, the bit transitions occur at the
«sme time, in OQPSK, their occurrences difler by /2 radians.
ause of this, the phase changes in OQPSK waveform at bit
transitions can only be ka/2, which is in contrast to 7 and
+ /2 changes possible in QPSK. This helps in out of band
radiations to be reduced in OQPSK. With sinusoidal pulse
weighting in offset DPSK the resulting waveform S(t) can be
written as (Fig. 12}
S(t)y=a; (1) cos { )cos @mf)+ ag(!)sm( ) sin 2m fol
Using standard trigonometric {ormulac this can be rewnit-
ten as:

S() = cos (2x for + bk(l) + &l

Where by (t) = —a) (1) aq (1) and ¢y is 0 or m corresponding
to a,=1 or —1{.

From the above equation we observe the following properties
of MSK:

1) It has constant envelope.

2) There is phasc continuity in the RF carrier at the bit
transitions.

3) The signal is an FSK signal, with continuous phase and
with the frequency spacing & = ([c + 1/4T) — (fc —
1/4T) = 1/2T. This is the minimum frequency spacing
which allows the two FSK signals to be coherently
orthogonal, hence the name minimum shift keying.

Whereas the phase is continuous in MSK, the derivative of
the phase is still discontinuous (implying phase is only

piecewise continuous). If the phase is made still smoother, a
much narrower spectrum can be achieved. One method of
modulation achieving this is called the TFM [64]. Some
comparison between MSK and TFM is as follows:

1) Both are spectrally efficient, though the sharpel‘ roll-ofl of
the spectrum of TFM can be advantageous in reducmg
adjacent channel interference.

2) Both are easy 1o generate.

3) In principle, coherent, differential, and discriminator
detection can be employed for MSK and only the [irst
two types for TFM. It can be shown that error rate
performance of coherently decoded MSK is equivalent to
that of PSK (Quartennary PSK) whereay, cohercnt
detection of TFM has a loss of | dB. Differcntial
detection of MSK is simple to implement but is slightly
less efficient than coherent detection. A -coherently
detected TFM for digital speech, which performs ncarly
as good as conventional narrow band FM is given in [64].

In general, it is not casy (o conslruct a simple carrier recovery
circuit which enables one to regenerate the referemce carrier
precisely and stably in the fast Rayleigh fading channels. The
performances of the differential detection receivers in mobile
radio channels for MSK and TFM can be found in[66]) and [67).

Clearly, some of the spectrally efficient techniques could soon
find a place in the digital data transmission over mobile radio.

Conclusion .

This tutorial paper looks at some of the thedretical and
design issucs involved in mobile radio communication. While
the review is not cxhaustive, many references are given to
supplement the material presented.
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.. Abstract—In our highly mobile society, the provision of voice and
data communications 10 2 person away from his/her wireline telephone
bas become 2 major cotnmunications frontier. The early penetration
of this frontier has been based on very limited portable communica-
tions approaches, e.g., cordless telephones, mobile radio telephones,
and radio paging. Each of these approaches only partially satisfies por-
table communications needs. This paper describes an approach te pro-
viding universal digital partable communications integrated into tele-
phone networks. A system configuration employing time-division
muitiple-access radjo link architecture and frequency reuse s de-
scribed. Issues affecting radio link transmission rates and radic system
coverage are discussed. Characteristics and parameters of a possible
system to supplement the wire (or fiber) loop are [ndicated.

I. INTRODUCTION

IN the highly mobile society of modem industrial na-
tions, the provision of voice and data communications
to a person away from his/her wireline telephone has be-
come a major communications frontier [1]. One does not
need to conduct 2 detailed market study to observe the
large demand that exists for portable communications ca-
pability. The great popularity of cordless telephones, mo-
bile radio telephones, radio paging, and other emerging
portable communications technologies clearly demon-
strates this intease pent-up demand. In the United States
alone, about 20 million cordless telephones have been
sold, and comparable sales have also occurred in many
other countries. Sales of handheld portable sets for cel-
lular mobile telephone systems are also increasing rap-
idly. The overall unrealized demand must be even greater
than the proven demand for these emerging systems and
features because they have only begun to penetrate this
major frontier. That is, each of the current approaches to
portable communications satisfies only a limited number
of portable communications needs: none provides ubiqg-
uitous, universal, personal portable communications. This
paper considers objectives, constraints, and a system ap-
proach for a universal digital portable communications
system. The proposed system is not intended to replace
vehicular systems.

The existing telephone network can be readily adapted
to provide ubiquitous and universal portable communi-
cations to roving users. In order to do this, a network
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Fig. 1. Fixed radio equipment for providing universal digital portable
comrmunications as an inlegral part of s telephone network,

needs a widespread arrangement of fixed radio equipment

connected to it as illustrated in Fig. 1. Adaptation is also

needed to be able to identify people (i.¢., portable sets)

instead of identifying places (i.c., individual fixed tele-

phones), This will require access to large databases for
information about customer’s services. It will also require

rapid data transfer among switching equipment in differ-

ent central offices. These network adaptations are begin-

ning to occur now for other purposes; access to large
databases is being used for providing special services.
Also, a common channel signaling network (CCITT no.

7) is beginning to be implemented for rapid digital com-

munications among central offices.

II. LiMrTaTiIONS OF CURRENT PORTABLE
COMMUNICATIONS SYSTEMS

It is useful at this point to consider briefly some ex-
amples of the limitations of existing approaches to por-
table communications. They are as follows:

A

Current mobile systems (in North America: 150 and 450
MHz conventional and 850 MHz cellular) were designed
to work with vehicular radio equipment. These designs
have inherent characteristics that limit their suitability for
portable handheld usage. Some of these characteristics are
(see also [14] and [21]) as follows.

1) Vehicles are normally vsed outdoors. Portables are
normally used where people spend most of their time—in
buildings—where large-building penetration losses [5],
{15], [16] add an average of about 20 dB ( + a large stan-
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dard deviation, which makes the 2¢ level roughly 40-50
dB) relative to the median path loss encountered by an
outdoor user. See the Appendix for further discussion of
this point.

2) Since both a source of dc power (and its recharging)
and a substantial stable mounting surface are available in
a vehicle, its equipment typically can transmit an ERP of
several waltts. A portable unit with a lightweight, low-
volume battery is not compatible with these power levels,
and frequent recharging of its battery is not convenient.
Current state of the art in battery design yields about a 30
dB natural difference in ERP between the two.

3) Body proximity and random orientation effects can
reduce the portable’s signal even further, relative to that
of a vehicle.

4) Because vehicles are typically occupied only a frac-
tion of the day, both average telephone traffic intensity
(Erlangs per user in the busy hour) and total traffic per
day for vehicular service are lower than that for personal
portables, by up to a factor of ten.

5) Vehicles range over a wide area at high speed. It is
natural, therefore, that the use of larger coverage areas
(cells) is more important for vehicles in order to be eco-
nomical; use of higher system ERP’s and higher antenna
masts produce the most cost-effective vehicular system
design. However, this practice illuminates distant refiec-
tors of RF energy, and delay spreads (echos} of up to tens
of microseconds are often encountered in urban or hilly
environments. This either precludes wide-band systems
or makes adaptive delay equalization necessary.

6) The calling method used in current systems is far-

from ideal. A caller has to guess if and when the vehicle
is occupied. The number of a vehicle, rather than that of
a person, is used. The user must be in the vehicle (or near
a compatible portable unit which is powered on) 2nd must
answer using it. Traffic intensity is unnecessarily in-
creased by futile attempts.

7) The nature of vehicular movement and traffic den-
sity also lends itself to a different networking arrange-
. ment. Exchange areas for vehicles can be on the order of
1000 square km, while urban wireline exchanges (wire
centers) are much smaller. While current vehicular sys-
tems have very few network access points, a dense per-
sonal portable system should be integrated into an ex-
change network as part of the distribution loops to the
closest wire centers.

In summary, vehicular units and personal portables
{handhelds) have many inherent differences in usage and
in capability. Because of these differences, it is appropri-
ate for vehicular and portable systems to be separate, yet
to be coexistent.

B.

Cordless telephone handsets are designed to be radio
extensions of wireline mainstations. They operate at low
radio power levels and are battery efficient. However,
they, too, have significant limitations.

1) A cordless handset is generally restricted to be used
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with its own base unit. Thus, a handset service area ex-
tends for, at most, 100-200 m around a particular base
unit in a residential area; within large buildings, a 20-30
m range is more typical, depending on construction. The
fixed association with one base unit location is a major
disadvantage, limiting its utility, particularly to business
users.

2) This approach does not save the investment in dis-
tribution facilities; the per-user wireline loop, including

" house/building wiring, is still required. In commercial lo-

cations, reassigning offices and work stations would still
require shuffling telephone number assignments. Using
cordless sets in a personal mode would require multiple
loops to a residence and multiple base units.

3) Because of limited channel availability (ten chan-
nels in the United States) and because there is no coor-
dination of channel usage, the density of handsets in an
area is limited by the typical user’s tolerance of crosstalk,
mutual interference, and cutoff calls. Attempts to use
cordless telephones in high-density housing or apartment
buildings can result in unpredictable and out-of-control
cochannel interference. Some new cordless telephones
scan multiple channels (about 50) and measure the level
of interference in each channel before selecting one to use
for a call. This approach offers some improvement in co-
channel interference, but high set density can result in un-
acceptably large numbers of calls intermupted as new users
access in-use channels [20]. These multichannel cordless
handsets and base units have most of the complexity {(e.g.,
multichannel synthesis, signal quality measurement, so-
phisticated handset-base unit signaling, and channel as-
signment logic) needed to provide the more universat por-
table communication discussed later in this paper; but they
still have the limitations noted above. That is, they are
still cordless extensions, with only the simple phone cord
replaced by a sophisticated radio link.

C.

Radio paging provides widespread inexpensive, light-
weight, but limited communications in only one direc-
tion. Its limitations as a universal loop-equivalent system
are obvious.

D' B

Automatic Call Forwarding implemented in stored-pro-

‘gram-controlled electronic switching systems provides

communication away from a particular telephone, but this
feature is still limited to a tethered connection and it re-
quires continual user/system interaction.

- HI. OBECTIVES FOR UNIVERSAL DIGITAL PORTABLE
COMMUNICATIONS

Major goals of this system are:

¢ provision of the desirabie and often necessary func-
tion of being completely tetherless and portable any-
where,

¢ replacement of the capital- and maintenance-inten-
sive per-user end portion of the local distribution plant,
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¢ utilization of the current Public Switched Telephone
Network (PSTN) or planned Integrated Services Digital
Network (ISDN) to the fullest extent possible.

From these follow a more detailed list of objectives:

1) efficient usage of scarce radio frequencies to serve a
clear public need,

2) quality and reliability equivalent to wireline tele-
phone and data service,

3) ubiquitous integrated services using tetherless por-
table telephones and data terminals,

4) privacy and security equivalent to wireline tele-
phones,

5) small, convenient, and user-friendly portable sets
with maximum time of use between battery recharging or
replacement,

6) economical service at costs comparabie to wireline
telephone and data,

7) minimized radio frequency radiation hazard,

8) compatibility with the environment, i.e. minimized
problems associated with the siting of fixed stations,

9) flexibility to accommodate different user needs and
future technology advances, and

10) ability to accommodate a reasonable degree of user
motion.

Objectives 5) and 7) necessitate low-power portable
sets. Low power further implies short range and small
coverage areas. Objective 8) implies low antenna masts,
comparable to street lights and flag poies. These objec-
tives are discussed in more detail in [21].

IV. SyYSTEM CONFIGURATION FOR UNIVERSAL DIGITAL
PORTABLE COMMUNICATIONS

In a telephone network, telephone lines from central
offices are grouped into cables or multiplexed onto single
wire pairs that run via feeder cables to distribution points.
(The cables may be replaced by glass fiber lightguides in
the future.) From the distribution points, loop circuits
proceed as separate wire pairs to telephone sets. For pro-
viding universal portable communications, the separate
circuits at the ends of the telephone loops can be provided
by using low-power demand-assigned digital radio links
for the last 300-500 m. Radio could replace the following
components of local loops:

¢ building wiring

s protector block

* drop wire

» per-user portions of the feeder and distribution plants

& splicing, both outside and at wire centers.

Such an implementation of loop radio links in residen-
tial areas is iltustrated in Figs. 1 and 2. The fixed radio
equipment must be configured to reuse radio frequencies
efficiently and the equipment must be controlled by the
network on a call-by-call basis to limit cochannel inter-
ference.

Proposals also are being made to distribute wide-band
services such as video directly to businesses and resi-
dences using glass fibers. The demand for tetherless por-
table communications would not be affected by the avail-
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TOMORROW'S RADIQ DISTRIBUTION
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Fig. 2. A muitiuser radio port implementing radio links for the ends of
ielephone distribution facilities,

ability of wide-band services. This is evident in that today
almost everyone in the United States has a wireline tele-
phone; but, nevertheless, 20 million cordless phones have
been bought to connect to the ends of the copper loops to
provide very limited tetherless communications. Fiber is
not different from copper in being an unwanted tether.
Therefore, wide-band fixed (tethered) services will com-
plement, not compete with, tetherless portable commu-
nications services; freedom and wide bandwidth are not
cross elastic.

A. Time-Division Multiple-Access Radio Link
Architecture

Many portable handsets and data terminals could be
served from one installation of fixed radio equipment at
the end of a feeder line from a centra] office. The radio
links would be shared among customers on the basis of
individual user activity; that is, the radio links would be
demand assigned. The fixed radio equipment would func-
tion as a radio port, i.¢., an entry/exit point to the network
via radio. Of course, a shared network radio port requires
either multiple radio channels and multiple low-power ra-
dio transmitters and receivers or a time-multiplexed mul-
tiple-access multiple-channel technique. The latter ap-
proach can easily provide a flexible radio link con-
figuration that is attractive for providing different user
transmission rates.

In this approach, several fixed-rate bit streams would
be time-division multiplexed (TDM) onto a radio carrier
for transmission from a port to several active portable sets.
(For a similar radio link architecture, see alsc [2].) Such
a time-multipiexed plan is illustrated in Fig. 3(a) where
the H indicates bits comprising a TDM frame header, and
the numbered time slots indicate blocks of bits from fixed-
rate bit streams. An average bit rate as low as 4 or 8
kbits/s could be a logical choice for the lowest multi-
plexed bit rate contained in a block. A portable voice or
data set could then be assigned transmission rates in in-
crements of the lowest rate by using more than one of the
time-multiplexed blocks.

In the reverse direction, transmissions from portable
sets to ports would be time sequenced and synchronized
on a common frequency for time division multiple access
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8)  TIME DIVISION MULTIPLEX: PORT TO PORTABLES ON CHANNEL Fy

TIME =

K-t K K+t K1 K K+

b)  TIME DIVISION MULTIPLE ACCESS: PORTABLES TO PORT ON CHANNEL Fy

Fig. 3. Time-Division multiple-access radio link architecture.

(TDMA) as also indicated in Fig. 3(b). K represents an
offset of an integer number of time slots, the offset elim-
inating the need for the ponable to transmit and receive
simultaneously (i.e., no need fora diplexer). Again, these
transmissions would be quantized into some minimum av-
erage bit rate and a portable set could transmit at a mul-
tiple of the minimum rate by using more than one trans-
mission time slot to the port. Thus, although the
transmission rate on the radio links would be constant, a
choice of user rates could be accommodated by using
multiple blocks of transmission time.

In order to minimize the voice transmission delay and
the change in the radio channel between TDMA frames,
it is desirable to keep the frame period small. On the other
hand, extra bits are needed in each frame for synchroni-
zation, signaling, and channel control, and a dead time is
needed between blocks to prevent overlaps between trans-
missions from different portable sets caused by different
propagation path delays or by TDMA synch misalign-
ments. Therefore, to minimize the relative amount of this
unproductive overhead, the frame period should be made
large. A good compromise between these conflicting goals
appears to be in the range of 10-20 ms; for an average bit
rate on the order of 8 kbits/s, this results in about 100-
150 information bits in a block.

A few different voice coding techniques operating at
different average bit rates and providing differing inherent
voice quality could be supported by the radio system, al-
lowing a price/performance selection to be made by the
customer. The addition of or change to a new speech cod-
ing technique supported by the fixed network could be
accomplished by changing only software or circuit boards;
the effects on the ovenll radio system would thus be min-
imal. Similarly, data customers could choose and pay for
the digital data rates that they need. One or more of the
multiplexed bit streams could be used to provide a con-
tention channel for packet data. Transmission compatible
with Integrated Service Digital Network (ISDN) rates
could be supported using multiples of the minimum radio-
link bit rate.

The maximum possible transmission rate for an indi-
vidual portable radio link will be limited by the maximum
spread in time delays that occurs for the multiple propa-
gation paths resulting from reflections and scattering off
walls and objects. An example of a *‘power versus delay”
profile measured within a building is shown in Fig. 4.
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Fig. 4. A measurcd profile of average received power versus time delay at
850 MHz.

Such multipath propagation measurements [3] made in
several office buildings, individual houses, and other por-
table communications environments suggest {4] that, for
four-level digital phase modulation (QPSK), a maximum
radio link bit rate in the range of 300-400 kbits/s could
be transmitted without adaptive equalization in building
environments. At locations that have an unusually large
spread in transmission delay, antenna diversity, as dis-
cussed in Section IV-C, may be needed to maintain ac-
ceptably low error rates at the higher bit rates [4]. Allow-
ing for overhead bits in headers and for encryption and
system control, this would permit ISDN-compatible
transmitted information rates of up to 144 or 288 kbits/s,
by using many time slots, Radio channels could be about
125 or 250 kHz wide, with channel spacings of about 150
or 300 kHz.

TDM systems with low power and low antennas hold
the promise of a more economical system design, relative
to conventional methods, for the following reasons: 1)
significantly fewer fixcd station transceivers, 2) a simpler
and faster channel synthesizer (at the portable), 3) simpler
port antenna combining, 4) fewer intermodulation prod-
ucts, 5) no simultaneous transmit and receive at the por-
table unit (hence no need for a diplexer), 6) lowered prob-
ability of lightning damage, and 7) ease of maintenance.

Trunking efficiencies would be realized from the traffic
concentration in the multiple-user port equipment. There-
fore, for high market penetration levels, fewer user chan-
nels and less fixed radio equipment would be needed at a
port than are needed in current cordless telephone instal-
lations that use a fixed base unit for each handset. Con-
centration factors of at least 3 or 4 are reasonable for ports
serving 50-100 portable sets [19], depending on blocking
objectives and user demand.

The user would need a somewhat more complex mul-
tichannel handset or data terminal than is needed for to-
day's typical cordless telephone. However, the added set
capability could provide the opportunity to free the user
from the association with a wired connection and a spe-
cific base unit. The user then would have the opportunity
to use the same portable set anywhere that fixed radio ports
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are installed, i.e., at home, at the office, at a shopping
center, or wherever a user wants to make or receive calls
or data transmissions. The added set complexity is of the
type that lends itself well to economical large-scale circuit
integration. The small added cost for increased capability
would tend to be offset by cost reductions that would re-
sult from eliminating the maintenance and installation of
per-user wiring and from reduction in the amount of fixed
radio equipment needed. A widespread low-power por-
table radio system would also provide a convenient and
attractive means for calling-for-help for any problem, i.e.,
for fire or for threat of physical violence.

B. Privacy/Security

Voice privacy without degraded voice quality (and also
security of user i‘dcntiﬁcation) can be readily provided by
encrypting digital radio links. In contrast, voice privacy
cannot be provided effectively on the analog radio links
used for existing cordless telephones and mobile radio
without compromising cost and quality goals. Rapid ac-
cess to large databases through common channel signaling
networks would provide a convenient mechanism for dis-
tributing encryption keys to different ports as needed for
serving roving users.

C. Radio Coverage Issues

At network ports in residential areas, antenna heights
could be about 7-10 m above ground level, at the height
of streetlights and flagpoles. Estimates indicate that resi-
dential area ports separated by about 600 m could provide
nearly continuous radio coverage for 5 mW portable
handsets. Port antennas would be small and inconspic-
uous to minimize environmental concerns. Using a low
port antenna also tends to limit the time delay spread.

The total frequency spectrum allocated to an arrange-
ment of ports would be divided into sets of time-division
multipiexed channels. The TDM channels or sets could
be reused at ports sufficiently far apart for the cochannel
interference to be at an acceptably low level. Such fre-
quency reuse is indicated in Fig. 5 where different letters
indicate different TDM channels or channel sets. Struc-
tured frequency reuse is necessary to achieve efficient ra-
dio spectrum utilization.

In order to provide universal ubiquitous service, radio
coverage from network ports should also be available
within large buildings [1], [21]. Coping with the severe
€xcess attenuation {5], [15], {16] when trying to penetrate
very large buildings would probably require moving the
network radio port antennas inside the buildings; this in
turn would permit reuse of frequencies within a building
to serve the very large customer densities that occur in
such environments.

Determination of network port radio coverage areas and
frequency reuse intervals is complicated considerably by
the vagaries of radio propagation within and around
houses and buildings. The multipath propagation result-
ing from reflections and scattering from walls manifests
itself as large variations in signal level over small-scale
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Fig. 5. A spatial arrangement of radio ports, illustrating frequency reuse
(quadrangular grid).

J‘c

D

2’

RECEIVED SIGNAL LEVELS

- ¥ POLARIZATION
0 = == N POLARIZATION

DISTANCE (FEET}
Fig. 6. Measurcd 800 MHz multipath signal variations.

distances on the order of a half wavelength. In the 1 GHz
region, deep signal nulls can occur about every 10-20 cm
because of random out-of-phase signal cancellation. An-
tenna diversity at either end of the radio link can reduce
the small-scale multipath effects [7). Antenna diversity
takes advantage of the fact that two antennas separated by
at least half of the average null spacing or having different
polarizations [13] are not likely to be in signal nuils
simultaneously. Fig. 6 illustrates simultancously mea-
sured 850 MHz signal variation received within a building
on vertically (V') and horizontally (H) polarized anten-
nas from a moving vertically polarized transmitter [13].
The low correlation between the fluctuations on the two
signals is obvious; the deep nulls do not occur simulta-
neously. Signal level distributions obtained in [7] indicate
that the margin needed to allow for multipath propagation
can be reduced to about 5 dB when antenna diversity mit-
igates the multipath variations.

Another signal impairment for portable radic links could
result from random orientation of a handset. This could
occur because of polarization misalignment of the ran-
domly oriented handset antenna. Fortuitously, the random
orientation effects are, however, mitigated by inherent
coupling between polarizations in the multipath propa-
gation medium [7], [8], [13].

Large-scale signal variations also occur from room to
room, from building to building, and from house to house
because radio paths are blocked or shadowed by walls,
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Fig. 7. Largc-scale 80D MHz signal variations measured within and around
eight houses,

trees, terrain features, and other objects [6], [9]. Large-
scale 850 MHz signal variations are illustrated in Fig. 7
where each data point represents the median signal level
for small-scale multipath variations in residences, within
a 1 m square area at about 1.5 m above the floor. A 9 m
high port antenna was placed at various locations about
the test area. The data were taken in different rooms on
first and second floors, in basements, and immediately
outside of eight houses. The solid regression line indi-
cates a decrease in signal inversely as distance to the 4.5
power. The standard deviation ¢ of the log normal vari-
ation around the regression line is 10 dB, and at 450 m,
the average excess attenuation relative to the theoretical
free space value is 32 dB.

A portable set at maximum distance from a port in a
residential area or in a large building will actually be at a
comparable distance from several other ports (see Fig. 5).
Random path blockage that causes low signal levels be-
tween a portable set and one port is not likely to exist
between the portable set and the other ports. Thus, selec-
tior of a radio link to the port that yields the best signal
quality would provide a form of large-scale or macro-
scopic diversity to mitigate large-scale signal variations
1103, [11]. Fig. 8 shows measured cumulative distribu-
tions of median signals illustrating performance for two
and three branch macroscopic selection diversity mea-
sured in and around eight houses [10]. A model based on
these measurements indicates that 99 percent of users in
the worst locations at maximum distance from four ports
could be served if a 10 dB margin above the average were
provided. Without macroscopic diversity, a margin of
about 25 dB would be needed.

Diversity is a cost-effective system technique [17]. A
block schematic of a possible combining concept is shown
in Fig. 9 (for simplicity, only two branches are shown}.
The approach is conventional in physical layout, but could
use error-detecting coding [12] for the diversity selection.

Portable-to-port radic link parameters for residential

—_—
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Fig. 8. Cumulative distributions of 800 MHz multipath signal medians,
illustrating measured effectiveness of macroscopic selection diversity.

areas are summarized in Table I; the table is based on
typical equipment parameters [L], [21] and the propaga-
tion margins discussed above. Because power is less con-
straining at the port transmitter, the reciprocal direction
could be designed with a larger power margin.

The statistics of radio propagation variations also
strongly affect the number of channel sets needed to limit
cochannel interference to acceptable levels. Results from
computer simulations [11] suggest that, with macroscopic
diversity, the number of channel sets needed in residential
areas is in the range of 25-36 sets, to provide a 16 dB
signal-to-interference ratio over 99 percent of the cover-
age area. A 16 dB signal-to-interference ratio is the sum
of the 5 dB multipath margin and the 11 dB signal-to-
noise threshold from Table I. Although the actual neces-
sary signal-to-interference threshold is not yet known, it
will likely be comparable to the required signal-to-noise
threshold. Again, without macroscopic diversity, the
number of channel sets needed would exceed 100.

Propagation characteristics within large buildings vary
widely from building to building, depending on construc-
tion materials and configurations [6], [18]. Because of the
limited extent of most buildings, it is often not possible
to obtain enough data to determine meaningful distance
dependencies or other statistical parameters. From avail-
able data [6], [18], it appears that the average extra atten-
uation between floors can range from a few dB to 25 dB
or more. Thus, in some buildings. frequencies could be
reused every other floor, while in others, reuse might only
be possible every five or six floors. Large differences also
will exist for acceptable horizontal frequency reuse be-
cause of the similar large horizontal variability caused by
metal in walls.

D. Call Processing and Nerwork Issues

1) The intent is to make Universal Digital Ponable
Communications fully integrated with the PSTN/ISDN,
while at the same time introducing a personal quality to
the service. The calling signal must be some form of radio
paging. A method under investigation has evolved from a
service known as Directed Call Pickup, using CCITT No.
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Porabie
Fig. 9. Block diagram of diversity combining.
TABLE |
SUMMARY OF RADIO LINK PARAMETERS (PORTABLE TO PorT}

kT in } Hz BW —174 dBm

Noise figure (Port receiver) +3dB

Noise BA™ (16kb/s, 4 level) +40 dB

§ /N threshold (10~ error rate, coherent) +11 dB
Port receiver sensitivity —120 dBm
Port antenna gain +8dB
Portable antenna gain —4 dB
Portable transmit power {(average)* +7 dBm
Total radio link gain 131 4B
Free space attenuation (450 m, 900 MHz) 84 dB

Large-scale average excess attenuation (450 m) 32 dB

Multipath margin with antenna diversity 5dB

Margin for large-scale variation (4 br. macro diversity)} 10 dB
Margin for excess anenustion (450 m) 47 dB 47 dB

—_—

Total propagation attenuation t31 dB

“Note. Peak power (TDMA transmission) is in the range of 20 dBm. Transmit power and noise
bandwidth are normalized to average power and average transmission rate, rather than the peak TDMA

values. :

v

7 common channel signaling. The user would be paged
via cither a) one of several standard paging systems or b)
a special paging system designed for and colocated with
the ports. If the user chooses to answer using a portable
personal telephone, the set would be energized, identifi-
cation would be automatic, and CCITT No. 7 would
transmit information between the originating and the an-

swering central office to set up the connection. The Cali
Forwarding feature is an inherent part of the design.

2) To minimize channel holding time, signaling via
Pre-Origination Dialing will be employed; that is, the user
of the handheld unit will enter the number being called
into the unit's memory prior to system scizure.

3) Supervision will be continuous during a call. In this

N6,
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way, a set which malfunctions or is taken into a high loss
area during a call does not leave the connection held up
unnecessarily.

4) For several reasons, the reliability of equipment in
such a system can be expected to be high.

* Low-power convection-cooled circuits are inher-
ently more reliable (longer mean time to failure) than their
high-power-dissipation counterparts,

¢ Low antennas are less vulnerable to lightning and
to wind.

¢ Instaliations which are easily accessible (i.e., low)
have shorter mean time to repair.

¢ Small, uncomplicated ports could easily be re-
Placed in toto, then repaired at a central facility, espe-
cially if channel assignment and other site-specific param-
eters can be remotely controlied by system software.

¢ Complete failure of one port or one entire diversity
group partially degrades but does not completely elimi-
nate service in an area,

E. Typical Radio System Characteristics

In summary, parameters and characteristics of a possi-
ble system are as follows.

* Probability of coverage within service area—greater
than (.99,

¢ Portable transmitter average power—S mW.,

* TDM/TDMA with QPSK modulation.

® Structured frequency reuse; demand assigned chan-
nels.

* Diversity against both small- and large-scale signal
variations.

* 16 kbit/s speech coding rate; voice delay less than
30-50 ms.

* Flexible system bit rates in 8 kbit/s increments.

® Channel information rate—in the range of 144-288
kbits/s.

¢ Channel spacing—between 150 and 300 kHz.

® Operating frequency band—somewhere between 400
and 4000 MHz.

® Built-in privacy.

* Residential port separation—up to 600 m.

® Residential port antenna height—7-10 m.

* In-building port separation—up to 60 m.

V. Future DIRECTIONS

Digital radio combined with extensive network control
has not been used before for portable communications in
such a difficult radio environment. Therefore, continuing
research must determine the limitations imposed by the
harsh radio environment around and within buildings, and
maust adapt or invent radio link and system control tech-
niques that work, are simple to use, and are economical
enough for universal acceptance. Also, a suitable portion
of the radio spectrum must be allocated. While many
questions must be resolved and equipment constructed be-
fore a feasible system can be demonstrated, initial re-

™

search and study of system implications are quite prom-
ising.

APPENDIX
THE MIXING OF IN-BUILDING AND OUTSIDE RADIO
POPULATIONS

Let us compare the median carrier-to-noise' ratio at an
elevated base station receiver of a radiocommunications
system for two cases:

1) from an on-street source: T/Nl,
2) from an in-building source: €/N},,.

In the past, it has been found useful to define a building
penetration loss L,,: the ratio of in-building received car-
rier power to on-street received power in the same city
block from the same base station transmitter. This has
been measured by several experimenters [5], [9]), [15],
{16] to have a log-normal distribution, with a median
value near ground level of about 20 dB and with a wide
variance (,, is about 8 dB). Ly, is clearly affected by the
floor of the building, the construction, the surroundings,
etc. Its median value decreases with height.

Reciprocity holds so that on a given transmission path
and a given frequency, the base transmitter-to-remote
portable receiver path loss equals the portable transmitter-
to-base receiver path loss. Let us also assume that in-
building and on-street sources have the same ERP. It then
follows that C/N],, is less than C /N],, by Ly,.

To illustrate the effect which Ly, has on the cumulative
probability distribution (CPD) of signal strength, refer to
Fig. 10. There we show two log-normally distributed
CPD’s; the one labeled OS applies to on-street users, and
the one labeled /B applies to in-building users. OS has a
mean p,, arbitrarily chosen to be 0 dB and a standard de-
viation g, of 8 dB, while /B has # equal to —20 dB and
g of 10 dB (losses are independent, such that 03 = o2,
+ aﬁ,; thus, oy, has a conservative value of 6 dB, for this
example). From these, it can be seen that, if indoor users
are served on a system originally designed to give good
service to 90 percent of the outside users at some chosen
radius, then only 16 percent of the in-building users will
receive that same service. (In practice, many of the call
atternpts from in-building units will fail, so that the prob-
ability of good service (given that it was possible to start
the call at all) will be higher.)

On the other hand, if a 50 /50 mix of indoor and out-
door users is taken as the design population, the CPD la-
beled 50 /50 MIX must be used. In this case, the follow-
ing hold.

¢ The CPD is no longer log-normal, but takes on a bi-
modal character.

"The term **noise’” is used here to include random Gaussian noise, co-
channel interference, impulse noise (man-made or natural), adjacent-chan-
n¢l interference, etc. Note also that the Rayleigh-distributed multipath fad-
ing, which occurs on the scale of fractions of a wavelength, is averaged
out for *:is comparison.

&
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Fig. 10. Cumulative distributions of T/ for in-building, on-street, and
50 /50 mixed populations.

_* The spread between the 10th and 90th percentiles has
tncreased by about 10 dB.

® The population below the median will be over-
whelmingly made up of inside units. And if the 10th per-
centile is the design criterion for the system, roughly
99.98 percent of the outside units will exceed the design
objectivc; thus, the system is overdesigned for the outside
units.

It is important to remember that this comparison as-
sumed that the indoor units were capable of the full ERP
of the cutdoor units and differed only in their environ-
ment. When the practical reality of a lower ERP in hand-
held units is taken into account, the comparison becomes
even more skewed.

Decreasing the effective radiated power (ERP) of out-
side units below that of the inside portables via some sort
of automatic power control algorithm might help matters
somewhat, provided that the algorithm is sufficiently ac-
curate and very fast acting, yet does not respond to the
multipath fading. So far, this has yet to be demonstrated
in an interference-impaired situation.
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A medium with advantages over radio...and some drawbacks

Non-Directed Infrared Links for
High-Capacity Wireless LANSs

JOSEPH M. KAHN, JOHN R. BARRY, MALIK D. AUDEH,
JEFFREY B. CARRUTHERS, WIiLLIAM J. KRAUSE, AND GENE W. MARSH

-

he emergence of portable infor-
mation terminals in future work and living environments is expect-
ed to accelerate the introduction of wireless LANs. Such
portable terminals should have access to all of the services that will
be available on wired networks. Unlike their wired counter-
parts, portable devices are subject to severe limitations on
power consumption, size, and weight. The desire for inexpen-
sive, high-speed links satisfying these requirements has moti-
vated recent interest in infrared wireless communication [1-5].

Asamedium for short-range, indoor communication, infrared
offers several significant advantages over radio, including a vir-
tually unlimited spectral region that is unregulated worldwide.
Near-infrared and visible light are close together in wave-
length, and they exhibit qualitatively similar behavior. Both are
absorbed by dark objects, diffusely reflected by light-colored objects,
and directionally reflected from shiny surfaces. Both types of
light penetrate through glass, but not walls or other opaque
barriers. As a result, infrared communications can readily be secured
against cavesdropping. Moreover, it is possible to operate at
least one infrared link in every room of a building without
interference, so that the potential capacity of an infrared-based
network is extremely high. When an infrared link employs
intensity modulation with direct detection {IM/DD), the short car-
rier wavelength and large, square-law detector Jead to efficient
spatial diversity that prevents multipath fading. By contrast,
radio links are typically subject to iarge fluctuations in received
signal magnitude and phase.

The infrared medium is not without drawbacks, however, In
many indoor environments there exists an intense infrared
ambient, arising from sunlight, incandescent lighting, and fluo-
rescent lighting, which induces noise in aninfrared receiver. Invir-
tually all short-range, indoor applications, IM/DD is the only
practical transmission technigue. The signal-to-noise ratio of a
DD receiver is proportional to the square of the received opti-
cal power, implying that IM/DD links can tolerate only a com-
paratively limited path loss. Often, infrared links must employ
relatively high transmit power levels and operatc over a rela-
tively limited range. While the transmitter power level can usu-
ally be increased without fear of interfering with other users,
transmitter power may be limited by concerns of power consumption
and eye safety, particularly in portable transmitters. Some of
the characteristics of infrared and radio indoor wireless links
are compared in Tuble 1.

Using directional infrared transmitters and receivers, it is

possible to achieve high bit rates and long link ranges using
relatively modest transmitter power [6). In most applications of
wireless LANs, however, it is desirable to form links using
omnidirectional transmitters and receivers, alleviating the need
for careful alignment between them. This article will focus on
such non-directed links. As illustrated in Fig. 1, non-directed
infrared links may be classified into two categories: line-of-
sight (LOS) and diffuse. LOS links depend upon the existence
of an unobstructed path between transmitter and receiver. Diffuse
links alleviate the need for a direct LOS path by relying on
light scattered from a large diffuse reflector, such as a ceiling.
Because it is difficult to block all of the light reflected from
such a large surface, diffuse links are more robust than LOS
links, and may be preferable for many applications.

Fig. 2 illustrates two different paradigms for creating wire-
less infrared LANSs serving portable information terminals.
When two or more portables are located in the same room,
they may communicate directly with each other on a peer-to-
peer basis, forming an ad hoc network. Portable transceivers
designed for such ad hoc interconnection should consume little
power and be relatively inexpensive. Alternatively, infrared
links may also be used to connect portables to base stations
that are interconnected by a wired backbone network. Such an
installed network would permit portables to communicate with
multimedia and compute servers, or with porrables located in
other rooms. In this scenario, the portable terminals should be
inexpensive and low-power, but it might be permissible for the
base stations to be more complex and to consume greater
power. In some future high-performance multimedia wireless
compuling environments, the portable terminals may serve
mainly as a human interface, accepting pen and keyboard
input, but displaying full-motion video. The very high-capacity
downlinks (tens of Mb/s per base station) and moderate-
capacity uplinks (several Mb/s per base station) required of such
a system would be particularly well-matched to the capabilities
of infrared communication. Smaller rooms could be served by
a single base station, while rooms larger than about 10m x 10 m
may require more than one base station. Techniques for
accommodation of multiple base stations in one room will be
touched upon below.

Despite a relative scarcity of research publications on wire-
less infrared communications, the technology has found wide
commercial application. Directed infrared beams are commonly
used in remote-control devices, as well as in serial links for

12 1070-9916/94;504. 00 © 1994 IEEE [EEE Personal Communications * Second Quanier 1994

T s o

64




computer peripherals operating at bit rates up to
112 kb/s [7]. Diffuse infrared has been employed for
several years in commercial audio transmission
systems. During the past year, there have been
several new products using diffuse infrared trans-
mission to permit interconnection of portable com-
puters. Both IBM and Photonics are marketing
modems{8,9]that permit ad hoc, peer-to-peerinter-
conaection of notebook computers at a bit rate of
1 Mb/s, achieving coverage of a 10 m x 10 m room.
These modems use light-emitting diode (LED)
sources with 16-pulse-position modulation (PPM),
and support a CSMA/CA protocol. Spectrix is
offering portable terminals [10] that use 2-PPM
of LED sources to achieve a 4-Mb/s transmission
speed over a 15-m range. These links permit
wireless communication with base stations connected
to a backbone network, making use of a deter-
ministic reservation/polling SNMP protocoi.
While there are currently no standard transmis-
sion formats or protocols for wireless infrared
networks, a subgroup of the IEEE 802.11 com-
mittee is expected to draft the first standards for
wireless infrared networks in early 1994 [11].

Channel Property

Multspsa}%
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Shot noise from
background hght

Dominant noise

1 and transit time

Photodlode capacitance

Interference from

other users

Regulatory

Using technology employed in current com-
mercial systems, it should be relatively straight-
forward to extend the bit rate of non-directed
infrared communication finks to approximately

| Flgure 1. Configurations ofnon directed mdoor mfrared finks: (a) lme of.ﬂgh! (b) dtﬂiue Tarrd R
denote transmitter and receiver, respectively.

lFlgure

Portables

B
Peer-to-peer )

.M work ofpmmbh mu!lrmvd:a termunals mmq wircless mfmru! wceess to wired buc Jehone. A

peer-fo-peer intercannection of two portables is also shown {from f22])

B Table 1.C ompan'son of infrared and radio for indoor communications.
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8 Figure 3. Modeling non-directed infrared hannel.s wi

P

h intensity modula-

tion and direct detection. (a) The received optical electric field generally
exhiblts spatial variation of magnitude and phase on the scale of a wave-
length. The photocurrent is proportional to the integral over the detector sur-
face of the optical power. (b) The channel can be modeled as a fixed, finear,
baseband system with input X(t), output Y(t), impulse response h(t}, and
additive white, Gaussian noise.

10 Mb/s. Higher transmission speeds will be
desirable in future wireless computing enviren-
ments. In this article. we describe the physical
obstacles to achieving higher bit rates, and we
discuss the technical means to achieve bit rates as
high as 100 Mbys.
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Nature of Non-Directed
Optical Channels

fter non-directed propagation, an infrared
A beam typically consists of an unknown super-

position of modes, making it very difficult
to implement efficiently heterodyne or homo-
dyne optical detection. Such techniques are also
too complex for this cost-sensitive application, so that
IM/DD is the only practical alternative. The
modeling of non-directed infrared channels with
IM/DD is illustrated in Fig. 3. The transmitted
waveform X{¢) is the instantaneous optical power
of the infrared emitter. The received waveform
Y(r) is the instantaneous current in the receiving
photodetector, which is proportional to the integrai
over the photodetector surface of the total instan-
taneous optical power at each location.! As
shown in Fig. 3(a), the received electric field gen-
erally displays spatial variation of magnitude and
phase,? so that “multipath fading” would be expe-
rienced if the detector were smalier than a wave-
length. Fortunately, typical detector dimensions are
thousands of wavelengths, leading to efficient
spatial diversity that prevents multipath fading.
As the transmitted optical power X{r} travels
along various paths of different lengths, non-
directed infrared channels are still subject to mul-
tipath-induced distortion. The channei can be
modeled as a baseband linear system, with input
power X(¢), output current ¥Y{f), and an impulse
response A(t), which is fixed for a given arrange-
ment of transmitter, receiver and intervening
reflectors. A mathematical derivation of this
channe! model can be found in [12], where it is
shown that the linear relationship between X(r)
and Y(#) is a consequence of incoherent propagation.
By contrast, we note that when IM/DD is used with
narrow-linewidth sources in dispersive single-
mode optical fibers, the relationship between
X(1) and Y{(r) is nonlinear [13].

In many applications, non-directed infraredtinks
are operated in the presence of intense infrared
and visible background light. As we will see in the
following section, it is possible to reduce this

r

4@ B 50 ' 60"\ 7'0
L Propagation tin;\; S, -
* OB

B Figure 4. Equivalent electrical magnitude response (a} and impulse response (b) of non-directed infrared channels. Measurements

were performed in an empry 5.5 m x 7.5 conference room having a ceiling height of 3.5 m (from [12]).
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reccived ambient light by optical bandpass or
longpass filtering, but this background still adds a
white, nearly Gaussiar shot noise a{f) that is the
limiting factor in the signal-to-noise ratio (SNR)
of a well-designed receiver. Our channel model is
summarized by

Y(:) = X() ® A1) + n(p), ' (1)

where the @ symbol denotes convolution. As in
linear electrical or radio channels with additive
noise, the SNR is proportional to | X{t}}|.2 How-
ever, infrared channels differ from conventional
channels because the channel input X(t) repre-
sents power. Thus, X(¢) cannot be negative, and
the avegage power is propomonal to a time inte-

gl o K1), |

T R :'Lhm— j’ x@d, " _"ffi’“ o (2)
ratbexifhn the usual ]X(t)l 2 wluch is appropri-
ate whég X(¢) represents amplitude

While non-directed propagauon alleviates the
need for.physlcal alignment between transmitter
and receiver, a major drawback of this approach
is the signai distortion caused by reflections from
ceilings, walls, and other objects. To evaluate the
possible impact of multipath distortion on high-
speed intrared links, we have performed experi-
mental characterization of about 90 channels in five
offices and conference rooms [12]. We used a vec-
tor actwork analyzer to perform swept-modulation-
frequency characterization {14] of the channel
frequency response H{f). The 832-nm transmitter
emitted a Lambertian radiation pattern, i.c., with
power-per-unitsolid angle proportional to the cosine
of the apgle with respect to transmitter surface
normal. Our receiver exhibited a 3-dB cutoff fre-
quency of 150 MHz. During all measurements,
the receiver was placed at desk height and pointed
upwards. T'o form LOS configurationy, the trans-
mitter was placed near the ceiling and pointed
straight down, while for diffuse configurations, it
was placed at desk height and pointed straight
up. Shadowed LOS and diffuse configurations
were formed by having a person stand next to the
receiver so as to block the dominant reception
path. The channei frequency response H{f) is
scaled so that H(0) represents the ratio of the
optical power received by a 1-cm? detector to the
total transmitted optical power. We obtain the
channel impulse response h{¢) by inverse Fourier
transformation of H(f).

Fig. 4 presents the magnitude and impulse
responses of four different non-directed infrared
link configurations, measured in an empty confer-
ence room. While the details of channel responses
depend on the link geometry, responses mea-
surcd at all positions in all rooms exhibit qualita-
tive similarity to Fig. 4. Unshadowed LOS impulse
responses are dominated by a short initial pulse,
and the strongest distinct reflections typically arrive
15 to 20 ns after the initial pulse. Dominance of the
short initial pulse leads to magnitude responses
that are flat at high frequencies. Unshadowed
diffuse impulse responses exhibit a significantly
wider initial pulse, which has a width of about 12 ns
at 10 percent height, corresponding to the existence
of a continuum of different path lengths between
illuminated portions of the ceiling and the receiver.

+  Meas. diffuse channels
-~—— One-bounce theory
PR | 4 Law

M Figure 5. Optical path loss vs. horizontal separation between transmitier and
receiver for diffuse, unshadowed channels. Measurements were performed

ina 8.5 m x 9 m office having a ceiling height of 2.4 m, with transmitter

and receiver arranged as in Fig. 1(b). Solid line is resuit of a model taking
account only of the first reflection from the ceiling, which has a diffuse reflec-
tivity of 80 percent. At large separation, results of that model approach a d*

law (from [12]).

This continuous distribution of path delays leads
to a steady decrease in the channel magnitude
response at high frequencies. For all channels,
the impulse response may contain significant
energy as long as 70 ns after its initial non-zero excur-
sion. The d.c. gain of all channels is enhanced
over that at high frequencies, because it includes
the contribution due to the entire duration of the
impulse response.

Shadowed channels exhibit characteristics that
are slightly less predictable than the unshadowed
channels. The shadowed LOS impulse response
typically resembles the corresponding unshad-
owed response with the dominant initial pulse
removed, since only indirect propagation paths
remain. We observe that in LOS configurations,
shadowing significantly degrades the channel
frequency and impulse responses. Diffuse config-
urations are far less vulnerable to shadowing than
their LOS counterparts, because in diffuse con-
figurations there exist many possible propagation
paths between the illuminated ceiling area and the
receiver. In diffuse configurations, shadowing pro-
duces a slight broadening of the impulse response,
and a slight increase in the rate of {alloff of the
magnitude response with increasing frequency.

As the frequency response H(f) is relatively
flat at low frequencies, the equivalent d.c. electri-
cal gain H{{) is probably the single most important
quantity characterizing a non-directed infrared
channel. The same information is conveyed by
the optical path loss, which we define as the ratio
of the average transmitted power to the average power
received by a detector of 1<m? area, i.e., the recip-
rocal of H(0}). The path losses of diffuse channels
measured in one office are shown in Fig. 5. These
measured path losses can be fitted with reason-
able accuracy by a mode! 15] that considers only
the light undergoing one diffuse reflection from
the ceiling en route from source to receiver. We note
that for large horizontal separation between trans-

T The detector is equiva-

lent to a two-dimensional

array of many antennas
whose receptions are

squared, lowpass filtered,

and summed.

2Under very unusual cir-
cumstances — with point

or plane-wave source,
LOS propagation, and

carefully aligned desector

— this spatial variation
would exhibit a regular
pattern, but in rypical

cases of LOS or diffiese

propagation, it appears 1o

be random.
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W Figyre 6. Root-mean-square delay spread versus horizontal separation

A LOS

O Diffuse

0 LOS,
Shad.

Diffuse,
Shad.

belwﬁs transmitter and receiver, measured in five rooms (from [12]).
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mitter and receiver, this model predicts that diffuse
path losses should increase as the fourth power of
horizontal separation. Considering measurements
performed in five rooms, for a given horizontal sep-
aration, the unshadowed LOS configuration gener-
allyyields the lowest path loss, and the path lossof the
corresponding unshadowed diffuse configuration is
typically 1 to 3 dB higher. In the presence of shad-
owing, however, LOS configurations exhibit typi-
cally a 7 to 10 dB increase in path loss, while in the
diffuse case, the corresponding increase is about 2
to 5dB. As a resuit, shadowed diffuse configurations
typically yields path losses that are 2 to 5 dB small-
er than the corresponding shadowed LOS configu-
rations, indicating the robustness of an extended,
diffuse source.

In comparing the multipath dispersion of dif-
ferent channels, we will consider the channel
r.m.s. delay spread. The delay spread is calculat-
ed from the impulse respense according to: 1

Jtt-winiwyar |2

r.m.s. delay spread of h{t) = Ihz(t)dt

(3)
where the mean delay i is given by

!m’(:)d:'
p=d—— @
[y dr

and the limits of integration in (3) and (4) extend
over alttime. We emphasize that since h(r} is fixed for
a given configuration, so is the delay spread. Fig. 6
presents the r.m.s. delay spread versus horizontal sep-
aration for our measured channels. In the absence of
shadowing, LOS channels, whose impulse response is
dominated by a short initial pulse, generally yield
the smallest delay spreads, ranging from a measure-
ment-limited 1.3 ns to about 12 ns. Unshadowed dif-
fuse channels exhibit delay spreads that lic in the
same range, but which are systematicallyslightly larg-
et, due tothe finite temporal spread of the dominant
reflection fromthe ceiling. Shadowing increases the
delay spread of both LOS and diffuse channels but,
as might be expected, the increase is relatively mod-
est for the fatter channels. Shadowed LOS channels
consistently exhibit the largest delay spreads, typi-
cally berween 7 and 13 ns. In the section on perfor-

mance of modulation techniques that follows, we will
see that the delay spread is a reasonably accurate
predictor of the multipath power penaity incurred
in links using baseband on-off keying (OOK).

We have performed detailed simutations of non-
directedinfrared propagation [16], using a recursive
technique that can account for an arbitrary number
of diffuse reflections from room surfaces. For both
LOS and diffuse channels, simulations are in good
quantitative agreement with measured channel
responses, leading us tobelieve that muitipath infrared
propagation can be well-described by simple models.

Having discussed the characteristics of non-
directed infrared channels, we will now examine
how to design reliable, high-speed links. We will
first describe strategies for achieving a high SNR,
as they are applicabie to all links, independent of bit
rate and modulation format. Then, we will proceed
1o discuss various modulation techniques, address-
ing their power efficiency and, for high bit rates,
their robustness against multipath distortion.

Achieving a High
Signal-to-Noise Ratio

950 nm is presently the best choice for non-

directed links, due to the availability of low-
cost light-emitting diodes (LEDs) and laser diodes
(LDs), and because it coincides with the peak
responsivity of inexpensive, low-capacitance silicon
photodiodes. LEDs are currently used in all com-
mercial systems, due to their extremely low cost
and because most LEDs emitlight from a sufficiently
large surface area that they are generally considered
eye-safe. Potential drawbacks of LEDs include;

* Typically poor electro-optic power conversion effi-
ciency of 10 to 20 percent (though new devices
have efficiencies as high as 40 percent).

* Modulation bandwidth that is typicaily limited
to tens of MHz.

* Broad spectral width (typically 25 to 100 nm), which
requires the use of a wide receiver optical pass-
band, leading to poor rejection of ambient light.

* The fact that wide modulation bandwidth is
usually obtained at the expense of reduced
electro-optic conversion efficiency.

LDs are much more expensive than LEDs, but
offer many nearly ideal characteristics:

* Electro-optic conversion efficiencies of 30 to 70
percent.

* Wide modulation bandwidths, which range
from hundreds of MHz to more than 10 GHz

* Very narrow spectrum (spectral widths ranging
from several nm to well below ! nm are available).

Toachieve eye safetywitha LD requires that one
pass the laser output through some element that
destroys its spatial coherence and spreads the radi-
ation over an exiended emitting aperture, New eye-
safety regulations are likely to restrict diffuse power
densities at wavelengths near 850 nm to levels of

about 370 W/ m? for continuous viewing [17, 18].

Withan LD, eye safetycanbe achieved using atrans-

missive diffuser, such as a thin plate of translu-

cent plastic. While such diffusers can achieve
efficiencies of about 70 percent, they lypically
yield a Lambertian radiation pattern, offering the
designer little freedomtotailor the source radiation

T he wavelength band between about 780 and
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pattern. Computer-generated holograms (CGHs)
offer a means to generate arbitrary radiation pat-
terns with efficiencies approaching 100 percent,
but must be fabricated with extreme care to ensure
that any residual image of the LD emission aperture
is tolerably weak {17].

Infrared links are subject to two different
classes of ambient light. Sunlight, skylight, and
incandescent lights represent broadband visible
and infrared sources that vary slowly with time.
These sources induce a white, nearly Gaussian
shot noisc whose electrical power spectral density
(PSD) is proportional to the total detected opti-
cal power. This shot noise can thus be limited by
use of an optical bandpass filter or longpass fil-
ter that rejects most of the background light, but
passes the desired signal. The emission of fluc-
rescent lights, on the other hand, is intensity-
modutated, either at the power-line frequency
or, with new compact-ballast fixtures, at frequen-
cies of teds of kHz. This near-d.c. interference
includes harmonics that are particularly strong
below 50 kHz, and that can be detected at fre-
quencies as high as | MHz. While the optical
emission from fluorescent lights is strongest in
the visible and near-ultraviolet region, signifi-
cant emission also occurs in the near-infrared, expe-
cially at 1017 nm, a spectral line of mercury.
Interference due to fluorescent lighting may be
controlled by a judicious combination of optical
and/or electrical filtering. Longpass optical filter-
ing reduces fluorescent-light interference, while nar-
row bandpass optical filtering at a carefully chosen
near-infrared wavelength provides an even greater
reduction-of interference. Nonetheless, because of
residual interference, it is usually necessary for the
link to employ a passband modulation scheme that
avoids the near-d.c. interference, such as PPM or mul-
tiple-subcarrier modulation (MSM). Alternatively,
the link can utilize a baseband modulation technique,
such as on-off keying (OOK), in conjunction with
a highpass electrical filter that removes the inter-
ference. In this case, line coding or active base-
line restoration is needed to prevent baseline wander.
These modulation techniques will be discussed in
the following section.

We will now discuss how to design the receiver
optics in order to achieve a high SNR in the face of
steady background illumination. A well-designed
receiver will be shot-noise-limited under conditions
of bright illumination, so we will assume that
background-induced shot noise dominates. Under
these conditions, it is appropriate to utilize a sim-
ple positive-intrinsic-negative {p-i-n) photodiode
{19}, rather than the avalanche photodiodes that are
used in IM/DD receivers when background iltu-
mination is weak [20}. [t is desirable 10 use a
large photodetector area, we will see that the
shot-noise-limited SNR is proportional to the
detector area A, However, large-area detectors
have high capacitance, which can limit receiver
bandwidth and greatly increase receiver thermal
noise [20]. Accordingly, it is desirable to reduce
the required physical detector area by use of an
optical concentrator, which accepts light from a
large collection area and concentrates it to the
somewhat smaller detector area. One type of
concentrator, the dielectric compound parabolic
concentrator {CPC), has been used in prototype
free-space infrared links [21, 17]. The CPCisan

W Figure 7. Theoreteical polarization-averaged transmission versus wavelength

for a 29-layer, thin-film optical bandpass filter. At normal incidence, 8 = 0°,

the filter has a half-power bandwidth of 30 nm and a center wavelength of

816.5 nm. At non-normal incidence, the passband shifts to shorter wave-

lengths.

angle-transforming device, which can concen-
trate light from a large input area A, downto a
smaller detector area Ay, yielding an optical
gain of A,,/A ... In doing so, however, it reduces
the receiver solid angle of acceptance by the ratio
i/ Chgr = N2A g, lA;,, where n is the CPC refrac-
tive index. Receivers using a single CPC-based
element may be excessively directional for many
applications of non-directed infrared links. An
array of differently oriented CPC elements may
be used to construct an angle-diversity receiver
{15, 21], which can use sclection or combining
techniques to improve SNR or reduce the impact
of multipath distortion. A second type of optical
concentrator is the dielectric truncated spheri-
cal concentrator, of which a special case is the
dielectric hemisphere [15, 22]. A dielectric hemi-
sphere of index n can provide an optical gain of
a2 that is nearly omniditectional, as long as the
hemisphere radius R is at least n” times the detec-
tor radius r, and the two are suitably index-
matched. For many applications, it is desirable to
build a simple receiver containing a single, omni-
directional element, and we will restrict our
attention to receivers that utilize a hemispherical
concentrator.

The best rejection of ambient light can be
achieved using a spectrally narrow source, such as
an LD, in conjunction with a narrow optical
bandpass filter. Efficient, narrowband optical
intecference filters can be constructed using mul-
tiple layers of thin dielectric films [23). Unfortu-
nately, the phase shift through the dielectric
layers changes with angle of incidence, 5o that
for non-normal incidence, the filter passband
shifts to shorter wavelengths. Fig, 7 illustrates
the angle-dependent passband of a typical 29-
layer filter having a 30-nm half-power bandwidth
at normalincidence, Itisseen that the passbands for
& = 0" and 8 = 30" barely overlup.
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Parameter | Hemispherical filter i Planar filter

P} ;‘.‘.‘,\?ﬂ’...nl :‘»‘.1:*:;.‘ 2 0 ’%‘ 5 fw" ‘? S ‘
MTable 2. ed filter bandwidth and required average transmitter power

in 100 Mb/s OOK links. LOS source is optimized to covera 5 m x 5 m room
using minimum total power. A non-distorting channel, bright skylight {py, =
3.8 uWi(cm2-nmjj and BER = 109 (SNR, = 144) are assumed. Other
parameters include: detector area A = I cm?, concentrator gain G = 4.6 dB,
wavelength A = 810 nm, and responsivity r = 0.53 A/W (from [22]).

Fig. 8 displays two different ways that a thin-film
interference filter can be combined with a hemi-
spherical concentrator and large-area detector. As
shown in Fig. 8(a), it is straightforward to place
the filter between the hemisphere and detector. It
has been determined through ray tracing that in
this geometry, the angle-dependent filter pass-

v band makes it impossible to simultaneously
* ' achieve the desired properties of narrow optical band-
width and wide FOV [22]. Alternatively, an opti-
. cal bandpass filter can be deposited or bonded
onto the outer surface of the hemispherical con-
centrator, as shown in Fig. 8(b). Ray tracing cal-
culations {22] show that regardless of the angle y
from which the signal is received, rays that reach
the detector are incident upon the filter at angles

8 between 0° and 8,,,,, where

<

-~

Bmar = sin~{nr/R)

Typically, Opg, is less than 30°. Thus, with a hemi-
spherical filter, it is possible to simultaneously
obtain a narrow bandwidth and wide FOV,

With the aim of optimizing the receiver opti-
cal design, we will calculate the SNR of a shot-noise-
limited receiver, explicitly considering the effects of
the concentrator gain, bandpass filter properties,
and detector area. We consider a link using OOK
modulation over a channel that is free of multi-
path distortion. In the following section, the per-
formance of OOK on the ideal channel will be
used as a reference for evaluating the power effi-

PP SRR

W Figure 8. Cross-sectional view of reciever structures that

A 3

attempi to achieve wide

ctency of OOK and other modulation techniques
on multipath channels. We assume that the QOK
transmission, at bit rate 1/T, consists of rectangu-
lar pulsesof duration T having a peak power of either
0 or P,. Assuming that ones and zeros are equally
probable, the average power is Py, = Py/2. The
channel, being ideal, has a gain f}g(ﬂ) at all fre-
quencies. The receiver employs a concentrator
with optical gain G and an optical filter that trans-
mits the signal with efficiency ng,, which repre-
sents the average over rays striking the filter at
different angles with respect to its surface nor-
mal. We emphasize that 5, depends on the signal
angle of incidence y. The optical signal is detect-
ed by a p-i-n photodiode of area A and responsiv-
ity r. The detected current is passed through a
filter having rectangular impulse response of
duration T and peak value 1/47 , and the filter
output is sampled. The resulting samples have
values of 0 or P,H(0)Gng;, AriT . Incident upon
the receiver is a background Hux of density py,,, which
has units of (W/cm?2-nm), and is assumed to be
constant over the filter passband. The filter has peak
transmission N, and optical noise bandwidth A
Including the concentrator gain G, a background
irradiance pp,GnpAd is incident on the detector.
This induces a shot-noise current of two-sided
PSDeppGnpe ALAr, wherce isthe electronic charge,
resulting in a sampled filter output with variance
equal to this PSD. The peak receiver SNR is thus:

PIHY (OGS ArT
SNR, = - ~ ®)
€Dy Mg AA
and the bit-error rate (BER) is given by

JSNR
BER = —2--& , (6)

where Q(*) is the Gaussian Q function [24). For
example, the peak SNR should have a value of
144 (21.6 dB) to achieve a BER of 10-9.
Examining (5), we see that the SNR is improved
by utilization of a detector having a large area 4 and

e ¢
:

field of view and narrow passband. The hemisphen-

cal concentrator of refractive index n provides a nearty omnidirectional optical gain of approximately n%, as long as its radius exceeds n?
times the detector radius. Structure {a) uses a flar optical bandpass filter: rays arriving ar angle y sirike the filter at angles 8 that are
close 10 . Structure (b) uses a hemispherical filter; independent of the direction y from which light is recieved, all rays reaching the
photodiode strike the filter at angles 8 that are near normat incidence — typically berween 0° and 30" (from {22}).

1)

o
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the highest available responsivity 7, in conjunction
with a concentrator having high optical gain G. The
optical filter should be designed so as to maxi-
mize the figure of merit 0%, MpAX To first order,
this implies that one shoufg choose the narrowest
possible filter bandwidth AA that still achieves
high signal efficiency . Assuming a hemispherical
filter, as in Fig. 8(b), this can be achieved approx-
imately as follows. One should choose the filter cen-
terwavelength so that for 8 = 0, the short-wavelength
edge of the filter passband lies at the signal wave-
length. The filter bandwidth should then be chosen
0 that for 8 = B,,,,, the long-wavelength edge of the
passband is at the signal wavelength. For example,
the filter of Fig. 7 has been designed using this
procedure for a signal wavelength of 805 nm and
for B = 28°. In fact, the shot-noise-limited SNR
is maximized by choice of an even narrower filter
bandwidth, which attenuates the signal somewhat
but rejects more ambient light. We have simulta-
neouslyofitimized the fiter characteristics and trans-
mitter radiation pattern of a LOS link to minimize
the total transmitted power while yielding the required
SNR evesywhere within the transmitter coverage
area[22]. Table 2 presents results fora 100 Mb/s OOK.
link operating over a5 m x 5 m area, The optimized
hemispherical-filter bandwidth is 11.6 nm, and the
required average transmitter power is 224mW. When
a flat filter is utilized instead, the optimum filter
bandwidth s increased to 71.7nm, requiring 492 mW
of transmitter power, a 3.4-dB increase.

Receiver preamplifier design is a crucial consid-
eration for high-speed infrared links, and is discussed
indetail in [22]. Among candidate preamplifier designs
(20}, the transimpedance amplifier probably is the
best choice for most applications, due toits superior
dynamicrange. The preamplifier should be designed
50 that, under conditions of the brightest ambient
illumination to be encountered, the receiver
achieves sufficient SNR and is shot-noise limited,
or nearly so. One should choose a p-i-n photodi-
ode having low capacitance per unit area, to min-
imize a strong component of receiver noise whose
PSD is proportional to the square of receiver input
capacitance and to the square of frequency. Unfor-
tunately, low capacitance per unit area requires
that the photodiode be relatively thick, and this may
lead o a transit-time limitation of receiver band-
width [19), especially for devices illuminated through
the n contact. It is also important to choose a pho-
todiode having low series resistance. Analysis of
FET-based preamplifiers [22] shows that the front-
end FET should be chosen to have high transconduc-
tance gm; the FET cutoff frequency fr ts impuortant
mainly in that the FET gate capacitance should
be smaller than the phutodiode capacitance.

Performance of
Modulation Techniques

cled as fixed, linear systems with additive,

white, Gaussian noise, as summarized in
{1). As it represents instantaneous optical power,
the channel input X(r} must be nonnegative, and
tisrelated o the average transmitted optical power
by (2). The channel, described by impulse response
h(1), exhibits multipath distortion that can induce

N on-directed infrared channels can be mod-

3 deaf distortion! :

SR

N

ess channel

mFigure 9. oreu'cl optical emge-power and electrical-bandwidth require-

ments of several intensity-modulation/direct-detection schemes, in the presence
of additive, white Gaussian noise, assuming an ideal, nondispersive channel
The power and bandwidth requirements are normalized to those of baseband

on-off keying (from [22]).

intersymbol interference (ISI)in high-bit-rate links.
When the 181 is relatively mild, it leads to an
optical power penalty, but if it is severe, it may
lead to a BER floor.

In evaluating candidate modulation techniques,
the most important criterion is the optical average-
power requirement, as it generally corresponds to
transmitter electrical power consumption and ocu-
far hazard. At high bit rates, one must consider the
effect of multipath IS1 on this power requirecment,
as well as any reduction of the ISI that can be
achieved through techniques such as adaptive equal-
ization. The second most important attribute is the
receiver electrical bandwidth requirement,* asitcan
be difficult to achieve flat frequency response
and low noise over a wide bandwidth using large-
area photodiodes. Other important criteria for com-
parison of modulation techniques are the complexity
and power consumption of a portable receiver.

Fig. 9 presentsacomparison of the average power
and bandwidth requirements [22] of a number of
modulation schemes, assuming a distortionless chan-
nel. The power and bandwidth requirements are nor-
malized to those of baseband OOK . These medulation
techniques include single-carrier schemes. such as
L-PPM and L-pulse-amplitude modulation(L-PAM),
of which animportant special case is 2-PAM (OOK).
They also include MSM schemes that employ N
subcarriers modulated using binary or quadrature
phase-shift keying (BPSK or QPSK), and 16- or
64-quadrature-amplitude modulation (QAM). in
the following section, we discuss the performance
of several of these modulation techniques, empha-
sizing their power requirement in the face of
multipath [S1. which we have evaluated using a large
set of measured chunnelimpulse responses. Our ref-
erence point for comparison will be the power
requirementof OOK onanidealchannel. which was
calculated in the previous section.

Itisevidentin Fig. 9 that OOK representsa

We note that the elecin-
cal bandwidth require-
mens of @ modulation
technique has lintle bear-
ing on the opiical band-
width occupied by an IM
signal. This optical band-
width is dominaited by the
lurge speciral spread of
practical infrared sowrces,
For cxample. a l-nm
width corresponds 10 469
Gz, asstming d wave-
lerngth of 8O0 nm.
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Figure 10. Theoretical

Diffuse,
Shadowed
Channels

4 10 Mby/s
Unqualized

X 00K
a 2-PPM
A 4-PPM
O 8-PPM

optical average-power requirement vs. horizontal sep-
aration between transmitter and receiver for five different modulation schemes
at 10Mb/s. Symbols represent penalties calculated using measured impulse
responses of diffuse, shadowed channels. In these calculations, transmitter
employs rectangular pulses, of duration T fer OOK, and of duration T/L for
L-PPM; receiver employs a filter matched to the transmitier pulse shape, and
BER i5 10°%. Dashed lines represent performance over an ideal channel. The
reference (0 dB) is for an OOK link on a distortionless channel {(from [25}}.

30 Mbys, unequal.
100 Mbys, unequal.
30 Mbys, ZF-DFE
100 Mbys, ZF-DFE

CRAALE, STV GA AN T 0 i S A A
Figure 11. Baseband on-off keying ar 30 and 100 Mb/s, unequalized and
with zero-forcing decision-feedback equalization: optical average-power
requirement versus normalized delay spread (r.m.s. delay spread divided by bir
duration T). The reference (0 dB) is for an OOK link on a distortionless chan-
nel. Symbols represent power requirements calculated using measured impulse
resporses of four channel types (LOS and diffuse, both unshadowed and
shadowed). In these calculations, transmitters uttlize reciangular pulses of
duration T and BER is 10+, Unequalized and equalized recetvers employ five-
pole Bessel filiers with 3-dB cutoffs of 0.6/T and 0.45/7, respectively. Cunves
represent a least-squares linear fit of the power penalty (in dB) to the normal-
zed delay spread, for normalized delay spreads less than 0.5 (from [12}).
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good compromise between power requirement
and bandwidth requirement, at least on the ideal,
distortionless channel. When considering the
impact of multipath IS, the power requiremem of
OOK links can be calculated using the technique
described in [16]. The impulse responses of non-
directed infrared channels we have charactetized [12]
contain significant energy only within the first 70
ns after their first non-zero excursion. It is thus
not surprising that at a bit rate of 10 Mby/s, where
the bit duration is 100 ns, ISI induces little impair-
ment. For example, normalized power require-
ments of 10-Mb/s OOK links on shadowed, diffuse
channels do not exceed 1.0 dB, as indicated by the
xsymbolsin Fig. 10. This figure ajso displays the power
requirement of links using several different types
of L-PPM, which will be discussed below, Clearly,
unequalized OOK transmission is feasible at 10 Mbys.
At higher bit rates, OOK links incur more signifi-
cant degradation from multipath IS [12]. For
example, at 30 Mbys, normalized power requirements
onshadowed, diffuse channelsdo not exceed 4.3dB.
While relatively high, these power requirements may
be acceptable for some applications, particularly
when transmitting from a base station. At a bit rate
of 100 Mb/s, however, very large power requirements
or even BER fioors are incurred on all four types of
channels (LOS and diffuse, with and without
shadowing), suggesting that unequalized OOK is not
practical in this case. Fig. 11 displays the normal-
ized power requirements of unequalized OOK
links transmitting on all four channel types at bit
rates of 30 and 100 Mbys, denoted by 0 and + sym-
bols, respectively. It is seen that there is a system-
atic relationship between the normatized power
requirement and the normalized channel delay
spread, which is the channel delay spread (3)
divided by the bit duration T. Despite the fact
that the various impulse responses differ in their
detailed features, for purpose of calculating the
impactof ISI on OOK links, channels of all four types
can be roughly described by a single-parameter model.

A practical, though sub-optimal, means to reduce
the muttipath ISI penaltyis by using a decision-feed-
back equalizer (DFE) that can adapt automaticaf-
ly to the channelimpulse response {24). Considering
measured channel responses, the power requirements
of OOK links using DFEs have been evaluated
in[12]. At30 Mb/s, normalized power requirements
forallchannelsare less than2.3dB. Thus, OOK with
a DFE is a feasible technique for transmission at
30 Mb/s. At 100 Mby/s, no BER floors are observed
witha DFE, in contrast to the unequalized case. With
a DFE. power requirements for unshadowed
LOS and diffuse channels are less than 6.7 and
5.7 dB. respectively, while those for shadowed LOS
and diffuse channels do not exceed 9.1 and 7.1 dB,
respectively. These power requirements, while high,
may be small enough to make OOK with a DFE
practical at 100 Mby/s, particularly for transmission
from a base station. Fig. 11 presents the normal-
ized power requirements of QOK links with a
DFE operatingat 30and 100 Mby/s, denoted byxand
* symbols, respectively, transmitting over all
four channel types. Again, we observe a system-
atic relationship between the normalized power
requirement and normalized delay spread.

While we have considered zero-forcing DFEs 1o
simptify caiculation of the power requirements, their
performance atlow BER isvirtually identical to that

20

12

[EEE Personat Communications * Second Quarter 1994

- PR ™ v




of DFEs adapied according to the minimum-mean-
square error criterion [24, 25]. In practice, a DFE
typically would be implemented using digital or
discrete-time analog signal-processing tech-
nigues. Numerical simulation{25] of 100 Mb/s OOK
with constrained-complexity DFEs have shown that
little degradation is caused by either limiting the for-
ward and reverse filters to three 7/2-spaced tapsand
five T-spaced taps, respectively, or by employing
four-bit quantization of tap weights. Adaptation
toatraining sequence using the least-mean-squares
algorithm is found ta occur within about 200 bits,
i.e., about 2 ps. Most indoor applications of non-
directed infrared links will not involve rapidly
moving receivers, so that channel impulse respons-
eswill change significantly only on time scales of tens
to hundreds of ms. Thus, we expect thatonce it is ini-
tially adapted to the channel response, a DFE should
be able to track easily any changes in that response.

As megtioned above, fluorescent lighting may
induce near-d.c. interference in wireless infrared
reccivery. The impact of this interference on a
baseband OOK receiver may be reduced by elec-
trical highpass filtering of the preamplifier output.
To avoid excessive baseline wander in a baseband
OOK link, however, the highpass filter cut-on
frequency cannot be higher thar about 10-3 of
the bit rate [26], unless line coding or active base-
line restoration is utilized [25].

Considering L-PAM in general, as L is increased
from 2 (recall that OOK is equivalent to 2-PAM),
there is a monotonic decrease in bandwidth require-
ment, at the expense of a monotonic increase in power
requirement on an ideal channel (Fig. 9). For a
given bit rate, as L increases and the symbol
duration increases, the decrease in noise admit-
ted by the corresponding receiver filter is not suf-
ficient toovercome the reduction in noise immunity
associated with closer spacing of signal levels, as
in conventional systems [24]. Considering multipath
channels, one might hope that as L increases and,
for a given bit rate, the symbol duration increases
relative to the channel delay spread, a reduction
in {51 penalty might overcome the poor inherent
power efficiency of higher-level L-PAM, making
it more efficient than OOK. Unfortunately, this is
not the case. For example, at 30 Mby/s, unequalized
4-PAM has a normatized power requirement of
5.3 dB, compared to 2.7 dB for unequalized 2-PAM
(OOK), averaged over 17 diffuse, shadowed chan-
nels. These two power requirements are compared in
Fig. 12, where they are indicated by ® symbols,
This figure also presents the power requirements
of several MSM schemes, which will be discussed
below. We conclude that OOK is probably the
best L-PAM technique for most applications.

L-PPM is a transmission technique [22, 26}
that offers an improvement in average-power
efficiency over OOK, at the expense of an increased
bandwidth requirement (Fig. 9). This technique
utilizes symbols consisting of L. time slots, which
we will refer to as chips. A constant power LP,,
is transmitted during one of these chips (P, is
the average transmetted optical power). and zero
poweristransmitted during the remaining L- | chips,
thereby encoding logs L bits in the position of the
non-zero chip. For a given bit rate, L-PPM
requires more bandwidth thun OOK by a factor
Lilog:L, e.g., 16-PPM requires four times more
bandwidth than OOK. On distortioniess chan-

7

eral multiple-subcarrier (MSM) and puise

w

] Figre 12. Optical avcmge-poernd electrical-bandwidth reqment.r of
-apmplitude modulation (PAM) schemes.

The reference ((dB) is foran OOK link on a distortionless channel. Power require-
menis represent the average of values calculated using the measured impulse
responses of 17 diffuse, shadowed channels. MSM schemes considered
include two staggered 16-QAM subcarriers and two and four staggered QPSK
subcarrieres, with root-raised-cosine transmit and receive filters. PAM
schemes include 2-PAM (OOK) and 4-PAM with rectangular-pulse transmit
filters and five-pole Bessel receive filters; 2-PAM with zero-forcing decision-
Jeedback equalization is also considered (from [28]).

nels, L-PPM yields a decrease in average-power
requirement that improves steadily with increas-
ing L; the increased noise associated witha
(L/logzL)-fold wider receiver noise bandwidth is
outweighed by the improved noise immunity arising
from a L-fold increase in peak power. The excel-
lent average-power efficiency of L-PPM can
resultin a significant decrease in transmitter
power consumption, making the technique espe-
cially useful for portable transmitters. Because
the power spectra of L-PPM vanishes at d.c. for
all values of L, it is possible to pass a received L-
PPM waveform through a highpass filter having a
cut-on frequency as high as 0.05 1o 0.10 times the
bit rate with tittle baseline wander |26]. This
makes L-PPM an excellent choice in the presence
of near-d.c. interference from fluorescent lighting,
Two drawbacks of L-PPM as compared to OOK
shouldbenoted. i.e..anincreased transmitter peak-
power requirement, and the need for more pre-
cise synchronization.

When L-PPM is transmitted over multipath
channels, the non-zero transmitted chips can induce
interference in chips both within the same symbol
{(intrasymbol interference) and in adjacent trans-
mitted symbols (intersymbol interference); we
will refer to these effects collectively as IS For trans-
mission at a fixed bit rate on a given channel, the
impact of ISl should generally increase steadily with
increasing L, due to the decrease in duration of
the L chips within cach symbol. As [ is increased.
the IS1 penalty will eventually overcome the
inherent average-power cfficiency associated with
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large L. We have analyzed the impact of ISI on
this transmission technique, and have evaluated
the power requirement of unequalized L- PPM links
using measured channel impulse responses [26). The
average-power requirement of OQK and several
L-PPM orders are compared in Fig. 10, for trans-
mission at 10 Mb/sover diffuse, shadowed channels.
At this bit rate, while L-PPM tinks incur IS}
penalties that increase with increasing £, 16-PPM
still yields superior average-power efficiency on
allfour types of channels (LOS and diffuse, with and
without shadowing). At the higher bit rate of 30 Mbys,
the same general trends are evident. However, the
optical power requirernents are higher, and the power
requirement does not decrease steadily with
increasing L, for all channiels. For the shadowed LOS
configurations, higher PPM orders L> 4 incur
BER floors on several channels, demonstrating
once again that for applications where shadow.
ing is probable, a diffuse system is more robust.
At abit rate of 100 Mby/s, excessive or infinite
power penalties are incurred on all channels
except unshadowed LOS channels, where 8-PPM is
consistently found ta yield the best power efficiency.

Given its inherent power efficiency, it would
be desirable to develop techniques to mitigate the
impact of multipath 1S1 on L-PPM. in the hope
that this might permit reliable transmission at
very high bit rates. Recently, Barry has discussed
maximum-likelihood sequence detection of I.-
PPM in the presence of 1S1]27], and has shown
that it can be impltemented by gencralization of
the Viterbi algorithm to the case of a vector chan-
nel. He has also discussed several sub-optimal
adaptive equalization techniques, which include
linear and decision-feedback equalizers vperating
at cither the chip or symbol rates, as well as hyvbrid
DFEs that make use of tentative chip decisions to
cancel intrasymbol interference. but use more

of protorype 50-Mb/s receiver for on -off keying, which

transversal
ilter
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uses decision-feedback equalization.

reliabie symbol decisions tocancel intersymbol inter-
ference. We are currently using measured chan-
nel characteristics to quantify the performance of
these detection and equalization schemes,

MSM is a technique that promises the flexibil-
ity of frequency-division multiplexing and multi-leve}
modulation, while maintaining the simplicity of
IM/DD [22, 28]. In MSM, several independent bit
streams are modulated onto carriers at several
frequencies (say, of the order of 1 to 100 MHz).
The modulated subcarriers are summed together
to form a frequency-division multiplexed signal,
and this signal is used to modulate the intensity
of an optical transmitter. After transmission and
optical-to-electrical conversion, the individual bit
streams can be recovered using multiple band-
pass demodulators. Through simultancous trans-
mission of several narrow-band subcarriers, MSM
may make possible very high aggregate bit rates
without requiring adaptive equalization to over-
come IS4, and may allow individual receivers to
processonlya subser of the total transmission. While
MSM is less power-efficient than QOK or L-
PPM, it may be well-suited for transmission of
multiplexed bit streams from a base station to a
collection of several portable receivers.

The optical average-power and bandwidth
requirements of several MSM schemes on ideal chan-
nels have been derived in [22], and are summa-
rized in Fig. 9. A single BPSK or QPSK subcarrier
requires 1.5 dB more optical power than OOQK;
BPSK and OOK transmissions of average power Py,
are equivalent to binary antipodal signals plus a
d.c, bias P, carrying no information. but the
BPSK waveform uses sinusoidal pulses having
3-dB less electrical power, thus requiring 1.5 dB
more oplical power for achievement of the same
receiver SNR. Single 16- and 64-QAM subcarrier
schemes are less power-efficient than BPSK and
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QPSK for conventional reasons|24]). An N-subcarrier
transmission requires more average power than
the corresponding single subcarrier scheme by a ratio
that increases steadily with increasing N, because
the ampilitude of each subcarrier must not exceed
Payg/N, 10 insure that the transmitted optical-
power waveform X(f) is non-negative.

When MSM is transmitted over a multipath
channel, several effects further degrade its power
efficiency, ascompared to transmission of OOK over
anideal channel [28]. As multipath channels are gen-
erally lowpass in nature, subcarriers are subject
toanattenuation that generally increases with increas-
ing subcarrier frequency. In addition, subcarriers
may be subject to [S1, interference between in-phase
and quadrature phases of one subcarrier, and
interference between adjacent subcarriers that
may overlap partiatly in frequency. To reduce
these three interferences, it isdesirable to use a large
number of subcarriers, but this leads to an exces-
sive penalty for large N, as described above. We have
evaluatéd the performance of a large number of
different MSM schemes, for transmission at total
bit rates of 30 and 100 b/s over measured multi-
path channels [28]. The amplitudes of all subcar-
rierswere maintained equal, and the average optical
powerwasscaled as necessary to achieve the required
BER. We found that the best performance was
achieved typically by two and four-subcarrier for-
mats. For cxample, Fig. 12 presents the power
and bandwidth requirements of the MSM schemes
thatyielded the best BER-floor-free, average-power
performance at 30 Mb/s. Averaged over 17 diffuse,
shadowed channels, the best normalized power
requirement of 6.5 dB was achieved by two QPSK
subcarriers using 100 percent-excess bandwidth,
root-raised-cosine pulses. While this is 5.2 dB
more than the power required using QOK with a
DFE, the increased power may be accommodat-
¢d by a base-station transmitter. At a bit rate of
100 Mbys, the best MSM format, 2-QPSK, yielded
a normalized power requirement of 1 1.1 dB,
averaged over the same 17 channels. Improve-
meatin MSM performance, at the expense of avari-
abie transmission bit rate, can be achieved through
dynamiccarrier selection, i.e., by not transmitting at
a subcarrier frequency at which the channel
attenuation and/or dispersion is excessive.

Experimental 50-Mb/s
Diffuse Infrared Link

Over the past 18 months, we have been design-
ing and constructing an experimental link to test
the performance limits of high-speed non-direct-
ed infrared communication. In its initial form,
this prototype uses baseband QOK transmission
at 50 Mb/5{29). Our transmitter uses a cluster of eight
LDs whose output is passed through a transiu-
cent plastic diffuser tocreate an approximately Lam-
bertian radiation pattern having 475-mW average
power at a wavelength of 805 nm. In typical oper-
ation, the transmitter emission is directed upward
toward the ceiling, creating a diffuse link configu-
ration, A block diagram of the receiver is shown
in Fig. 13. The receiver employs an optical “anten-
na” of the design shown in Fig. 8(b). A 1-cm? sili-
conp-i-n detector is index-matched toa hemispherical

Diffuse configuration
3-m Horizantal range

& Figure 14. Experimental 50-Mb/s infrared wireless link: bit-error rate vs.

average received signal iradiance for unshadowed, diffuse transmission over
@ 3-m horizontal range, with and without decision-feedback equalization.
Equalization provides a 5-dB enhancement of signal-to-noise ratio, reducing
the optical power requirement by 2.5 dB. No background light is present. The

curves represent best-fit Q-functions.

concentrator of 2-cmradius, having a refractive index
of 1.76. An optical bandpass filter designed to
have the wavelength-dependent transmission
characteristics shown in Fig. 7is bonded to the hemi-
sphere’souter surface. This filter-concentrator com-
bination achieves a bandwidth of 30 nm, a net
gain of 1.5dB, and a FOV of 65°. The photodi-
ode capacitance of 35 pF, in conjunction with the
preampiifier load resistance of 10 kQ, leads to a
455-kHz pole that is compensated by a passive
R-C circuit. This receiver achieves a 3-dB cutoff
frequency of 25 MHz, which is limited by the tran-
sit time of holes across the depletion region of the
photodiode, which is illumirated through the n
contact. Our receiver has an equivalent input
noise current density (one-sided) of 7.8 pA/N Hz,
averaged over the bandwidth of the 25-MHz
Bessel lowpass fitter. Residual interference from flu-
orescent lighting is removed using a 1.6-MHz,
single-pole highpass filter, and quantized feed-
back through a 1.6-MHz, single-pole lowpass fil-
ter is used to prevent baseline wander. In order to
reduce the impact of multipath I1SI, our receiver
employs a DFE, with the forward and reverse fil-
tersrealized using cable delays and manually adjust-
ed, variable-gain amplifiers. Both filters have four
taps: those of the forward filter are half-baud-spaced,
while those of the reverse filter are baud-spaced.

Fig. 14 presents measurements of the BER
achieved by a diffuse link transmitting over a 3-m
horizontal range, with no ambient light present.
It is seen that the DFE is extremely effective in
mitigating multipath IS, reducing the optical
power penalty by 2.5 dB (equivalent to an SNR
improvement of 5 dB). In the absence of itlumi-
nation, the receiver sensitivity is -32.5 dBm/cm?
al 107 BER. Fluorescent lighting induccs an
optical power penaity of only 0.1 dB, while bright
skylight leads to a penalty up 1o 1.5 dB. In the
presence of bright skylight, the link achieves a
horizontal range of 2.9 m at 107 BER.
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Interference in
Multi-User Systems

s mentioned earlier, a key advantage of
infrared LANSs is that interference can arise

only between users not separated from each
other by opaque boundaries. In this section, we
discuss briefly how to accommodate multiple infrared
links within a single room. Further discussion on this
topic can be found in [4, 22].

Ad hoc LANs, formed by direct peer-to-peer
communication between two or more potabies locat-
ed in the same room, typically operate using a
single shared channel, e.g., one transmission
wavelength accommodating packetized, L-PPM
transmission [8]. Such a LAN can be operated
very efficiently using a well-known protocol, such
as CSMA-CA, though protocol modification is
soraetimes necessary to provide for the possibility
of “hidden nodes,” i.e., situations in which some
of the colocated portables cannot communicate with
cach other.

L.ANs that involve duplex communication
between portables and base stations can employ a
single transmission wavelength for uplink and down-
link communications. Single-carrier modulation
schemes, such as OOK and LPPM, wili provide a
single channel that must be shared by uplinks and
downlinks using an appropriate protocol. Multiple-
carrier modulation schemes, such as MSM or hybrid
baseband/MSM schemes,can provide multipie, non-
interfering channels for separate use by uplinks
and downlinks. The single-wavelength approach has
the advantage that peer-to-peer communication

4 he prospects appear good that much

higher transmission speeds can be achieved, and that
infrared will play a significant role in future high-capacity
indoor wireless [.ANSs.

between portables is also possible, making use of the
same portable receiver used for downlink reception.
Use of separate wavelengths for uplink and down-
link transmission can increase the capacity of
LANSs involving uplink and downlink communica-
tions. Whensuchwavelength duplexing is used, how-
ever, portables must be able 10 receive at two
wavelengthsif peer-lo-peer communication between
portables is also desired.

In LANs that utilize base stations, rooms up to
10 m x 10 m in size, or even larger, may be served
by a single base station, depending on uplink and
downlink transmission range. [n this case, down-
link transmissions will not be subject tointerference
from other downlinks, and will be essentiafly free
of interference if the LAN employs wavelength
duplexing of uplink and downlink transmissions.
Downlinks may interfere with each other in targ-
€r rooms that require multiple base stations. In
this case, the greatest apgregate downlink capaci-
ty can be achieved by partitioning the room into non-
overlapping regions covered by different base stations,
taking advantage of the very rapid falloff of inter-
ference with distance (see below). Unfortunately,
this approach will introduce “dead zones™ between
base-station coverage regions. [n rooms that can

be covered by two or three base stations, it is pos-
sible to achieve full coverage by having all base
stations transmit in unison, but this may lead to
an unacceptable increase of multipath distortion.
The best general means of achieving full coverage
of large areas is probably to adopt a cellular approach,
partitioning the downlink into time intervals
(with single-carrier modulation scheme) or fre-
quency bands (with MSM schemes) that are not used
in adjacent cells, but that may be reused in dis-
tant celis.

It is worthwhile to discuss briefly the model-
ing of interference in non-directed infrared systems.
Consider M simultaneous IM transmissions X;(1),
Jj=1,..,M, which are incident upon a f)D
receiver. Let A{r) denote the impulse response of
the channel between transmitter j and the receiv-
er. Then the total received photocurrent Y(r) is
given by

M
Y()=Y X,(1) ® h{t)+n(r). N
J=l
We emphasize that Y(¢} is linear in each of the
IM envelopes X;(r), and that there is no need to
consider the relative phases of the underlying
optical carriers. The derivation of expression {(7)
is a simple generalization of the derivation of (1),
which is provided in [12).

As an exampie of a multiuser system with
interference, we will consider the case of QOQK
transmission. We assume that the bit rate is low
enough that channel dispersion can be neglected.
The desired signal, of peak power P,,, transmitted
over a channel having d.c. gain H(#). There are
K-independent, synchronized interferers, for
which the corresponding quantities are Py, and
H,(0),j=1,... K. We assume that ones and
zeroes are equipropable in all transmissions,
Using (7), it is straightforward to derive the peak
SIR:

P

4PIH (0)
E o ®)
2Pyt (0)

=1

The numerator and denominator of (8) are pro-
portional to equivalent electric powers, as one would
expect. We note, however, that the equivalent
d.c. electrical power gains H 2(0) and M }0) are
equal to the inverse squares of the respective
optical path losses. For example, suppose that the
path loss tncreases as the fourth power of distance
(Fig. 5). In this case, the SIR increases proportion-
al 10 the cighth power of the interferer separation,
incontrastwith the fourth-power increase that would
seen in a systemn using lincar detection techniques.
While this advantage of wireless infrared links using
IMDD is pot yet widely appreciated, it may lead
to significant enhancement of infrared LAN
capacify, ascompared to LANs emplaying radio links.

Summary and Conclusions

drawhacks of non-directed infrared radiation
as a communication medium for indoor wireless
LANs. The physical characteristics of IM/DD
infrared channels, including path loss and multipath
distortion, were described. We discussed technigues

I n this article we have reviewed the advantags and
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for achieving a high receiver SNR inthe face of high
path loss and intense ambient infrared radiation.
Several promising modulation formats were
described, including OOK, L.-PPM, and MSM,
and we quantified the performance of these tech-
nigueson real multipath channels. We have described
preliminary tests of a 50-Mb/s diffuse infrared
link, showing that OOK transmission with a DFE
is feasible at this bit rate. Finally, we discussed inter-
ference in multi-user infrared systems.

Al this writing, non-directed infrared LANs
operating at bit rates up to 4 Mb are commercial-
ly available. The prospects appear good that
much higher transmission speeds can be achieved,
and that infrared will play a significant role in
future high-capacity indoorwireless LANs. Inorder
for infrared LANSs to each their full potential,
much R & D work remains to be performed. Fer-
tile research topics include optimized design of trans-
mitter ang receiver optics, equalization techniques
for L-PPM, diversity reception techniques, tech-
niques {d mitigate interference in multi-user sys-
tems,and low-power implementation of relevant
analog and digital circuitry.
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An evolution toward three large groups of applications and services

Wireless Personal Communications:
What Is It?

DONALD C. COX

ireless Personal Communica-
tions has captured the attention of the media, and withit, the imag-
ination of the public. Hardly a week goes by without one seeing
an article on the subject appearing in a popular U.S. newspa-
per or magazine. Articles ranging from a short paragraph to
many pages regularly appear in local newspapers, as weil as in
nationwide print media, e.g., The Wall Street Journal, The New York
Times, Business Week, and U.5. News and World Report. Count-
less marketing surveys continue to project enormous demand,
often projecting that at least half of the households, or half of
the people, want wireless personal communications. Trade
magazines, newsietters, conferences, and seminars on the sub-
ject by many different names have become too numerous to
keep track of, and technical journals, magazines, conferences
and symposia continue to proliferate and to have ever increas-
ing attendance and numbers of papers presented. it is clear
that wireless personal commuaications is, by any measure, the
fastest growing segment of telecommunications.

However, if you look carefully at the seemingly endless dis-
cussions of the topic, you cannot help but note that they are
often describing different “things”, i.e., different versions of
wireless personal communications [1, 2]. Some discuss pagers,
or messaging, or data systems, or access Lo the National Infor-
mation Infrastructure, while others emphasize cellular radio, or
cordiess telephones, or dense systems of satellites, Many make
reference to popular fiction entities like Dick Tracy, Maxwell
Smart, or Star Trek.

Thus, it appears that aimost everyone wants Wireless Per-
sonal Communications, but, What Is It!! There are many dgif-
ferent ways to segment the complex topic into different
communications applications, modes, functions, extent of
coverage, or mobility [1, 2]). The complexity of the issues has
resulted in considerable confusion in the industry, as evidenced
by the many different wireless systems, technologies, and ser-
vices being offered, planned, or proposed. Many different
industry groups and regulatory entities are becoming involved.
The confusion is a natural conse gquence of the massive dislocations
that are occurring, and will continue to occur, aswe progress along
this large change in the paradigm of the way we communicate.
Among the different changes that arc occurring in our commu-
nications paradigm, perhaps the major ingredient is the change
from wired fixed place-to-place communrtications to wireless mobile
person-to-person commutications. Within this major change
are also many other changes, e.g., an increase in the signifi-
cance of data and message communications, a perception of

possible changes in video applications, and changes in the reg-
ulatory and political climates.

This article attempts to identify different issues and to put
many of the activities in wireless into a framework that can
provide perspective on what is driving them, and perhaps even
yield some indication of where they appear to be going in the
future. However, like any attempt to categorize many complex
interrelated issues, there are some that don’t quite fit into neat
caleguries, so there will remain some dangling loose ends. Like
any major paradigm shift, there will continue to be consider-
able confusion as many entities attempt to interpret the differ-
ent needs and expectations associated with the new paradigm.

Background and Issues
Mobility and Freedom from Tethers

Perhaps the clearest ingredients in all of the wireless personal
communications activity are the desire for mobility in commu-
nications, and the companion desire to be free from tethers,
i.e., from physical connections to communications networks.
These desires are clear from the very rapid growth of mobile
technologies that provide primarily two-way voice services,
even though economical wireline voice services are readily
available. For example, cellular mobile radio has experienced
rapid growth. Growth rates have been between 35 and 60 per-
cent per year in the United States for a decade, with the total
number of subscribers reaching 20 million by year-end 1994.
The ofien neglected wireless companions to cellular radio, i.e.,
cordless telephones, have experienced even more rapid, but
harder to quantify, growth with sales rates often exceeding 10
million sets a year in the United States, and with an estimated
usage significantly exceeding 50 million in 1994. Telephones in
airliners, have also become commonplace. Similar, or even
greater, growth in these wireless technologies has been experi-
enced throughout the world.

Paging and associated messaging, while not providing two-
way voice, do provide a form of tetherless mobile communica-
tions to many subscribers worldwide. These services have also
experienced significant growth. There is even a glimmer of a
market in the many different specialized wireless data applica-
tions evident in the many wireless local area network (WLAN)
products on the market, the several wide arca data services
being offered, and the specialized satellite-based message ser-
vices being provided to trucks on highways.
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I'he topies discussed in the previous two
paragraphs indicate a dominant jssue separating
the different evolutions of wireless personal com-
munications. That issue is the voice versus data
communications issue that permeates all of com-
munications today; this division also is very evident
in fixed networks. The packet-oriented computer
communications community and the circuit-orj-
ented voice telecommunications (telephone)
community hardly talk to each other, and often
speak different languages in addressing similar
issues. Although they often converge to similar
overall solutions at large scales (e.g., hierarchical
routing with exceptions for embedded high
usage routes), the smali scale initial solutions
are {requently quite different, Asynchronous
Transfer Mode (ATM)-based networks are an
attempt to integrate, at least partially, the needs
of both the packet-data and circuit-orientled com-
munities.

Superimposed on the voice-data issue is an
issue of competing modes of communications
that exist in both fixed and mobile forms. These
different modes include:

Messaging, where the communication is not real
time, but is by way of message transmission, stor-
age, and retrieval. This mode is represented by
voice mail, electronic facsimile (fax), and elec-
tronic mail (e-mail), the latter of which appearsicbe
a modern automated version of an evolution that
includes telegraph and telex. Radio paging systems
often provide limited one-way messaging, rang-
ing from transmitting only the number of a cali-
ing party, to longer alpha-numeric text messages.

Real-time two-way comirunications, repre-
sented by the telephone, celiular mobile radio
telephone, and interactive text {and graphics)
exchange over data networks. Two-way video
phone always captures significant attention and
tits into this mode; however, its benefit/cost ratio
has yet to exceed a value that customers are will-
ing to pay.

Paging, i.c., broadcast with no return channel,
alerts a paged party that someone wants to com-
municate with him/her, Paging is tike the ringer
on a telephone, without having the capability for
completing the communications,

Agents, new high level software applications
or entities being incorporated into some com-
puter networks. When launched into a data net-
work, an “agent” is aimed at finding information
by some title or characteristic, and returning the
information to the point from which the agent
was launched.

There are still other ways in which wireless
communications have been segmented in atlempts
to optimize a technology 10 salisfy the needs of
some particular group. Examples include:

* Userlocation, that can be differentiated by indoors
or outdoors, or on an airplane or a train.

* Degree of mobility, that can be differentiated
either by speed, e.g., vehicular, pedestrian, or
stationary, or by size of area throughout which
communications are provided,

At this point one should again ask: “Wircless
Personal Communications — Whar Is 1717 The
evidence suggests that what is being sought by
users, and produced by providers, can be catego-
rized according to the following two main charac-
teristics.

Communications Portability and Mobility on many

different scales:

* Within a house or building (cordless telephone,
wireless local area networks {WLANGS)).

* Within a campus, 4 town, or a city (cellular radio,
WLANS, wide area wireless darta, radio paging,
extended cordless telephone).

* Throughoutastate or region {cellular radio, wide
area wireless data, radio paging, satellite-based
wireless).

* Throughoutalarge country or continent (cellular
radio, paging, satellite-based wireless).

* Throughout the world?1!

Communications by many different modes for many

different applications:

s Two-way voice.

* Data.

* Messaging.

* Video?

Thus, it is clear why wireless personal commu-
nicalions today is not one technology, not one sys-
tem, and not one service, but €ncompasses many
technologies, systems and services optimized for
different applications.

Evolution of Technologies,
Systems, and Services

echnologies and systems {1-7] that are cur-
Trently providing, or are proposed to pro-

vide, wireless communications services can
be grouped into about seven relatively distinct
groups, although there may be some disagree-
ment on the group definitions, and in what group
some particular technology or system belongs. All

drhaps the clearest ingredients in all of the ~

wireless personal communications activity are the desire for
mobility in communications, and the companion desire to
be free from tethers, i.e., from physical connections to com-

munications networks.

of the technologies and systems are evolving as
technology advances and perceived needs change.
Some trends are becoming evident in the evolutions.
In this section, different groups and evolutionary
trends are explored along with factors that influence
the characteristics of members of the groups. The
grouping is generally with respect to scale of mobil-
ity and communications applications or modes.

Cordless Telephones

Cordless telephones [1-3] generally can be cate-
gorized as providing low mobility, low-power,
lwo-way tetherless voice communications, with
low maobility applying both to the range and the
user’s speed. Cordless telephones using analog
radio technologies appeared in the late 1970s,
and have experienced spectacular growth. They
have evolved o digital radio technologies in the
forms of second-generation cordless lelephone
(CT-2), and Digital European Cordless Telephone
(DECT) standiards in Europe, and several different
Industrial Scientific Medical (15M) band tech-
nologies in the United States.!

! These ISM technologies
either use spread specinem
techniques (direct
sequence or frequency
hopping), or very low
transmitler power

(< 1 mw) as required by
the ISM band regulations.
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Cordless telephones were originally aimed at
providing cconomical, wetherless voice communi-
cations inside residences, i.e., at using a shorl
wireless link to replace the cord betweena telephone
base unit and its handset. The most significant
considerations in design compromises made for these
technologics are to minimize total cost, while
maximizing the *talk time” away from the battery
charger. For digital cordless phones intended to
be carried away from home in a pocket, e.g., CT-2
or DECT, handsel weight and size are also major
factors. These considerations drive designs toward
minimizing complexity, and minimizing the power
used for signal processing and for transmitting.

Cordless telephones compele with wircline
telephones. Therefore, high circuit quality has
hecome a requirement. Early cordiess sets had
marginal quality. They were purchased by the mil-
lions, and discarded by the millions, until manu-
facturers produced higher-quality sets. Cordless
telephones sales then exploded. Their usage has
become commaonplace, approaching, and perhaps
exceeding, usage of “corded” telephones.

The compromises accepted in cordless tele-
phone design in order to mect the cost, weight,
and talk-time objectives are:

+ Few users per MHz.

+ Few users per base unit {(many link together a
particutar handset and base unit).

» Large number of base units per unit area; one or
more base units per wireline access line (in
high-rise apartment buildings the density of
lrase units is very large).

* Shorl transmission range.

There is noadded network complexity since a base
unit looks to atelephone network like awircline tele-
phone. These issues are also discussed in|l, 2]

Digital cordless telephones in Europe have been
evolving for u few years to extend their domain of
use beyond the limits of inside residences. Cord-
less teleplione, second generation, (CT-2) has
evolved to provide telepoint or phone-point ser-
vices. Base units are localed in places where people
congregate, c.g., along cily streets and in shopping
malls, train stations, etc. Handscts registered with

the phone-point provider can place calls when
within range of a telepoint. CT-2 does not provide
capability for transferring (handing off} active
wireless calls from one phone point o another il
auser movesout of range of the one towhich thecall
was initiatedt, A CT-2+ technology, evolved from
CT-2 and providing limited handoff capability, is
being deployed in Canada. Phone-point service
was introduced in the United Kingdom twice, but
failed to attract enough customers to become a
viable service. However, in Singapore and Hong
Kong, CT-2 phone-point has grown rapidly, reach-
ing over 150,000 subscribers in Hong Kong [8] in
mid-1994. The reasons for the success in some
places and failure in others are still being debated,
butitis clear that the compactness of the Hong Kong
and Singapore populations make the service
more widely available, using fewer base stations
than in more spreadout cities. Complaints of CT-2
phone-point users in trials have been that the radio
coverage was ol complete enough, and/or they
could not tell whether there was coverage at a par-
ticular place, and the lack of handoff was incon-
venient. In order to provide the “alerting” or
“ringing” function for phone-point service, con-
ventional radio pagers have been built into some
CT-2 handsets. (The telephone network to which
a CT-2 phone poinl is attached has no way of
knowing from which base units to send a ringing
message, even though the CT-2 handsets can be
“rung” from a home base unit).

Another European evolution of cordiess tele-
phones is Digital European Cordless Telephone
(DECT) which was optimized for use inside
buildings. Base units are attached through a con-
troller to private branch exchanges (PBXs), key
telephone systems, or phone company CEN-
TREX telephone lines. DECT controllers can
hand off active calls from one base unit to another
as users move, and can “page” or “ring” handsets
as a user walks through areas covered by different
base units.

These cordless telephone evolutions to more
widespread usage outside and inside with tele-
points, and 1o usage inside large buildings are
illustrated in Fig. 1, along with the integration of
paging into handsets Lo provide alerting for phone-
point services. They represent the first attempts
loincrease the scrvice area of mobility for low-power
cordiess telephones.

Some of the characteristics of the digital cord-
fess telephone technologies, CT-2 and DECT, are
listed in Table 1. Additional information can be
found in References [2, 3]. Even though there are
significant differences between these technolo-
gics. c.g., multiple access technology (FDMA or
TDMA/FDMA), and channet bit rate, there are
many similarities that are fundamental to the design
objectives discussed earlier, and to a user’s per-
ception of them. These similarities and their
implications are as follows.

32 kb/s adaptive differentiat pulse code modu-
lation (ADPCM) digital speech encoding: this is a
tow complexity {low signal processing power)
speech encoding process that provides wireline
speech quality and is an international standard.

Average transmilter power < F0 milliwatts:
this permits many hours of takk time with small,
low-cost, lighiweight batterics, but provides lim-
ited radio range.

i
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Low-complexity radio signal processing: there
is no forward error correction and no complex
multipath mitigation (i.e., no equalization or spread
spectrum).

Low transmission delay, e.g., < 50 ms, and for
CT-2 < 10ms round Lrip; thisis aspecch-quality and
network-complexity issue. A maximum of 10 ms
should be allowed, taking into account additional
inevitable delay in long-distance networks. Echo
cancellation is gencrally required for delays > 10 ms.

Simple frequency-shift modulation and non-
coherent detection: while still being low in complexity,
the slightly more complex 4QAM modulation
with coherent detection providessignificantly more
spectrum efficiency, range and interference
immunity.

Dynamic channel allocation: While this technique
has potential for improved sysiem capacity. the cord-
less-telephone implementations do not take full
advantlage of this feature for handoff, and thus
cannot reap the full benefit for moving users [Y, 10,

Timedivision duplex (TDD): this technique per-
mits the use of a single contiguous frequeney
band, and implementation of diversity from one
end of a radio link. However, unless all base sta-
tion transmissions are synchronized in time, it
canincursevere cochannel interference penaltiesin
outside environments [9, 11]. Of course, for cord-
less telephones used inside with base stalions not
having a propagation advantage, this is not a prob-
lem. Also, for small indoor PBX networks, syn-
chronization of base station transmission is easicr
than is synchronization throughout a widespread
outdoor network, which can have many adjacent

base stations connected to different geographic
locations for central control and switching.

Cellular Mobile Radio Systems
Cellular mobile radio systems are becoming
known in the Uniled States as high-tier Personal
Communications Service (PCS), particularly
when implemented in the new 1.9 GHz PCS
bands [12]. These systems generally can be cate-
gorized as providing high-mobility, wide-ranging,
two-way tetherless voice communications. In
these sysiems, high mobility refers to vehicular
speeds, and aiso to widespread regional to nation-
wide coverage [1, 2, 7). Mobile radio has been
evolving for over 50 years. Cellular radio inte-
grates wireless access with large-scale networks
having sophisticated intelligence to manage
mobility of users.

Celluar radio was designed to provide voice
service to wide-ranging vehicles on streets and
highways [1-3, 13], and generally uses transmitter
power on the order of 10 times that of cordless
telephiones (= 2 waus for cellular). Thus, cellular
systems can only provide reduced service to hand-
held sets that are disadvantaged by using somewhat
lower transmitier power (< 0.5 watts) and less
efficient antennas than vehicular sets. Handheld
sets used inside buildings have the further disad-
vantage of attenuation through walls that is not
taken into account in system design.

Cellular radio or high-tier PCS has experienced
large growth as noted carlier. In spite of the limi-
tations on usage of handheld sels noted above,
handheld cellular sets have hecome very popular,
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with their sales becoming comparable to the sales
of vehicular sets. Frequent complainis from
handheld cellular users are that batieries are o
large and heavy, and both talk time and standby
Llime arc inadequate,

Cellular radio at 800 Mz has evolved Lo digi-
tal radio technologies [1-3] in the forms of the
deployed systems standards:
= Global Standard for Mobile (GSM}in Eurape.
« Japancse or Personal Digital Cellular (JDC or

PI3CY in Japan.

« U.S. TDMA digital cellular known as USDC or

15-54.
and in the form of the code division multiple aceess
{CDMA) standard, 18-95, which is under devel-
opnient, but not yet deployed.

The most signilicant consideration in the design
compromises made for the U.S. digital cellular or
high-ticr PCS systems was the high cost of ecll sites
(base stations). A figure often quoted is U.S. $1
million for a cell site. This consideration drove
digital system designs to:

» Maximize users per Mz,

« Maximize the users per cell site.

Because of the need to cover highways running
through low population-density regions belween
cities, the relatively high transmitier power require-
ment was retained 1o provide maximum range
from high antenna focations.

Compromises that were accepted while imusi-
mizing the above parameters are:

» High transmitter power consumption.

s Hligh user-set complexity, and thus high signal-
processing power consumplion.

* Low circuil quality.

s} /1¢ 15 0f microcell base stations provides
large increases in overall system capacity, while also reduc-
ing the cost per available radio channel, and the battery
drain on portable subscriber equipment.

« High nctwork complexity, e.g., the new I5-45
technology will require compiex new switching
and control equipment in the network, as well
as high-complexity wircless-access technology.
Cellular radio or high-tier PCS has also been

evolving for afew years ina different direction, toward

very small coverage areas or microcells. This evo-
fution provides increased capacity in arcas having
high user density, as well as improved coverage of
shadowed arcas. Some microcel base stations are
being installed inside, in conference center fob-
hies and similar places of high user concentra-
tions. Of course, microcells also permit fower
transmitter power that conserves batlery power
when power controb is implemented, and base
stativns inside buildings circumvent the vutside
wall attenuation. Low complexily microceli base siu-
tions also are considerably less expensive than
conventional cell sites, perhaps two orders of
magnitude less expensive. Thus, the use ol microcedl
base stations provides large increases inoverall
system capacily, while also reducing the cost per
availabie radio channel, and the batiery drain on
portable subscriber equipment. This microcell
evolution, illustrated in Fig. |, moves handheld
celtular sets in a direction similar to that of the

expanded-coverage evolution of cordless tele-
phunes (o phone points and wireless PBX.

Some of the characteristics of digital-cellular
or high-tier PCS technologics are listed inTable 1 for
15-54, 1595, and GSM al Y0 MHz, and DDXCS- 1800,
which is GSM at 1800 MHz. Additional informa-
tivn can be found in {1-3). The JDC or PDC tech-
nulogy, not tisted, is similar to 15-54. As with the
digilal cordless technologies, there are significant
Jdifferences among these cellular technologics,
c.¢.. madulation type, multiple access technology,
and channel bit rate. However, there are also many
similarities that are fundamental to the design
objectives discussed earlier. These similarities
and their implications are as follows.

Low bil-rate speech coding; £ 13 kb/s with
some € & kbfs: low bil-rate speech coding obvi-
ously increases the number of users per MHz and
per cell site, However, it also significantly reduces
speech quality [1], and does not permit the
tandemming of speech encoding while traversing
a network. That is, when low bit rate speech is
transcoded to a different encoding format, €.g., 10
64 kb/s as is used in many networks, or from an
[S-54 phone on one end to a GSM or 18-95 phone
on the other end, the speech quality deteriorates
precipitously. While this may not be a serious issue
for a vehicular mobile user who has no choice
other than net to communicate at all, it is likely
tobe aserious issue in anenvironment where a wire-
line telephone is available as an alternative. It is
alsoless serious when there are few mobile-to-mobile
calls through the network, but, as wircless usage
increases, and digital mobile-to-mobile calls
become commonplace, the marginal transcoded
speech quality is likely to become a serious issue.

Some implementations make use of speech
inactivity: this further increases the number of
users per cell site, i.e., the cell-site, capacity:
However, it also further reduces speech quality
[1] because of the difficulty of detecting the onset
of speech. This problem is even worse in an
acoustically noisy environment like an automo-
bile.

High transmission delay; = 200 ms round
trip: this is another important circuit-quality
issuc. Such large delay is about the same as one-
way transmission through a synchronous-orbit com-
munications satellite. A voice circuit with digital
cellular technelogy on both ends will experience
the delay of a full satellite circuit. It should be
recalled thal one reason long-distance circuits
have been removed from satellites and put onto
fiber-opticcable is because customers find the defay
to be objectionable. This delay in digital cellular
technology results from both computation for
speech bit-rate reduction, and from complex sig-
natprocessing, ¢.g., bitinterleaving, crror correction
decoding, and maltipath mitigation {equalization
or spread spectrum (CDMA)).

High-complexity signal precessing, both for
speech encoding and for demodulation: signal
processing has been allowed to grow withoutbound,
and is about a factor of 10 greater than that used in
the low-complexily digital cordless telephones
| 1]. Since several watts are required from a bal-
tery to produce the high transmitler power in a
cellular or high-tier PCS set, signal-processing
power is not as significant as it is in the low-power
cordless telephones.
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Fixed channel allocation: the difficulties
associated with implementing capacily-increasing
dynamic channel allocation to work with handofl
19, 10] bave impeded its adoption in systems
requiring reliable and frequent handofr.

Frequency division duplex (FDB): cellular
systems have already been atlocated paired-tee-
queney bands suitable for FDIY. Thus, the net-
work or systea complexity required for providing
synchronized transmissions [Y, 1] from all cell sites
for TDD has not been embraced in (hese digital
cellular systems. Note that TDI has not been
empluyed in [$-Y5 cven thougi.such synclironiza-
tion is required for other reasons.

Mobile/portabie set power control: the benefits
of increascd capacity from lower averad] co-channed
interference, and reduced battery drain have been
sought by incorporating power control in the dig-
ital cellular technologies.

Wide Area Wireless Dala Systems
Existing wide area data systems generally can be
categorized as providing high mobility, wide-
ranging, low-data-rate digital data communica.
tions to both vehicles and pedestrians [1, 2|.
These systems have not experienced the rapid
growth that the two-way voice technologies
have, even though they have been deployed in
many cities for a few years and have established
a base of customers in several countries. Exam-
ples of these packet data systems are shown in
Table 2.

The earliest and best known of these systems
in the United States are the ARDIS network
developed and run by Motorcla, and the RAM
mobile data network based on Ericsson Mobitex
Technology, These technologies were designed
to make use of standard, two-way voice, land
mobile-radio channels, with 12.5 KHz or 25 kHz
channel spacing. In the United States these are
specialized mobile radio setvices (SMRS) alloca-
tions around 450 MHz and 900 MHz. Initially,
the data rates were low: 4.8 kb/s for ARDIS and
8 kbys for RAM. The systems use high transmitter
power (several tens of watlis) to cover large regions
from a few base stations having high antennas.
The relatively low data capacity of u relatively
expensive base station has resulted in economics
that have not favored rapid growth,

The wide area mobile data systems also are
evolving in several different directions in an attempt
toimprove base station capacity, economics, and the
attractiveness of the service. The technologics
used in both the ARDIS and RAM networks ate
evolving to higher channel bit rates of 19.2 kbys.

The cellular carriers and scveral manufactur-
ers in the United States are developing and
deploying a new wide arca packet data network
as an overlay to the cellular radio networks. This
Cellular Digital Packet Data (CDPD) technology
shares the 30 kHz spaced 800 MHz voice channels
used by the analog FM Advanced Mobile Phone
Service (AMPS) systems. Data rate is 19.2 kb/s. The
CDPD base station equipment aiso shares celi
sites with the voice cellular radio system. The aim
is to reduce the cost of providing packet duta ser-
vice by sharing the costs of base stations with the bet-
ter-established and higher cell-site capacity
cellular systems. This is a strategy similar to that
used by nationwide lixed wireline packet-data-

i (Mobltex)

| RAM Mobile |
CorD | ;

ARDIS {KDT)

Metricom
{MDN)

Data rate 19.2 KBIS'#‘ 8 Kb/s'}""; “ BKhls Sis
{19.2 Kb/s} (19.2 Kb/s] N

Modulation GMSK BT = 0.5 GMSK GMSK GMSK
Frequency ~800MHz | ~900MHz | ~ 8OO MHz - "~ 915 MHz™
Chan. spacing 30 KHz 12,5 KHz 25 KHz 160 KHz
Status 1994 service | Full service Full service 2 f;lq;lecg,
Access means Unused AMI-‘"S Slotted Algha FH 85 {ISM

channels CSMA ; g A
Transmit power " 40 watt:, 1 watt

CDPD: Celiular Digital Packet Data
MDN: Microcellular Data Network
ARDIS: Advanced Radio Data Information Service

i Note: data in square brackets [ | indicates proposed.

M Table 2. Wide arca wireless packet data systems.

networks thal could not provide an economically
viable data service il they did not share costs by
leasing asmall amount of the capacity of the interex-
change networks that are paid for largely by voice
traffic.

Another evolutionary path in wide area wire-
less packet datu networks is toward smaller cov-
crage arcas or microcells. This evolutionary path
also is indicated on Fig. 1. The microcell data
networks are aimed at stationary or low-speed
users. The design compromises are aimed at
reducing service costs by making very small and
inexpensive base stations that can be attached to
utility poles, the sides of buildings, and inside
buildings, and can be widely distributed through-
out a region, Base-station-to-base-station wire-
less links are used to reduce the cost of the
interconnecting data network, In one network
this decreases the overall capacity to serve users,
since it uses the same radio channels that are
used to provide service. Capacity is expected Lo
be made up by increasing the number of base sta-
tions that have connections to a fixed-distribution
network as service demand increases. Another
such network uses other dedicated radio channels
1o interconnect base stations. In the high-capacity
limit, these networks will look more like a con-
ventional cellular network architecture, with
closely spaced, small, inexpensive base stations,
i.e.. microcells, connected 1o a fixed infrastruc-
ture. Specialized wireless data networks have
been built to provide metering and control of
etectriec power distribution, e.g., Celldata, and
Metricom in California.

A large microcell network of small inexpen-
sive base stations has been installed in the lower
San Francisco Bay Area by Metricom, and public
packet-data service was offered during early
1994, Mosl of the small (shoe-box-size) base sta-
tions are mounted on street light poles. Reliable
dala rates are aboul 75 kbys, The technology is based
on slow frequency-hopped spread spectrum in
the Y02-928 MHz U.S. Industrial Scientific Medi-
cal (15M) band. Transmitter power is 1 watt max-
imum, and power control is used to minimize
interference and maximize battery life time.
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High-Speed Wireless Local-Area
Networks (WLANs)

Wireless local-area data networks {WLANs) can
be categorized as providing low-mobility high-speed
data communications within a confined region,
¢.g., @ campus or a large building. Coverage range
from a wireless data terminal is short, tens to
hundreds of feet, like cordless telephones. Cover-
age is limited to within a room or to several rooms
in a building. WLANs have been evolving for a

few years, but overall, the situation is chaotic,
with many different products being offered by
many different vendors 1, 6]. There is no slable
definition of the needs or design objectives for
WLANS, with data rates ranging from hundreds
of kb/s to more than 10 MB/s, and with several prod-
ucts providing one or two MB/s wireless link
rates. The best deseription of the WLAN evolutionary
processis: “havingsevere birth pains.” AnIEEE stan-
dardscommittee, 802.11, hasbeenattempting toput
some order into this lopic, but their success hasbeen

Prod ey ate |Protoco | No. of chah. power | Network
omp tof spread i topology
0 . factar I
“118:19 GHz| 15 Mb/s - |5.7 Mbys | Ethernet Eight
D : . ] | devices/, .
. . ;| radio; radio,
' ol o base to T
e o Ethernet °
902-928 |2 Mb/s 1.6 Mb/s | Ethernet-like| DS 55 DQPSK 250 mW | Peer-to-peer
NCR/ATET
Dayton, OH
et *Ethemetiis "oQrsk W, | PCMCIALES

_ 1ok Ak, S , R w/ant; radio

sSdn iega, : TET Lo A tohub
Freeport 902-928 Ethernet D5 S5 | 32 chips/bit 16 PSK Hub
Windata Inc. trellis coding
Northboro, MA

ik : YA S
>
oAt 1,»»4’@
LAWN 902-928 Peer-to-peer,
O’Neill Comm. max. 4 chan, ’ i
Horsham, PA .
73y, o AT e B -

A GAlga Alberta - [ 6 st |t TR e iRt
RadioPort 902-928 242 kb/s - |Ethernet Peer-to-peer
ALPS Electric e
USA |

¥ | 902-928; - 135 Mb/s |Ethernet S5 PCs with ..
|24GHz " N ' A R # Farit.Fradio to
b o1 A e hub £ 45

_Radiolink 902-928; | 250 kbfs |64 kb/s FH 55 | 250 ms/hop Hub
Cal. Microwave 2.4 GHz 500 kHz space
sunnyvale, CA

TRange LAN * x| 902-928 - 242 kbjs _|Ethernet,  |DSSS |3 chan. T00mW | e

" prodim, Ine 7 L - - |token ring ’

. Mountain View, CA
RangeLAN2 2.4 GHz 1.6 Mby/s |50 kbys Ethernet, FH SS ] 10 chan. @ 100 mW | Peer-to-peer
Proxim, Inc. max. token ring 5 kby/s; 15 sub- bridge

CA ch. each
12460z |1 mbysy cthernet, < |FHSS {82 1-MHz .| - BN .

K . adaptor token ring chan, or

[*-Calabasas, CA : “hops”
Freelink 2.4 and 5.7 Mb/s  |Ethernet DS S5 | 32 chips/bit 16 PSK 100 mw | Hub
Cabletron Sys. 5.8 GHz : trellis coding
Rochester, NW | | . [ T D |

W Table 3. Partial list of'WLAn products.
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somewhat limited. A partial list of some adver-
tised products is given in Table 3. Users of
WLANS are not ncarly as numerous as Lhe users
of more voice-oriented wireless systems. Part of
the difficulty stems from these systems being
drivenby the computer industry that vicws the wire-
less system as just another plug-in interfuce
card, without giving sufficient consideration to
the vagaries and needs of a reliable radio system.

There are two overall network architectures
pursued by WLAN designers. One is 4 centrally
coordinated and conirolled network that resembles
other wireless systems. Therc are base stations in
these networks that exercise overall control over
channel access | 14).

The other type of nciwork architecture is the
self organizing and distributed controlled network
where every terminal has the same function as
every other terminal, and networks are formed
ad-hoc by communications exchanges among ter-
minals. Such ad-hoc networks are more like citizen
band {CB) radio networks, with similar expected
limitations if they were ever to become very
widespread. Nearly all WLANs in the United States
have attempted to use onc of the ISM {requency
bands for unlicensed operation under part 15 of
the FCC rules. These bands are 902 to 928 MHz,
2400 to 2483.5 MHz, and 5725 to 5850 MHz, and
they require uscrs to accept interference from
any interfering source that may also be using the fre-
quency. The use of 1ISM bands has further handi-
capped WLAN development because of the
requirement for use of ¢ither frequency hopping
or direct sequence spread spectrum as an access
technology, if transmitter power is to be adequate
to cover more than a few feet. One exception to
the ISM band implementations is the Motorola
ALTAIR, which operates in a licensed band at 18
GHz. The technical and economic challenges of
operationat 18 GHz have hampered the adoption of
this 13 to 15 MB/s technology. The frequency-
spectrum constraints have been improved in the
United States with the recent FCC allocation of
spectrum from {910 to 1930 MHz for unlicensed
“data PCS” applications. Use of this new spec-
trum requires implementation of an access “eti-
quette” incorporating “Listen before Transmit”
in an attempt to provide some coordination of
an otherwise putentially chaotic, uncontrolled
environment [15]. Also, since spread spectrum
is not a requirement, access technoelogies and
multipath mitigation technigues more compati-
ble with the necds of packet data transmission
[6], e.g.. muitipath equalization or multicarrier
transmission can be incorporated into new WLAN
designs.

Three other widely different WLAN activitics
also need mentioning. One is a large European
Telecommunications Standards Institute(ETSI)
activily to produce a standard for High Perfor-
mance Radio Local Area Network (HIPERLAN),
a 20 MB/s WLAN 1echnology to operaie near 5
GHz. Other activities are large, U.S. Advance
Research Projects Agency (ARPA)-sponsored,
WL AN research projects at the Universities of
California at Berkeley (UCB), and at Los Ange-
les (UCLA). The UCB Infopad project is based
on a coordinated network architecture with fixed
coordinating nodes and direct-sequence spread
spectrum {(CDMA), whereas, the UCLA project

isaimed at peer-to-peer networks and uses frequency
hopping. Both ARPA sponsored projects are
concentrated on the 900 MHz ISM band.

As computers shrink in size from desktop, to
laptop, (o palmiop, mobility in data network access
is becoming more important to the user. This
fuct, coupled with the availability of more usable
frequency spectrum, and perhaps some progress
on standuards, may speed the evolution and adop-

d § coinpulers shrink in size from desktop,

to laptop, to palmtop, mobility in data network access is
becoming more important to the user. This fact, coupled
with the availability of more usable frequency spectrum, and
perhaps some progress on standards, may speed the evolu-
tion and adoption of wireless mobile access to WLANs.

tion of wireless mobile access to WLANs, From
the large number of companies making products,
it is obvious that many believe in the future of
this market.

Paging/Messaging Systems

Radio paging began many years ago as a “one bit”
messaging system. The one bit was “some one
wants tu communicate with you.” More generally,
paging can be categorized as one-way messaging
over wide areas. The one-way radio link is optimized
to take advantage of the asymmetry. High trans-
mitter power (hundreds of watts to kilowatts), and
high antennas at the fixed base stations permit low
complexity, very-low-power-consumption, pocket
paging receivers that provide long usage time
from small batteries. This combination provides the
large radio-link margins needed to penetrate
walls ofbuildings without burdening the user set bat-
tery. Paging has experienced steady rapid growth for
many years and serves about 15 million sub-
scribers in the United States

Paging also has evolved in several different
directions. [t has changed from analog tone cod-
ing for user identification to digitally encoded
messages. It has evolved from the one-bit message,
“someone wants you,” to multibit messages from,
first, the calling party's telephone number to, now,
short e-mail text messages. This evolution is
noted in Fig. 1.

The region over which a page is transmitied
has also increased from a) local, around one trans-
mitting antenna; to b) regional, from multiple
widely-dispersed antennas; to ¢} nationwide,
from large networks of interconnected paging
transmitters. The integration of paging with CT-
2 user sets for phone-point call alerting was
noled previously.

Another “evolutionary” paging route sometimes
proposed is “two-way” paging. However, this is
an ambiguous and unrealizable concept, since the
requirement for two-way communications destroys
the asymmetrical link advantage so well exploited
by paging. “Two-way” paging puls a transmitter
in the user's sci, and brings along with it all the
design compromises that must be faced in such a
two-way radio system. Thus, the word “paging” s
not appropriale to describe a system that provides
fwo-wiay communications.
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Satellite-Based Mobile Systems

Satellite-based systems are the epitome of wide-
area-coverage, cxpensive, base station systems,
They generally can be categorized as providing
two-way {or one-way) limited quality voice, and/or
very limited data or messaging, lovery wide-ranging
vehicles (or fixed locations). These systems can
provide very widespread, often global, coverage,
e.g., lo ships at sea by INMARSAT. There arc a
few messaging sysiems in operation, €.g., to trucks
on highways in the United States by Qualcomm’s
Omnitracs system.

4 t remains to be seen whether there will be

enough users with enough money in low populution density
regions of the world to make satellite mobile systems eco-
nomically viable.

A few large scale mobile satellite systems have
been proposed and are being pursued; perhaps
the best known is Motorola's Iridium, and others
include Qdyssey, Globalstar, and Teledesic. The
strength of satellite systems is their ability to pro-
vide large regional or global coverage to users
outside buildings. However, it is very difficult to
provide adequate link margin to cover inside
buildings, or even to cover locations shadowed by
buildings, trees or mountains. A satellite system’s
weakness is also its large coverage area. It is very
difficult to provide from earth orbit the small cov-
erage cells that are necessary for providing high over-
all systems capacity from frequency reuse. This
fact, coupled with the high cost of the orbital base
stations, results in low capacity along with the
wide overall coverage, but also in expensive ser-
vice. Thus, satellite systems are not likely to compete
favorably with terrestrial systems in populated
areas, or even along well traveted highways. They
can complement terrestrial cellular or PCS systems
inlow population density areas. 1t remains to be seen
whether there will be enough users with enough
money in low population density regions of the
world to make satellite mobile systems economically
viable.

Proposed satellite systems range from a} low-
carth-orbit (LEOS) systems, having tens to hun-
dreds of satellites, through b) intermediate or
medium height systems (MEOS?), to ¢) geosta-
tionary or geosynchronous orbit systems (GEOS),
having fewer than ten satellites. LEOS require
more, but less expensive, satellites to cover the
earth, but they can more easily produce smaller
coverage areas, and thus provide higher capacity
within a given spectrum allocation. Also, their
transmission delay is significantly less (perhaps
two orders of magnitude!), providing higher-qual-
ity voice links as discussed previously. On the
other hand, GEOs require only a few, somewhat
more expensive, sateilites (perhaps only three),
and are likely to provide lower capacity within a
given spectrum allocation, and suffer severe
transmission-delay impairment on the order of
0.5 seconds. Of course, MEQS fall in-between
these extremes. The possible evolution of salellite
systems to complement high tier PCS is indicated
in Fig. 1.

Evolution Toward the Future and To Low-
Tier Personal Communications Services

After looking at the evolution of several wireless
technologies and systems in the previous sections,
it appears appropriate to ask again: "Wireless
Personal Communications — What Is 1t?” All of
the technologies in the previous sections claim to
provide wireless personal communications, and
all do Lo some extent. However, all have signifi-
cant limitations and all are evolving in attempis
Lo overcome the limitations. It seems appropri-
ate to ask, what are the likely endpoints? Perhaps
some hint of the endpoints can be found by
exploring what users see as limitations of existing
technologies and systems, and by looking at the
evolutionary trends.

In order to do so, we summarize some impos-
tant clues from the previous sections, and project
them, along with some U.S. standards activity,
toward the future.

Digital Cordless Telephones

* Strengths: good circuit quality; long talk time;
small lightweight battery; low-cost sets and ser-
vice,

* Limitations: limited range; limited usage
regions.

* Evolutionary trends: phone-pointsin public places;
wireless PBX in business.

* Remaining limitations and issues: limited usage
regions and coverage holes; limited or no hand-
off; limited range.

Digital Cellular Pocket Handsets

= Strength: widespread service availability.

= Limitations: limited talk time; large heavy bat-
teries; high-cost sets and service; marginal cir-
cuitquality; holes incoverage and poor in-building
coverage; limited data capabilities; complex
technologies.

* Evolutionary trends: microcells to increase capac-
ity and in building coverage, and to reduce bat-
tery drain; satellite systems to extend coverage.

* Remaining limitations and issues: limited talk
time and large battery, marginal circuit quality;
complex technologies.

Wide Area Data

+ Strength: digital messages.

+ Limitations: no voice; limited data rate; high
cost.

* Evolutionary trends: microcells to increase capac-
ity and reduce cost; share facilities with voice
systems to reduce cost.

+ Remaining limitations and issues: no voice;
limited capacity.

Wireless Local Area Networks (WLANSs)

« Strength: high data rate.

* Limitations: insufficient capacity for voice; lim-
ited coverage; no standards; chaos.

* Evolutionary trends: hard to discern from all
the churning.

Paging/messaging

« Strengths: widespread coverage; long battery
life; smali lightweight sets and batteries; eco-
nomical.

* Limitations: one-way message only; limited
capactly.

« Evolutionary desire: two-way messaging and/or
voIce,; capacity.

* Limitations and issues: two-way link cannot exploit
the advantages of one-way link asymmetry.
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There is a strong trajectory evident in these
systems and technologies, aimed at providing the
foliowing features,

High Quality Voice and Data

* To small, lightweight, pocket carried communi-
cators.

* Having small lightweight batteries.

* Havinglong talk time, and longstandby bautery life.

* Providing service over large coverage regions.

* For pedestrians in populated areas (but not
requiring high population density).

* Including low to mederate speed mobility with
handoff.

Economical Service

* Low subscriber-set cost,

* Low network-service cost.

Privacy and Security of Consmunications

* Encrypted radio links.

This trajectory is evident in all of the evolving
technologies, but can only be partially satisfied by
any of the existing and evolving systems and tech-
nologies! Trajectories from all of the evolving
technologies and systems are illustrated in Fig. 1
asbeing aimed atlow-tier personal communications
systems or services, i.e., low-tier PCS.

Taking characteristics from cordless, cellular,
wide area data and, at Jeast moderate-rate,
WLANS, suggests the following attributes for this
low-tier PCS:

*32 kb/s ADPCM speech encoding in the near
future 1o take advantage of the low complexity
and low power consumption, and to provide low-
delay high-quality speech.

*Flexible radio link architecture that will sup-
port muitiple data rates from several kbys to several
hundred kb/s. This is needed to permit evolution
in the future to lower bit rate speech as technolo-
gy improvements permit high quality without exces-
sive power consumption or transmission delay,
and to provide multiple data rates for data trans-
mission and messaging.

*Low transmitter power (< 25 mW average)
with adaptive power control to maximize talk time
and data transmission time. This incurs short radio
range which requires many base stations to cover
alarge region. Thus, base stations must be small and
inexpensive, like cordless telephone phone points
or the Metricom wireless data base stations.

* Low complexity signal processing to minimize
power consumption. Complexity one-tenth that
of digital cellular or high-tier PCS technologies is
required [1]. With only several tens of milliwatts
(or less under power control) required for trans-
mitter power, signal processing power becomes
significant.

*Low co-channel inter(erence and high cover-
age area design criteria. In order to provide high-
quality service overa large region, at least Y9 percent
of any covered area must receive good or better
coverage, and be below acceptabie co channel
interference limits. This implies less than 1 per-
cent of a region will receive marginal service. This
isanorder-of-magnitude higher service requirement
than the ten percent of a region permitied to
receive marginal service in vehicular cellular sys-
tem (high-tier PCS) design criteria.

*Four-level phase modulation with coherent
delection to maximize radio link performance
and capacity with low complexity.

*Frequency division duplexing to relax the

requirement for synchronizing base station trans-
missions over a large region.

Such technologies and systems have been
designed, prototyped, and laboratory-and field-
tested and evaluated for several years[1, 2, 7, 16-
23|. The viewpoint expressed here is consistent
with the progress in the Joint Technical Commit-
tee (JTC) of the U.S. standards bodies, Telecom-
munications Industry Association {TIA) and
Committee T1 of the Alliance for Telecommuni-
cations Industry Sotutions (ATIS). Many tech-
nologies and systems were submitied 1o the JTC for
consideration for wireless PCS in the new 1.9 GHz
frequency bands for use in the United States [12]
Essentially all of the technologies and systems
listed in Table I, and some others, were submit-
ted in late 1993, It was cvident that there were at
least two, and perhaps three distinct different
classes of submissions. No systems optimized for
packet data were submitted, but some of the
technologies are optimized for voice.

One class of submissions was the group labeled
High Power Systems, Digital Cellular (High-
Tier PCS) in Table 1. These are the technologies
discussed previously in this article. They are
highly optimized for low bit-rate voice, and there-
fore have somewhat limited capability for serving
packet-data applications. Since it is clear that wire-
less services to wide ranging high speed mobiles
will continue to be needed, and that the technol-
ogy described above for low-tier PCS may not be

A t is not clear what the future roles are

for paging/messaging, cordless-telephone appliances, or
wide area packet-data networks in an environment
having widespread contiguous coverage by low-tier and

high-tier PCS.

optimum for such services, Fig. 1 shows a contin-
uing evolution and need in the future for high-
tier PCS systems that are the equivalent of today’s
cellular radio, There are more than 100 million
vehicles in the United States alone. In the future,
most, if not all, of these will be equipped with
high-tier cellular mobile phones. Therefore, there
will be a continuing and rapidly expanding mar-
ket for high-tier systems.

Another class of submissions to the JTC [12]
included the Japanese Personal Handiphone
System (PHS), and a technofogy and system orig-
inally developed at Betlcore, but carried forward to
prototypes, and submitted to the JTC, by Moltorola
and Hughes Network Systems. This system was
known as Wireless Access Communications System
{WACS).2 These two submissions were so similar
in their design objectives and system characteristics
that, with the agreement of the delegations from
Japan and the United States, the PHS and WACS
submissions were combined under a new name,
Personal Access Communication Systems (PACS),
that was 1o incorporate the best features of both.
This advanced, low-power wireless access system,
PACS, was to be know as low-tier PCS. Both
WACS/PACS and Handiphone (PHS) are shown
in Table 1 as Low-Tier PCS and represent the
evolutiontolow-tier PCS, on Fig. 1. The WACS/PACS/

2 WACS was known
previously as Universal

Digital Portable Commu-

nications (UDPC).
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Parameter

Cellular thigh tiet} | Low tiet PCS ‘
:

32‘kE?§RQA(Mos 4y | Sxanvas e
“Iordtandem " | T

No (MOS 4.1} Xx2.5

IEE x2
Propagation ¢ 8dB 10 dB x1.5
Total: trading quality for capacity x 30

B Table 4. A comparison of cellular (1S-54/15-95) and low tier PCS
(WACSIPACS). Capacity comparisons made withour regard 1o quality
fuctors, complexity, and cost per base station are not mearingful,

UDPC system and technology are discussed in
i1, 2, 16-23].

In the JTC, submissions for PCS of DECT and
CF-2 and their variations were also lumped under
the class of low-tier PCS, even though these
advanced digital cordiess telephone technolugies
were somewhat morc limitedin their ability toserve all
of the low-tier PCS needs. They are included
under Digital Cordless technologies in Table 1.
Other technologies and systems were also submit-
ted to the JTC for high-tier and low-tier applica-
tions, but they have not received widespread
industry support.

One wireless access application discussed ear-
lier that is not addressed by either high-ticr or
low-tier PCS is the high-specd WLAN applica-
tion, Specialized high-speed WLANs also are
likely to find aplace in the future. Therefore, their evo-
lution is also continued in Fig. 1. The figure also
recognizes that widespread low-tier PCS can sup-
port data at several hundred kb/s, and thus can
satisfy many of the needs of WLAN users.

1t is not clear what the future roles are for pag-
ing/messaging, cordless telephone appliances, or
wide area packet-data networks in an environ-
ment with widespread contiguous coverage by
low-tier and high-tier PCS. Thus, their extensions
inlo the future are indicated with a (?) on Fig. 1.

Those who may object to the separation of
Wireless PCS into high tier and low tier, should
review this section again, and note that we have
two tiers of PCS now. On the voice side there is
Cetlular Radio, i.e., high-tier PCS, and cordless
telephone, i.e., an early form of low-tier PCS. On
the data side there is wide area data, i.¢., high-tier
data PCS, and WLANS, i.e., perhaps a form of
low-tier data PCS. In their evolutions, these all have
the trajectories discussed and shown on Fig. | that
point surely loward low-tier PCS. It is this low-tier
PCS that marketing studies continue to project is
wanted by more than half the U.S. households or
by hall of the people, a potential market of over (0
million subscribers in the United States alone.
Similar projections have been made worldwide.

Quality, Capacity, and
Economuc Issues
Ithough the several trajectories toward low-
/4 ticr PCS discussed in the previous section are
clear, it dues not fil the existing wireless com-
munications paradigms. Thus, low-tier PCS has

attracted less attention than the systems and
technologies that are compatible with the existing
paradigms. Some examples are cited in the fol-
lowing paragraphs.

The need for intense inleraction with an intel-
ligent network infrastructure inorder lo manage mobil-
ity is not compatible with the cordless telephone
appliance paradigm. In that paradigm, indepen-
dence of network intelligence, and base units
that mimic wireline telephones, are paramount,

Wireless data systems often do not admit to
the dominance of wircless voice communications,
and, thus, do not take advantage of the economics
of sharing network infrastructure and base station
equipment. Also, wircless voice systems ofien do
not recognize the importance of data and mes-
saging, and, thus, only add them in as "bandaids”
to systems.

The need for a dense collection of many low-
complexity low-cost low-tier PCS base stations
interconnected with inexpensive fixed-network
facilities (copper or fiber based) does not {it the
cellular high-tier paradigm that expects sparsely
distributed $1 million cell sites. Also, the need for
high transmission quality to compete with wire-
line telephones is not compatibie with the drive
toward maximizing users-per-cell-site and per MHz
Lo minimize the number of expensive cell sites,
These concerns, of course, ignore the halimark of
frequency-reusing cellular systems. That hallmark
is the production of almost unlimited overall sys-
tem capacity by reducing the separation between
base stations.

This list could be extended, but the above exam-
ples are sufficient, along with the earlier sections
of the paper, to indicate the many complex intet-
actions among circuit quality, spectrum utiliza-
tion, complexity (circuit and network), system
capacity, and economics that are involved in the
design compromises for a large, high-capacity
wireless-access system. Unfortunately, the ten-
dency has been to ignore many of the issues, and
focus on only one, e.g., the focus on cell site
capacity that drove the development of digital-
ceilular high-tier systems in the United States. Inter-
actions among circuit quality, complexity, capacity
and economics are considered in the following
sections.

Capacity, Quality, and Complexity

Although “capacity” comparisons frequently are
made withoul regard to circuit quality, complexi-
ty, or cost per base station, such comparisons are
not meaningful. An example in Table 4 compares
capacity factors for U.S. cellular or high-tier PCS
technologies with the low-tier PCS technology,
PACS/WACS. The Mean Opinion Scores (MOS)
(noted in Table 4) for speech coding are discussed
in relerence [1]. Detection of speech activity and
turning off the transmitter during times of no activ-
ity is implemented in [S-95, Its impact on MOS
also is noted in reference [1]. A similar technique
has been proposed as E-TDMA for use with 15-54,
and is discussed with respect to TDMA systems
in reference [1]. Note that the use of low bit-rate
specch coding combined with specch activity
degrades the high-tier system’squality by nearly one
full MOS point vn the 5-point MOS scale when
compared to 32 kb/s ADPCM. Tundem encoding
is discussed in the previous section. These speech
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quality-degrading factors alone provide a base
station capacity increasing factor of x 4 x 2.5 = x [0
over the high speech-quality low-tier system! Speech
codmg, of course, directly affects base station capac-
ity and thus overall system capacity by its effect on
the number of speech channels that can it into a
given bandwidth.

The allowance of extra system margin o pro-
vide coverage of 99 percent of an area for low-ticr
PCS versus 90 percent coverage for high-tier is
discussed in the previous section and [ []. This
additional guality factor costs a capacity lactor of
x 2. The last item in Table 4 does not change the
actual system, but only changes the way that {re-
quency reuse is calculuted. The additional 2-dB
margin in standard deviation, . allowed for cov-
erage into houses and smalt buildings for low-tier
PCS, costs yet another factor of x 1.5 in calculation
only. Frequency reuse lactors affect the number
of sets of [requencies requircd, and thus the
bandwidth available for usc at cach base station.
Thus, these factors also affect the base station
capacity and the overall system capacity.

For the example in Table 4, significant speech
and coverage quality has been traded for a factor
of x 30 in base station capacity!! While base sta-
tion capacity affects overall system capacity
directly, it should be remembered that overall
system capacity can be increased arbitrarily by
decreasing the spacing between base stations,
Thus, if the PACS low-tier PCS 1eehnology were
to start with a base station capicity of x 0.5 of
AMPS cellufard (o much lower Tigure than the x
(.8 sometimes quoted [12]), and then were degrad-
ed in quality as described above to yicld the x 30
capacity factor, it would have a resuiting capacity
of x L5 of AMPS! Thus, it is obvious that making
such a base station capacily comparison without
including quality is not meaningful.

Economics, System Capacity, and
Coverage Area Size

Claims are sometimes made that low-tier PCS

cannot be provided economically, even though 1T

is what the user wants. These claims are often made
based on economic estimates from the “celiular
paradigm.” These include:

* Very low estimates of market penetration, much
less than cordless telephones, and often even
less than celiuiar,

* High estimates of base station costs more appro-
priate to high-complexity high-cost cellular
technology than to low-complexity low-cost
low-tier technology.

Such economic estimales are oflen done by
making “absolute” economic calculations based
onvery uncertain input data. The resulting estimates
for low-tier and high-tier are oflen closer together
than the large uncertainties in the input data. A
perhaps more realistic approach for comparing
such systems is to vary only one or two parame-
ters while holding all others fixed, and then look
atrelative cconomics between high-tier and low-tier
systems. This is the approach used in the follow-
ing examples.

Example I — [n the first example (see Lexibox),
the number of channels per MHz is held constant
for cellular and for low-tier PCS. Only the spacing

= Rt WY A T
System Capaagf/Covemge Area*Slze/Economlcs
_ Example 1.7 0 .
Assume channels/MHz are the same for cellular and PCS : :

Cell site: spacing = 20,000 ft cost=$1M
PCS port: spacing = 1,000 ft

PCS system capacity is (20000/1000)2 = 400 x cellular capacity

Then, for the system costs 10 be the same
Port cost = ($1M/400) = $2,500, a reasonable figure

if, cell site and port each have 180 channels
Cellular cost/circuit = $1M/180 = $5,555/circuit .
PCS cost/circuit = $2500/180 = $14/circuit. . < . .

Example 2

Assume equal cellular and PCS system capacity
Cell site; spacing = 20,000 ft
PCS port:  spacing = 1,000 f

If, a cell site has 180 channeis

Then, for equal system capacity, a PCS port needs 180/400 < 1 channel/port!|

o Examplej SR
A Quality/cost trade - Loy .
Cell site: Spacing = 20,000 ft cost = $1 M channels = 180 ~
PCS port:  Spacing = 1,000 f.t: cost=$2,500 - ° S

Ceflular to PCS: base station spacing capacity factor = X400
PCs to Celiuiar "quality” reduction factors

T 32 Kbfs to 8 Khy's speech L oy 5
ST Ll pige activity (buying) T U x2 ’
99% to 90% good areas x2
Both in same environment (same ¢) 1
capacity factor traded x16

180 ch/16 = 11.25 channels/port then, $2500/11.25 ~ $222/circuit
mmg is X 400416 =X 2§ ‘;ystem capaclty of PCS over cellular

:uabuu- Wt oy inde )1;\»--.--

is varied between base stations, e.g., cell sites for
cellular and radio ports for low-tier PCS, to account
for the differences in transmitter power, antenna
height, etc. In this example, overall system capacity
varies directly as the square of base station spac-
ing, but base station capacity is the same for both
cellular and low-tier PCS. For the typical values
in the example, the resulting low-tier system
capacity is x 400 greater, only because of the closer
base station spacing. If the two systems were to
cost the same, the equivalent low-tier PCS base
stations would have to cost less than $2,500.

This cost is well within the range of estimates
for such base stations, including equivalent
infrastructure. These low-tier PCS base stations
are of comparable or lower complexity than cellular
vehicular subscriber sets, and large-scale manu-
[acture will be needed to produce the millions
that will be required. Also, land, building, antenna
tower and legal fees for zoning approval, or rental
of expensive space on top of commercial buildings,
represent large expenses for cellular cell sites. Low-
tier PCS base stations that are mounted on utility
poles and sides of buildings will not incur such
large additional expenses. Therefore, costs of the
order of magnitude indicated abuve seem reason-
able in large quantities. Note that, with these esti-
mates, the per-wireless-circuit cost of the low-tier
PCS circuits would be only $14/circuit compared to
$5,555/circuit lor the high-tier circuits, Even if
there were a [actor of 10 error in cost estimates,
or a reduction of channels per radio port of a factor
of 10, the per-circuit cost of low-tier PCS would

3 Note that the x 0.5 fac-
tor is an arbitrary factor
taken for illustrating this
example. The 5o called x
AMPS factors are only
with regand 10 base station
capacity, although they
are aften misused as 5y5-
tem capacity,
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still be only $140/circuit, which is still much less
than the per-circuit cost of high-tier.

Example 2 — 1n the second example (see textbox),
the overall system capacity is held constant, and
the number of channels/port, i.c., channels/(basc
station) is varied. In this example, less than 1/2
channel/port is needed, again indicating the tremen-
dous capacity that can be produced with ctose-
spaced low-complexity base stations.

Example 3 — Since the first twoexamples are sonie-
whal extreme, the third example (see texibox),
uses a more moderate, intermediate approach. In
this example, some of the cellular high-tier chan-
nels/{base station) are traded to yield higher guality
low-tier PCS as in the previous subsection. This
reduces the channels/port to 11 +, with an accom-
panying increase in cost/circuit up to $222/circuit,
which is still much fess than the $5,555/circuit for the
high-tier system. Note, also, that the low-tier system
still has x 25 the capacity of the high-tier system!

Low-tier base station (PORT) cost would have
to exceed $62,500 for the low-tier per-circuit cost
to exceed that of the high-tier cellular system.
Such a high port cost far exceeds any existing
realistic estimate of Jow-tier system costs.

1t can be seen from these examples, and par-
ticularly Example 3, that the circuit economics of
low-tier PCS are significantly better than for high-
tier PCS, 1F the user demand and density is sufficient
10 make use of (he large system capacity. Consid-
ering the high penetration of cordless telephones,
the rapid growth of cellular handsets, and the enor-
mous market projections for “wireless PCS” noted
earlier in this paper, filling such high capacity in
the future would appear to be certain. The major
problem is providing rapidly the widespread
coverage (buildout) required by the FCC in the
United States. If this unrealistic regulatory demand

—ul{th the continuing problems and delays

in initial deployments, there is increasing concern through-
out the industry as to whether CDMA is a viable technology
for high capacity cellular applications.

can be overcome, low-tier wireless PCS promises

to provide the wireless personal communications
that everyone wanls.

Other Issues

in the pervious two sections continue to be
raised with respect to low-tier PCS. These
are treated in this section.

5 everal issues in addition to those addressed

Improvement of Batleries

Frequently, the suggestion is made that baltery
technulogy will improve so that high-power hand-
sels will be able to provide the desired five or six
hours of Lalk time in addition to 10 or 12 hours of
standby time, and still weigh less than half of
the weight of today's smallest cellular handset
batteries. This “hope” does not take into account the
maturity of battery technology, and the long history

(many decades) of concerted atiempts to improve it.
Increases in battery capacity have come in small
increments, a few percent,and very siowly over many
years, and the shortfall is well over a factor of §0.
tn contrast, integrated electronics and radio fre-
quency devices needed for low-power low-tier PCS
continue 1o improve and to decrease in cost by
factors of greater than 2 in time spans on the order
of a year or so. it also should be noted that, as the
energy density of a battery is increased, the ener-
gy release rate pervolume must alsoincrease inorder
10 supply the same amount of power. If energy
storage density and release rate arc increased sig-
nificantly, the difference between a battery and a
bomb become indistinguishable! The likelihood of
ax 10 improvement in batiery capacity appears
10 be essentially zero. If even a modest improve-
ment iny battery capacity were possible, many peo-
ple would be driving electric vehicles.

New Technology

New technology, e.g., spread spectrum or CDMA,
is somelimes offered as a solution to both the
high-tier cell site capacity and transmitler power
issues. However, as these new technologies are
pursued vigorously, it becomes increasingly evi-
dent that the early projections were considerably
over-optimistic, that the base station capacity wili be
about the same as other technologies [1], and
that the high complexity will result in more, not
less, power consumption.

With the continuing problemsand delaysininitial
deployments, there is increasing concern through-
out the industry as to whether CDMA is a viable
technology for high capacity celiular applications.
With the passage of time, it is becoming more
obvious that Viterbi was cotrect in his 1985 paper
in which he questioned the use of spread spec;
trum for commercial communications [33].

Thus, it is clear that new high-complexity high-
tier technology will not be a substitute for low-
complexity, low-power low-ticr PCS.

People Only Want One Handset

This issue is often raised in support of high-tier
cellular handsets over low-tier handsets. While
the statement is likely true, the assumption that
the handset must work with high-tier cellular is not.
Such a statement follows from the current large
usage of cellular handsets; but such usage results
because that is the only form of widespread wire-
less service currently available, not because itis
what people want. The statement assumes inade-
quate coverage of a region by low-tier PCS, and
that low-tier handsets will not work in vehicles.
The only way that high-tier handsets could serve
the desires of people discussed earlier would be
for an unlikely “breakthrough” in batiery technuology
to occur |7]. However, a low-tier system can cover
economically any large region having some peo-
ple in it. (It will not cover rural or isolated areas
—— but, by definition, there is essentially no one
there (o want communications anyway).

Low-tier handsets will work in vehicles on vil-
lage and city streets at speeds up to 30 or 40 miles
per hour, and the required handoffs make use of
computer technology that is rapidly becoming
inexpensive. Highways between populated areas,
and also strects within them, will need to be cov-
ered by high-tier cellular PCS, but, users are likely
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Lo use vehicular sets in these cellular systems.
Frequently the vehicular mobile user will want a

" different communications device anyway, ¢.g., a
hands-free phone, The usc of hands-free phones
in vehicles is becoming a legal requirement in
some places now, and is likely to become a require-
mentin many more places in the future. Thus, hand-
sets may not be legally usable in vehicles anyway.
With widespread deployment of low-tier PCS
systems, the one handset of choice will be the low-
power low-tier PCS packet handset or voice/data
communicator.

There are approaches for integrating low-tier
pocket phones or pocket communicators with
high-tier vehicular cellular mobile telephones.
The user’s identity could be contained cither in
memory in the low-Lier set, orin 4 small smart
card inserted into the sct, as is a feature of the
European GSM system. When entering an auto-
maobile, the small low-Llier communicator or card
could be inserted into a receptacle in a high-tier
vehicular cellular set installed in the automobile.?
The user's identity would then be transferred to
the mobile set. The mobile set could then initiate
a data exchange with the high-tier system, indi-
cating that the user could now reccive calls at
that mobile set. This information about the user’s
location would then be exchanged between the net-
work intelligence so that calls to the user could
be correctly routed.5 In this approach the radio
sets are optimized for their specilic environments,
high-power high-tier vehicular or low-power low-
tier pedestrian, as discussed earlier, and the net-
wuork access and call routing is coordinated by the
interworking of network intelligence. This approach
does not compromise the design of either radio set
or radio system. It places the burden on network
intelligence technology that benefits from the
large and rapid advances in computer technology.

The approach of using dilferent communications
devices for pedestrians than for vehicles is consis-
tent with what has actually happened in other
applications of technology in similarly different
environments. For example, consider the case of
audio cassette tape players. Pedestrians often carry
and listen to smali portable tape players with
lightweight headsets (e.g., a« Walkman®). When
one of these people enters an automobile, he or
she often removes the tape from the Walkman and
inserts it into a tape player installed in the auto-
mobile. The automobile player has speakers that fill
the car with sound. The Walkman is optimized
for a pedestrian, whercas the vehicular-mounted
player is optimized for an automobile. Both use
the same tape, but they have separate tape heads,
tape transports, audio preamps, etc. They do not
attempt to share electronics. In this example, the
tape cassctie is the information-carrying entity
similar to the user identfication in the personal
communications example discussed earlicr. The
main points are that the information is shared
among different devices, but the devices are opti-
mized for their environments and do not share
electronics.

Similarly, a high-ticr vehicular-cellular set does
not need to share oscillators, synthesizers, signal
processing, or even frequency bands or protocols
with a low-power tow-tier pocket-size communicator,
Only the information identifying the user and
where he or she can be reached needs to be shared

among the intelligence elements, e.g., routing
logic, databases, and common channel signaling
[1. 22] of the infrastructure networks. This infor-
mation exchange belween network intelligence
functions can be standardized and coordinated
among infrastructure subnetworks owned and
operated by different business entities (e.g.,
vehicular celiular mobile radio networks, and intel-
ligentlow-tier PCS networks). Such standardization
and coordination are the sume as are required today

Ee approach of using different communi-

cations devices for pedestrians than for vehicles is consistent
with what has actually happened in other applications of
technology in similarly different environments.

t0 pass intclligence among local exchange networks
and interexchange carrier networks.

Other Environmenls — Low-tier personal com-
murcations can be provided to occupants of air-
plancs, trains, and buses by installing compatible
low-ticr radio access ports inside these vehicles.
The ports can be connected to high-power high-
tier vehicular cellular mobile sets or to special
air-ground or satellite-based mobile communica-
tions sets. Intelligence between the internal ports
and mobile sels could interact with cellular mobile,
air-ground, or satcllite networks in one direction,
using protocols and spectrum allocated for that pur-
pose, and with low-tier personal communicators
in the other direction to exchange user identifica-
tion and route calls to and from users inside these
large vehicles. Radio isolation between the low-
power units inside the large metal vehicles and
low-power systems outside the vehicles can be
ensurcd by using windows that are opaque to the
radio frequencies. Such an approach also has been
considered for automobiles (i.e., a radio port for
low-tier personal communications connected to a
cellular mobile set in a vehicle so that the low-tier
personal communicator can access a high-tier
cellular network. This could be done in the United
States using unlicensed PCS {requencies within
the vehicle.)

High-Tier to Low-Tier or Low-Tier to
High-Tier Dual Mode

Industry and the FCC in the United States appear
willing to embrace multi-mode handsets for oper-
ating in very different high-tier cellular systems,
c.g., analog FM AMPS, TDMA 15-54, and CDMA
18-95. Such sets incur significant penalties for
duat mode operation with dissimilar air interface
standards, and, of course, incur the high-tier
complexity penalties.

It has been suggested that multi-mode high-
tier and low-ticr handsets could be built around
one air-intertuce standard, for example, TDMA
15-54 or GSM. When closely spaced low-power
basc stations were available, the handset could
“turn off” unneeded power-consuming circuitry,
e.g., the multipath equalizer. The problem with
thisapproach is that the handset is still encumbered
with power-consuming and quality-reducing signal
processing inherent in the high-tier technology,

4 Inserting the smalf per-

sonal communicator in
the vehicular set would

aiso facilitate charging the
personal communicator's

bettery.

3 This is a feature pro-
pused for FPLMTS in
CCIR Rec. 687.

¢ Walkman is a registered
trademark of Sony Corpo-

ration.
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e.g. errorcorrection decoding, and low-bit-rate speech
enceding and decoding.

An alternative “dual-mode” fow-ticr, high-tier
system based on a common air-interface standard
can be configured around the low-tier PACS/WACS
system, if such a dual-mode system is deemed
desirable in spite of the discussion in this article. The
range of PACS can readily be extended by increas-
ing transmitter power and/or the height and gain
of base station antennas. With increased range,
the multipath delay-spread will be more severe
in some locations [24-26]. Two different solutions
to the increased delay-spread can be employed,
one for the downlink and another for the uplink. The

_J;te signaling, control processing, and datu

base interactions required for wireless access PCS are con-
siderably greater than those required for fixed place-to-place
networks, but that fact must be accepted when considering
such networks.

PACS radio-link architecture has a specified bit
sequence, i.e., a unigue word, between each data
word on the TDM downlink {16, 17]. This unique
word can be used as a training sequence for setting
the tap weights of a conventiona! equalizer added
to subscriber sets for use in a “high-tier” PACS mode.

Since received data can be stored digitally [27, 28],

tap weights can be trimmed, if necessary, by addi-

tional “passes” through an adaptive equalizer algo-
rithm, e.g., 2 decision feedback equalizer algorithm.
The PACS TDMA uplink has ne “unique word.”
However, the “high-tier” uplink will terminate on a
base station that can support greater complexity,
but still be no more complex than the high-tier
cellular technologies. Research at Stanford Uni-
versity has indicated that blind equalization, using
constant-modulus algorithms (CMA) [29, 30], can
be effective for equalizing the PACS uplink.

Techniques have been developed for converging

the CMA equalizer on the short TDMA data burst.
Advantages of building a dual-mode high-tier,

low-tier PCS system around the low-tier PACS
air-interface standard are that:

* The interface can still support small low-com-
plexity, low-power, high-speech-guality low-tier
handsets.

* Both data and voice can be supported in a PACS
personal communicator,

» {nhigh-tier low-tier dual mode PACS sets, circuits
used for low-tier operation will also be used for
high-tier operation, with additional circuits being
activated only for high-tier operation.

* The flexibility built into the PACS radio link
to handle different data rates from 8 kb/s to
several hundred kb/s will be available to both
modes of operation.

Infrastructure Networks

the details of PCS network infrastructures.
However, there arc perhaps as many network
issues as there are wireless access issues dis-

cussed herein [22, 23, 31, 32). With the possible

lt is beyond the scope of Lhis article to consider

exception of the self-organizing WLANS, wireless

PCS technologies serve as access technologies to

large integrated intelligent fixed communications

infrastructure networks.

These infrastructure networks must incorpo-
rate intelligence i.c., data-base storage, signaling,
processing and protocols, to handle both smali-scale
maobility, i.e., handoff from base station to base
station as users move, and large-scale mobility,
i.e., providing service to users who roam over
large distances, and perhaps from one network to
another. The fixed infrastructure networks also
must provide the interconnection among base
stations and other network entities, e.g., switches,
data bases, and control processors. Of course,
existing cellular mobile networks now contain or are
incorporating these infrastructure network capa-
bilities. However, existing cellular networks are
small compared to the expected size of future
high-tier and low-tier PCS networks, e.g., 20 million
cellular users in the United States compared with
perhaps 100 million users or more each in the
future for high-tier and low-tier PCS.,

Several other existing networks have some of
the capabilities needed to serve as access net-
works for PCS. Existing networks that could provide
fixed base station interconnection include:

* [ocal exchange networks that could provide inter-
connection using copper or glass-fiber distribu-
tion facilities.

« Cable TV networks that could provide inter-
connection using new glass-fiber and coaxial-
cable distribution facilities.

* Metropolitan fiber digital networks that could
provide interconnection in some cities in which
they are being deployed.

Networks that contain intelligence, e.g.,
databases, control processors, and signaling that
is suitable, or could be readily adapted, to sup-
port PCS access include:

s Local exchange networks that are equipped
with signaling system 7 common channel sig-
naling (887 CCS), data bases and digital con-
trol processors.

» Interexchange networks that are similarly equipped.

Dala networks, e.g., the Internet, couid per-
haps be adapted to provide the needed intelli-
gence for wireless data access, but it does not have
the capacily needed to support large voice/data
wireless low-tier PCS access.

Many entities and standards bodies worldwide
are working on the access network aspects of
wireless PCS. The signaling, control processing, and
data base interactions required for wireless access
PCS are considerably greater than those required
for fixed place-to-place networks, but that fact must be
accepted when considering such networks.

Low-tier PCS, when viewed from a cellular
high-tier paradigm, requires much greater fixed
interconnection for the much closer spaced base
stations. However, when viewed from a cordless
telephone paradigm of a base unit for every
handset, and perhaps several base units per wireline,
the requirement is much less fixed interconnec-
tion because of the concentration of users and trunk-
ing that occurs at the multi-user base stations.
One should remember that there are economical
fixed wireline connections to almost all houses
and business offices in the United States now, If
wireless access displaces some of the wireline
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connections, as expected, the overall need for

fixed interconnection could decrease!

Conclusion

ireless personal communications embraces

aboul seven relatively distinet groups of

tetherless vuice and data applications or
services having different degrees of mobility for
operation in different environments, Many differ-
ent technologics and systems are evolving to pro-
vide the different perceived needs of different
groups. Different design compromises are evi-
dentin the different technologies and systems.
The evidence suggests that the evolutionary tra-
jectories are aimed toward at least three targe
groupsof applications or services, namely, high-tier
PCS (current cellular radio), high-speed wireless
local-area networks (WELANS), and low-tier PCS
(an evolution from several of the current groups).
It is not clear to what extent several groups, e.g.,
cordless telephones, paging, and wide area data,
will remain afier some merging with the three
large groups. Major considerations that separate
current cellular technologies from evolving low-
tier low-power PCS technologies are speech
qualily, complexity, flexibilily of radio-link archi-
tecture, economics for serving high-user-density
or low-user-density areas, and power consump-
tion in pucket carried handsels or communicaltors,
High-tier technologies make use of large complex
expensive cell sites and have attempted o increase
capacity and reduce circuil costs by increasing the
capacily of the expensive cell sites. Low-tier tech-
nologies increase capacity by teducing the spac-
ing between base stations, and achieve low circuit
cust by using low-complexity low-cost base sta-
tions. The differcaces between these approaches
result in significantly different compromises in
circuit quality and power consumption in pocket
sized handsets or communicalors. Thesc kinds of
differences also can be seen in evolving wireless
systems optimized for data. Advantages of the
low-tier PACS/WACS technology are reviewed in
the article, along with techniques for using that tech-
nology in high-tier PCS systems.
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